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FOREWORD

The purpose of the Reactor Technology Reports
issued by the Knolls Atonic Power Laboratory is to
report to industry the unclassified developments in
reactor technology.

The KAPL-2000 reports are issued four times a
year; a different area of technology is reported on
each quarter. This issue, KAPL-2000-10 (Reactor
Technology Report No. 13), contains information in
the area of engineering. Reactor Technology Reports
Nos. 1 through 3 were issued as KAPL-1770, -1803,

and -1868, respectively, and covered all four areas
of technology.
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A. REACTOR DESIGN

DISCUSSION OF PLATE COLLAPSE TESTS RJ Simon

If a fluid flows through an assembly of thin, flat plates, the
plates deform as a result of the static pressure differences generated
between adjacent flow channels. The analytical approach to the problem
developed by D. R. Millerlpredicted behavior analogous to that of a
column under axial and transverse loads.

Miller showed that under idealized conditions and at a critical
value of fluid velocity, a spontaneous local deflection would produce an
unbalance of fluid pressures sufficient to maintain the deflection. His
analysis also indicated that unbalances in pressures and in plate de-
flections in imperfect systems would be increasingly amplified as the
velocity approached the critical value. Two important assumptions were
made by Miller: (1) that all channels have the same mass flow, and
(2) that the plates were long enough in comparison with their breadth;
hence, the plates could deflect locally without significant redistribution
of flow among the coolant channels.

In order to compare the theoretical behavior of the ideal plate as-
sembly with the behavior of real plate assemblies, a test program2 was
started early in 1958. The first series of tests was designed to deter-
mine whether a "critical" velocity existed in a flat plate assembly and,
if one existed, what would be the comparison between the theoretical
value for the long plate and the observed value for the test plate. Single
and multiple plate assemblies 3 to 4 in, wide and 20 in. long were tested.
Impact pressures were measured at the discharge end of the assembly to
indicate deviations from uniform flow conditions. In these tests, the
channels discharged directly to the atmosphere.

Unfortunately, in spite of a considerable effort to provide ideal-
ized test conditions, as the flow rate was increased, the impact pres-
sures did not remain balanced until a critical condition was observed.
The unbalance generally increased with flow in the manner predicted by
Miller for an initially unbalanced system. As the velocity was increased,
the impact pressure of a particular channel would rise initially in the
manner predicted by theory, but then in the vicinity of the predicted
critical velocity, the initial trend often would reverse rather suddenly.
In view of the absence of a sharply defined transition from a stable and
balanced condition to a condition of gross unbalance, it was only possible
to estimate the experimental value of critical velocity which might have

KAPL-2000-10A.1
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been observed had it been possible to obtain more idealized conditions.

The point of reversal of trend, referred to above, was considered
the critical point. In eleven assemblies without inlet support combs,
the observed critical velocities were about 70 to 100% of those computed
from Miller's long-plate formula. It was also observed that collapse
originated at the inlet, rather than away from the ends; Miller had an-
tipicated the second effect.

Miller's analysis later was extended by E. B. Johansson3 to include:
(1) the axial length of the deflected region, (2) the friction drop in
the deflected region, and (3) the effects of longitudinal bending.
Johansson assumed that there was a single local region of collapse and
showed that the critical velocity would depend upon the length of the
collapsed zone, its axial position, and the ratio of plate length to
width. For the first test series of plates with a length-to-width ratio

of 5, Johansson's value of critical velocity for inlet-end collapse could
vary from 70 to 100% of Miller's predicted value, dependent on the assumed
axial length of deformed zone.

The problem of a long, flat plate, with long edges built in, to be
subjected to a transverse load at the free edge, has been analyzed. The
deflection of the plate died out within a distance of about one plate's
breadth from the edge. With flow, a plate with an initially deformed
edge is subjected to a distributed pressure differential, and the length
of the deflected region will increase as the static pressure differential
increases. If we assume that an original one-plate-span axial length of
deformed region will increase to two plate spans in length as the critical
velocity of the plate is approached, the critical velocity which would be
computed to Johansson's formula for the first series of test plates with-
out combs would be about equal to the value predicted by Miller.

On the basis of the approximate correlation between the analyses of
Miller and Johansson and the results of the first test series, it becomes
obvious that the theoretical critical velocity should be considered in
designing reactor flat plate fuel assemblies. Various unknowns appear in
designing these assemblies (i.e., the effect of irradiation on the creep
strength of the fuel meat, initial plate deflections existing in assem-
blies, etc.), and a substantial margin between theoretical critical ve-
locity and coolant operational velocity is needed.

One method of increasing the stability in relatively short, homo-
geneous plates is to use a "comb" to support the inlet end of the assembly
of plates at midspan. This was shown by the tests and was indicated by
Johansson's analysis. The benefits of an inlet support comb in a long-
plate assembly were still uncertain. Miller's original analysis assumed
channels very long in comparison to their span, and the effect of inlet
support combs in raising the critical velocity of an assembly of plates
approaching infinity in length should be reduced to zero. The central
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region of the assembly would collapse at the velocity predicted by Miller.

A second series of single-plate collapse tests with five specific
goals was started early in 1959 by W. L. Zabriskie.4'5  These goals are:

1. The increased sensitivity of test instrumentation to obtain
a more positive indication of plate collapse.

2. The measurement of static pressure differentials along the
plate.

3. The discharging to an exit plenum instead of discharging
directly from individual channels to the atmosphere.

4. The direct comparison of deformations of plates with and
without inlet support combs.

5. The investigation of the effect of plate length-to-width
ratio on critical velocity and/or deformation.

The results of the second test series are shown in Figures A.1 through
A.6. Figures A.1, A.2, and A.3 show the test results for plates with
inlet support combs and Figures A.4, A.5, and A.6 are for plates without
inlet support combs. The calculated critical velocity in the water chan-
nels was derived by using both Miller's and Johansson's equations and
each is shown on all figures. The tests were made with water near room
temperature. The apparent deflections referred to are those which would
be produced by a uniformly distributed differential pressure equal to the
maximum local differential pressures measured across the plate.

Discussion of Results

The three equations listed below were used for comparison purposes
for the calculations on single plates with built-in edges. They are:

30gEa3h1/
cm pbE(l - v2) 1 (1)

Johansson's modification of Equation (1) for inlet collapse without in-
let support combs

v0 = 1 /2, (2)
cm 1 + 0.615 - + _1 )_ (1 + ki +L2h L + ( Rk 4h

and Johansson's modification of Equation (1) for inlet support combs

i/2

Vc1
- -j1(3)

V m i+3 f2 3 1 l k. f.\

L 1+ - 4 L + R) 4 h
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FIGURE A.1. PLATE THICKNESS, 0.025 In.
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FIGURE A.3. PLATE THICKNESS, 0.040 In.
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FIGURE A.4. PLATE THICKNESS, 0.025 In.
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A.6

where a = plate thickness
b = plate span
f = friction factor as used in the D'Arcy equation

(assumed as 0.02 for a smooth surface)*
g = gravitational acceleration
h = flow channel thickness (0.100 in.)

ki = inlet loss coefficient (assumed 0.10 - 0.50)*
ke = exit loss coefficient (assumed 0.38 - 0.60)*
1 = axial length of deflected region (assumed 2b)*
L = plate length
E = modulus of elasticity of plate material (used

10.5 x 106 psi for aluminum)
ki + ke

R =f2h

Vc = Johansson's predicted critical velocity
Vcm = Miller's predicted critical velocity

v = Poisson's ratio (assumed 0.3)
p = density of water

The differential static pressures shown in References 4 and 5 indicate
that significant pressure unbalances occurred at low velocities. It
would be very difficult, if not impossible, to set up a test model con-
sisting of a truly flat plate bisecting a rigid duct with equal flow
areas on each side of the plate and with balanced flow inlet conditions.
The plates had initial, unknown deflections, hence, the static pressures
across the plate did not maintain very low values up to a "critical"
velocity and then increase rapidly, as was hoped. It is not unreason-
able to assume that initial plate deflections of 2 to 5 mil were present
prior to testing. These initial deflections generated static pressure
differences which usually increased monotonically at a continually greater
rate as flow was increased.

No Inlet Support Comb

For the length-to-width ratios tested (up to 30), the tests showed
no marked effect of length-to-width ratio on critical velocity. This is
compatible with both Johansson's and Miller's equations. If we consider
a 2-mil apparent deflection of the inlet constitutes collapse, Johansson's
equation appears to provide the better agreement between test and theory.

Inlet Support Combs

Both Johansson's and Miller's equations predict about the same criti-
cal flow velocity for the plates tested. In all cases but one the effect

*Values in parentheses were used for computation of critical veloci-

ties shown in the figures.

KAPL-2000-10



A.7

of length-to-width ratio was to decrease the critical velocity as the
length-to-width ratio increased. We can expect that the inlet support
comb could increase the initial assembly deflections present in the plate
since the comb dimensions and channel dimensions may not be exactly the
same before assembly. If the slot made in the comb to accommodate the
plate were slightly off center, the plate would be forced to deflect at
the center line after assembly. Thus, 2- to 5-!mil initial plate deflec-
tion is more likely to occur in the test plate assemblies with combs than
in those without combs. If, again, 2 miles of apparent deflection are con-
sidered to constitute collapse, both Miller and Johansson predict reason-
able critical velocities for plates with length-to-width ratios up to 10,
but may seriously overestimate the critical velocity of plates with length-
to-width ratios of 10 and above. If we consider that 5 mils of apparent
deflection constitute collapse, both Johansson and Miller predict critical
velocities which are usually lower than the test critical velocities.
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WEAR OF ZIRCALOY-BEARING SURFACES OF A CONTROL ROD LR Bollinger

During the course of flow-testing of a unit cell, severe wear de-
veloped between the rubbing surfaces of the control rod and the fuel-
supporting tube structure. This high wear rate followed an extended
period of satisfactory operation during previous flow testing.

Causes of this high wear were. investigated in a series of tests which
established that: (1) wear of Zircaloy surfaces subjected to impact-rubbing
in high-purity water is influenced strongly by temperature, with higher
wear occurring at lower temperatures; (2) refinements in the hydrodynamic
design of control rod leading edges can affect stability and motion ap-
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A. 10

preciably; (3) design of flow orifices at control rod channel inlets de-

termines the degree of flow uniformity within the channels and can cause
control rod vibration; (4) a shroud to envelope the control rod as it is
withdrawn from the core is an effective means of shielding the rod from
flow-imposed side forces; and (5) wear for this system is related pri-
marily to time of exposure to flow forces, rather than to distance of
rod travel.

Figure A.7 shows the control rod fully inserted in the core region of

a unit cell. The control rod is supported and driven axially by the con-
trol drive mechanism, and is supported laterally by the mechanism spring

basket and by control rod wear pads. A cross-sectional view of the con-

trol rod and its channel is shown in Figure A.8. The control rod wear

pads are used only to space the rod within the channel and to provide
Zircaloy-2, rather than hafnium, as a rubbing surface; control drive
mechanism torque is absorbed by a spline.

Flow-testing in high temperature test loops was performed on complete
cells, while detailed component evaluation of low temperature testing was
performed on Plexiglas models. Control rod motion was measured during
testing by the use of permanent magnets imbedded in the control rod. The
magnets induced voltage in coils external to the cells. In the Plexiglas
models, air and dye injection were used to trace flow patterns.

Figure A.9 illustrates both the original and the final results of
orifice bar development. Several other hole arrangements were tested,
including different numbers of holes and some noncircular orifices. In
the original three-hole design, pronounced eddies were observed up to a
point over 12 in. downstream of the orifice bar, and the control rod

tended to be buffeted considerably in the lower positions. With the in-
crease to 10 holes, a uniform velocity gradient was achieved across the
channel below the point of impingement on the control rod, with a result-
ant reduction in control rod motion.

Shrouding the control rod in the tube extension region proved effec-
tive in reducing rod motion. The shroud, shown in Figure A.10, reduced
the buffeting action of flow adjacent to the dump port region. It was

found particularly important to provide a continuous isolation of flow
within the shroud and tube structure wye channels and the fuel coolant

flow passage; any appreciable leakage cross-flow at the bottom of the

shroud apparently nullified any benefit from the use of the shroud.

Rounding the control rod leading edge, as shown in Figure A.ll, proved
beneficial in improving hydraulic stability of the control rod.

Although the mechanical changes described above proved helpful in re-
ducing control rod vibration and wear, operating temperature was found to

affect wear more. During the flow test, in which high wear was first
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noted, loop operating temperature was limited to 450 F, while previous
testing had been performed in a test facility operated at 540 F. Further
testing showed conclusively that wear rates at 450 F were 4 to 10 times
greater than at 540 F.

To verify this effect further, an impact-wear test was set up to de-
termine in a controlled test the influence of temperature on wear. For
this test, Zircaloy-2 test specimens were subjected to repeated impact
in high-purity, reactor-grade water at various temperatures. Photographs
of typical specimens after testing (see Figure A.12) show that Zircaloy
wear rate is greater at the lower temperatures tested.
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B. POWER PLANT COMPONENT DESIGN

VIBRATION OF CONDENSER TUBES DR Miller

Measurements of tube vibration which were made on a main condenser
of a nuclear power plant confirmed the adequacy of an improved design of
steam-dump baffles. The new design had been made to correct conditions
which had caused failure of several condenser tubes. The principal re-
sults of the measurement program are presented here, together with a de-
scription of the instrumentation and a discussion of the condenser tube
vibration problem. The data obtained were not sufficient for formulation
of design criteria for condensers, but the information presented will
contribute to better understanding of the tube vibration problem.

Preparation and installation of instrumentation in the condenser
were done jointly by personnel of Allis-Chalmers Manufacturing Company
and the General Electric Company Materials and Processes Laboratory. The
measurements with the special instrumentation were organized and con-

ducted under the direction of Mr. G. A. Fischer of the Materials and
Processes Laboratory. The figures presented below are reproduced from a
report prepared by Mr. Fischer.'

The configuration of the condenser interior is shown in Figure B.l.
During normal operation steam enters the top of the condenser from the
turbine exhaust. During steam-dump operation, steam is discharged from
the dump pipe toward the baffles immediately below the dump pipe. These
baffles are shown in Figures B.2 and B.3. The former also shows the dump
pipe. These baffles prevent free discharge of dumped steam into the hot
well below the baffles. Side baffles are provided under the aft tube
bundle as shown in Figure Bl and in a corresponding position under the
forward bundle to guide the dumped steam principally downward and under
the tube bundles. Two views of the upper portion of a side baffle are
shown in Figure B.4. The lower portion of the side baffles can be seen
in Figure B.5 on page B.6.

Fatigue failures had occurred in the original baffles below the dump
pipes of this type of condenser during initial testing. The original
baffles were replaced with baffles which were more rugged, but which also
offered more resistance to flow of steam between the slats on the top of
the baffle. After about 10 hr of operation with the new baffles, leakage
from condenser tubes occurred, and subsequent examination revealed several
fatigue failures of tubes as well as wear in regions where neighboring
tubes had rubbed on each other. The damage occurred near the periphery
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of the tube bundles at about the 7:30 o'clock position of the aft tube
bundle and the 4:30 o'clock position of the forward tube bundle. Tests
by Allis-Chalmers on a mockup of various baffle arrangements indicated

that with the second design of baffles high steam velocities were im-
posed on tubes in the area where damage occurred. New baffles were de-
signed by Allis-Chalmers, and these were installed in the condenser.

Description of Instrumentation

The principal objective of the measurements was to determine whether
any of the tubes or the baffles would be subjected to excessive vibration.
For this purpose electrical resistance strain gages were installed at selected
locations on tubes and baffles. Figure B. shows the locations of strain
gages on condenser tubes and baffles. This figure also shows the following
additional instrumentation whichwas provided to give supplemental information.

1. Two steam-velocity probes to check on distribution of dump
steam to the two halves of the condenser.

2. Three dynamic drag-force gages to determine whether steam
flow produced buffeting loads at frequencies near the
natural frequencies of vibration of condenser tubes.

3. Dynamic pressure gage to check on the possibility of reso-
nant acoustic oscillations in the steam in the condenser.

4. Temperature sensors.
5. Accelerometer on condenser shell.
6. Sound level meter and tape recorder for measurement of

airborne noise.

Strains, drag forces, and dynamic pressure were recorded on G-E
Type PM-l0 magnetic oscillographs, using G-E Strain Gage Amplifiers,
Cat. No.514-2371G-l. Over-all circuit frequency response was essentially
flat from 0 to 500 cps.

Tatnall C6-141 epoxy-backed metal foil strain gages were used to
measure vibratory strains in the tubes. Before the gages were cemented

the cupro-nickel tubes were roughened with emergy paper and cleaned with
acetone and alcohol. Gages were attached with Armstrong A-1 epoxy cement
using activator E. A special fixture was devised for installation of
gages inside the 0.625-in.-OD and 0.515-in.-ID tubes at a depth of about
3-1/4 in. from the end of the tubes. It consisted of a cylindrical rub-
ber plug, with a 90-deg sector removed, bonded to a strip of 90-deg steel
angle with a slit to separate the legs of the angle in the region of the
plug. A piece of Teflon film was wrapped on the cylindrical surface of
the rubber, and the two gages, 90 deg apart with lead wires attached,
were fastened to the Teflon with double-faced adhesive tape. After cement
was applied to the inside of the tube and the fixture was inserted, a
wooden wedge was also inserted so as to press the gages against the tube.
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B.5

FIGURE B.2. VIEW OF BAFFLE INSTALLATION INSIDE MAIN CONDENSER

11 L

FIGURE B.3. HORIZONTAL CENTRAL BAFFLES

A

FIGURE B.4. INCLINED SIDE BAFFLES

When the bonding adhesives had set, the strain gages and splices in
leads were waterproofed by coating with a mixture of 100 parts Shell Epon
Resin No. 828, 20 parts Hardener Z, and 210 parts silica-flour filler.

Electric heating was used to hasten the curing of the epoxy compound.

More-temperature-resistant gages were used on the baffles; these were

Baldwin EBF-7S Bakelite half-bridges. They were installed and cured before

installation of the baffles in the condenser.

Figure E.5 shows strain gage wiring during the process of installa-

tion. The manner in which strain gage leads were secured to the cooling-
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FIGURE B.5. STRAIN GAGE WIRING INSIDE MAIN CONDENSER
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FIGURE B.6. STRAIN GAGE WIRING ON TUBE SHEET

water side of the tube sheet is shown in Figure B.6.

The dynamic drag-force gages were made of condenser tubing of short

length so that the lowest natural frequency of the gage tubes (about

380 cps) would be far higher than the lowest natural frequency of the
tubes in the condenser (50 to 60 cps). This provided approximate propor-

tionality between steam forces and signals from strain gages bonded to

the dynamic force gages at low frequencies where steam buffeting might
cause resonant vibration of the tubes.
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Test Results

The significant tube-stress data obtained at maximum steam flows for
ahead-turbine, astern-turbine, and steam-dumping operation are shown in
Figures B.7a, b, and c. The fine arrows show the directions of tube vi-
bration and the maximum vibratory stresses, computed by multiplying the
maximum recorded strains by the Young's modulus of the cupro-nickel.
These stresses are approximately the maximum bending stresses in the tubes,
since the strain gages were located near points of maximum stress for the
low-frequency modes of vibration which were predominant. The vibration
of any particular tube was almost invariably in a single plane, rather
than in a whirling mode. In cases when arrows are shown in more than one
direction on a single tube the vibration shifted in direction and some-
times also in frequency with time. The broad arrows on the figures show
directions of steam flow as deduced from the test data.

Discussion

Based on the results of the tests, it was concluded that the new
baffles were satisfactory and that vibration of baffles and tubes would
not be excessive at flow rates up to those used in these tests and at
condenser absolute pressures no lower than were used in these tests.

The measurements on the condenser as well as the steam flow tests
performed by Allis-Chalmers on mockups of the steam-dump baffles showed
conclusively that the damage to the condenser tubes and the original baf-
fles had been caused by steam-flow-induced vibration. At present there
are no well-substantiated criteria on the basis of which one can predict
whether a particular design is satisfactory with respect to flow-induced
vibration. In fact, one vendor's bulletin on condenser tube vibration 2

states that high-velocity steam impinging on the tubes "will not cause a
tube vibration, because the steam flow lacks a well-defined frequency of
pulsation." Individual vendors of condensers have established criteria
such as tube-span-to-diameter-ratio limits and/or allowable steam veloci-
ties which they combine with judgment in establishing condenser configu-
rations.

It appears that the tube vibration is not excited in the common man-
ner of von Karman vortices3 acting on an isolated cylinder, because reso-
nance to these vortices would occur, in the case of an isolated tube in
the condenser, with a steam velocity of about 25 ft/sec, which is a small
fraction of the velocity to which the vibrating tubes were exposed.
Rather, it appears that the tubes were excited by pulsations or eddies in
the steam flow impinging on the tubes. This statement is based on dynamic
drag-force gage data, referred to below, and on visual observations of
steam turbulence and tube vibration, as well as on measurements of steam
impact-pressure fluctuations made during the Allis-Chalmers tests on
mockups of the various baffle arrangements.

KAPL-2000-10



B.$

FIGURE B.7. TUBE STRESS AND ESTIMATED STEAM FLOW PATH

a. Ahead Operation at 112% Shaft Rating, Condenser Pressure 6 in. Hg abs.

STRESS SCALE IN PI

FIGURE B.7. TUBE STRESS AND ESTIMATED STEAM FLOW PATH

b. Astern Operation at 63% Shaft Rating , Condenser Pressure 7 in. Hg abs.
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STRESS SCALE IN PSI

FIGURE B.7. TUBE STRESS AND ESTIMATED STEAM FLOW PATH

c. Steam Dump at 124% Flow, Condenser Pressure 5- In. Hg abs.

Acoustic resonance, which has caused flow-induced noise in some heat
exchangers, 4 evidently was not a factor in the condenser because the dy-
namic pressure gage, which was suitably located, showed no significant
oscillations of pressure.

Signals from the dynamic drag-force gages were recorded on the mag-
netic oscillographs initially, and their low-frequency components were ob-
scured by vibrations at the first-mode natural frequency of the force
gages 0 When these were later recorded on a Brush direct-inking oscillo-
graph to suppress frequencies above about 100 cps, irregular low-frequency
pulsations were observed. This irregularity may have been the cause of
variations in tube vibration characteristics during nominally steady-state
conditions.

There is a possibility that when flow occurs over a bundle of tubes
the frequency of fluctuations in flow patterns or eddies may be influenced
by the vibration of the tubes so that the vibration may be self-excited by
the flow. There may also be a flow-induced instability which is somewhat
analogous to the flow-induced instability of reactor plate-type fuel
elements.

In these tests it is apparent that steam flow was the only signifi-
cant source of vibration of tubes, but the data obtained do not permit
formulation of design criteria for avoiding excessive vibration due to
steam flow. In view of the importance of the problem and the lack of
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adequate design criteria there would be considerable value in a compre-
hensive study of the basic problem of flow-induced vibration of heat ex-
changer tubes. Such studies might provide criteria on the basis of which
safe limits on steam flow over or through tube bundles could be specified
and might also show means for suppression of vibration without reducing
steam flow rates.
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PROCEDURE FOR SIZING PRESSURIZERS FOR PRESSURIZED WATER REACTORS
CW Sorenson

The scope of this paper includes the derivation and application of
the equations relating the pressure variations during single surges to
the size of the pressurizer. Techniques for analyzing the performance
of a given pressurizer during more complicated surge cycles are given.
The methods presented here allow pressurizer performance calculations to
be made quickly without the need for a computer.

Function of the Pressurizer

The principal purpose of a pressurizer fora pressurized water nuclear
reactor is to maintain the pressure in the reactor within specified limits.
The pressurizer must absorb surges of water from the reactor coolant system
during power maneuvers without permitting excessive pressure variations.

A pressurizer is a tank normally filled with steam and saturated water.
A surge line connects the pressurizer to the reactor and permits surges to
flow between the pressurizer and the reactor. The surge line should direct
the flow of incoming water to the bottom of the pressurizer to minimize
mixing of colder reactor water with the saturated water in the pressurizer
because such mixing could cause serious underpressures. A spray line ex-
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tends from the reactor coolant system to the top of the pressurizer to
permit the introduction of a regulated amount of colder water to condense
some of the steam and thereby reduce pressure. The spray may be con-
trolled by a pressure-regulated valve which permits spraying whenever the
pressure exceeds a specified value or it may be controlled by throttling
and check valves which are lined up to inject a specified fraction of all
surges into the pressurizer as spray. Electric heaters in the water space
of the pressurizer maintain the specified saturation temperature in the
pressurizer and thereby maintain the steady-state pressure both in the
pressurizer and in the reactor.

As water surges into the pressurizer, it compresses the steam bubble
in the top of the pressurizer, and the pressure starts to rise. Spraying
subcooled water greatly limits the rate of pressure rise, and, if enough
of the insurge enters the pressurizer as spray, the pressure can be held
constant or even reduced.

As water leaves the pressurizer, the steam bubble expands and the
pressure falls. When the pressure starts to fall below the saturation
pressure of the water, some of the water flashes, forms more steam, and
reduces the rate of pressure loss.

The heaters have little effect on pressure during an outsurge. The
installed power is small compared with the heat required to generate suf-
ficient steam to control the pressure during fast maneuvers. However,
some heat is always required to raise the pressurizer water to its initial
temperature following a surge since the surge leads to some mixing of sub-
cooled water (including spray) with the fluids in the pressurizer. Proper
heater control is particularly important during repeated surges to prevent
the pressure from dipping lower on each succeeding outsurge. Since the
heaters are normally controlled by pressure, which oscillates during re-
peated surges, some manual heater control may be needed during rapid re-
peated surges to keep the heaters on. Repeated surges cause the water
temperature to fall continuously rather than to oscillate as the pressure
does; and if the heaters could be controlled by water temperature rather
than by pressure (a difficult thing to do because of the high accuracy
required of the temperature detector at high pressure), the required heat
would be automatically provided.

The size of pressurizer required is determined by the size of surges
anticipated and by the allowable pressure variation during these surges.
The steam space must be large enough to contain specified insurges and at
the same time keep the liquid level below a specified value and the pres-
sure rise within a specified limit. A specified amount of spray helps to
keep the pressure down, but excess spray should be avoided as it leads to
too low pressure during repeated surges. The spray is effective only as
long as the liquid level is below the spray nozzle.
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The combined effect of steam and water in the pressurizer must supply
a specified outsurge of water from the pressurizer and hold the pressure
drop within a specified limit. A given volume of saturated water is as
effective as from 2.5 to 4 times the same volume of steam in maintaining
high pressure during an outsurge0 Since the steam volume has been deter-
mined on the basis of the insurge condition, the outsurge condition there-
fore determines the minimum amount of water needed in the smallest possible
pressurizer. In addition to meeting the pressure limit, the volume of
water initially in the pressurizer must be sufficient to keep the water
level above specified limits to prevent damaging parts of the pressurizer
such as heater wells or nozzles due to uncovering.

In addition to the minimum steam and minimum water volumes, there
must be volume allowed for variation in liquid level during steady-state
operation. This volume is the combined allowance for steady-state vari-
ation in reactor coolant temperature, error in the liquid level measuring
instrumentation, and leakage.

Assumptions

l. All of the steam and water in the pressurizer are in equilibrium be-
fore and after a single outsurge.

During an outsurge, the reduced steam pressure causes the saturated
water to boil vigorously throughout the pressurizer. The vigorous
boiling causes good mixing and ensures equilibrium at the end of the
surge provided there is equilibrium at the start. Equilibrium at
the start of the outsurge depends upon the water being heated to satu-
ration. The electric heaters bring the water above these heaters to
saturation directly.

Water below these heaters may be heated by a continuous flow of satu-
rated water from the region above the heaters if there is a steady-
state spray. However, if up to 20% of the water in the pressurizer
is actually at reactor temperature instead of being saturated, the
pressurizer generally performs as though all of the water were satu-
rated because the increased density of the water leaving the pressur-
izer compensates for the loss of available saturated water for steam
formation. As a result of the denser water a smaller volume leaves
the pressurizer for the same surge in the reactor.

If most of the water in the pressurizer is not saturated, as may be
the case following an insurge or during repeated surges, there is
no flashing and the pressure decreases much more sharply. After the
pressure has fallen to the saturation pressure of the water, flash-
ing takes place in that region in which the water is saturated and
reduces the rate of pressure decrease.
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2. Spray and steam condensate form a mixture which is in equilibrium
with the steam before and after a single insurge.

During the start of an insurge, the pressure rises rapidly. The
steam may remain saturated or become superheated, depending upon the
rate of compression and the heat transfer to the surrounding surfaces.
It is generally not in equilibrium with the bulk of the water in the
pressurizer because any condensate forms a stable hot layer over the
cooler water below. When spray enters the pressurizer, the dispersion
as it passes through the nozzle provides a large surface for steam
condensation and small heat capacity of the individual drops. This
ensures that the spray and steam will reach an equilibrium.

3. Water which enters the pressurizer through the surge line during the
insurge does not mix with other water in the pressurizer.

The water below the heaters forms a stable cold layer below the warmer
water above because baffles are generally provided over the surge line
to minimize mixing of the incoming surge. Thus, three regions exist
in the pressurizer during the insurge: relatively cold surge water at
the bottom, the bulk of the water which is in the center region of the
pressurizer, and a region of hot steam and saturated water at the top.
The temperature of the large central region is particularly important,
since it determines at what pressure significant flashing will start
when the surge leaves the pressurizer. Any mixing of cold surge water
with the water in this central region will lower this saturation pres-
sure unless the heaters are turned on. Any surge water which reaches
the heaters reduces the effectiveness of the heaters because enough
heat must be provided to heat this water to the bulk temperature before
the bulk temperature is raised. If more heat is added than is neces-
sary to overcome the effects of mixing, the saturation pressure of the
water is raised and therefore provides additional flashing when the
surge leaves.

4. No heat is added to the pressurizer fluid during the single outsurge.

Neglecting heating during the normal outsurge is somewhat conserva-
tive because heaters will be turned on as the pressure drops and some
of the heat stored in the pressurizer walls will be transferred to the
water. However, these effects will be very small for outsurges of
short duration.

5. The effect of gases other than steam is negligible.

An actual pressurizer steam space may contain 1 to 2% hydrogen or
similar gases. This reduces the saturation temperature at a given
pressure. Qualitatively, however, such gases behave similarly to
steam because the water phase contains a saturated concentration of
these gases and these gases are released as pressure drops.
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Sizing Procedure

The pressurizer volume is the sum of three components: the minimum
steady-state steam volume, the allowance for steady-state liquid level
variation, and the minimum steady-state liquid volume. Both the minimum
steam and minimum liquid volumes may be limited by either pressure or
containment limitations. The pressure limitation is based on the pres-
sure change during the insurge and outsurge maneuver, and this pressure
range does not include control deadband or instrument error.

Calculation of Minimum Steam Volume

The general procedure for calculating the size of the minimum steam
bubble is to compute both the bubble required for pressure limitations
during an insurge, from Equation (1), and the bubble required for con-
tainment, from Equation (4). The insurge volumes used in the two cases
may differ, since an abnormal surge might be considered as a containment
problem but not as a pressure control problem. A spray fraction of 0.3
or a number derived from Equation (3) should be used in connection with
Equation (1). Whichever of the two steam bubbles is larger should be
considered the minimum required steady-state steam volume. To maintain
the pressure below a specified value during an insurge, the required

:am ' L e is as calculated from Equation (1).

[(uf 2 -uw x vfg

V gk}[u+ w - f2 ]

J~lJr x (1)

where ' am, and

Since the spray 4k 0

pressure can be controlled .. -kx

If the spray exceeds a critical t.t an
rises during an insurge. This critica.
Equation (2): (

vw P x vw

vfg J x ufg
x =" (2)

uf 2 - u vf2 - vw

ufg vfg

The critical spray fraction is about 0.4 for subcooling of 120 F. By
using a pressure-controlled spray system and sizing the spray line to

*See page B.31 for the other nomenclature.
KAPL-2000-10



B.15

pass a flow equal to this fraction of the maximum insurge rate, it is
possible to keep the pressure below any specified value as long as the
liquid level in the pressurizer does not rise to the spray nozzle.

However, when the surge of water leaves the pressurizer again, the
pressure falls. An excessive spray fraction leads to too low a pressure
when the surge leaves the pressurizer. The spray fraction which would
lead to the same pressure drop as the design outsurge pressure drop is
given in Equation (3):

Mo - Mos)Ff 2 (> + h - u

x = fg- y (3)
Mi(uf2 -uw)

where MO is the mass of the design outsurge,

Mos is the mass of the overshoot on the design insurge
maneuver, and

M1 is the mass of the design insurge.

Note that the final state here is at the low-pressure condition (i.e.,
during outsurge). In practice, the spray fraction is generally limited
to 0.3 or less. One means of limiting the spray fraction is by sizing
the spray line so that this specified fraction of the total surge always
follows the path through the spray line. An alternate method is by using
a pressure-controlled spray-control valve and setting the valve closing
pressure high enough to permit the allowable pressure rise without spray-
ing; in this case, the size of the steam bubble as computed by Equation (1)
will limit the spray fraction. The pressure-controlled spray-control
valve has the advantage of never using more spray than necessary and of
using a smaller spray fraction if the pressure is abnormally low prior to
the insurge maneuver.

The underpressure following the insurge returning from the pressur-
izer could be limited by turning on the heaters. Unlike the rapid out-
surge condition, there may be a period of several minutes between the time
the insurge enters the pressurizer and the time it has returned to the
system; and heat added by heaters during this period could be significant.
Such heater operation would have little effect on the peak pressure be-
cause the steam and water are generally not in equilibrium while the pres-
sure is above its initial value. If the insurge cycle is followed by an
outsurge cycle and no heaters are used, the pressure would fall far below
the design value because of the cumulative effect of these surges; however,
manual augmentation of heater operation during the insure would reduce
this loss of pressure.

The actual liquid volume increase in the pressurizer is greater than
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the volume of the insurge itself.o The spray water is heated and therefore
expands as it enters the pressurizer. Furthermore, the volume of the con-
densed steam adds to the liquid volume in the pressurizer. If the volume
of steam which must remain in the pressurizer is Vsr, the minimum initial
steam volume for containment is as given by Equation (4).

Vs = Vsr + Vi 1 + x --- -1
LVyWf

(uf 2 - uw) x vf 2 )T
+ I.

ufg xv 1)

As a minimum, Ver should allow space for the spray nozzle and certainly
could never be a negative number0

Calculation of Steady-State Liquid Level Variation Volume

The liquid level variation allowance is the sum of allowances pro-
vided for steady-state temperature changes, leakage, and liquid level
measurement error.

The level variation due to the steady-state temperature control dead-
band is given in Equation (5)a

where

VLi. Vr () X AT ,

Vrc is the volume of the reactor coolant system,

( 7 is the change of density with temperature in the re-
actor coolant system (average of hot and cold legs),

vf is the specific volume of saturated water in the
pressurizer, and

AT is the total temperature control deadband (not in-
cluding temperature error, however).

(5)

If the hot and cold legs of the reactor coolant system have unequal
volumes, there is an additional variation in steady-state liquid level
whenever the difference between hot- and cold-leg temperature changes,
since one temperature change involves more volume than the other. The
change in pressurizer liquid level resulting from unequal hot and cold
legs is given in Equation (6):

VL2 =
X vf(T) , (6)

where AV is the difference in hot and cold leg volumes, and
AT in this case is the maximum temperature difference

between the hot and cold legs.

The makeup water allowance is the volume of water leaving the pres-
surizer due to leakage, operation of hydraulic valves, or sampling during
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the time interval between charging. This allowance is given in Equation
(7):

V = WL XtXVf , (7)

where WL is the design makeup rate (including leakage, sampling,

etc.), in pounds per hour,
vf is the specific volume of saturated water in the pres-

surizer, and
t is the time interval between charging into the system,

in hours.

The volume allowed for level instrumentation error can be calculated fram
Equation (8).

ix X d2 x Ah
VL4 = 2 (8)

where Ah is the error (in feet) in either direction = 1/2 of
the total deadband error, and

d is the inside diameter (in feet) of the pressurizer.

The allowance for liquid level variation is the sum of the allowances
determined by Equations (5), (6), (7), and (8).

Calculation of Minimum Water Volume

To determine the minimum liquid volume in the pressurizer, calculate
both the volume required to maintain pressure--from Equation (9)--and the
volume required for containment--from Equation (10). The steam volume
Vs used in Equation (9) should include the minimum steam volume and the
volume allowed for liquid level variation. The minimum water volume is
the greater of these two volumes. The total pressurizer volume is the
sum of this minimum liquid volume, the minimum steam volume, and allow-
ance for liquid level variation. Equation (9) gives the minimum pressur-
izer water volume to maintain the pressure above a specified value during
an outsurge.

[ g-u2 vgV 5 2  fg\
1/+- - VS - l-(u5 2 - u1) ---

V -ufg of 2 s vlufgg

Vf=v[(u( f -oft) jvLgg uffg
ufg Vfli kvl U(9)

where Vf is the initial volume of water in the pressurizer,
V5 is the initial volume of steam in the pressurizer, and
V0 is the outsurge volume of water leaving the pressurizer.

Note that the outsurge volume is greater than the volume change in the
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reactor coolant system because mass, not volume, is conserved during the
surge. The outsurge volume is defined as the mass of the outsurge (in
pounds) times the final specific volume of the water in the pressurizer.

The volume of water initially in the pressurizer includes all the
water within and below the heater bank as well as water above the heaters.
Although the water below the heaters may not be saturated initially, this
has little effect on pressurizer performance. A procedure for determin-
ing pressurizer performance when not all of the water is saturated is
given later in this paper; a small volume of cold water actually improves
the performance slightly because the volume change resulting from a given
mass outsurge is less.

The water volume change in the pressurizer exceeds the volume of the
outsurge because some of the saturated water flashes to form steam and

the water which remains in the pressurizer cools and contracts during the
outsurge. If the minimum volume which must remain at the end of the out-
surge is Vfr, the minimum water volume initially in the pressurizer is
given by Equation (10):

(Vfr + v 0 ) (f)
V=* (10)

( 

+uf- 

f;

1+ vf1 xu

Approximate Total Pressurizer Size

Figure B.8 gives an approximate total pressurizer volume based on
the preceding equations. The ratio of the total pressurizer volume to
the volume of the design outsurge (defined as the mass of the outsurge
multiplied by the final specific volume of the saturated water in the
pressurizer) is given as a function of the pressure drop permitted. The
pressure drop is expressed as a fraction of the initial absolute pressure.
The pressure drop is the difference between the lowest allowable pressure
during a surge and the lowest steady-state pressure0  The lowest steady-
state pressure is the nominal pressure less the instrument error and half
of the pressure control deadband.

Figure B.8 is based on an insurge volume approximately equal to the
outsurge volume and an allowable pressure rise during the insurge equal
to the allowable pressure loss during the outsurge. The ratio of the
volume allowed for liquid level variation to the outsurge volume is in-
cluded as a separate parameter. The maximum steam volume resulting from
the insurge and level allowance requirements has been incorporated into
this total pressurizer volume. This graph is concerned with only pres-
sure limitations and does not necessarily provide for containment limi-
tations; it should not be extrapolated because at larger pressure changes
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containment may be limiting. The volume calculations are based on

2000-psia initial pressures and are somewhat conservative at lower pres-
sures because the required pressurizer volume varies somewhat more
strongly with pressure than a directly proportional relationship. How-
ever, Figure B.8 should be sufficiently accurate for most preliminary
parameter studies.

Sizing Analysis

In order to provide a clearer understanding of pressurizer sizing
and of the effect of unusual situations which may be encountered, the
analysis leading to the sizing formulas presented is summarized below.

Insurge

The general equation for insurge conditions is derived from a mass
balance, an energy be.lance, and a volume balance.

The mass balance for the steam phase* is:

Ms2 = M5 1 - M .(11)

The energy balance is

E2 -E 1 =Q - W , (12)

where E2 and E1 are the total energies of steam, spray, and
condensate after and before the insurge,

Q is the heat added, and
W is the work done by the pressurizer on the

main coolant system.

The quantities represented in Equation (12) may be expressed as follows:

P x Mi x v (13)

E1 =Ms1 xus1 +x xM xuw . (14)

E2 =Ms2 xuS 2 +xxMiXuf 2 +Mc xuf 2  . (15)

If we combine Equations (12), (13), (14), and (15),

PxMiv x v+
Ms x us + x x Mi x uw + J + Q

=1s 2 xuS2 +xXMixuf 2 +Cxuf 2  . (16)

*See page B.31 for nomenclature.
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The total volume of water and steam in the pressurizer is constant
during the surge. Therefore,

M2 Xv8 2 + x v 1 + x x x vfa+ (1 - x) x Mix v + M x Vf2

(17)

MS2 XVs2 +MCxvf 2 =lA4S 1 xv 51 -zxMi x vf2 - (l-x)xMixvW -

(18)

Equations (11) and (16) may be ccabined to solve for the final amounts
of steam and condensate, M.2 and Ml.

2 1. 82**x x Mf 8 -u

uf 2 -Uj Mi P x v

Mc x \us2 -uf2J J us2 - uf2

ui / (PXv +
T us\eUsf 2)

usi - us 2\
us2 - Uf 2)

Q
(-s2 - of 2

(20)

Equations (19) and (20) may be substituted into Equation (18) to
find the relationship between M1s, Mi, x, and the thermodynamic properties..

M [ vS2
usi - Uf2\N

ufg

usi - Vs2
Vi 1~ f2 ug J

- Mw (fu V w + x x Mi vs2 u uuFP=(ra- - 1 xMF f
gML J / Vw + 7 2fg

Q82 - Vf 2) 1
(use - uf 2

~(Vf 2 -VW)..Vf
2 ( uf 2 ?)u

4f( -
Mmm =o si s2 - i-use,) = Mi vw+

(Px v) yVfg)J

(21)

Q X Vfgufg
[( f2-uw) x vfg v +[fVf

2 + Vw

(22)
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For the special case in which spray is regulated to hold pressure
constant and equilibrium is assumed to exist before and after the surge
in the steam and condensate, Equation (22) becomes:

vw Pxv Q

=vfg J x ufg Mi(us2 uf2) (23)
uf2 - w Vf2 -Vw

Ufg Vfg

Normal Outsurge

The general equation for outsurge conditions is derived from a mass
balance of steam and water, an energy balance, and a volume balance.

The mass balance on the steam region is&

Ms 2 '-M5 1 + Me G (24)

The mass balance on the saturated water region is:

Mf 2 = M -Mo-- M (25)

The energy balance on the combined steam and saturated water region
is:

E2 - E1 = Q - W , (26)

where E2 and E are the total energies of steam, water in the
pressurizer, and water which has left the
pressurizer after and before the insurge,

Q is the heat added, and
W is the work done by the pressurizer on the main

coolant system.

W =Px MXvf(27)
= J

E1 =M 51 Xus 1 + Mfi XUf 0G (28)

E2 =M 2 xus 2 +Mf 2 xuf 2 +M xu u .(29)

We combine Equations (26), (27), (28), (29) and substitute

P x Mo x v(
M X hf = M X uf + .J;(30)
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The total pressurizer volume remains unchanged. Therefore,

MS2 X v 2 + Mf2 xf 2 =MsX Vs5 + M21 x Vf1

B. 23

(31)

(32)

Then combine Equations (25) and (32);

Ms2 X V 2 - Me X Vf2 = Msi X vs + Mf1 (vf - vf2 ) + M0 x vf2

(33)

To solve for Ms2 and Me, combine Equations (25), (31), and (24):

M3 2 x us2 - Me x Uf2 -Mi x usi + M(uf1 -Uf2) -M 0 (hf - uf 2) + Q

(34)

Ms2 = Msi
(usiu -uf 2)

ufg 1

fi-Uf 2)

+ Mf1 (ufi - 2)
Ufg

Si us

Ufg.

hr-uf 2)

hfu -of

Note that when heating is neglected the first term dominates Equation
(36). However, since the term (u - use) is generally negative (i.e.,
some of the evaporation of water is nullified by condensation of steam
which is in the pressurizer initially), and since M0 (hf - uf2) is larger
than MO (uf1 - uf 2)/2 by approximately the work done by expansion, the
amount of evaporation is less than the evaporation expected if the evapo-
ration depended only upon the average mass of water in the pressurizer.

Next combine Equations (35), (36), and (33):

Ms v8 2 (u -uf 2) -(us_-us+of 2K us Jdz
(ufi -uf 2 ) xvfg

tig

Mo(Vs 2 -vf2)(hf -uf 2 ) Q x vfg

ufg + ufg 0v+Mxvf2+M f(vf -vf

(37)
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[(vs2 -v3 1 ) Cuss -uS 2)] + Mf1 (ufl-uf2) _(vfi-7vf2)
Vfg Ufg fl ufg Vfg

[(hr-uf 2)Q
ufg vfg ufg

(38)

Analysis of Pressurizer Performance under Complex Conditions

The pressurizer may be subjected to more complex conditions than the
single insurge or outsurge cycles considered in establishing the sizing
criteria. Such conditions include surging when not all of the water is
saturated, heat transferred to or from the pressurizer during surges, or
operation of a relief valve. Since the general equations of pressurizer
performance do not lend themselves to a direct solution for pressure, the
following graphical procedure was developed to determine the final pres-
sure resulting from a series of operations. Although some iteration is
required because the effectiveness of some operations is a function of
the final pressure, the solution generally converges rapidly.

The general approach is to express all external operations as an
equivalent surge, to express all surge absorbers as an equivalent steam
volume, and to find the pressure change as a function of this ratio of
surge volume to equivalent steam volume0 Then, to compute the pressure
following any series of operations except those in which the pressure
falls below the saturation and then rises, proceed as follows:

1. Estimate the final pressure. A. guess that it is equal to
the initial pressure will suffice if no better estimate is
available 0

2. Compute the equivalent surge for each operation and find
the total equivalent surge.

3. Compute the total equivalent steam volume; then, from the
ratio of the surge to steam volume, find the new pressure
from Figure B.9 or B.10.

4. Recalculate the pressure using factors appropriate for the
new estimate of final pressure0 Two iterations are gener-
ally sufficient.

It is not necessary to compute intermediate pressures unless they
are needed to determine the amount of spray or steam relieved.

If the pressure drops below the saturation pressure and then rises,
there is more steam in the steam space than there was initially. This
causes the pressure to be higher than its initial value after an out-.
surge followed by an insurge of the same volume. To compute final pres-
sures following this type of operation, first find the minimum pressure
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at the peak outsurge and then compute pressures starting from this point
as the initial condition.

The ratio of surge volume to steam volume is given in Figures B.9
and B.10 for insurges and outsurges, respectively. The equation of these
graphs is:

s2 +(us 2 - us1) (vfg

surge = Vs V 1  \ufg (39)
Veff steam 1 + P x vfg

J X Ufg

The effective steam volume is the sum of the actual initial steam
volume plus the equivalent steam volume due to flashing water, compres-
sibility of the hot water in the pressurizer which does not flash, the
compressibility of the reactor coolant system itself, and in some cases
(for very slow surges) the effect of the pressurizer walls as a heat sink.
At 2000 psia, each cubic foot of saturated but not flashing water has a
compressibility equal to 0.11 fts of steam. Each 100 ft3 of saturated
water in the pressurizer adds 11 ft3 to the effective steam volume during
an insurge because of the compressibility of the water. Each cubic foot
of reactor coolant water at customary temperature is equivalent to 0.023 ft3

of steam at 2000 psi. When the compressibility of the water in the reactor-
and reactor coolant system is expressed as an equivalent steam volume, there
is no need to solve simultaneous equations for surge volume and pressure
in the pressurizer and the reactor coolant system. The water compressibil-
ities vary directly with pressure and become less important at lower in-
itial pressures.

Saturated water increases the effective steam volume during an out-
surge by from 2.5 to 4 times the actual water volume. The ratio of equiva-
lent steam volume to the average (not initial) volume of saturated water
(colder water should not be included) during an outsurge is given in
Figure B.11. Since this ratio is a function of both initial and final
pressures, an iteration procedure may be required. The equation of Figure
B.11 is:

1- Uf\ vfg vf2

Veq steam _ ufg ) fi f . (40)
Vsat water - 1 - us2 - us1 ( Vfg

vs1ufg v5 1

If the surge cycle is sufficiently slow that the walls may be con-
sidered in equilibrium with the steam, an additional allowance of 0.003 ft3

of steam per pound of metal in equilibrium may be added to the effective
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steam volume. Such equilibrium is not achieved, however, during most
rapid transients.

During an insurge, the surge volume is volume by which the reactor

coolant would expand at constant pressure. During an outsurge, this ex-
pansion must be multiplied by the ratio of the specific volume of the
fluid leaving the pressurizer to the specific volume in the reactor cool-
ant system. This ratio may vary with the amount of outsurge if the in-
itial temperature in the pressurizer is uneven.

The effect of heating or cooling of the steam or a steam/water equi-
librium mixture in the pressurizer is expressed as an equivalent surge
volume. The ratio of cubic feet of equivalent surge per 1000 Btu of heat
added to the water is given on Figure B.12. This ratio is also a function
of the final pressure, and it is based on the equation:

Vsur e - 1000 (41)
100-0Y y

ufg J

The effect of spray is also expressed as an equivalent surge volume,
and the cubic feet of equivalent surge per pound of spray is given in
Figure B.13. Note that a given mass of spray has more effect on pressure
when it is sprayed at a high pressure than this same mass of spray has
when the pressure drops. If the pressure approaches the saturation pres-
sure of the spray, the effect of the spray vanishes. The effect of the
spray is derived from the equation:

(2 - h) --fg - (vf2 - vw)
surge -ufg (42)

Mspray P x Vfg
1+ -

J X ufg

The effect of opening a steam relief valve. is expressed as an equiva-
lent surge in Figure B014. Note that the effectiveness of a given volume
of pressure relief is a function of the pressure at which the pressure
relief takes place. Note further that, unlike the effect of spray, a given
amount of steam relieved has a stronger effect on pressure after the pres-
sure falls below the relief pressure than it had on pressure while the
steam was being relieved. The effect of steam relief is derived from
Equation (43). Flow out of a water relief valve may be treated as any
other outsurge of water0
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v
52

avg relief

vf havg relief -us

ava relief v of
Pxv

J xu

(43)

Nomenclature

The following nomenclature is used in this paper.

Total initial internal energy
Total final internal energy
Specific enthalpy
Average specific enthalpy of saturated water
Final specific enthalpy of saturated water
Average specific enthalpy of spray water
Mechanical equivalent of heat (504)

Mass of saturated water in pressurizer
Initial mass of saturated water in pressurizer
Final mass of saturated water in pressurizer
Mass of insurge
Mass of outsurge
Mass of steam in pressurizer
Initial mass of steam in pressurizer
Final mass of steam in pressurizer
Mass of condensate
Mass of evaporated fluid
Average pressure
Net heat added to pressurizer
Temperature
Average specific internal energy of saturated water
Initial specific internal energy of saturated water
Final specific internal energy of saturated water
Final specific internal energy of vaporization
Initial specific internal energy of saturated steam
Final specific internal energy of saturated steam
Average specific internal energy of spray water
Average specific volume of saturated water
Initial specific volume of saturated water
Final specific volume of saturated water
Final specific volume of vaporization

Btu
Btu
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
ft3 -lb
(force)/Btu-in.2
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (mass)
lb (force)/in.2

Btu
F
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
Btu/lb (mass)
ft0/lb (mass)
ft8/lb (mass)
ft3/lb (mass)
ft3/lb (mess)
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ysi Initial specific volume of saturated steam ft3 /lb (mass)
vs 2 Final specific volume of saturated steam ff9/lb (mass)
vw Average specific volume of surge and spray water ff9/lb (mass)
W Work done by fluids in the pressurizer Btu
x Fraction of insurge which is spray -
y Fraction of insurge, other than spray, which

mixes in the pressurizer. This fraction de-
pends upon the detailed design of the surge
line of a particular pressurizer and should
be kept as near zero as possible0

ANALYSIS OF THE EFFECTS OF CHECK VALVE SLAMMING ON THE STEAM

GENERATOR PASS PARTITION PLATE USING A LUMPED PARAMETER MODEL

TD Younkins

The typical pressurized-water reactor plant has two or more steam
generators each of which is connected to the reactor through piping runs
to form a complete and separate main coolant loop. The main coolant flows
through the "hot leg" to the steam generator and discharges into the steam
generator inlet plenum. Fram the inlet plenum, the main coolant passes
through the heat exchanger tubes, giving up heat on the way to generate
steam on the secondary side, and discharges into the outlet plenum. A
ccumnonly used type of steam generator is the U-tube type with the inlet
and outlet plenums formed by the same hemispherical shell and separated
by a pass partition plate. From the outlet plenum, the main coolant
passes through the "cold leg" back to the reactor. To circulate the main
coolant, one or more pumps are located in parallel "pump legs" which form
a section of the cold leg. Associated with each main coolant pump is a
check valve to prevent excessive backflow through that leg when the pump
is idle. Figure B0 15 is a diagram of a typical pressurized-water reactor
main coolant loop with a U-tube steam generator.

All of the flow path component of this main coolant loop are de-
signed to withstand main coolant pressure (and are hydrostatically tested
to 1.5 times design pressure) except the steam generator pass partition
plate. This plate is generally designed to withstand a differential pres-
sure only slightly greater than the flow pressure drop through the boiler
tubes. Experience has shown, however, that pressure surges much higher
than this design pressure are generated during pump switching transients
by abrupt closure of various check valves, as pumps are turned on and off.
Such abrupt closures, appropriately termed "slams" occur because the check
valve is closed by backflow and the clapper inherently lags behind the
backflow; hence, a finite backflow is always interrupted abruptly upon
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PASS PARTITION PLATE PUMP LEG A

H]PLENUMS
P1 2 ' PUMPS rm

|REACTOR

(OULE) CKVALVES REACTOR
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PUMP L EG B

-HOT L EG- STEAM COLD L EG---+
GENERATOR

FIGURE B.15. TYPICAL MAIN COOLANT LOOP

seating of the clapper. The pressure surge generated at the check valve
is:

Pcv = p CV,* (i)

where V is the backflow main coolant velocity at closure, a step ve-
locity change is assumed, and piping flexibility is neglected. This pres-
sure surge travels through the main coolant loop essentially as a plane
acoustical wave at the main coolant acoustic velocity C. The effect of
this pressure surge on the pass partition plate is the problem of interest
here.

Lumped Parameter Model

For many main coolant loops the effect of check valve slamming on
the pass partition plate may be adequately analyzed by using a lumped pa-
rameter model of the loop. Criteria for applying this type of analysis
will be discussed later. In the lumped parameter model, the effects of
the individual acoustic waves are not considered; the waves are assumed
to traverse each element in a time period short in comparison with the
gross system oscillation period of interest. In this case, the acoustic
behavior of the main coolant loop components will be the same as elements
of a Helmholtz resonator.* The reactor and steam generator plenums are
compression and expansion chambers which store only potential energy in

*Symbols and subscripts are defined on page B0 40.

*Lord Rayleigh, The Theory of Sound, Vol. II, 2nd Ed., New York:
Dover, 1945, pp. 259, 264, 302, 303.
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MH 1 MT MCE

DH. DT DCE

Ma

Da

FIGURE B.16. LUMPED PARAMETER MODEL OF MAIN COOLANT LOOP

the contained water (springs in a mechanical analog). The connecting
main coolant piping runs are narrow constrictions between the compression
chambers and store only kinetic energy in the contained water (masses in
a mechanical analog). No energy dissipation element is considered for
this simple model; the form of the transient then makes the answers some-
what conservative. For easier visualization, a mechanical model of springs,
masses, and levers can be used with variables and constants of the follow-
ing form:

M = mass = pL/A, lb-see 2/ft5

K = spring rate = B/V, lb/ft5

P = force (pressure), lb/ft2 , and
D = displacement (volume), ft3 .

To be compatible with the fluid parameters, the pass partition plate
parameters are taken as:

Ma = mass = yv/A2, lb-sec2/ft5, and
a = spring rate = Pa/Da, lb/ft 5

A suitable mechanical model for the main coolant loop of Figure B.15
is shown in Figure B.160  This model possesses kinematic and dynamic simi-
larity to the actual main coolant loop--within the assumptions of the
lumped parameter model. The levers, each section of which is of unit
length, are necessary to maintain continuity of flow and displacement; i.e.,

Compression of the inlet plenum, in cubic feet, is

ADp = DH - DT - Da " (2)

Compression of the outlet plenum, in cubic feet, is

6DP2 = DT + Da - DCE 0 (3)
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Note that the model is not completely restrained; i.e., a steady motion
of MCE, MT, and MH will continue unrestricted. This corresponds to steady
flow in the loop. Inertial restraints are developed, of course, during
transients when nonvanishing accelerations occur. A spring representing
the reactor should be connected between MH and MCE, but the reactor has
such a large volume that the reactor spring constant can be neglected as
relatively very small. The lumping of the two sections of the cold leg
mass and the two pump legs into one equivalent cold leg mass MCE follows
from the dynamics equations which can be written in the form:

DH+ aDPl =0 (4)

DCE- WCtADp2 = 0 (5)

DT c-4 (AD 1 - ADp2) = 0 (6)

Da 2- h(ADpl - Dp2) + %2 Da = 0 > (7)

where 2 2 Kp 2 Kp
hr22K MH = ;CE MCE , = ;

(8)

2 Kp 2 =a2a a 0

Here,

MAMB()*
M = M + MMB(9)*CE CL MA + MB

and ADp and ADp2 have been previously defined. The solution of these
equations for a given set of constants depends entirely upon the initial
conditions specified for each variable, and these initial conditions can
be selected to match any pump switching transient; in fact, for any set
of loop constants and only two pumps per loop, just two different basic
solutions are needed to determine the effects of any pump switching tran-
sient. The two basic types of solution are presented in the following

paragraphs.

Note: FOr three pumps per loop,

MAMBMC
M~ L +MAMB +MBMC +MOMA etc
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Idle Loop Slam

In this first case, both pumps are off, one check valve is already
closed, and backflow through the open check valve is interrupted by a
slam. Then, at time t = 0,

Da = Da = DT = DH = DCE = 0

DH DT = - D (10)

DCE =O

The conditions represented by these symbols are as follows: Just beforetime
zero, some steady backflow (-Dl) existed in the loop through one pump leg.
At time zero, the check valve slams and stops flow completely in the cold
leg. The plenums and pass partition plate then act to absorb the kinetic
energy of the tube water mass and the hot leg. For more precise timing,
the check valve must be assumed to slam enough before time zero so that
the initial pressure wave can traverse the entire cold leg; however, one
of the conditions for applicability of the model is that the time period
of interest be several times greater than the wave traversing time for a
system component.

The variable of interest here is the maximum partition plate dis-
placement Da max. The time period of interest is the largest period of
oscillation of the pass partition plate; this vibration mode will con-
tribute almost all of Da max When Da max is known, then by definition

6Pa max = Cl max > (11)

and the plate stresses corresponding to APa max can be found. Now for
given system constants, APa max will vary linearly with D1; therefore,
only one solution is needed for all slams of this type.

Such slams occur when the only running pump in one loop is secured
while the other loops are operating. Also, if the check valves hang open
in a completely idle plant, when the first pump in the plant is started
in any loop such slams will occur in all the other loops. In either
case, MCE is as defined in Equation (9). To enhance the accuracy of the
calculation, when the pressure P2 becomes positive, the cold leg mass
should be "released" to indicate reopening of both check valves. Depend-
ing upon the system parameters, this action may or may not affect the
first peak in Da-

Slam With One Pump Running

In this second case, one pump in a loop is running, the other pump
is idle, and backflow through the idle pump leg is interrupted by slamming
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of the check valve in that leg. Then, at time t = 0,

Da = Da = DT = DT = DH = DH = DCE = 0
(12)

DCE =D 2

The velocity D2 is calculated as follows. At the instant of slam, pump A
is running and delivering DA flow. Of this, DCL (= DT = DH) is passing
through the loop while (DCL - DA) is backflowing through idle pump B and
its associated check valve. The cold leg kinetic energy is then:

KECE = 1/2 MIPCL +1/2 MAD + 1/2 MB(DCL- DA)2, (13)

where DCL = DA + LB 0 (14)

This kinetic energy will be a minimum when

A = C MA > B; = A . (15)

Now,,with the definition of MCE, define an equivalent uniform cold
leg flow DCE and equate the kinetic energy of this combination to the
actual initial kinetic energy:

1/2 MCE CE =1/2 MCL L + 1/2 MADA + 1/2 M 255 - (16)

Only the velocities of Equations (15) will yield DCE2 DL( DT = DH), and
no plate deflection will occur in this case. All other ocbinations of

DL,DB, and D will yield a higher DCE, and the initial condition velocity
D2 is then- defined as:

D2 = DCE- DCL (17)

Subtracting the uniform flow DCL = DH = D' from the actual flows will not
affect the plate displacement at all since such a uniform flow will cause
no restraints to develop in the model.

Physically, this procedure assumes that after the check valve slams,
the kinetic energy of the cold leg and the pump legs is redistributed
uniformly throughout the cold leg and the operating pump leg. This is
reasonable if it is assumed that the local pressure wave traversing time
is small compared with the period of interest. The resulting uniform
flow will be greater than the initial boiler-tube and hot-leg flow, and
deflection of the pass .partiti~al plate will result.

Slams of this type occur in a loop arty time ow of two running pumps

KAPI.-20001O



B.38

in the loop is secured or when, if the check valves hang open for a com-
pletely idle plant, one pump in the loop is started. Also, slams of this
type may occur when the second pump in the loop is brought to a faster
speed than the first pump such that its shutoff head is exceeded by the
second pump. Again, since APa max varies linearly with D2, only one
basic transient solution is needed for this type of slam. Also note that,
assuming pump A to be the operating pump, MCE should be:

MCE = MCL + MA . (18)

Once check valve B closes, it will remain closed, and pump lg B will no
longer participate in the transient when this model is used.

These two basic solutions* cover all possible check valve slams in
a main coolant loop with two pump legs. Flow transients which are slow
enough to preclude a check valve slam will not cause appreciable loading
on the pass partition plate.

Criteria for Applying Lumped Parameter Model

The largest component of the pass partition plate deflection comes
from the vibratory mode where essentially the boiler tube water mass acts
on the spring of the pass partition plate. The mass of the plate is also
included in this mode, but it is generally small compared with the tube
water mass. (Consequently, the frequency of the plate itself is not an
important parameter in the plate response ) The quarter period of this
oscillation is:

o 2 T (19)

This period should be several times larger than the time for a wave to
traverse the longest element in the system.

Ti =L .G(20)

This allows the individual waves to reflect several times in the longest
element and thus average out before the plate reaches its maximum de-
flection. This limitation is important particularly for the case when
the cold leg kinetic energy is assumed to be uniformly redistributed
after the slam.

Another criterion is the apparent stiffness or equivalent mass of
the water columns in the hot leg, cold leg, and boiler tubes. The hot leg

*If MA and MB are significantly different, two solutions will be

needed for the second type of transient.
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is essentially an "organ pipe" open at the reactor end and being vibrated
by a piston at the steam generator end. The equivalent mass or apparent
stiffness seen by this piston is:

1 M Tan ,(21)MilE =DjM H 2nfLC I
CL CL

where 0 < < 1/4, 1/2 < -< 3/4, etc.
C C

or P1 B 2nfL 2nfL I
K = = Tan-7 , (22)DH _VH C C

where 1/4 < - < 1/2; 3/4 < -L < 1; etc.
C

The frequency f is the frequency of P1 in the inlet plenum. Depending
upon its value, the hot leg will either act like a mass, as defined in
Equation (21), or a spring, as defined in Equation (22). For the low
frequencies which dominate the plate deflection, fL/C -+ 0 and MHE - MHo
These equations can be used to check the hot leg and cold leg once the
lumped parameter solution is obtained. If significant frequency effects
are obtained, the hot leg and cold leg masses should be adjusted accord-
ingly, and the lumped parameter solution run again. The tube water mass
can be checked in the same way; Pi - P2 can be considered to be the driv-
ing force on one end with the other end open, and f can be computed from
Equation (19).

Conclusion

Through the use of the lumped parameter model, solutions for the
problem of pass partition plate response during check valve slamming can
be obtained quite simply on an analog computer. Solutions can be obtained
by hand, if necessary, although the eigenvalue solution of a fourth degree
system is considerably time-consuming. Use of an analog computer also
easily permits the simulation of check valve re-opening by release of the
cold leg mass after the transient has started.

Results obtained by using this model compare quite well with results
obtained using a much more complex digital computer analysis which ac-
counts for all individual pressure waves. The results from the digital
computer analysis compare well with test results on actual pressurized-
water reactor plants. In general, the accuracy of the lumped parameter
solution increases as the plate stiffness decreases.

The equivalent pass partition plate differential pressure, and con-
sequently the plate stresses, varies linearly with the initial flow
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conditions. Thus, the flow conditions immediately prior to all check
valve slams must be determined. During pump switching transients, this
is not a simple problem; however, conservative estimates can be made by
calculating steady-state loop flows for the condition after the pump
switching has occurred, assuming the slamming check valve to be stuck
open.

For designing pass partition plates, it should be noted that al-
though the plate displacement Da will decrease as the plate stiffness a
is increased, the equivalent differential pressure APa will increase,
and therefore the plate stresses may increase. Also, for given plate
dimensions and a given AP, the maximum plate stress will be about the
same whether the plate is simply supported or built in. However, the
deflection for a simply supported plate will be about four times that
of a built-in plate. The stiffness, a, for a simply supported plate
will then be only about 1/4 that of a built-in plate, and the resulting
AP and stresses will be lower in the simply supported plate. Thus, for
a given plate dimension, a simply supported plate can withstand more
severe check valve slams than a built-in plate. Finally, it should be
noted that the check valve slams producing the highest surge pressures
at the check Valve [Equation (1)] will not, in general, produce the high-
est stresses in the pass partition plate. In general, for the same plate
stiffness, higher surge pressures are generated in the second type of
problem discussed previously whereas higher plate differential pressures
result from the first type of problem.

Nomenclature

The following nomenclature is used in this paper.

M Acoustical mass = pL/A lb-sec 2/ft5

p Water mass density lb-sec 2/ft4

L Piping length ft

A Flow cross-sectional area ft2

7 Pass partition plate density lb-sec 2/ft'

Aa Pass partition plate pressure area ft2

a Pass partition plate stiffness lb/ft5

D Volume displacement ft3

P Surge pressure lb/ft 2

B Water bulk modulus lb/ft2

V Plenum volume ft3
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Plenum stiffness = B/V

- Period = 1/f

w Circular frequency

f Frequency

C Acoustic velocity in water = 4Tp7
V Backflow velocity at check valve

APa Equivalent pass partition plate differential
pressure = aDa

v Pass partition plate volume

Subscripts

C Cold leg

H Hot leg

T Steam generator tubes

p Steam generator plenums

a Steam generator pass partition plate

CE Equivalent cold leg

A Pump leg A

B Pump leg B

CL Cold leg excluding pump legs

1 Inlet

2 Outlet

lb/ft5

sec

radians/sec

cycles/sec

ft/sec

ft/sec

lb/ft 2

ft3
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C. HEAT TRANSFER AND FLUID FLOW

HILO, A PRESSURIZED WATER REACTOR STEADY STATE ANALYSIS PROGRAM

AE Kakretz, LB Shannon

The need for parametric studies coupled with the two-phase flow re-
distribution problem required the mechanization of steady state reactor
thermal design calculations. Interest in steady state thermal performance
at both high and low pressures has emphasized this requirement. For these
reasons, a steady state thermal analysis code, designated HILO, was written
for pressurized water reactors.

The basic purpose of HILO is to determine the thermal margins, peak
central temperature, margin to nucleate boiling, and departure from nucle-
ate boiling ratio in the limiting channel for a number of operating con-
ditions. The operating conditions require the knowledge of system pres-
sure, system average temperature or reactor inlet temperature, system
flow, reactor power, and the power distribution in the reactor. Since
variations in each of these parameters are of interest, HILO has been de-
signed to investigate up to five of each of these parameters for one- and
two-pass reactors.

HILO will determine the thermal margins for all combinations of the
prime variables for up to four hot channels in each reactor pass. Both
the KAPL and Bettis correlations for departure fran nucleate boiling are
available.

HILO has been designed to solve the flow redistribution problem for
single-phase and two-phase flow in the hot channels. The flow redistri-
bution solution assumes that the hot channel pressure drop is equal to a
constant times the average channel pressure drop. The pressure drop in
a channel includes the losses fran acceleration, elevation, entrance,
exit, and friction. In the bulk boiling region, fog flow is used above
1850 psia; the Martinelli separated flow model is used between 14.7 and
1850 psia.

HILO is written in FORTRAN II for a32,000-word memory IBM-704 elec-
tronic data processing machine, The program has been written and checked
out, and is in production. A report giving a detailed description of the
program has been issued as ICAP.J-DlGTD-10Q1
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C.2

SPY(D1G),.A CCIPUTER PROGRAM FOR THE CALCULATION OF REACTOR THERMAL

TRANSIENTS RB Taylor

Introduction

The SPY(D1G) program is an IBM-704 digital computer program developed
specifically for the calculation of thermal transients occurring in a

one-pass nuclear reactor system with three primary coolant loops. The
program has the computing ability to provide the calculations for the
analysis of reactor thermal transients that result from complete and se-
quential loss-of-flow accidents, cold water accidents, startup accidents,
and other accidents which may be simulated by externally controlled vari-
ations in reactivity. Inclusion of a three-channel core model and the
effects of interchannel flow redistribution provide a basis for the com-
plete transient thermal analysis of both nominal and hot channels. Two
versions of the program are available: SPY 1 employs three radial nodes
and SPY 2 employs six radial nodes to describe the thermal transient
effects in terms of fuel element meat, cladding, and surface temperatures,
and of bulk coolant temperatures. Each version contains an option for
eliminating all thermal and hydraulic calculations in one of the three
channels.

Operation of the program requires an IBM-704 digital computer of
16,000-word minimum core storage.

Analytical Model

The one-pass reactor flow model described by this program is con-
sidered to be an open loop since there is no flow feedback from the re-
actor outlet to the reactor inlet. Three parallel flow paths, comprised
of two "nominal" channels and one "hot" channel, are assumed between the
core inlet and outlet plenums. The nominal channels close the temper-
ature coefficient of reactivity feedback loop. The summation of the
nominal channel flows is assumed equal to the total core flow. The
second nominal channel may be omitted, if desired. The channel con-
stitutes an open loop, the only feedback is between the core pressure
drop and interchannel flow redistribution. A three radial node model,
with nodes in the fuel element meat, fuel element cladding, and primary
coolant, is employed by SPY 1 for all heat transfer calculations. SPY 2
employs a six radial node model, with three nodes in the fuel element
meat, two in the fuel element cladding, and one in the primary coolant,
for all heat transfer calculations.

The analytical model is shown schematically by Figure Cl. The cool-
ant enters the reactor from three primary coolant loops which make it
possible to introduce flow and temperature changes into the reactor by
means of individual variable program inputs for each loop. The coolant
mixes in a common inlet plenum from which it proceeds through three
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WLZ z a zI

wc J. a o 3W

J J--.:W 0 a 1 on *h y R1J2 " " .Z 2 ag d o

We WJ Wa

WC W THERMALLY ACTIVE
A SECTIONS

WLK 0 THERMAL AND
HYDRAULIC MIXING

WLIW POINTS

--- OPEN LOOP HOT
WL3 CHANNEL FLOW

NO4ENCLATURE

Flow

J Index of node number

WC Actual flow through active core

WB Flow through "B" noinal. channel

Wj Flow through "J" noinal channel

b1Flow in loop No. 1

WL2  Flow in loop No. 2

W O Flow in loop No. 3

WLK Leakage flow bypasing active core

Wp1  Total flow entering reactor

Wp 2  Total flow leaving reactor

WR Flow through hot channel

Thermal

A Thermally active section prior to
entering core

C Thermally active section after
leaving core

P1  Inlet plenum

P2 Outlet plenum

FIGURE C.1. SCHEMATIC DESIGN OF REACTOR MODEL
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parallel flow paths that simulate nominal and hot channels. All but the
hot channel flow enters and mixes in the outlet plenum. Provision is
made also, by specified program input, for flow leakage to bypass the
active core between the inlet and outlet plenums. Interchannel flow re-
distribution is accomplished by an iterative process on flow based on the
criterion that the pressure drops across all three parallel flow paths
are equal.

The thermal model is composed of three active sections between in-
let and outlet plenums. Two of these sections are one-nodal represen-
tations for gamma or other extraneous power generation external to the
core. They are physically located immediately succeeding the inlet
plenum and immediately preceding the outlet plenum. The third thermally
active section is the core which, in accordance with the schematic dia-
gram (Figure C.l), is essentially a three- (or six-) radial node model
(fuel element meat, fuel element cladding, and bulk coolant) in that the
cladding surface assumes no heat capacitance and the nodal surface tem-
perature is calculated on the basis of surface heat flux.

The nuclear portion of the code is a closed loop representation of
the reactor kinetics equations (six delayed neutron groups) with temper-
ature coefficient of reactivity feedback. The feedback loop is closed
by means of the temperature coefficient of reactivity contributions from
the A, core (two nominal channels), and C sections. The reactivity of
the hot channel is considered negligible. Where hot channel reactivity
feedback may be desirable, one of the two nominal channels may be desig-
nated as a hot channel by program input.

The program allows the use of several design correlations for depar-
ture from nucleate boiling, heat transfer coefficients, and channel
pressure drop, by proper changes in input.

Operation

The time required for this program on the machine depends on many
factors including the number of channels and nodes used. In general,
for each 1 sec of actual transient time, about 300 sec of machine time

are required.

The short output for this program consists of the following: total
core power, fuel element meat temperature, cladding temperature, fuel
element surface temperature, bulk coolant temperature, departure from
nucleate boiling ratio, and flow distribution between channels. A long
output that gives more detailed information is available.

The SPY program has been found very useful in the analysis of ab-
normal reactor operating conditions such as complete and partial flow
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ooastdowns, startup accidents, cold water accidents, and accidents in-
volving externally controlled variations in reactivity. The program may
also be used for steady state thermal analyses. Several steady state de-
sign calculations may be performed consecutively by modification of the
various parameter inputs without the necessity of restarting the problem.

A STABILITY ANALYSIS OF THE FINITE DIFFERENCE REPRESENTATION OF THE
ENERGY EQUATION DC Maxwell

In writing digital computer programs to represent the transient be-
havior of a pressurized water reactor, it is necessary to approximate the
energy equation in the water channels by using finite difference methods.
For these programs, the finite difference approximations are generally
used in a form that allows an explicit solution for the variable of inter-
est, rather than solve implicitly a set of simultaneous equations, in
order to reduce computer calculating time.

The disadvantage of the explicit approximations is that they became
unstable if the calculating time interval is longer than some critical
value. Instability is defined as the growth, from calculating step to
calculating step, of the error introduced in the calculated value of sae
variable. Since same error is introduced in each calculation, by round
off or truncation, it is absolutely essential that the errors be attenu-
ated in time and space if meaningfulresults are to be obtained6

In addition to the instability of the finite difference approxi-
mation, the response of the nodalized model to an input variation in
enthalpy is important also. The response of a node is defined as the
accuracy with which the outlet enthalpy reproduces the inlet enthalpy
variation. The response is of particular importance when a reactor
channel is divided into a number of nodes connected in series. For this
case, the poor response of a particular model can be amplified in suc-
cessive nodes and the final output may differ considerably fram the true
value.

The response and instability characteristics of two finite differ-
ence approximations have been investigated for an energy equation of the
form:

W -+ pA -t=Q

where W = flow rate in the channel, lb/sec
h = water enthalpy, Btu/lb
p = water density, lb/ft3

A = flow area of channel, ft2

t = time, sec
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x = distance along channel, ft
Q = heat added to the water, Btu/ft-sec

The finite difference approximations differ in that the so-called
plenum node approximates the average enthalpy of the node with the modal
outlet enthalpy while the pipe node approximates the average enthalpy
with the numerical average of the inlet and outlet enthalpy. Mathemati-
cally the time derivatives are:

Plenum node

ah h(x,t + At) - h(x,t)
at At

Pipe node

ah h(xt + At) .+ h(x - Ax t + At), - h(xt) -h(x-Axt)

Two approximations bf the spatial derivatives were investigated,
namely, the present spatial derivative or the advanced spatial deriva-
tive. Mathematically, the, spatial derivatives are:

Present

ah h(x,t) h(x - Ax,t)
ax Ax

Advanced

ah h(x,t + t) - h(x - Qxt + At)
aAx

The result's of this investigation showed that the response of the
pipe node was better than the resonse of the plenum node. However, a

cascade of pipe nodes that use the present time derivate tended to trans-
mit the edrly response of the first node and gave fictitious enthalpy in

A

succeeding nodes. This response was not observed for a cascade of pipe
nodes using the advanced spatial derivative.

It is concluded that the pipe node with the advanced space deriva-
tive is the best compromise between speed of response and stability.
If W/ax > U/Cp this node is stable for any At. If W/ax < U/Cp the sta-
bility criterion is

At < PA
U W

C A x

where U = heat transfer coefficient between the metal node and
the water node

Cp = specific heat of water at constant pressure
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The detailed report from which this material was derived has been
issued as KAPL-M-DlG-TD-12. 1
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CORRELATION OF FRICTION COEFFICIENT WITH SURFACE ROUGHNESS GEOMETRY

JP Fraser

Introduction

Surfaces may be roughened to increase the average heat transfer co-
efficient and,under certain circumstances, to increase the critical heat
flux for water-cooled heat transfer surfaces. Both of these effects are
of interest to the designer of nuclear reactor cores.

A correlation between the heat transfer coefficient and the friction

coefficient of a rough surface is given by W. Nunner' as

h fR 1.5 Re / Pry/s R
i= 1 - r , (1)

h fL 1 + 1.5 Re1 Pr-1/8 Pr - 1)

where the subscripts R and s refer to rough and smooth surfaces.* A cor-
relation between the critical heat flux and the friction coefficient for
a rough surface is suggested by W. S. Durant and S. Mirshak2 in the form

0 cr/R R
0cr/s s

on the basis of preliminary measurements of critical flux for the sub-
cooled condition. It therefore becomes apparent that a correlation be-
tween surface roughness geometry and friction coefficient, in addition to
reducing the need for measurements of friction coefficient, might be a
basis for the estimation of the heat transfer coefficient and critical
heat flux. This paper describes an approach to such a friction coeffi-
cient correlation.

*See Nomenclature of this paper, p. C.15.
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Analysis

A system of ordered roughness is considered to fall in the "very
rough" category. H. Schlichting3 lists effective sand roughness heights
for ordered systems of spheres, hemispheres, and cones. The approach
taken here will be illustrated by using each of these geometries.

Spheres on Equilateral Triangular Spacing

The displacement height H' is defined as the difference between the
sphere diameter and the displacement of the surface if the spheres were

melted down. This definition re-

m __suits in

FLOW LEio. 6 o 4 ()(2
S 

-.04. 
(3)

7/7 777//7/// //r The spheres are assumed to pro-

trude into the turbulent channel

SKETCH A core so that the stream impact ve-
locity head is felt over the ef-

fective frontal area, which is that area cross-hatched in Sketch A. For
a single sphere, this area is given by

A = - (d)2 {arc cos 1 - 1.208 - sin arc cos 1 - 1.208()

(4)

The frontal area of the spheres per unit length and unit width of a wide
rectangular channel, roughened on the wide surfaces, is

. 2A
= 0.866 S2 -

The axial pressure gradient caused by drag on the frontal projections of
the spheres is assumed to be proportional to the impact force on the frontal
area giving

AP AT
-P = K9 A -(6)

The following relation defines the roughness function F in terms of
the increase in axial pressure gradient caused by drag on the spheres:

F = -h (7)

By combining Equations (6) and (7) and by substituting Equations (4) and
(5) in the resulting equation, we obtain
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= 3.62() L 0.318arc cos 1- L.208( -sin arc cos 1-1.2068511

(g)

Hemispheres on Equilateral Triangular
S . y

d

SKETCH B

Spacing

By applying the approach
above (see Sketch B),

d/2 = 1 - 0.604 (d)

and

(a 2 (d) 2  L d\ 21
F?= 1.155 arc cos 0.604 - sin arc cos 0.604

Cones on Equilateral Triangular Spacing

described

(9)

(10)

Again applying the approach described

HH

above (see Sketch C),

= 1 - 0.302 ) (11)

and

= 2.31 -1-0.302(-

(12)
Comparison with Test Results

SKETCH C Table C.1 tabulates effective

sand roughness heights (Hsa) reported by H. Schlichting 4 for specified
spheres, hemispheres, and cones. The ratio of the effective sand rough-
ness height to the actual height is calculated and compared with values
of F/K computed with Equations (8), (10), or (12). Figure C.2 shows a
plot of the last two columns of Table C.1. It was observed that data for
sufficiently separated spheres and cones fall on the same line. Hemi-
spheres fall on a lower, distinct curve which can be explained in terms
of a more streamlined upper surface.

By using Figure C.2 as a basis, the ratio of effective sand rough-
ness height to actual roughness height is assumed in the form

Hsa F
H= C K .

(13)

This ratio can be written in terms of hydraulic diameter as

Hsa H F
= C DhK (14)
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H
0

TABLE C.l. CORRELATION OF THEORY WITH SCHLICHTING8S TEST DATA

No. S, cm d, cm H, cm Ha, cm d/S (d/S) 2

0.41
0.41
0.41
0.41
0.41
0.21
0.21

0.26
0.26
0.26
0.26

0.375
0.375
0.375

0.093
0.344
1.26
1.56
0.257
0.172
0.759

0.031
0.049
0.149
0.365

0.059
0.164
00374

000887
0.177
0.355
00591

1.00
0.182
0.363

O00079
0.0313
0.1260
0.3493
1.00
0.0331
0.1318

Hemispheres

0.173
0.231
0.346
1.00

0.41
0.41
0041

0041

0041

0.21
0.21

0.8
0.8
0.8
0.8

0.8
0.8
0.8

0.0299
0.0534
0.1197
1.00

0.0300
0.0533
0.1196

H/S H'/H Hsa/H F/K

0.0887
0.1775
0.3550
0.5916
1.00
0.1818
0.3633

0.0563
0.0751
0.1126
0.3250

0.0811
0.108
0.162

0.9952
0.8109
0.9239
0.7890
0.3960
0.9800
009204

009819

009677

0.9277
0.3960

0.9909
0.9839
0.9639

0.227
0.839
3.07
3.80
0.627
0.819
3.62

0.119
0.188
0.573
1.40

0.157
0.437
1.00

0.0287
0.1131

0. 4569
1.0732
1.3224
0.1196
0.4608

0.0541
0.0929
0.1940
0.5082

0.0319
0.0559
0.1204

1

2
3
4
5
6
7

8
9

10
11

12
13
14

4062
2.31
1.155
0.693
0.41
10155

0.578

4.62
3.46
2031

0.8

4.62
3.46
2.31

Cones

0.173
0.231
0.346

r-

0
0
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4.0 -

3.5-

3.0 -

2.5-

2.0-

1.5 - W

1.0-

0.5-

0

0 0.5 F/K 1.0 1.5

FIGURE C.2. EQUIVALENT SAND ROUGHNESS HEIGHT, RATIO OF ORDERED
SURFACE ROUGHNESS GEOMETRIES
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Equation (14) gives the recommended form for the effective dimensionless
roughness height where the constant C is dependent on the geometrical
character of the roughness, and F is defined as illustrated previously
for spheres, hemispheres, and cones.

Friction coefficient measure-
ments for two additional surface

geometries have been compared with
s the effective roughness height

given by Equation (14) to test its

H *Hi' usefulness as a correlation func-.
- ------ tion. The first roughness geome-

try consisted of internally finned
SKETCH D tubes, as reported by.E. C.

Brouillette, et al. 5 (see Sketch D).
By following the approach already outlined,

H= 1 - O . 4 3 3 ,

F = K -0.4 33 .

(15)

(16)

Then by choosing C = 7.5 and by substituting Equation (16) in Equation
(14)

Hs a
--7

H
= 30.0 - [( - 0.433-)] (17)

Table C.2 tabulates measured friction coefficients and effective roughness
height for the five tube roughness geometries reported by Brouillette,
et al. 5

Figure C.3 .shows the plot of the friction coefficient vs Hsa/Dh for
the internally finned tube. It is interesting to note that a linear re-
lationship appears to exist for this two-dimensional type of roughness.

KdTH HE

SKETCH E

Friction coefficient measure-
ments have been taken at KAPL for
cylindrical projections in a rec-
tangular channel (see Sketch E).
Measurements have been taken for
both square and equilateral spac-
ing. By using the procedures
described previously, we obtain
the equations which follow.
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I I I I -

NOTE iRe =50,000
EQUATIONS (15) AND (17) APPLY

5 AS APPROPRIATE

FLOW T
4 ----- D

2 HJ-

0

0 0.1 0.2 0.3 0.4 0.5 0.6

Dh - .5 -Dh- K

FIGURE C.3. CORRELATION OF FRICTION COEFFICIENT OF
INTERNALLY FINNED TUBE WITH GEOMETRY

Izz W 6.0
w a
wr u. H = 3.5 mils

d = 15mils
eou O H-= 3.5 mils Seqiae = 28 mils

Z 0 d= 20 mils Xequilateral

~ SI-0equilaterol=65mils
mc4.0- x x ~

iw Q
- MOODY CURVE

3.Q O--"' H = 5 mils

j a O O.--- d = 20mils

. -.- Square = 35mils

8 2.0-H=3.5 miIs NOTE: Re = 50,000
o N d = 40 mils EQUATIONS FOR SQUARE (22) OR

Ssquore =70miIs EQUILATERAL SPACING (23)
APPLY AS APPROPRIATE

0 0.01 0.02 0.03 0.04 0.05
Hsa EFFECTIVE ROUGHNESS HEIGHT
Dh ~ HYDRAULIC DIAMETER

FIGURE C.4. CORRELATION OF ROUGHNESS FRICTION COEFFICIENT
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TABLE C0.2. INTERNALLY FINNED TUBE FRICTION COEFFICIENTS

Re = 50,000

Tube
No.

1
2
3
4
5

H, in. S, in. H/S H/Dh F/K Hsa/Dh fR
0.00903
0.0172
0.0276
000523

0O01308

0.0312
0.0416
0.0714
0.125
0.0833

0.29
00413

0.387
0.418
0.157

0.0090
0.0170
0.0270
0.0500
0.0130

1.013
i.36
1029

1.37
0.585

0.0683
0.1735
0.262
0.513
0,0569

00049

0.060

0.080
0.130
0.040

0.035
0.035
0.035
0.035
0.035

For the square spacing

H= 1 0.785

F = 4.00o 1[ O.785

For the equilateral spacing

_=1.- 0.906
HF9

F = 4.62 a [1 0-906(i]

By assuming that the cylindrical projections will act much as the cones
and spheres of Figure C.2, the constant C is chosen arbitrarily as 7.5.
Then for the two configurations

Hsa

Dh square

and

Hsa

Dhequilateral

- 30.0 -- {A1 - 0.785 (U)

= 34.6 -H I 1 - 0.906 i 0

Dh sS L \SIJ)

The measured ratios of the friction coefficient
plate to that for a smooth surface is plotted vs the
effective roughness height on Figure C.4.

for the roughened
computed values of

On the same figure, the Moody curve6 for the ratio of friction factor with
surface roughness to the friction factor with a smooth surface is plotted

KAPL-2000-1o

1.40
1.71
2.28
3.70
1.46

(18)

(19)

(20)

(21)

(22)

(23)
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for comparison. It is observed that the trend and magnitudes of both
curves show fair. agreement, and thus support the conclusion that the di-
mensi nless grouping Hsa/Dh is useful for correlating ordered surface
wugbness geometries.

Sumry

A method has been presented for calculating an effective roughness
height to the hydraulic diameter ratio for ordered roughness patterns.
The form given for this ratio h4s the merit that it passes through a
maximum as a function of the ratio of projection diameter to spacing and
approaches a value of zero as d/S approaches zero or unity. Friction co-
efficients from three sources have been correlated by the effective rough-
ness height ratio. Although the method outlined for calculating an ef-
fective roughness height ratio appears useful for correlating friction
coefficients for the few cases considered, it must be tried on additional
data before a judgement can be made of its general usefulness.
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Nomenclature

A Effective frontal areas of single projection

C Proportionality constant

d Projection diameter

Dh Hydraulic diameter

f Friction coefficient, LPDh /Iq

F Roughness function (defined by Equation (7))

h Heat transfer coefficient
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H Projection height

H' Displacement roughness height (defined in text)

K Proportionality constant (introduced in Equation (6))

L Distance in flow direction

AP Pressure difference in flow direction

Pr Prandtl number

q Impact pressure

Re Reynold's number

S Projection center-to-center spacing

0 Heat flux at water surface

Subscripts

cr Critical (burnout or film blanketing)

R Rough surface

s Smooth surface

sa Effective sand roughness

T Total
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D. COMPONENT AND IRRADIATION TESTING

DESIGN OF L-42 HOT RELOADABLE IN-PILE IRRADIATION FACILITY FP Crimi

The L-42 irradiation facility is a vertical, dynamic water loop
which has been installed into the L-42 position of the Materials Test
reactor; this loop has been in operation for the past year0 As shown
in Figure D.1, this loop consists of an in-pile pressure tube and thermo-
couple leadout system which, when connected to the out-of-pile loop equip-
ment, provides a facility for the irradiation testing of fuel, control,
and structural materials in a high-temperature water environment.

Pressure Tube

The pressure tube shown in Figure D.2 is designed to: (1) provide
an in-pile pressure vessel which may remain in the reactor for extended
periods and which is "hot" reloadable, i.e., the irradiated test assemblies
may be inserted, removed, and reinserted; (2) provide maximum usable irrad-
iation space in the L-42 position; and (3) provide a facility which will
accommodate thermocouple-instrumented test assemblies which may be dis-
charged and reinserted during any phase of the irradiation without loss of
the thermocouple instrumentation.

The pressure tube consists of a Type 347 stainless steel pressure
vessel which is enclosed in a thin-walled Type 347 stainless steel envelope.
This envelope acts as a thermal barrier to keep the relatively cold reactor-
tank-water away from the hot pressure tube. A 0.050-in. air annulus acts
as an insulator and is maintained between the outside diameter of the pres-
sure tube and the inside diameter of the envelope by using two lengths of
a 0.042-in. OD by 0.0075-in, wall 'ype-304 stainless steel hypodermic tub-
ing which is spiraled around the outside diameter of the in-pile pressure
vessel. This tubing is also used as a moisture monitor which will indi-
cate the presence of a leak either in the pressure vessel or the envelope.
The presence of moisture may be monitored automatically by introducing
dry nitrogen through one of the tubes and using the second tube as a gas
sampling line which is connected to the out-of-pile moisture detection
instrumentation.

The pressure tube, as shown in Figure D.3, is installed inside an
aluminum liner which is a pmrt of the MTR structure and penetrates the
bottom plug of the reactor through a 2-inn-diam hole. Attached to the
bottom plug is a stuffing box which is used to make a pressure-tight seal
around the in-pile tube envelope and thus prevents the leakage of reactor
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process water. In order to provide the maximum space possible in the

core of the reactor, the inside diameter of the pressure tube is at its

maximum of 1.960 in. through the core region.

After the pressure tube is lowered through the bottom plug and stuff-
ing box, it is welded to the in-pile tube extension which is located in the

sub-pile room beneath the reactor. A flow tube is installed in the in-pile
tube and is also welded to this lower extension. Water is pumped into the
inlet tee of the lower extension and up the annulus formed by the inside
wall of the pressure vessel and the outside wall of the flow tube. The
water makes a 180-deg reversal near the top of the in-pile tube and con-
tinues down the inside of the flow tube over the test assemblies and exits
from the outlet tee of the lower extension.

The weight of the pressure tube assembly is supported by a stand in
the sub-pile room which is attached to the flange of the in-pile tube ex-
tension. A capped pipe is also connected to this flange to facilitate de-
contamination and clean-out during defected fuel element operation.

Pressure Tube Closures

The closure assembly of the pressure tube (Figure D.4) provides a
means of making a high pressure seal in the top of the pressure tube
through which the irradiation assemblies are inserted and discharged.
This top closure is located 14 ft below the top plug of the reactor and
allows a "hot" irradiated experiment to be inserted into or discharged
from the pressure tube via the reactor discharge chute. Thus, the need
for an additional unloading cask is eliminated since the 14 ft of water
above the tube and discharge chute serve as shielding. A long handle,
three-ball grappling tool is used to remotely manipulate the top closure
and the experiment during this operation.

The top of the pressure tube is located approximately 7 ft above
the top of the active core so that rubber 0-rings may be used in the top
closure of the pressure tube without suffering any appreciable irrad-
iation damage. With the top closure at this elevation in the reactor
tank, it is necessary to lower the upper grid plate assembly of the re-

actor over the L-42 facility before the grid plate engages the seven re-
actor shim rods which are located 2-1/2 ft below the pressure tube top
closure. To prevent damage to the pressure tube during the raising or
lowering of the upper grid, an extra heavy wall is provided in the top
section of the in-pile tube.

The irradiation experiment which consists of a "train" of sample
holders is attached to the top closure of the pressure tube by a hanger
rod and thermal barrier assembly which prevents the transfer of heat to
the top closure 0-rings. Instrumentation leadout from the experiment
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comes through a high pressure Conax type seal in the closure and termi-
nates in the female half of a "Blue Ribbon" amphenol connector attached
to the top of the closure assembly.

To bring the thermocouple leads out of the reactor tank and still
permit the removal or insertion of the reactor upper grid assembly, a
quick-disconnect thermocouple leadout system is utilized as shown in
Figure D.5. This leadout system is permanently installed into the grid
plates of the reactor top plug assembly and occupies the space normally
used for the drive shaft of the L-42 control rod. The leadout tube con-
tains the male half of the Blue Ribbon amphenol connector, and two air
purge lines which may be operated periodically to check for water leak-
age into the amphenol and keep the amphenol thermocouple contacts dry.
The leadout tube is spring loaded at the top plug of the reactor so that
positive contact of the amphenol connector can be maintained, and also
allowance be made for differential thermal expansion and contraction of
the in-pile tube. The inside diameter of the quick-disconnect leadout
tube is completely filled with 1/16-in. cubes of polyethylene to pre-
vent neutron streaming from the reactor.

Results

With the irradiation facility described above, it is possible to
install a "train" of instrumented experiments into the pressure tube and,
after a specific period of irradiation under known conditions, obtain
interim information on performance by underwater or hot-lab examination
of the samples. The experiment may then be reassembled and hot-reloaded
into the in-pile tube and the irradiation test continued. To date, this
hot reloadable feature has been successfully used five times.

HB-1 IN-PILE LOOP DESIGN P. Ropitzky, F. P. Crimi

The HB-1 facility is a pressurized water loop in the IvWR used for
irradiating materials under simulated reactor conditions. The in-pile
portion of the loop penetrates the reflector in a horizontal position,
on the Northwest face of the reactor.

This. article describes how the HB-1 loop facility is being modified
to make it more valuable and flexible and less costly to operate. The
modifications described below provide a facility which has desirable
and unique advantages not now available in other irradiation loops.

In-pile Tube Design

The basic objectives in the design effort were to obtain the maximum
possible flux on the greatest number of specimens in a very flexible design,
basically simple in nature. The proposed design is shown in Figure D.6.
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Other principal objectives of this design are:

1. To accommodate maximum number of samples in maximum feasible
flux. (1.0-1.3 x 1014)

2. To achieve the greatest possible simplicity of design and
flexibility so that parts may be reused when in-pile tubes
are replaced.

3. To have each series parallel in-pile tube fully instrumented
for flow, water temperature, AP, and delayed neutron surveil-
lance for failure.

4. To provide flow through sample holders in each pair of tubes
that may be manually or automatically adjusted while loop is
operating, thereby achieving greater flexibility in test and
loop operation.

5. That multiple .n-pile tubes shall be removable as individual
units without disturbing any other tubes.

The principal objective of the in-pile tube design is to get the
greatest number of test specimens in the maximum flux, so that neutrons
are most efficiently used. The hole in the MIR which receives this tube is
shown schematically in Figure D.7. This hole enters roughly at right
angles to lines of constant flux. It was apparent that the design should
not only fill as much of the hole as possible, but that it should also
bring the specimens as close as possible to the bottom of the hole at
all locations. For this reason, the basic design concept centers around
the use of multiple, small-diameter pressure tubes.

Six tubes are used, with three banks of two tubes in series con-
nected in parallel to the main coolant loop piping. A flow tube is used
in each in-pile tube to hold the sample holder in place, and also to
conduct the cooling water to the sample holder. Water returns through
the annulus formed by the outside of the rectangular flow tube and the
inside wall of the pressure tube

The tubes are held in place in the horizontal reactor hole by means
of a shield bushing which has suitable guide and support holes deep-
drilled into it. Because this piece need not reach into the bottom of
the hole it is not damaged by fast flux and can remain permanently in
the reactor. The six tubes are fastened to this piece by appropriate
locking keys located at the out-of-pile end of the shield bushing.
These tubes are self-supported, in cantilever fashion for the inner
2 ft of their length, in the high flux region.

A closure assembly is provided which allows the test assemblies to
be loaded and unloaded from each of the in-pile tubes. Stress analyses
have been made which show this design to be within acceptable stress
limits.

KAPL-2000-10
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Piston rings located on the flow tube prevent by-pass flow between
the inlet and outlet tees of each in-pile tube. The by-pass flow is cal-
culated not to exceed 1/2 gpm at a ALP of 90 psi across the inlet and out-
let tees. A thermal barrier is incorporated on the hanger rod of the test
assembly to prevent circulation of water by natural convection. This
thermal barrier will allow the use of 0-ring seals in the closure assembly
by maintaining an 0-ring temperature below 3000F. The seals are calculated
to operate at 245 F with 550 0F inlet water temperature at a flow rate of
25 gpm and an ambient air temperature of 155 F.

The tubes enter the reactor hole with a slight skew, so that suffi-
cient space is provided at the out-of-pile end for loading and unloading
experiments.

A large center hole is provided in the shield bushing in which ex-
periments on nonheat-generating materials such as ion chambers may be con-
ducted. This dry hole extends beyond the vertical face of the reactor to
a point outside the shield so that experiments may be inserted or with-
drawn as desired with the reactor at power.

Six 1/4-in.-diam dry holes are provided as shown on Figure D.6 for
flux wires, so that the end of the tubes may be monitored from time to
time for burnup calculations and for the irradiation of small-diameter
experiments. A shield plug is provided when the facility is not in use.

The number of tubes chosen was based on an optimization study, the
results of which are shown in Table Dol.

TABLE D.l. OPTIMUM NUMBER OF TUBES

Required Size Number of
Number of of Tube, in. Tubes Contained Total Number
Specimens* ID OD in HB-1 Hole of Specimens

1 0.90 1.08 11 11
2 0.96 1.15 10 20
3 1.04 1.27 8 24
4 1.14 1.36 8 32
5 1x25 1.50 7 35
6 1836 1.63 6 36
7 1.5 1.80 5 35
9 1.78 2.14 4 36

*Specimens are assumed to be of a standard size, 0.080 to

0.110 in. thick, 0.812 in. wide, and 6 in. full-meat length.
**Tubes are arranged in the HB-l hole as shown in Figure D.7.
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This table shows that about thirty-five specimens can be accommodated
in seven or fewer tubes. In this study, the tubes were arranged around
the periphery of the available space. It was considered undesirable to
use the center hole for an additional pressure tube, because of the com-
plexity of installing water lines which might interfere with the ends of
the other tubes, and because this area may be used for dry-hole experi-
ments of other types which this loop has been called upon to accommo-
date.

Six tubes were chosen as the optimum number because the center
specimen(s) in those assemblies having five or more plates have the
flux depressed as much as 50% with normal sample loadings. With six
tubes there is only a loss of three or four specimens compared with the
maximum number possible, and the number of specimen volume times total
flux is greater with six tubes than in the other cases. Future testing
of specimens having higher loading will still further depress the flux
in the center of clusters of five or more specimens, thus making such
arrangements even less desirable compared with a three-sample arrangement.

Systems Descriptions

Specimen Loading, Unloading, and Inspection System

A new irradiation assembly may be loaded without special means, be-
cause it is not radioactive. The procedure for radioactive loading and
unloading requires a simple horizontal tank and cask assembly which is
filled with water and in which the assembly is kept submerged. Necessary
entry to the tube is achieved by a removal tool which allows the speci-
mens to be withdrawn into a shielded cask, or inserted from the cask into
the tube.

Coolant System

The main coolant system is of conventional design for loops such as
the one described above.

Three flow control valves are used to control the flow in each pair
of series-parallel tubes. While the loop is in operation adjustments in

flow may be made to compensate for abnormal conditions which may develop.
In addition, much engineering time for calculating the size of orifices,
as well as time for flow testing, can be saved. Simultaneous adjustment of
all of these valves to give the proper flow balance is not expected to
be complicated or time-consuming.

For greatest reliability and simplicity, the individual flow tube
control valves can be operated either manually or automatically.

KAPL-2000-10
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MAIN COOLANT CHECK VALVE TEST LOOP (TF-17) EM Kunz, WP Ott

In some nuclear systems, severe flow velocity and pressure transients
may arise from the starting or stopping of pumps or from the faulty opera-
tion of the main coolant system check valves. These transients are a
source of objectionable noise and a potential source of damage to the com-
ponents of the system. The test facility described below was constructed
to enable experimental study of the performance characteristics of various
types of check valves under simulated service conditions. These studies
are being correlated with theoretical predictions of performance of valves
in the test loop. The objective of the combined experimental and theoret-
ical program is to evaluate and optimize the performance of various types
of check valves and to develop methods of theoretical analysis of the per-
formance of check valves in nuclear systems.

The KAPL check valve test loop is similar to a test loop constructed.
earlier by Edwards Valves, Inc. It is designed to simulate the types of
transients to which check valves are subjected in service during pump
startup and pump shutoff. The latter condition is simulated as described
below to eliminate the need for the use of more than one pump in the sys-
tem.

Description of Loop

The, details of loop arrangement and construction are shown in

Figures D.8 and D.9.

Main Circulating Pump

The main circulating pump must provide up to 4500 gpm through the
check valves being tested. The circulating pump utilized in this test
loop is an excess SIR main condenser circulating pump. This pump is
capable of operating at either 1800 or 1200 rpm. The pump develops a
head of 46 ft at 1800 rpm at a flow rate of 5000 gpm. A pushbutton
switch is mounted on the control console for the selection of either
pump speed.

Flow Reversal Valve

In order to readily reverse loop flow, a standard 12-in. plug type,
four-way valve was purchased from Merco-Nordstrom Valve Company. The
valve was modified to minimize the high torque required to operate the
valve, thus enabling rapid valve operation with minimnmu driving torque.
This was accomplished by adding two antifriction bearings, reducing width
of the lands on the plug, and adding a motor driven operating mechanism.
The bearings were installed to withstand plug side thrust, and to lift
the tapered plug clear of the seat in the valve body; thus friction was
substantially reused.

KAPL-2000-10
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One of the design objectives for the loop was to achieve flow rever-
sal in approximately 0.6 sec. The valve, as received, had a worm and
worm wheel sector installed, which required 25.5 turns of the worm shaft
to produce a 90-deg rotation of the plug. The stub end of the worm shaft
on the valve is coupled to a short shaft by means of a universal joint.
Mounted on the other end of the stub shaft is the driven half of a Warner
electric clutch. The driven half of the clutch is mounted on the output
shaft of a Graham variable speed drive having a continuously variable out-
put speed from 0 to 680 rpm. The combination of the electric clutch and
variable speed drive has made it possible to reverse flow in the loop from
between 1/2 to 10 sec.

Control of the valve is accomplished from the control console shown
in Figure D0 10. The control includes a forward, reverse, stop pushbutton
switch for the Graham drive, six indicator lights, and two toggle switches.
The indicator lights are arranged in two vertical rows of three lights each.
Illumination of one row of lights indicates that the control circuit is
ready to drive the valve in reverse; the other row indicates the control
circuit is ready to drive the valve forward. The lights indicate: (1) That
the variable speed drive is running and rotating in the proper direction.
(2) That the valve is in position to be driven in the direction desired.
(3) That a double-pole double-throw switch on the panel has actuated the
control circuit for the desired direction of operation. Throwing a toggle
switch energizes the clutch coil if the proper preliminary steps have been
taken. The valve rotates until a kicker arm on the worm wheel sector
strikes a limit switch at the end of travel and interrupts current to the
clutch coil. Two limit switches are installed at each extreme of valve
travel; one of these opens the clutch coil circuit and the other actuates
an indicator light which shows valve position on the panel. The control
method described above has two major advantages: (1) The drive unit is
up to' speed before valve operation is initiated, thus eliminating the time
which would otherwise be required to accelerate the rotating parts, and
conversely those parts having the major portion of the kinetic energy in
the system are isolated from the valve when the cycle is complete. This
makes it possible to operate without a brake. (2) The system of lights
and interlocks prevents false starts and wasted chart paper.

Flow Control Valve

A standard 10-in. butterfly flow control valve, made by the Conti-
nental Valve Company, is positioned at the pump outlet for purposes of
controlling the quantity of water being circulated in the loop. This
valve controls the flow from maximum pump capacity in its wide-open posi-
tion to approximately 100 gpm in its closed position. Complete shutoff
is not required. The valve is adjusted manually through a worm and pin-
ion arrangement.

KAPL-2000-10
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FIGURE D.8. TF-17 TEST LOOP MODIFICATION
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FIGURE D.9. OVER-ALL VIEW OF THE TF-17 TEST LOOP

Check Valves

The check valves to be tested are positioned in the midpoint of the
first loop. Since several check valves of various sizes are to be tested,
a flanged space of 72 in. 1/16 in. was allowed for adapting the differ-
ent check valves to the loop.

Other Loop Components

All loop components are made of carbon steel, and fabricated to meet
the requirements of the ASMvE Boiler and Pressure Vessel Code. The primary
piping is made of 10-in., Schedule 40, seamless pipe. Flanges are a stand-
ard 300-lb, ASA slip-on type. This material is readily available and low
in cost. Flange gasket material is a standard 1/16-in. -thick compressed
asbestos material made by the Garlock Company.

The loop piping is rigidly anchored to the floor by four pedestals
which are welded to the loop piping and bolted to the floor slab.

KAPL-2000-10
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Loop water pressure is maintained by city water line pressure at

approximately 100 psi. A 3/4-in. pipe supplies city water to the loop
through a 3/4-in, check valve which prevents the reverse flow of water
into the city line. Excessive loop pressure is controlled by a 3/4-in.
safety valve set to pop at 150 psi. A surge tank is not required. Like-

wise, a heat exchanger is not required because the loop water is circu-

lated for only short periods of time, seldom over two minutes. The loop
flanges are rated for a working pressure of 720 psi, and the 10-in. pip-
ing at 730 psi.

The over-all cost of the loop, including overhead, was approximately

$35,800. Fabrication and assembly of the loop were accomplished in four
weeks.

Instrumentation

The instruments used to furnish data for evaluation of check valve
performance must meet severe requirements. Events of interest in the

transient resulting from a valve slam occupy only a two- to three-second
interval. Fast response time and good resistance to shock loads are es-
sential. Because of the short duration and rapid rise-time of the pres-
sure transients resulting from operation of the check valve, special pre-
cautions are necessary to ensure collection of valid data.

Four-Way Reversing Valve Position Indicator

Means are provided to record the position of the four-way valve on

the oscillograph. A ten-turn potentiometer is geared to the worm shaft
on the valve. The potentiometer, along with the necessary circuitry and

battery source, provides an output voltage proportional to the number of

degrees of plug rotation. Supplementing the potentiometer is an adjust-

able, normally closed limit switch in series with the potentiometer out-
put. Three actuator arms mounted on the plug drive-gear momentarily trip
this switch to mark the points at which the plug land starts to cross the

port and the center of travel. A substantial reduction in the time re-

quired for reversing the flow can be achieved by presetting the plug so

that the lands are just at the edge of the ports.

Flow Metering

Three different methods are used to measure loop flow. These in-

clude: sharp-edged orifices, turbine meter and, low-flow meter. Each

will be discussed in turn. The orifices are used for steady-state meas-

urements of flow and for calibration of the flow instruments which are

used during transient tests. The turbine meter is used for high flow
rates and the low flow meter is used in the low velocity region where

the turbine meter is inaccurate.
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FIGURE D.10 CONTROL CONSOLE FOR THE TF-17 TEST LOOP

Standard orifice flanges are provided at four locations in the loop,
as shown in Figure D.8. The 3A and 4B locations just upstream and down-
stream of the valve under test have been used almost exclusively. Three
sizes of stainless steel orifice plates are available. These have throat
diameters of 1 in., 2 in., and 3 in., which give values of diameter ratio
for the 10-in, pipe of 0.1, 0.2, and 0.3, respectively. The orifice pres-
sure drop is read from either a 100-in, air-balanced water manometer or
a strain-gage-type differential pressure transducer of suitable range.
These orifices are used to measure steady-state flow rates below -the usa-
ble range of the turbine meter. Data from the orifices are used to ob-
tain calibration curves for the low flow meter and to establish the lower
end of the pressure drop versus flow characteristic of the main coolant
check valve which is being tested. Orifice plates which have an opening
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equal to the inside diameter of the 10-in. loop piping are placed in the
orifice flanges during all tests which do not require use of the orifice
meters.

An 8-in. Fischer & Porter Co. turbine-type flow meter, that has a
useful range of 260 to 5200 gpm, is installed in the loop. The meter is
equipped with two output coils. One of these is connected to a rate in-
dicator furnished by Fischer & Porter and the output of the other coil is
fed to the Consolidated Electrodynamics Corporation (CEC) oscillograph
used to record test data. The rate indicator output is displayed on a
meter calibrated in percentage of full flow. The output frequency of the
primary element is 600 cps at 4500 gpm.

Several special features are incorporated in the turbine meter in
addition to the dual output coils. The manufacturer furnished a modi-

fied thrust bearing because the meter must function for flow in either
the forward or reverse directions. Calibration curves were furnished
for both the forward and reverse directions. As would be expected, the
reverse flow calibration curve is quite nonlinear. In normal service,
this type meter is not used below 10% of full scale; however, for this
application the meter was calibrated to 5% of full scale or 260 gpm.
Accuracy of the unit is 0.5% in the linear portion of the range, and
1.0% in the nonlinear portion.

The output from one of the output coils on the primary element is
amplified and recorded by the oscillograph in the form of an ac signal
which varies in amplitude and frequency. The flow rate is determined
from the frequency of the signal. Since the maximum recording speed is
approximately 28 in./sec, it becomes difficult to count cycles at the
higher flow rates. For this reason, an electronic counter was modified
to provide a marker pulse at every tenth cycle of input frequency. These
markers permit ready determination of the point at which the flow-rate
starts to change by operation of the reversing valve.

The low flow meter consists of a rectangular cantilever beam 0.75 in.
wide, 0.190 in. thick, and 9.75 in. long which is flange mounted on a
special boss welded to the 10-in. pipe. The low flow sensor is shown in
Figure D.ll. The SR4 strain gages, parallel to the length, are mounted

on each side of the cantilever at the point of maximum strain. These
gages are connected in a full bridge circuit so as to provide temperature

compensation. The gages are waterproofed and covered with a wrap of vinyl

electrical tape. The beam was milled from a piece of round stock and the
fixed end of the beam retains its round shape with a smooth transition to
the rectangular shape. The upper portion of the sensing element is re-
tained in a housing by means of a screwed cap and set screws. The seal
between the housing and sensor element is made with an 0-ring. The strain

gage leads are brought out through a hole drilled in the fixed end of the
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FIGURE D.11. LOW FLOW SENSOR

sensor which emerges where the transition is made from a round to a rec-
tangular section. The gage leads are potted to prevent leakage of water.
The housing in which the sensor is mounted has two stiff arms which ex-
tend along the sides of the cantilever. Stop bars are welded to these ex-
tensions to prevent excessive deflection and yielding of the sensor arm
at high flow rates. The broad face of the sensor is perpendicular to the
flow direction. The strain gages (CEC) are fed to a 3-kc carrier-type
amplifier. Output of the amplifier is fed into a recording oscillograph.

Operation of the low flow sensor is based on the following relation-
ship:

Force = CD A 2

where F = force, lb

CD = drag coefficient
A = area, ft 2

p = density, lb/ft3

V = velocity, ft/sec
g = gravitational constant, ft/sec2 .

Early models of the device produced an undesirable fluctuating signal.
This defect was corrected by drilling randomly spaced 0.125-in.-diam
damping holes in the cantilever beam with their axes parallel to the
direction of flow. Also, to provide some additional damping, several
layers of vinyl electrical tape were wrapped on the blade. Substantial
signal fluctuations are still present but the device, as modified, gives
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an acceptable signal at the low flow rates for which it is used. Of parti-
cular interest is the point at which the flow rate passes through zero and
starts to build up in the opposite direction. The surge pressure resulting
from valve closure is directly related to the magnitude of the reverse flow

velocity.

Pressure Measurement

The standard bourdon-type pressure gages are installed upstream and

downstream of the main circulating pump. These are used to measure steady-
state pressure in the loop and pump OP. Periodic calibration against a
dead weight tester is used to ensure the accuracy of these gages. These

pressure gages are also used for static calibration of the dynamic pressure
transducers in the loop.

A 100-in. air-balanced water manometer with an adjustable scale per-

mits accurate measurement of pressure drop across the test valve. It may

also be used to measure the OP of the orifice meters when they are in use.

Measurement of the transient pressures, which result from operation
of the main coolant check valves undergoing testing, presents considerable

difficulty and requires instruments of the highest quality. The rise-
time of these pressure pulses is very rapid and the peak value is of short

duration. All of the transducers used for this purpose are of the flush

diaphragm type to avoid errors caused by inertia, compliance, and damping
in the connecting lines.

Special mounting pads are provided at four locations; these are just
upstream and downstream of the test valve and at similar locations near
the flow reversing valve. The mountings are arranged so that the sensing
diaphragm of the transducer is flush with the inside wall of the loop's

10-in. pipe. One additional transducer mounting pad has been installed

at each of the locations adjacent to the valve being tested. This per-

mits two independent measurements to be made of the surge pressure.

Three types of pressure transducers have been used to make transient

pressure measurements in the loop. These include: (1) piezoelectric,

(2) unbonded strain gage, and (3) capacitance. Of these, the last two
have proven to be most satisfactory since they indicate steady-state

pressures, whereas the piezoelectric transducers do not. It is of con-

siderable advantage to be able to perform frequent steady-state cali-
brations on the transducers to ensure accuracy. The strain gage and

capacitance-type transducer permit this to be done readily and have,

therefore, been used to the exclusion of the piezoelectric type for

recent testing.

The CEC strain gage transducers are of the unbonded type with a full
bridge in the transducer. These transducers are fed to a (CEC) 3-kc
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carrier amplifier which supplies bridge excitation, means for balancing,
and amplification of the signal. The output of the amplifier is fed to
the recording oscillograph.

The Photocon capacitance-type pressure transducer is fed into equip-
ment furnished for use with the transducer. In brief, this consists of
a balance unit containing an rf oscillator whose frequency is caused to
vary by the change in capacitance of the primary element. This change in
frequency is converted to a change in voltage by suitable circuitry.
This voltage signal is applied to a current amplifier which provides for
proper impedance-matching to the oscillograph galvanometer.

In addition to the standard pressure transducers, strain gages have
been installed on the pipe wall adjacent to each of the four transducer
locations. These gages are installed at points 180 deg apart on the pipe
wall for cancellation of bending stresses and are oriented at 60 deg to
the pipe axis to eliminate response to .axial pipe stresses. The bridge
is completed with two temperature compensating gages mounted on a steel
block taped to the pipe wall Unless special precautions are taken,
complete cancellation of strains resulting from mechanical loads on the
piping system is not possible. For this reason, the accuracy of this
method of measuring pressure surges is felt to be not equal to that achieved
with the more conventional transducers. This method has been used exten-
sively where it was not practical to install transducers.

These gages are again fed to the CEC carrier amplifier and thence
to the oscillograph.

Temperature Measurement

Loop temperature is measured by a stainless steel, sheathed, iron-
constantan thermocouple inserted through the pipe wall at a point just
upstream of the test valve. Temperature is read on a conventional strip
chart recorder. Temperature variations in the loop are normally quite
small since the pump is operated for very short intervals for most of
the tests.

Valve Position Indicator

Analysis of check valve performance requires accurate knowledge of
the position of the moving element or elements of the valve at aJl times
during the operational cycle. The device used to make these measurements
must have fast response, produce negligible loading on the check-valve
moving parts, and be capable of adaptation to a variety of valve config-
urations,

On valves tested to date, a variable reluctance device has been used
to monitor clapper position. A specially wound coil on a curved form is
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mounted internally on a stationary part of the valve near the clapper
pivot. A soft iron core bent to conform to the coil curvature is fastened
to the valve moving element. Movement of the clapper causes the core to,
move into or out of the coil causing a change in the coil inductance.
This coil must be waterproofed since it operates immersed in water. A
similar core and coil arrangement is mounted externally to the valve.
Provision is made to vary the position of the core in this external coil.
These two coils form two of the four legs of an ac bridge circuit. Ex-
citation is supplied from a 2-kc oscillator or the internal oscillator
of a carrier amplifier. Movement of the core on the valve clapper un-
balances the bridge and produces an error signal which, when amplified,
is fed to a galvanometer in the recording oscillograph.

In addition to monitoring check valve clapper position during slamming
tests, these instruments are used to study valve flutter, to establish
clapper position versus flow rate, and to study valve flutter with flow
in the forward.direction.

Pump Speed

A dc tachometer generator mounted on the pump drive motor-produces
a signal proportional to pump speed which is recorded on the oscillograph.

This information was of interest only during the early stages of testing
to establish the pump acceleration characteristic.

Recording

Test data are recorded on a CEC 18-channel light beam oscillograph
using 7-in.-wide recording paper. The oscillograph is equipped with a

Datarite* magazine which flash-develops and dries the chart paper as it
emerges from the machine. This permits the record to be inspected immedi-
ately, which is of considerable advantage in this type of testing. Any
deficiencies in the data recording can be corrected immediately. Maximum
recording speed with the Datarite magazine is approximately 28 in./sec.

Velocity

The initial pressure surge which results from the closure of a check
valve is proportional to the abrupt decrement of velocity of the fluid
relative to the earth rather than relative to the loop as is measured by
the flow instruments. Since it is known that the loop moves appreciably
as a result.of the forces generated by the sudden stoppage of flow, it
became desirable to determine whether transient motions in the loop con-
tributed significantly to discrepancies between observed pressure surges
and those computed on the basis of the flow velocity transient. For this

*Trade name - Consolidated Electrodynamics Corporation.
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reason, a velocity pickup unit was installed on the loop piping to permit
measurement of instantaneous loop velocity. The output of this pickup,
suitably amplified, is recorded on the oscillograph.

Operation

TF-17 test loop and its associated instrumentation has been in
operation for approximately six months. During this period, the operating
characteristics of several main coolant check valves have been determined.
The test loop, as designed, has proven to be a useful tool for measuring
check valve performance.
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E. MEASUREMENTS

NEUTRON FLUX AND FUEL DISTRIBUTION MEASUREMENT SYSTEM JE Morin

The neutron flux and fuel distribution measurement system of a nuclear
reactor provides three-dimensional flux and power distribution data and
burnup information. Accessibility, remote operation, and radiation ex-
posure problems are successfully overcome by an Activation Wire Drive System
designed, developed, and operated by the Knolls Atomic Power Laboratory.
Flux distribution measurements are obtained-by driving activation wires

into 42 instrument thimbles, built into the reactor core, where they are

activated at a constant power level for a fixed time. Burnup information
(fuel distribution) is obtained by driving burnup wires into certain se-
lected thimbles for long-time irradiation. Insertion and removal of the
wires is achieved by the use of activation wire drive mechanisms. This
paper briefly describes the design and operation of the system.

Description of Measurement System

The general system is described schematically on Figure E.1. The

system description is covered in detail in Reference 1, and equipment, op-
erating instructions, and procedures are covered in Reference 2.

Two activation drive machines (see Figure E.2) drive the activation

wires from a remote position through 20- to 40-ft-long, 0.125-in. -ID tubing

and into reactor thimbles through receptacles in the reactor wall. These

remote drive machines position the activation wire assemblies within 1/4 in.

of the bottom of the thimbles normally for a 10-min activation exposure.
Simultaneous activation of wires (in quantities up to 40) is made during
steady-state operation at flux levels in the range of 1012 to 1015 nv.
Titanium instrument wires (0.020 in. diam) with 0.3% copper added are used

for the above flux levels. Pure copper instrument wires are used in 'the

range of l09 to 1012 nv. Activation wire assemblies are composed of these

instrument wires which are enclosed in 0.116-in. -diam.titanium cable con-

duits. (See Figure E.3_ and Design Summary.) After activation, the wire
assemblies are withdrawn to the drive machines for removal.

The flux distribution is determined by scanning the activation wires

with automatic scanning equipment and flux data are produced in the form
of punched cards suitable for use in an IBM-704 computer. The scanner de-
tects the rate of emission of a specific beta activity from a detecting
nuclide (the copper) uniformly distributed in the activation wires. The
distribution of activity along the length of the wire is proportional to
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FIGURE E.2. ACTIVATION DRIVE MECHANISM

the thermal neutron flux along the axis of the instrument thimble within
the reactor core.

For fuel distribution measurement, burnup wires containing fuel (see
Figure E.3 are inserted into instrument thimbles at several locations in
the reactor core and are irradiated for a considerable portion of the core
life. These wires and other long-duration exposure, wires are removed,
because of high activity, into a special, heavy duty shielded cask.

The burnup wires are removed, one at a time at specified intervals,
for chemical determination of uranium isotope ratios. The uranium isotope

burnup percentages at a given point in a fuel-containing wire are identical

to those in a fuel element at the same location, with a correction for dif-

ferences in self-shielding. The ratios of isotope burnup percentages or
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of remaining isotope concentrations can be directly related to the re-

maining total fuel concentration at a given point.

Design Summary

The basic design of equipment and techniques used are briefly dis-

cussed below.

Activation Wire Construction (see Figure E,3)

Copper was selected as the basic detecting nuclide because of its de-
sirable nuclear, metallurgical, and mechanical properties. Specifically,

absorptions in a copper wire were found to be proportional to the fission
rate in uranium-235 on the basis of the critical assembly data obtained
over a wide range of neutron spectra. The neutron energy to be measured
is predominantly thermal; thus, the use of copper activation wires was
shown to obviate the need for cadmium fraction measurements to obtain

power distributions in the core.

Additional desirable nuclear properties of the activated copper-64
nuclide are its 12.8-hr half-life and its 0.57-Mev beta emission. The
12.8-hr half-life permits counting of the wires over a period of several
hours; this is of considerable importance when over 1000 points are to be
counted per activation. Counting of the copper-64 beta emission, as op-
posed to gamma counting, permits greater geometrical resolution in count-

ing the activity of discrete segments of wire.

Variations in cross section or in surface smoothness produce unde-
sired variation in beta activity emanating from an activation wire.
Therefore, pure copper wires are used for low power activation measure-
ments, since an important mechanical property of copper is that it can be
drawn into small diameter wires of uniform cross section and excellent
surface smoothness.

The primary problem in designing an activation wire for use in the
"high power" flux range of 1012 to 1015 nv is that of achieving an acti-
vation wire of sufficiently low activity, following activation, that per-
sonnel exposure during handling and background activity during counting

will not be excessive. In order to achieve this, the amount of the copper
detecting nuclide per unit length of wire must be reduced either by using
a considerably smaller diameter wire or by alloying a small percentage of
copper with a low activation or fast-cooling base metal and forming a wire

of the alloy. The latter method was chosen since it is impractical to
maintain a 1% tolerance on weight per 1/4-in. length of wire in a copper
wire of 1 to 2 mils diameter. The problems of handling such a small
diameter wire without kinking, elongating, and breaking were also considered.

Titanium was chosen as the base metal for the high power activation

wires because of its high-temperature strength properties and the fast decay
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of the titanium-51 (5.8-min half-.life) activity. Predicted peak tempera-
tures of approximately 900 F, due to gamma-heating of the wires, indicated
that titanium should be used rather than other low-activation metals of
lower high-temperature strength.

In order to prevent surface damage, deformation, and jamming of the
small diameter wires during their insertion into the thimbles, the wires
are contained within a nominal 0.112-in.-diam, 10-ft-long flexible cable.
The cable has a socket-type disconnect on one end for attachment to a

ball joint at the end of the drive cable (part of the drive machine).

Guide Tuber

In order to insert activation wires into the 0.125-in.-ID instrument

thimbles within the reactor core, sections of 0.125-in.-ID guide tubing,
approximately 30 ft in length, are used to connect the instrument thimbles
to a remote drive station (drive machines). The total path from the drive
station to the end of an instrument thimble in the core region is, typi-
cally, 45 ft in length and contains 1000 deg of bends; many of the bends

in the thimble portion are approximately 2 in. in radius. Teflon-lined
steel tubing for the guides is used to minimize the friction loads during

insertion and removal of the activation wires. The thimbles are 9 ft long,

stainless steel tubes preinstalled in the reactor unit cells. Stainless

steel vent tubes (5 or 2.5 ft long, depending on location) connect to the

cell receptacle and to the guide tubes. Thus, any leakage from a thimble

is vented into the shielded reactor room rather than into the instrument

room where. the drive mechanisms are" located.

Drive Machines (Mechanisms) (See Figure E2)

Two 3-hp motor-driven drive machines, each mounting 21 cable drive

units, are located at the remote drive station. The drive machines are
started manually at the drive control panel. Automatic positioning of

the drive cables and activation wires is accomplished by presetting a

Durant mechanical counter for the established insertion distance (dif-

ferent for each tube). The counter is connected electrically to the motor

control circuit.

Each drive unit has its own drive gear which can be engaged to its

mating master drive shaft gear to provide individual drive unit operation.

A control box gear in each drive unit drives a 0.ll8-in.-diam steel posi-
tioning (drive) cable, which is approximately 60 ft long, from a reel,

located above the control box gear, into a guide tube. The activation

wires or other special wire assemblies are loaded into the 21 vertically
mounted removable tubes(seeFigure E-2) and fastened to the drive cables by
means of the ball-and-socket-type disconnect.
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Flux Wire Scanner

A three-channel scanner is used to count the activated wire assem-
blies. The scanner consists basically of three 14-1/4-in.-diam drums

fabricated of 3/s-in. aluminum plate. Individual activation wires are
mounted in V-shaped grooves around the periphery of each drive. The three

drums are rotated automatically in unison in adjustable steps of 1/2 to
3 in. A segment of the drum passes within the shield of an integral shield
proportional counter, thus exposing a 1/4-in. segment of wire to the counter.

The counter itself is a beta-sensitive flow counter which uses methane

gas. A lead shield also serves as both the body and ground electrode of
the counter to minimize the size and weight of the counter assembly. A

5-mil aluminum beta window is used.

A linear preamplifier, attached directly to each counter, is used to
drive a linear amplifier which in turn drives a modified Hewlett Packard

520A high-speed scaler. The scaler feeds a counter converter and an IBM
summary card punch which produces the data with the required decay correc-

tion information in the form of punched cards suitable for data processing
by an IBM-704 computer.

The counting losses of the system are less than 0.1% up to 3 X 105
counts/sec. The counting system produces data which are accurate within
2% deviation during an 8-hr period. The counting circuits are stand-

ardized against a special standard cobalt-60 wire source for correlation

of data taken over longer periods of time.

The over-all reproducibility of the flux wire method has been evalu-

ated by activating both titanium-copper and copper wires in a uniform flux

region of the TTR critical assembly at KAPL. The data obtained from ap-
proximately 20 points on the copper wires were found to have a standard

deviation of less than 1.5%. The standard deviation of the data obtained

from approximately 40 points on titanium copper wires was slightly less

than 3%.

Method of Operation

Prior to a given test measurement, all 40 activation wire assemblies

are individually driven part way into the instrument thimbles to a fixed

position 7 ft above the core. This position is referred to as the "cocked"
position. They are then inserted simultaneously into the core. Positioning

of the wire is usually accurate to 1/8 in.

Activation wire insertion and removal speed is 4 in./sec so that the
taota;. transit time through the core is small compared with the activation
pmrad o 10 to 30 min. Total friction (driving) load during insertion
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at this speed is 40 to 80 lb' (depending on path configuration). The

load, of course, increases progressively from zero pounds when the wire

is at the drive machine to the maximum load when it is at the bottom

portion of the thimble.

Upon completion of the activation period, the activation wire as-

semblies are withdrawn simultaneously to a point 7 ft above the core

region. At this point, which is within the biological shielding, the

activation wire activity is allowed to decay. The titanium-copper decay

period is approximately 15 hr to allow the titanium activity to decay

out. The copper wire decay period is 30 min (for personnel safety only).

Individual activation wire assemblies are then withdrawn to the re-
movable tubes and unloaded at the drive station within the removable tube

sections. Personnel exposure to beta radiation during handling is re-

duced by this procedure. The wires are inserted into the transfer casks

and these are transported to the counting facility.

Upon receiving the wires at the counting facility, the inner 0.020-in.
activation wire is removed from the outer 10-ft-long conduit. The 47-in.-

long inner wire is mounted on the scanner and counted at 1-in. intervals

along its entire length.

System Performance

The system described above has proved to be very valuable in obtain-

ing detailed data on reactor neutron flux and power distributions. Over

800 wires have been activated to date - 95% of these were successful in

obtaining the desired measurements. Because of the small reactivity asso-

ciated with the activation wire assemblies, simultaneous insertion and

withdrawal of all wires cause practically no disturbance in operation of

the reactor. Data have been obtained during both high power and lower

power activation under conditions of no xenon, peak xenon, and steady-

state xenon. Data also have been obtained on power distributions result-

ing from various rod configurations, and thus allow determination of

optimum rod configuration for core life and control. Data obtained to

date on fuel burnup distribution have been insufficient to support any

firm conclusions.
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PROBLEMS ENCOUNTERED WITH FLUX WIRE SYSTEMS RR Glynn

The function of a flux wire system is to obtain neutron flux and fuel
burnup data during operation of a nuclear reactor. This information is
obtained by periodically activating a sufficient number of flux or burnup.
wires in instrument thimbles provided in the reactor core. These instru-
ment thimbles are water-tight, and are usually made of stainless steel
tubes of small diameter (approximately 1/8-in. ID). These extend into
the core region from outside the reactor vessel. Insertion and removal
of the wires is achieved by attaching them to drive cables which are
gear-driven into and out of the reactor core. (See the previous paper by
J. E. Morin for a more detailed description of this system.)

During a routine flux distribution run performed at KAPL (West Milton
Site) after approximately 16 months of operation of the reactor, flux
wires could not be inserted to the bottom of 12 of the 28 core thimbles

used for the run. On the average, the wires stopped at approximately
16-1/2 in. from the bottom of the thimbles. At about the same time, four
burnup wires, which were inserted into the core a few days earlier to

obtain burnup data, were found to be stuck in the core thimbles. Later
attempts to remove these stuck burnup wires resulted in breaking the

wires at the drive cable disconnect in the core.

After the flux wires were withdrawn from the reactor, deposits of
black material were found on some of the wires that could not be inserted

to the bottom of the core thimbles. From chemical analyses it was shown

that the wire contaminant was predominantly carbon, possibly resulting

from partially oxidized lubricating oil. In an environmental test, a film
of oil was collected at reactor temperature overnight on the wall of a

tube which contained a section of drive cable.

On the basis of this evidence, it was concluded that an accumulation

of obstructing material on the core thimble walls was the major cause of

the difficulties mentioned above. The obstructing material was derived

predominantly from a lubricating and quenching oil left in the interior of

the carbon steel drive cables that are used to place flux and isotope wires

in the core. (New drive cables had been installed several months previously.

Cleaning of these drive cables to remove oil had been done in accordance

with instructions; however, some oil residue was desired in the interior of

the cables to reduce friction between internal wires of the cables.)

After tests to demonstrate their effectiveness, the following methods

were chosen for .removing the obstructing material from the core thimbles

and extracting the stuck isotope wires:

1. Mechanically clean the thimbles by inserting progressively

larger (from 0.118 to 0.122 in. in diameter) drive cables into
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the thimbles, with the aid of a small hand drill, until the

thimble is clear. To aid in cleaning particularly dirty

thimbles that cannot be cleaned successfully with the me-

chanical cleaning tools alone, flush the thimbles with

solvent to loosen crud, and repeat the mechanical cleaning.

Flushing is accomplished when a solvent is pumped through

a small-bore tube to the bottom of the thimble and removed

by evacuating the annulus formed by the thimble and tube.

Xylene is used as a solvent.

2. Remove the stuck wires with suitable and safe "fishing"
tools (to engage the stuck wires) after flushing the

thimbles with solvent to loosen crud.

Extensive tests demonstrated that the above methods would not result in

any damage to the core thimbles. These tests consisted of:

1. Wear tests to evaluate wear and damage of thimble walls as

a result of the mechanical thimble cleaning.

2. Irradiation tests to evaluate the stability of the solvent

under prolonged irradiation in a high gamma field.

During a subsequent reactor shutdown period, a program was undertaken at

West Milton to restore the flux wire system to useful and reliable opera-

tion. All accessible core thimbles and flux wire paths were mechanically

cleaned to remove obstructing material. Only one thimble required the

supplementary use of a solvent. Every drive cable was completely de-

greased to prevent entryof oil into the core thimbles.

All attempts to remove the stuck burnup wires were unsuccessful.

Improved fishing tools are being prepared and tested, and further attempts

to remove the stuck wires are planned.

Concurrent with this work, studies were made on possible thimble

damage resulting from the obstructing material in the thimbles. On the

basis of the results of the environmental tests which were conducted,

little or no damage has resulted to the core thimbles from accumulated

internal foreign material. The successful hydrostatic testing of the
thimbles at 2750 psi, conducted subsequent to mechanical cleaning, con-

firms that the thimbles are currently in a satisfactory condition.

Since completion of the flux wire system reconditioning, seven flux
distribution runs have been made. Insertion has been difficult in only

one thimble. There- have been no withdrawal difficulties.

IN-CORE NEUTRON FLUX TRANSIENT MEASURErvENTS FOR POWER REACTORS KE Watkins

The knowledge of dynamic performance of a power reactor is needed
to predict stability and safety during changes in reactor operation.
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Particularly, power reactors subject to wide, frequent, and fast changes
of power level, pressure, and temperature (e.g.,reactors for experimental

use, reactors for propulsion purposes) have performance characteristics
that must be examined and understood not only for stability and safety but
also to learn how to obtain maximum usefulness of the reactor.

The analysis of dynamic performance of a power reactor is aided by
information on neutron flux changes within the core. Many reactor coef-

ficients and parameters are power-dependent and, hence, cannot be suitably

determined with critical assemblies. For performance evaluations under

static conditions, activation of "flux" wires or foils is used exten-
sively; however, for monitoring core flux conditions during transients,

flux wire is not practicable. Neutron-sensitive ionization chambers and

counters located around the periphery of the core are limited in such use

because of the large averaging effect and shadowing effects of the control
rods and fuel. The placement of continuous readout neutron sensors at

selected positions within the core provides immediate information on local

neutron flux and flux changes, and is therefore a useful method of ex-
tracting measurements on neutron flux transients.

System Requirements

To perform these measurements within a power reactor core, neutron

sensors must be of small physical size and must be able to operate under

temperature environments of 400 to 6000F (exclusive of gamma-heating

effects), radiation environments of tens to hundreds of megaroentgens per

hour, and thermal neutron fluxes of 1012 to 1014 neutrons/cm2-sec. Such

environmental conditions can produce severe effects on materials and,
therefore, necessitate careful material selection and design of sensors
and attached cable.

The insertion, positioning, and removal of such devices within the
core introduces complexities of a mechanical nature. The desire for

minimum sizes for core thimbles results in a minimal diameter for any de-

vice to be placed within these thimbles. Attaching extension tubing to
the thimbles and routing this tubing over complex contours to reach a re-
mote operation point (which requires many bends in the tubing) excludes

interference between sensor manipulation in the core and reactor operation.

However, this places additional demands on sensor size by restricting

length and adds the requirement of a flexible cable capable of movement
over long distances.

Development Program

By using the sensors and core access system described by K. E. Watkins

and by J. C. Childs in a previous Reactor Technology report, and by
J. E. Morin in this report, an operating system for obtaining transient
flux measurements in power reactors has been developed. The general
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requirements discussed above have been met, and an expanding use of this

instrumentation is developing as its characteristics, capabilities, and

limitations are becoming known.

Subsequent to proof tests of sensors under operational conditions,'

development was undertaken on a suitable miniature high-temperature,

radiation-resistant flexible cable capable of being force-driven through
long tubing paths.

The development program was undertaken along two lines, one being a
neutron-sensitive thermocouple (thermopile) and cable and the other a

neutron-sensitive ionization chamber and cable. Both use the B1 0 (n,a)
Liz reaction to detect thermal neutrons. The thermopile is a special

thermocouple (low impedance) device which requires a cable containing two
insulated leads; the acceptable insulation values are relatively low.

However, sensor elements of the thermopile have inherent thermal lags

which result in a minimum time constant of about 70 msec. For special

measurements such as boiling detection, scram monitoring, and other rapid

flux changes, a shorter time constant is desired. This shorter time con-

stant is obtained by using an ion chamber. A disadvantage of the ion

chamber stems from its high impedance. The ion chamber cable must be

coaxial and have high impedance, even though the first several feet of

it is in high temperature and radiation zones.

Thermopile

The thermopile assembly developed for the application is composed

of a thermopile about 0.1 in. diam x 0.4 in. long attached to a special

thermopile cable measuring 0.118 in. over-all diam X 80 ft long. This

special cable not only has the requisite mechanical and electrical prop-

erties at high temperature and radiation, but additionally has a helically

wound construction that provides flexibility and has an exterior open-

wound wire wrap which is compatible with the flux activation wire drive

assembly.' It has a good capability for being force-driven to manipulate

the thermopile in a reactor core from a remote point. The use of titanium

for the metallic portions of the cable keeps induced radioactivity at low

levels, and thereby readily permits in-core insertions and withdrawals and

obviates reactor shutdown for instrument installation or removal. The

thermopile, similarly, has low induced radioactivity, and its small size

(essentially point source) results in a reduction of induced radioactivity

to background levels within a few inches.

A photograph of the thermopile assembly is illustrated in Figure E.4.
A closeup view of the exterior of the thermopile, its attachment to the

cable, and the thermopile cable leads, is shown in Figure E.5.

Readout of the thermopile is performed by a high-sensitivity fast-

response recording potentiometer with a variable range of 0.3 to 1.0 my,
dc, full scale.
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A number of thermopile assemblies of this design have been used with

a power reactor at KAPL. Initial sensitivity is about 5 X 10-12 my per

thermal nv (neutrons/cm2-sec) with an observed time constant of less than

100 msec. There are three performance characteristics which introduce op-

erating limits: (1) the boron-lO appears to be depleted at appreciable

rates above 1014 thermal nv; this leads to a significant signal decrease

for sustained operation at this level, (2) the assembly exhibits thermal

transient interference during fast core traverses, and (3) the assembly
shows overshoot and undershoot tendencies for rapid neutron flux changes

over wide ranges (10:1 change in neutron flux in less than 1 sec) because

of thermal lags. The use of the thermopile assemblies within these

limits has provided useful information on transient flux within the core

without adding complexity to reactor operations. Design changes to im-

prove operation are under study.

Ionization Chamber

The ion chamber assembly is composed of an ion chamber about

0.09 in. diam X 0.3 in. long attached to a special ion chamber cable,

0.ll -in. diam X 60 ft long. This cable is similar to the thermopile

cable except that coaxial construction is used to provide the high im-

pedance needed. High-temperature properties, radiation-resistance, flexi-

bility, low induced radioactivity, and remote positioning capability are

comparable to the thermopile cable. The ion chamber is all-titanium to

keep induced activity low and minimize wall effect.

A photograph of the ion chamber assembly is illustrated in Figure E.6;

and a closeup view of the exterior of the chamber, its attachment to the

cable, and the cable construction are shown in Figure E.7.

The ion chamber is read out by a panel-type microammeter and an

auxiliary recorder. A variable voltage power supply capable of supplying

a few milliamperes up to 300 volts is required to energize the ion chamber.

Several ion chambers can operate simultaneously from such a power supply,

since maximum ion chamber current is about one milliampere.

Several ion chamber assemblies of this design have been used with a

power reactor with and without simultaneous use of thermopiles. Initial

sensitivity is 2 X 10-18 amp/thermal nv. The time constant has not been

measured, but is expected to be less than 100 psec. The ion chamber has

exhibited less susceptibility than the thermopile to signal reduction due

to boron depletion. Additionally, the ion chamber is free of thermal

transients. A complication in the use of the ion chamber is the necessity

of selecting an operating voltage which will keep the chamber in the satu-

rated condition (all ions collected, no gas amplification) over the full

operating range. At flux levels above 1014 thermal nv the saturation volt-

age approaches the breakdown voltage, which is about 350 v, dc. For most

uses, it has been sufficient to operate the chamber from 100 to 200 v, dc.
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In the operating environment cable leakage current has been as much as a
few microamperes at the breakdown voltage. This sets a lower limit of

about 1012 thermal nv for chamber operation.

Performance

By use of the flux activation wire drive equipment and a slow-speed

motor, semiautomatic core traverses (reactor conditions at steady state)

that use both types of sensors can be easily accomplished. Neutron flux

information is instantly read out and provides an axial flux map within

a few minutes. Alternately, the sensor can be positioned at a fixed axial

position while the reactor conditions vary.

Calibration of ion chambers and thermopiles is illustrated in

Figure E.8. Agreement with flux wire data is within 10% over a 40 to 1
range of linearity.
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USE OF GAMMA-RAY SPECTROMETRY FOR ESTIMATING PRIMARY SYSTEM CORROSION
RATES AND RADIOCHEMICAL CRUD BUILDUP RL Seidel

Many methods have been used to predict the buildup of long-lived

radioactive nuclides on reactor primary system components. Most of these

methods are based on mathematical models which consider a number of

transport mechanisms. Verification of the predicted results is usually

based on test loop data or limited primary system data. A wealth of in-

formation on the actual mechanisms involved in radiochemical crud buildup

lies untouched because of the unavailability of primary system components

for destructive radiochemical analyses. The proposed method presented in

this paper is a nondestructive radiochemical method by which the amount

and nature of the deposits on any primary system component can be deter-

mined. The method has the additional advantage that short-lived deposited

nuclides can be studied as well as the long-lived nuclides. Additional

information such as system corrosion rates and crud distribution in the

primary system can be estimated from the data.

Measurements and Analyses

The basic measurements consist of:

1. Radiochemical analyses of water-borne crud as a function of

effective full power hours (EFPH).
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2. Dose-rate measurements on any primary system component as

a function of time after shutdown and EFPH.
3. Gamma-ray spectrum measurements on the component as a func-

tion of time after shutdown and EFPH.

The gamma-ray spectrum measurements are the most difficult to obtain.

They require careful shielding and collimation of the gamma-ray probe in

order to obtain good resolwt4^n. Figure E.9 shows a typical gamma-ray scan
that could be obtained from the main coolant piping of any pressurized
water reactor with a multichannel analyzer about 10 hr after reactor shut-
down following 100 hr at 100% reactor power.

Various graphical techniques, such as that presented by R. L. Heath,

which utilize the area under the gamma-ray peak, can be employed to deter-

mine the contributing nuclides. Once the various nuclides observed in the

gamma-ray scans have been identified and their contribution to the peak

areas has been determined, their deposited activity on the surveyed com-
ponent can be estimated. An efficiency curve can be constructed to take

into account the attenuation of the gamma rays passed through the walls of

the component, the fraction of the gamma rays seen by the crystal because

of the geometry used, and the fraction of the gamma rays which appears in

the photopeak an received by the crystal. The shape of this efficiency

curve with energy is accurate, but the actual magnitude of the efficiency

may be considerably in error. To eliminate this error, the dose-rate

measurements taken from the location of the gamma-ray probe are utilized

in the following fashion:

1. For each scan, the areas under the photopeaks are divided by

the calculated efficiency at the photopeak energy to give
the relative number of gamma rays emitted by each nuclide

per unit time.

2. From shielding calculations which take into account the
geometry and attenuation through the walls of the compo-

nent, the dose rate per unit of deposited activity can be

determined for each of the nuclides involved. These con-

version factors (mr/ir Y are accurate to 20% and can
\dpm/in2 I

be improved by actual measurements in the laboratory on in-

tentionally contaminated specimens.
3. By using the relative gamma strengths and the dose-rate con-

version factors, the relative dose rate from each nuclide
can be determined.

4. From the measured dose rate, and the relative dose rates,

the actual dose rate from each nuclide can be determined.

mr/hr = milliroentgens per hour.

dpm/in2 = disintegrations per minute per square inch.
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5. The dose-rate conversion factor ( _f' can now be used
dpm/in 2 /

again to convert the actual dose rate (mr/hr) from each

nuclide to the deposited activity (dpm/in2) of the nuclide.
By making these measurements periodically on main coolant
piping, steam generators, and the system demineralizer, a
plot of the long-lived activity of each corrosion product,

dpm/in2 , or total dpm can be made vs the EFPH and used to

check multimechanism activation codes.

These results can be used to gain much more information about the

system by combining them with radiochemical and chemical analyses of
samples of the water-borne crud. From the specific activity of the short-
lived species in the circulating crud (dpm/mg Fe)* and the deposited ac-
tivity of these short-lived species (dpm/in2 ) determined from the gamma-
ray scans, an estimate of the thickness of the loose or "transient" crud
layer (mg Fe/in2)* on the system surface can be made. It has been found

that this thickness can be correlated with the crud level in the coolant

and thus predicted for future operation from coolant samples alone. When
the amount of water-borne crud is high, the transient crud layer has been
found to be thicker than when the crud level is low.

For each survey, the product of the transient crud thickness (mg Fe/in2 )
and the specificL activities of the corrosion products in the circulating
crud (dpm/mg Fe) will give the deposited activity (dpm/in2) for each nuclide
coming from the loose, transient crud layer. Subtracting these deposited

activities (dpm/in2 ) from the total deposited activity (dpm/in2) will give
the dpm/in2 from the permanent crud layer for each nuclide.

If the specific activities of the corrosion products in the permanent

crud layer are measured periodically by removal of deposition specimens,

the thickness of the permanent crud layer (mg Fe/in2) can be estimated from
each nuclide involved by dividing the deposited activity in the permanent
layer (dpm/in2 ) by the specific activity of the nuclide in the deposited
crud (dpm/mg Fe). If deposition specimens are not available, the thickness
of the permanent crud layer can be estimated from the specific activity of
cobalt-60. Limited experimental evidence from a reactor plant has shown
the cobalt-60 specific activity in the permanent crud layer to be about
half that in the water-borne crud. By using this information, the permanent
crud layer thickness can be calculated for each component surveyed and plotted

as a function of EFPH or hours of hot operation.. This can be done for com-
ponents such as the main coolant piping, steam generators, and regenerative

and nonregenerative heat exchanger.

*dpm/mg Fe = disintegrations per minute per milligram of iron.

mg Fe/in2 = milligrams of iron per square inch.
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From the demineralizer dose-rate data, the purification flow rate,

the specific activities of the long-lived corrosion products in the cir-

culating crud, and the crud level in the coolant at the different survey

times, one can estimate the amount of crud collected in the demineralizer

as a function of EFPH.

Summary

From the measurements and manipulations just described we now have:

1. A plot of the specific activities of the long-lived corro-

sion products in the circulating crud as a function of EFPH,

2. A plot of the long-lived deposited activities (dpm/in2) for
each corrosion product in the permanent and total deposited

crud as a function of EFPH,
3. A plot of the permanent and transient crud layer thickness

on different components as a function of EFPH, and

4. A plot of the amount of crud collected in the demineralizer

as a function of EFPH.

This information can be used in a number of ways:

1. From the slope of the crud buildup on the piping, one can

estimate the rate of crud buildup in terms of mg metal/dm 2 -mo. *
The corrosion rate will lie between this number and twice

this number under normal conditions. A sudden increase in

the corrosion rate between surveys can be picked up quickly
by this method and quantitatively estimated so that corrective

action may be initiated.

2. From the total crud thickness on all surfaces, the known sur-

face areas, and the amount of crud in the demineralizer, one
can estimate an inventory of all out-of-core crud at any EFPH.

If the actual corrosion rate is known, the difference between

the total metal corroded and the crud inventory out-of-core

must be the total crud in-core. An upper limit of the fuel
element deposit thickness can be made from these numbers.

3. From the extrapolated specific activities and extrapolated

crud layer thicknesses, a good estimate can be made of future

dose rates.
4. From the plot of the deposited activity of each nuclide vs

EFPH, a better understanding of the mechanisms of reactor

system activation can be achieved.

This method has been applied to main coolant piping, steam generators,

and demineralizers of two large, pressurized-water reactor plants. The

hMilligrams of metal per square decimeter per month.
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estimated corrosion thickness checked within 20% of that observed on

specimens removed from one of the reactor plants at two different times

during the first core life. Predicted dose rates based on extrapolated

crud thickness and specific activities have shown even better agreement.
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ALPHA COUNTING OF REACTOR GRADE PURE ZIRCONIUM AND DILUTE URANIUM-ZIRCONIUM
ALLOYS MA Gerardi

At the Core Contamination Conference held at Bettis Atomic Products

Laboratory on December 2, 3, 1959, it was noted that KARL as well as BAPL

had obtained higher activities on 8-ppm uranium - zirconium alloys than

would be predicted by fluorometric chemical analyses (the activity was

stated to be 50% higher). As a consequence it was decided to run a long-

time alpha count on reactor grade pure zirconium plate from which alloy

standards had been prepared and whose chemical content was well-known.

The purpose of this work was to determine (1) whether an unidentified alpha

emitter was present in the unalloyed reactor grade zirconium or (2) whether

the counting was more efficient at low alpha emission rates. Alpha count-

ing standards of 8-, 25-, and 100-ppm (nominal) natural uranium were proc-

essed concurrently with the evaluation of the pure zirconium.

Materials

The reactor grade pure zirconium plate was rolled from an ingot pro-

duced at Mallory Sharon Metals Corporation, Niles, Ohio. The uranium-

zirconium alloys consisted of 0.050-in.-thick plates obtained from three

ingots melted and rolled at KAPL. The nominal composition of each ingot

was 8, 25, and 100 ppm of uranium.

Equipment

The following scintillation alpha counting equipment was used to

measure the surface activity:

1. Beva scaler -- Model 401

2. Beva pulse amplifier -- Model 155
3. Beva 1.6-kv power supply -- Model 300B
4. Photomultiplier -- Dumont 6364

5. Zinc sulphite (silver-activated) screen

6. Light-tight box.

Figure E.10 depicts the arrangement of the equipment. The plate being
counted in the photograph is not part of this program.
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FIGURE E.10. ARRANGEMENT OF ALPHA-COUNTING EQUIPMENT

Experimental Work

Pure Zirconium

A Chemical analysis (fluorometric) for uranium was performed at KAPL

on a section of material taken from the blank plate of pure zirconium.

Alpha counting was performed on the center portion of each face of a

12- X 4-in. section of material taken from the zirconium plate.

Uranium-Zirconium Alloys

Two alpha counting standards (4 x 4 x 0.050 in.) were manufactured from
each of the 8-, 25-, and 100-ppm uranium - zirconium plates. The standards

were alpha-counted and analyzed chemically for the total uranium content

three times as follows to check for stratification:

1. The initial surface was counted; then 0.2 mil was etched from

the surface and analyzed.

2. After 0.2 mil had been pickled off, the new surface was counted;

then an additional 0.2 mil was etched and analyzed.

3. After a total of 0.4 mil had been pickled off, the new surface
was counted and an additional 0.2 mil was etched and analyzed.

The resulting surface after the third etch was then given a
final alpha count.
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Note that the chemical analysis and alpha counting were performed on only
one surface of each standard plate (the opposite surface of each plate was
masked off).

Results

Pure Zirconium

The results of chemical analyses and alpha counting obtained for pure

zirconium are given in Table E.I.

TABLE E.1. RESULTS OF CHEMICAL ANALYSES AND ALPHA COUNTING
ON A PURE ZIRCONIUM PLATE

Attribute measured
Gross count rate, counts/min
Total sample counting time, min

Average background count, counts/mnin
Total background counting time, min

True sample count,* counts/min
Equivalent ppm

Side A
0.492
780
0.162
260
0.33 0.07
1.58 0.34

Side B
0.44
905
0.16
230
0.28 0.07
1.34 0.34

ppm of natural uranium by 1.5
chemical analyses

*See the sample calculation in the text.

The value obtained from chemical analysis compares

average part-per-million obtained by scintillation[1.58 + 1.34 = 1.46]) .
2

quite favorably with the
counting (1.5 vs 1.46 ppm

Sample Calcu Lation*

Symbols Used

Cg = gross counting rate
CS = sample counting rate

Cb = background counting rate
Eg = error in gross counting rate

Eb = error in background counting rate

*The symbols, constants, and equations are taken from a report by
P. L. Eisenacher, "Elements of Fuel Contamination Control,1" KAPL-M-PLE-2,

August 6, 1959.
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Es

tg

tb
N

x

aA

error in sample counting rate
total gross counting time

total background counting time

number of atoms of material which emit alpha particles with

range R

uranium concentration, gm/cm3

decay constant of the material

surface emission rate for a square decimeter of material being

counted.

Equations Used

Es = E + ET

2 
.

tg

Eb = 2

aA= NXR4

Cs i Es = Cg-Cb E2 + E2

Constants Used

R = range of alpha particles in zirconium = 1.33 x 10- cm

Aa = alpha disintegrations per second per microgram

= 2.68 counts/sec/pg
D = density of zirconium = 6.5 gm/cm3

e = efficiency of the counting head = 60% based on a thin-source

standard.

Calculations for Side A

Refer to Table E.l for the values used below:

E = 2 j4 = 0.05 counts/min

Eb = 2 I0-l2 = 0.05 counts/min
260

Cs ES = (0.492 - 0.162) 2(0.05)2

= 0.33 0.07 counts/min

_=NXR

0.33 x 10-2 counts/min/cm
2 -l.33NX X 10-3 cm

4
NX = 9.92 counts/min/cm3

KAPL-2000-10

E.24



E. 25

NX
x =

Aa x 60 sec/min

9.92 counts/min/cm 3

2.68 X 102 counts/sec/pg X- 60 sec/min

x= 6.16 pg/cm3 = 6.16 x 10- gm/cm3

ppm = 6.16 106 0947ppm
6.5

Cs is equivalent to 0.947 ppm.

The error count rate of 0.07 counts/min can be converted also to

equivalent ppm in the same manner:

Es = 0.202 ppm or Cs Es v 0.947 0.202 ppm.

The maximum contamination expected is

Cs + Es -=0.947 + 0.202 12
e 0.60 = 1.92 ppm.e 0.60

The average contamination expected is

0s - 097 = 1.58 ppm .
e 0.60

And the minimum contamination expected is

Cs - Es 0.947 - 0.202 - 1.24 ppm.
e 0.60

Uranium-Zirconium Alloys

The results of chemical analyses and alpha counting of uranium-
zirconium alloys are given in Table E.2.

Discussion

From the results obtained on pure zirconium, it appears that no sig-

nificant concentration of alpha-emitting material other than natural

uranium is present. The observed alpha activity was essentially that

which should be expected from the normal uranium impurity level in pure
zirconium (about 1.5 ppm, from uranium in zircon sands). The results pro-

vide no explanation for the disproportionately high alpha activity re-
ported for some dilute natural uranium - zirconium alloys, nor was such an
effect noted with the alloys studied here. A possible explanation would

be the use of contaminated scrap and/or equipment in melting and strip

fabrication. Errors in counting head efficiency measurements leading to
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TABLE E.2. RESULTS OF CHEMICAL ANALYSES AND ALPHA COUNTING
OF URANIUM-ZIRCONIUM ALLOYS

Sample
Identification Surface

8 ppm
388-2-8

25 ppm.
389-2-20

100 ppm
390-1-100

8 ppm
388-3-8

25 ppm
388-3-20

100 ppm
390-2-100

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

Total Uranium Concentration
by Fluorcinetric Analysis, ppm

95% ConfIidenbe
Average* Interval

7.6
7.4
7.14

22.14
23.86
24.8

96.6

105.8
99.4

7.7
7.6
8.1

23.4
22.0
23.6

99.3
95.3
94.8

0.53
0.53

*0.53

1.92
1.92

.19
*6.19
*6.19

1.19
1.19
0.93

*2.39
2.39

*2.39

7.08
7.08
7.08

Alpha Count,** counts/min
95% Confidence

Average Interval

1.14
1.35
1.28
1.41

3.89
3.49
3.23
3.58

15.71
12.35
13.03
13.42

1.38
1.32
1.42
1.02

3.45
3.39
3.47
3.37

13.68
14.25
12.77
13.31

0.17
0.17
0.16
0.17

0.40
0.36
0.33
0.37

1.47
1.14

*1.25
1.35

0.17
0.17
0.17

*0.16

0.35
0.35

*0.38
0.34

1.36
1.39
1.22
1.26

*The average of five analyses per surface measured.

*The results of alpha counting are "raw" counts and
for counter efficiency.

are not corrected
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low-efficiency values could contribute also to the unexpectedly high count

rates.

To determine the effect of uranium concentration on the counting head

efficiency when thick-source standards are counted, a plot of the theoretical
surface emission rates versus equivalent ppm of natural uranium in zir-

conium was drawn for counting head efficiencies of 25, 50, 75, and 100%.

(See Figure E.11.) Superimposed on this plot were (1) the results obtained

.from the pure zirconium plate which was checked and (2) the results ob-

tained from the 8-, 25-, and 100-ppm (nominal) thick-source alpha count

standards which were prepared for use in core contamination measurements.

The points plotted were the average alpha count reading (count rate minus

background) plus and minus the reading error versus the average uranium

concentration in parts per million as determined by chemistry.

From Figure E.11 it appears that up to the 20-ppm level the counting

head efficiency closely follows the theoretical 50% line. However, be-

yond 20 ppm the points plotted drop below the theoretical 50% line. Addi-

tional data between 20 and 100 and above 100 ppm would be necessary to

locate a precise experimental line. The reason for this apparent drop in

efficiency at the higher levels of uranium concentration has not been as-

certained. For practical contamination detection in the range of interest

in nuclear core inspection (<100 ppm), a calibration curve corresponding

to the 45% efficiency line appears to be appropriate for the particular

counting equipment used in this work.

Conclusions

1. The results indicate that no significant concentration of

alpha-emitting material other than natural uranium is present

in the ingot of reactor grade pure zirconium.

2. Unexpectedly high count rates for low uranium alloys (dis-

cussed at the Core Contamination Conference) might be at-
tributed to the use of contaminated scrap and/or equipment
in melting and strip fabrication. Errors in counting head

efficiency measurements leading to low efficiency values
could contribute also to unexpectedly high count rates for

the low uranium alloy levels.
3. The counting head efficiency tends to increase as the uranium

concentration decreases; however, no reasonable explanation

can be given for this phenomenon at the present time.

4. From the results shown it would seem reasonable to adopt a 45%

efficiency value for the KAPL counting head, when natural

uranium - zirconium alloys or core component surfaces are

counted.
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EDDY-CURRENT CRACK DETECTION IN SHORT ZIRCALOY TUBING RG Holt

Fuel element fabrication for a nuclear reactor required a large

number of short Zircaloy sleeves. The use of the sleeves in fuel ele-

ments dictated qualifications which could be met only by rigorous in-
spection of each sleeve. To meet these requirements, a nondestructive

test was needed to detect small cracks in the inner surface of the

1.25-in.-long Zircaloy sleeves. Ultrasonic shear tests and dye penetrant

tests were found too insensitive to meet these requirements. The parallel

resonant eddy-current test developed by the Nondestructive Test Development

unit was found to have the flexibility and sensitivity necessary to meet

the high quality requirements.

Parallel Resonant Eddy-Current Test

The parallel resonant eddy-current test is an application of the volt-

age and impedance characteristics of a parallel resonant circuit and a

series resistor. In addition to the Hectmeter, the apparatus consists of

the following standard electronic equipment: a signal generator, dc am-

plifier, and recorder, which are arranged as shown in Figure E.12.

The Hectmeter, Figure E.13, consists of a resistance, Rs, in series
with a parallel circuit. The parallel circuit consists of the search coil

and a variable condenser, Cr; Cr is used to obtain the desired frequency

of the test. The remainder of the circuit functions aid in the presenta-

tion of impedance variations in the search coil.

Theory of Operation

The impedance of the parallel branch of Figure E.14 is

(Re + JWL)

Z12 = JCL (1)

Re + J oLe -

By multiplying the numerator and denominator by Re - J )Le - and by

separating resistive and reactive terms, the following is obtained:

Z c 2 C2  _ .JC C ace .(2)

R2+(Le - - R cLe )
ouC/ u

At resonance the reactive term is equal to zero, and from this the angular

velocity at resonance
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SIGNAL - HECTMETER DC RECORDER
GENERATOR AMPLIFIER

SEARCH COIL

FIGURE E.12. SCHEMATIC DIAGRAM OF THE APPARATUS USED IN THE PARALLEL
RESONANT EDDY CURRENT TEST

Rs IN93 r{ ZERO SUPPRESSION
CIRCUIT

Rb

Rd

SEARCH Re CrR T .Rc TO
COIL LeDC AMPLIFIER

FIGURE E.13. SCHEMATIC DIAGRAM OF THE HECTMETER

Rs I A

Re

E C

Le

B

2

FIGURE E.14. PARALLEL RESONANT CIRCUIT
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LC L2
e e

is obtained. Then substituting or into the resistive term of Equation (2)
gihes Z1 2 = =- at resonance. Thus, at resonance the impedance of the

CRe
equivalent series circuit is

Z b -RsCRe + Le
Zab =- eaReC

with the wiring resistance neglected, and the voltage

(abRSCRe
Vab = E 1 -

RsCRe + Le

where Rs and C are as described before
Re = effective resistance of search coil
Le = effective inductance of search coil
w = angular velocity

Z12 = impedance of parallel branch
E = applied voltage.

The effect of impedance changes can then be calculated by using the
following values. Let

E = 10.4 volts
Rs = 100 ohms
C = 0.01445 x 10~6 f

Re = 7.5 ohms
Le=175.0X10 6 h

Vab = 6.420 volts.

Experimental values were 5.5 volts which included wiring losses. By re-
ducing Le to 174.0 X 106 h, Vab becomes 6.40 volts, an 0.012-volt change.

Similarly, an 0.56% change in Re produces an 0.011-volt change in Vab.

Changes in the search coil's effective resistance, Re, or inductance,

Le, are produced when the specimen in the coil reflects a variation in the
eddy currents induced by the search coil. Interruptions of eddy currents

in the test specimen are produced by cracks, inclusions, variations. in-con-

ductivity or permeability, air gap, etc.

If the value of the series resistance, Rs, is too large, the coil im-
pedance variations have little effect on the circuit. However, if Rs is

too small, a loss in sensitivity also occurs. Experimental results show

that the circuit is unstable if Rs is too small. A satisfactory value of
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Rs (1500 a) was found experimentally (Figure E.18) by noting its effect
on the defect indications.

The signal generator voltage was 10 volts, the .mplifiergain-~3000, and
the chart deflection was 1 mm/mv.

Calibration

Preliminary
sleeves:

Sleeve 4-1:

Sleeve 4-2:

Sleeve M-l:

Sleeve M-2:

calibration of the test was made on the following four

This sleeve was used in determining operating

characteristics, Figure E.15 through E.l8.
The crack and trace in this sleeve are shown in

Figure E.19. Metallographic examination revealed
an 0.050-in.-deep crack on one end and nothing on

the other end.

This sleeve gave the tapered indication shown in

Figure E.20. Metallographic examination revealed

a sliver 0.003 in. thick, 1/16 to 1/64 in. wide,
and 1/2 in. long pressed into the inner surface.

This sleeve gave the tapered trace and crack shown

in Figure E.21. The probe was just past the
0.003-in. crack when the small indication dropped

to zero.

In the application of this circuit, the voltage, Vab, was rectified

before amplification. The constant dc level produced by a test specimen

in the search coil was large compared with the changes produced by flaws.

This dc level was suppressed to zero at the amplifier. Thus, only varia-

tions in dc level were recorded.

Adaptation to Crack Detection

Initial development on the Hectmeter indicated its capabilities for

testing tubing and plate. However, the short length (1.25 in.) of the

Zircaloy-clad tubing ruled out the use of the conventional encircling
search coil. A search coil, not too sensitive to end effects and yet

very sensitive to cracks on the internal surface, was required. An in-
ternal probe coil provided the sensitivity required. Circumferential

windings could not detect full-length longitudinal defects.

The solution to the problem required an internal probe which consisted

of a 0.100-in. -ferrite-cored coil mounted perpendicular to the inner sur-

face of the sleeve, Figure E.22. This probe provided the high concentra-

tion of flux over the small area necessary to detect cracks of any orien-

tation.

Operation of the test with the probe resulted in a 100% inspection

of the sleeve. A sleeve was placed on the probe and the direct current

KAPL-2000-10
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ST ._ _
(Th

HOLE FOR ELECTRICAL\CCCONNECTIONS
ECTR A3/16In. HOLE FORCONNECTION FERRITE CORED COIL

COIL
250 TURNS OF NO 36 ENAMELED COPPER WIRE
CLOSELY WOUND ON 0.100- In-diameter FERRITE
AND CEMENTED INTO HOLE A

FIGURE E.22. BAKELITE PROBE FIXTURE

suppressed to zero. The sleeve was then rotated as it was fed onto the
probe. By using this probe, defect indications were repeated as each
end of the ferrite core passed under discontinuity.

Operating Characteristics

The operating characteristics of the Hectneter were determined ex-
perimentally by using a defective sleeve as a sample. This sleeve,
No. 4-1, contained three cracks on the internal surface. Crack A was
present only in the center of the sleeve; cracks B and C ran the full
length. Photographs of these cracks are shown in Figures E.15 and E.16,
which also show a typical recorded trace.

The resonant frequency was varied in steps frm 30 to 550 kc by
adjusting Cr. At each frequency a trace was made of the defect indica-
tions of sleeve 4-1. At frequencies above 125 kc, defect A gave no re-
spoflse (Figure E.17), while defects B and C gave large indications. At
frequencies of 125 kc or lower, defect A gave indications equal to 40%
of B and 25% of C. The noise level of the equipment increased below
50 kc. A resonance frequency of 91 kc was selected for testing the
sleeves. Further investigation of frequency variations revealed (Figure
E.17) that with a resonant frequency of 91 kc the most sensitive operat-
ing frequency was 86 to 8S kc. Photographs of cracks B and C at this
location are shown in Figure E.l18.

Final calibration of the test was made at the fuel element con-
tractor ts plant. The smallest cracks found were 0.008 in. deep. All
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of the cracks were detectable by the Hectmeter. A survey of the cali-

bration data showed no correlation between defect indication and crack

size. One crack, 0.008 in. deep X 0.001 in. wide, gave an 8-mm indication
while another, 0.008 in. deep X 0.008 in. wide, crack gave a 16-mm indi-
cation. The longitudinal length of these cracks is unknown.

The calibration study also revealed that the high sensitivity of the
equipment made lift-off a major factor. Oval holes having a 0.0002-in.
variation in internal diameter produced defect indications as large as a
0.014-in. crack. However, the indications caused by cracks were sharp

while those caused by oval holes were sinusoidal when the sleeve was re-

volved at a constant speed. Separation of oval holes and cracks can be

made by examining the chart traces, provided the speed of sleeve rotation
and chart speed are fixed.

Summnary

The Hectmeter, developed at KAPL, is a very sensitive eddy-current
test apparatus. It consists of standard electronic equipment and a simple
parallel resonant circuit. The flexibility of the test allows selection
of test frequency and coil design with a minimum of circuit changes. The
Hectmeter has been successfully applied to the production testing of short

Zircaloy sleeves for internal cracks.

AN ELECTRICAL RESISTANCE MEASURING DEVICE FOR DETERMINING THE THICKNESS
OF A WELDED MONEL OVERLAY ON CARBON STEEL AC Lind

It is usual to cool shipboard condensers with sea water, and to in-

crease the service life expectancy, it is usual to employ corrosion-

resistant materials for those parts exposed to sea water. The corrosion-

resistant material may form a structural member, or it may be applied as
an overlay on some cheaper strength member.

Recently such an overlay failed in service and resulted in a sea-
water leak to the bilge. Examination of the Monel overlay surface indi-
cated that corrosion had attacked the overlay at a region believed to be
excessively thin (see Figure E.23). The overlay is deposited by consumable

electrode arc welding. After it has been welded, the overlay is machined

smooth, and the actual overlay thickness cannot be inferred by direct

dimensional inspection of the finished part. It was therefore concluded
that a nondestructive method for determining overlay thickness would be

useful and valuable for inspection of parts which may be exposed to sea

water.

The more familiar tests for measuring overlay thickness had met with

failure. Ultrasonic tests failed because of the acoustical similarity be-
tween steel and Monel. Magnetic attraction and eddy-current tests failed
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MONEL HEAD

MONEL WELD CARBON STEEL
FLANGE

MONEL OVERLAY ,w2
SUSPECTED OF..
BEING EXCESSIVELY

TH-4"1BOLT HOLE

\--30" RADIUS

FIGURE E.23. CROSS-SECTIONAL VIEW OF A FLANGE

ON A 5-ft-diameter CONDENSER HEAD

R=5R

pm=290/CR MIL FT

R= Ro

Ps = 60f/CIR MIL FT

FIGURE E.24. RESISTANCE MEASURED
BETWEEN TWO POINTS A DISTANCE d
APART ON THE SURFACE OF MONEL
AND STEEL BLOCKS. R0 is defined as
resistance on steel.

5Ro

z 4Ro
Q

3Ro

2Ro

Ro-
(NO OVERLAY)

----- - ------- - -

0 MONEL THICKNESS

FIGURE E.25. CHANGE IN RESISTANCE AS A FUNCTION
OF MONEL THICKNESS AS OVERLAYED ON STEEL. The
sketches above the curve illustrate current flow for various
thicknesses.
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because the iron dilution, which occurred during welding,' had transformed

the normally nonmagnetic Monel into a magnetic alloy whose magnetic prop-

erties were highly dependent upon iron content as well as on the history

of the overlay.2

The properties finally chosen as a basis for measuring the overlay

thickness were thermal conductivity and electrical resistivity. These

properties were significantly different for steel and Monel, and it was

hoped that they would not be affected by iron content as strongly as the

magnetic properties were affected. Of the two approaches, the electrical

approach proved better suited to the problem.

Principle of Operation

Electrical resistance measuring techniques have been employed for

detecting unbonding in fabricated plates,3 detecting laminar voids in

metal plates from one side only,4 and measuring metal plate thickness

from one side only.5 More quantitative discussions of related electrical

resistance tests are given by Buchanan et al., Uhlir,6 and Roman.7

Consider two large blocks, one composed of carbon steel and the other

of Monel. Denote the electrical resistivities by ps and pm, where ps =

60 ohms/cir mil ft and pm = 290 ohms/cir mil ft, or pm o 5ps. The elec-

trical resistance, R, measured between two points a fixed distance, d,

apart on the surface of each of the two blocks will be in the ratio

1 to 5; for convenience these two resistances are called Ro and 5 R

(see Figure E.24). Consider now a steel block with a Monel overlay. For

thin overlays, the paths of least resistance are not the shortest geo-

metrical paths but longer paths which go through the low resistance steel;

the over-all resistance is very close to Ro, as shown in Figure E.25. As

the overlay thickness increases, the increased path length required to

extend the paths through the steel region presents a higher total path re-

sistance than the shorter paths through the high-resistance Monel. This

continues until the paths of least resistance for thick overlays lie

almost entirely in the Monel, and the resistance asymptotically approaches

5 Ro as the thickness is increased further.

For smaller values of d, the spacing between the two points, R will

approach its asymptotic value for smaller overlay thicknesses and hence

will be suited for measuring thin overlays. Conversely, for larger spac-

ings the resistance will approach its asymptotic value for larger thick-

nesses and will be better suited for measuring thick overlays. In the

present case a spacing of 1 in. was arrived at by this type of intuitive

reasoning and was found to be a good guess.

Description of Device

The resistance between two points a distance of 1 in. apart on a

carbon steel block is approximately 1.25 X 10~5 ohms. Ordinary ohmmeters
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0-30AMP R-1,.21E S-1
250 WATTS

6-VOLT STORAGE AM P. 0-2.5

BATTERY X 1800 VOLTS

330SI+iW

r - -- ,PROBE

MONEL

STEEL

FIGURE E.28. CIRCUIT DIAGRAM

would be unsatisfactory for measurement of so low a resistance; how-
ever, the measurement can be made easily by passing a large constant
current, I, through the sample and measuring the voltage drop across
the sample with a sensitive voltmeter. The resistance of the sample is
then simply V/I. Since the current is held constant, the voltage V
alone is used to measure the Monel thickness.

The measuring probe consists of two separate sets of spring-loaded
contacts spaced 1 in. apart, one set of blunt copper contacts for in-
troducing the current into the sample, and another set of pointed hard
steel contacts for measuring the potential drop. The potential con-
tacts are shunted by a 330 a resistor to prevent the possibility of
measuring contact potential. Figures E.26 and E.27 show the details
of the probe.

To develop a sufficient voltage V, a current of 25 amp is required.
Even then the voltage developed across the steel is only 0.31 X 10Q
volt, (V = IR = 25 X 1.25 X 10_5). A chopper stabilized amplifier of
gain 1800 increases this to 0.57 volt which is easily measured by a
standard voltmeter. The circuit diagram of the device is shown in
Figure E.28.

Calibration

Previous failures in measuring Monel thickness because of iron

dilution pointed out that the present calibration should include the ef-
fects of the variations in iron dilution which might occur for different
welding conditions. Therefore, the calibration sample, which simulated
a portion of the flange to be measured, was machined to accept four
Monel overlays, one on each corner.

The welds were made with type 4N10 welding rod by four different
welding operators, each using a welding current he had determined on a
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trial and error basis to suit him best. In this way it was ensured
that if variations in iron dilution, or for that matter variations of
any type, were going to affect the reliability of the test, it would
show up in this calibration. After the block was welded, it was ma-

chined on a taper to produce an overlay varying in thickness from 0.000

to 0.200 in. over a 12-in. length. Each weld was marked at four loca-
tions along its length, and six resistance measurements were made at

each location with the probe contacts parallel to and 1/4 in. from the

inside edge of the overlay. The block was then cut to provide two

transverse cross-sectional views of each measured location (see Figure
E.29). These were roughly polished and etched with concentrated H2SO4;
then visual measurements were taken. Since the Monel overlay varied in
thickness from point to point along the cross section of the weld (see
Figure E.30), three visual measurements were made on each cross section
(one at the approximate center and two others 1/8 in. each side of cen-

ter), resulting in six visual measurements of each location, from which
an average value was determined.

In addition to these measurements, the maximum and minimum thick-

ness was noted for each location. The results of these measurements are
shown in Figure E.31, and the calibration curve derived from these re-

sults is shown in Figure E.32. The variation resulting from welding

conditions is practically nonexistent.

The results show that the resistance measurements correlated with

the average overlay thickness. To provide an indication of the area be-

neath the probe that is included in this average, the following measure-

ments were taken. The probe was moved in increments of 1/16 in. across
the width of three welds whose thicknesses were assumed known by inter-

polating between two locations measured visually. The thickness predicted
by the electrical measurement was then compared to the known cross section

as shown in Figure E.33. Another set of electrical measurements was taken
along the length of a weld before cutting the sample and after cutting the
sample. The results were identical in both cases provided neither set of

probe contacts came closer than 1/8 in. from the location of the cut.

From these two sets of measurements one can conclude the area aver-

aged by the probe extends 1-1/4 in. along the length of the weld; it is

difficult to make a corresponding statement about the width. More im-

portant, however, is the fact that for thin overlays the probe contacts
must not be greater than 0.3 in. from the inside edge of the overlay if

unduly optimistic predictions of Monel thickness are to be avoided.

Conclusions

The electrical resistance test makes possible a measurement of the
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FIGURE E.33. THE EFFECT OF PROBE LOCATION - PREDICTED THICKNESS
AS THE PROBE IS MOVED ACROSS WELDS OF VARIOUS THICKNESSES COM-
PARED WITH ACTUAL CROSS SECTIONS

thickness of a welded Monel overlay on carbon steel which is essentially
independent of variations in welding conditions. The measurement pro-
vides a we-ighted average overlay thickness in an area approximately
1-1/4 in. by 1/2 in. lying beneath the measuring probe. The average
standard deviation of this measurement is less than 0.004 in. in the
range 0.000 in. to 0.150 in. and increases. to 0.015 in. between 0.150
in. and 0.200 in. However, this is the average overlay thickness and
not the minimum. The character of the welded overlay is such that the
steel-Monel interf ace is rippled; thus, the accuracy in determining the
minimum overlay thickness is limited by the extent of this ripple.

Of the 16 overlay cross sections examined visually, the minimum
thickness averaged only 0.010 in. less than the average thickness and
was never more than 0.020 in. thinner than the average thickness; hence,
estimates of the minimum thickness should include a safety factor of
about 0.020 in. Also, the iron dilution is greatest at the interf ace,
and dilution of the overlay with iron can affect the corrosion resist-
ance in some media.1 Thus, the thickness measured with the device may
be larger than the thickness of overlay which is actually corrosion-
resistant. Corrosion studies would be required to resolve this prob-
lem.

The average ime required to make a measurement and record the re-
sults of the measurement was only 20 sec .
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Other geometries and overlay materials, such as Inconel over carbon
steel, could conceivably be inspected with a test of this type, the only

requirement being that the overlay material have a significantly different

electrical resistivity from that of the base metal. Thus, this test should

be considered for inspection of similar overlays where the more familiar

tests are unsuited.
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AN EDDY CURRENT GAGE FOR MEASURING CHANNEL SPACING AC Lind

In the design of nuclear reactor cores strict regularity in the dimen-
sion of the coolant flow channels is assumed but is not easily attained in
practice. To correct for this assumption, a safety factor, which is com-
monly called a hot channel factor, is introduced. Other types of irregu-
larities obtained in practice, such as a variation in fuel enrichment,

warping of the fuel elements, and nonuniform flow distribution of the
coolant, are allowed for by a variety of hot channel factors. To estimate
the hot channel factor for the variation in channel spacing, the dimensions

of the flow channels in the finished core must be known. Hence, in a plate
core it is necessary to measure accurately long, narrow, rectangularly

shaped water channels.
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A mechanical type of gage (the most commonly used is the Fisk gage)
for measuring the water channels is now used in industry. The measure-

ments are usually taken at three positions across the width of the channel
and at several intervals along the length of the channel. These measure-
ments determine the average channel spacing and the maximum and minimum

spacing existing in each channel; these values are used to calculate the
hot channel factor.

The mechanical gages are fragile, require frequent recalibration,
are susceptible to zero error, which introduces bias, and require the

operator to enter readings on a data sheet.

As an alternative to the mechanical gage, an electrical gage mak-
ing use of eddy current principles was investigated. The eddy current

effect used is the familiar "lift-off" effect. "Lift off," as its name
implies, results whenever the eddy current probe coil is moved away from

or closer to a conducting body. Experimentally it is shown that the
proximity of the conducting body changes the effective inductance and
resistance of the probe coil. These changes in the impedance of the probe

coil are readily detectable on most eddy current equipment. Hence, an
investigation was carried out to see if the channel spacing between

zirconium-clad uranium-fuel plates could be measured accurately by hold-

ing the eddy current coil firmly against one side of the channel and

allowing the "lift-off" effect to indicate the distance to the other

side of the channel.

The attractive features of the eddy current method are:

1. It eliminates the need for point-by-point measurements to

be observed and tabulated by the operator; therefore, it

is faster.

2. It provides a continuous measurement of the channel spac-
ing along its length.

3. It provides a permanent record of the measurements.

4. It can provide the average channel spacing at the time the

measurements are taken by electronically integrating the
output voltage.

Theory

A coil of wire carrying a sinusoidally varying current of frequency f
held near a conducting body with conductivity a and permeability p in-

duces currents in the body which are called eddy currents. The amplitude I

of the induced current at a depth z below the surface is given by

I = I0 e ,

where Io is the amplitude of the current at the surface. The depth of
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penetration 8 is defined as the depth at which the induced current is re-

duced to l/e of the current at the surface. That is,

s

An increase in f, a, or p reduces the depth of penetration.

The eddy currents induce currents back into the coil, and thus,

change the electrical properties of the coil. These changes can be meas-

ured and provide useful information about the characteristics of the con-

ducting body. Typical changes for a probe coil appear in Figure E.34.

Several curves appear, and they represent the loci of the coil impedance

as the coil is lifted from plates of various conductivities. The curves

were obtained from an unpublished report (1952) by F. Foerster, and,

since they were intended to be general in nature, no units were indicated

on the axes.

While the probe type of coil does not lend itself to a straight-

forward analysis, certain simplifying assumptions can be made to under-

stand the "lift-off" effect. The first assumption is a result of prac-
tical considerations. If eddy currents were to penetrate through the

zirconium alloy cladding into the fuel, the probe coil would respond to

the fuel because of the difference in the conductivities of uranium and
zirconium. Distance measurements would then be dependent upon the

presence of fuel. Hence, the depth of penetration S must be kept small

by using a high frequency. Since the inductive reactance of conductors

increases directly with f, while the resistance increases only with IF,
the resistance is neglected and only the inductance is considered.

The second assumption is that the probe coil has a simple geometry.

Practical considerations again validate this assumption. Since the

channel is very narrow, a flat, pancake-shaped coil must be used and

can be approximated by a circular loop of wire. No loss in generality

results from the assumption of a single-turn loop; for n turns the final

result will differ only by a facor of n2 .

Consider a single loop of wire of radius a with its axis normal to

a perfectly conducting plane a distance d away, as illustrated in

Figure E.35. The inductance of the loop is dependent on the distance d,

and its functional dependence can be obtained by using the method of

images. The conducting plane is replaced by a second loop of wire sym-

metrically located with respect to the conducting plane. The second

loop is identical to the first, with one exception; the current flows

in the opposite direction. This simplified circuit is shown in conven-

tional form in Figure E.36. The mesh equation for the first loop is

E = jwL1I1 + J;MI 2
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Recall the identical nature of the two coils, L1 = L2, I = -129 the
impedance looking into ab is

Zab = E-= jw(Li - M),
I)-

and the effective inductance looking into ab is

Leff = Ll - M,

or

AL = Leff - L1 = -M.

The mutual inductance between two coaxial circular loops of fine wire, as

given by Gray* is

M = paa k K - kE ,

where po = 49 X 107 henry/meter

d2 -12

k = 1 + , and

K,E = the elliptic integrals (which can be found from tables)

K /2 do
K =

/ 1 - k2 sin 2 0

e n/2
E = (1 k2 si2 0) dO

AL is plotted in Figure E.37. In Figure E.38 the experimentally
observed change in the inductance of a circular loop is plotted against

the distance of the loop from a copper plate. The theoretical curve is

plotted also on this graph. Since the theoretical considerations neg-

lected the finite size of the wire itself, the experimental results deviate

from those predicted by theory when d is comparable to the cross-sectional
dimensions of the coil. Thus, the theory, although not rigorous, explains
the mechanism of the "lift-off"" effect.

Description of the Gage

Probe

Next to calibration, the design of a satisfactory probe was the most

difficult phase in the development of the eddy current gage. Oddly enough,

*G. P. Harnwell, Principles of Electricity and Electromagnetism

(New York: McGraw-Hill, 1938), p.304.
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the search for a suitable probe material comprised the major part of the

probe design. Certain characteristics of the "lift-off" effect and the
ease with which zirconium alloy is galled placed what appeared to be

conflicting requirements on the material needed for the probe.

The primary requisite for a satisfactory probe is. that it be rigid
enough to maintain a firm contact with one side of the channel (the ref-

erence side), changing its inductance only as the other side of the

channel comes closer to or moves farther away from the probe. This is

because the change in inductance of the coil is not a linear function

of the distance but approximates more closely a negative exponential

function of the distance. In other words the coil is more sensitive to

movements of the plate which lies closer to it. Thus, small movements

of the probe coil away from the reference side of the channel, which is
normally closer to the coil, would yield measurements larger than actual.

Another requisite for the probe is that it must not damage the sur-

face of the channel being measured. The inside of the channels must not
be scratched or galled by the probe. However, the zirconium alloy clad-

ding used is easily galled. This eliminated the possibility of using

metallic springs to hold the probe firmly against the side of the channel.

Most of the plastics considered for the probe material were either not

rigid enough or would seriously gall the zirconium alloy cladding. Un-

successful attempts with rubber, polyethylene, LU2ite, and steel springs

imbedded in polyethylene led us to try nylon, which, because it is

difficult to mold in conventional presses, had not been seriously con-

sidered earlier.

In addition to heat supplied from a small hydrogen torch, the

electrical heater on our press enabled the melting temperature of

nylon (500 F) to be reached. Dupont Zytel (tr& namwcK) .s Kried lith

considerable success. Zytel is springy, has the ability to retain its

shape, has excellent resistance to wear, and does not scratch or gall

zirconium alloy. A Zytel probe cycled to and fro a distance of 1 in.

between two zirconium alloy plates indicated no noticeable galling after

1800 cycles. Under similar conditions Luite produced noticeable galling

with as few as 30 cycles.

The probe and mold are shown in Figures E.39a,b and E.40, respectively.

The mold has a narrow slot at one end to allow the handle, a long strip of

stainless steel soldered to a flattened stainless steel tube which serves

as the conduit for the coil leads, to be inserted prior to molding. Thus,

the nylon probe adheres to the end of the handle in the molding operation.

An indentation molded into the bottom of the probe accommodates the

pancake-shaped coil. The dimensions of the pancake coil, which consists

of 100 turns of #38 enamel wire randomly wound, are 0.125-in. ID
x 0.350-in. OD x 0.027 in. high. The twisted coil leads communicate to
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the stainless steel tube through a small groove milled in the probe. The

sides of the groove are carefully folded down with a hot soldering iron
after the wires are in place. To eliminate random capacity variations be-
tween the wires and the stainless steel tube, the tube is filled with

paraffin.

Eddy Current Circuit

Preliminary investigations with commercial eddy current equipment op-

erating at 100 kc were successful in demonstrating the feasibility of the

eddy current gage. However, the depth of penetration at this frequency was

great enough to extend the eddy currents into the fuel area, which made the

channel spacing measurements dependent upon the presence of fuel. Higher

frequency equipment operating at 2 mc was built and was found to be in-

sensitive to the presence of fuel. The 2-Mc circuit, while basically

straightforward, incorporates features intended to provide extremely stable

operation. The schematic diagram of the circuit appears in Figure E.41.

The frequency of the oscillator is stabilized by a quartz crystal,

and the amplitude is stabilized by an automatic volume control type of

arrangement. To realize the greatest possible control, the full output

voltage is fed back to the oscillator. This voltage, after rectification,
is -105 volts and far exceeds the cutoff voltage for the second control
grid of the oscillator tube. Therefore, the cathode of the oscillator

tube is operated at -105 volts, which, in addition to providing the proper

grid-cathode voltage, is the supply voltage for the oscillator tube. The

output voltage to the bridge circuit is held within 2% of the nominal

voltage for normal load changes.

The bridge circuit for detecting changes in the probe coil induct-
ance consists of two separate series resonant circuits, the reference

arm, and the probe arm. The probe arm of the bridge is not a simple

series resonant circuit since the large stray capacity of the probe leads,

in parallel with the probe coil, forms an element which is effectively
capacitive. Additional shunt capacitors, C-9 and C-10, increase this ef-

fective capacitance so that the probe coil and parallel capacitors are

series resonant with L-6. The probe arm is actually operated slightly

off resonance, on the slope of the resonance curve. Operating on the

steep portion of the resonance curve provides a large voltage change for

a small inductance change of the probe coil. In addition, operating on

the nonlinear slope of the resonance curve allows the nonlinear charac-

teristics of the probe coil to be matched with those of the resonance

curve, to provide an almost perfectly linear relationship between probe

voltage and channel spacing. This matching is done conveniently by ad-
justing C-10 until linearity is obtained.

The vol';age2 fi'om the probe arm and reference arm are rectified by
crystal diodes and compared in a conventional differential dc amplifier.
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To standardize the gage, the push button switch S-2 is closed, at which

time the position control, R-20, is adjusted to produce zero pen de-

flection. The balance control, R-10, is adjusted to equalize the volt-
age of the reference arm to that of the probe arm when the probe is in
a standard channel of nominal spacing. The gain control, R-18, is ad-

justed to provide the proper pen deflection with the probe in a standard

channel differing from nominal. The deflection is normally 2 mm per
0.001 in. of channel spacing.

Associated Equipment

The chart recorder is synchronized with a motor drive on the probe

to provide a continuous chart recording of the channel spacing along the

entire length of the channel. The probe is inserted manually and auto-

matically scans the length of the channel in 10 sec, stopping at the end

of the channel. The equipment in its present stage of development is il-

lustrated in Figure E.42. A typical chart recording is shown in Figure E.43.
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FIGURE E.42. EDDY CURRENT GAGE AND ASSOCIATED EQUIPMENT. A CWA channel is positIoned to the left of the scanning
mechanism for inspection.

CHANNEL NUMBER 19 3#1 S

MIDDLE E -TATIO

0.060"'

FIGURE E.43. A TYPICAL CHART RECORDING

Calibration

Because of the difference in the conductivities and permeabilities of

steel and zirconium and the resulting difference in eddy current behavior,

precision-ground steel plates could not be used for calibrating the device.

Since zirconium is much more difficult than steel to machine precisely, stand-

ards made from zirconium could not be machined to the tolerances required. As

a result six pieces of zirconium with grooves of various depths milled along

their lengths were bolted together to provide three standard channels of not

precisely known spacing as shown in Figure E.44. The icnterion was to deter-

mine the spacing at the center of the standards mechanically. However, two

independent mechanical measurements resulted in values which differed by as

much as 0.002 in. The mechanical methods used were:

1. Depth measurements of the grooves before assembly with a con-

ventional depth gage, and
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2. Measurements of the spacing with a channel gage manu-

factured by Intricate Machine and Engineering Company.

To eliminate uncertainties of this magnitude, two zirconium plates

were hand-lapped to achieve two almost perfectly flat surfaces. These

plates were spaced with precision gage blocks to provide accurately known

channels in which the eddy current device was calibrated. Three probes

whose characteristics differed more than would be expected in normal

fabrication were calibrated with these plates and used to determine the

spacing of the standards. The average measurements for each of the

probes differed among themselves by no more than 0.0003 in.

Extreme care and frequent recalibration with the precision gage

blocks during the measurement of the standards resulted in an average

standard deviation of only 0.000096 in. for all of the eddy current cali-

bration measurements. Since this precision was much higher than that

which can be obtained with our mechanical devices no matter how carefully

the measurements might be taken, the dimensions of the standards were

determined on the basis of the eddy current results.

The calibration of the probes was carried out with only three sets

of precision gage blocks. Hence, dimensions lying between these points

were assumed to fall on the straight line connecting the three known

points. This assumption was tested in the following way.

Experimentally it was known that by varying C-10, i.e., operating

at different points on the resonance curve, the curve of chart deflection

versus precision gage block dimension (consisting of only three points)

could be made to have either a positive or negative curvature. For

linear operation of the device a curvature of zero is required. To

achieve an approximation to linear operation, C-10 was adjusted so that

the three points fell on a straight line; i.e., the device was operated

in the range which included the inflection point of the chart deflection

versus channel spacing curve. Figure E.45 illustrates this condition

when the device is operated in the range BCD.

To determine the magnitude of the deviation from true linear opera-

tion, C-10 was readjusted to center the operation on a point other than

C, say, point D. The three points C, D, and E were determined with the

gage blocks, and the deviation CC' from linear was found; similarly CC"

was found. Neither CC' nor CC" was large enough to be measured. It

was concluded that the points ABCDE must lie on the same straight line

or at least a very close approximation to a straight line. Hence, in

the range BCD the chart deflection was considered a linear function of

the channel spacing.

Results of Actual Channel Measurements

To determine the precision which might be expected in practice, a

KAPL-2000-lo



E.61

FIGURE E.44. STANDARDS
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FIGURE E.45. TEST TO DETERMINE NONLINEARITY

channel assembly fabricated by a vendor was measured repeatedly. With
each repeated measurement the probe was inserted either at a different

end of the channel or with the top of the probe facing a different side
of the channel. This represented the four possible ways the probe could
be inserted randomly into a channel. The average standard deviation for
all the measurements was only 0.00027 in.

The vendor had measured these channels with a Fisk gage also, and
the vendor's results agreed remarkably well with those obtained with the
eddy current gage. To provide additional correlation, the Quality
Assurance group at KAPL measured the channel assembly using a channel
gage manufactured by Intricate Machine and Engineering Company. These
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measurements were consistently lower than the other two measurements by

about 0.0015 in. The Quality Assurance group made a "spot" check of some

of the channels at a later date, which yielded measurements that were on

the average 0.003 in. larger than their previous measurements.

The partial results of the three independent measurements are shown

in Tables E.3 and E.4. In Table E.3 the measurements for all the channels

taken at a specific distance from the end of the channel are averaged.

From these averages it is seen that the eddy current and Fisk gage meas-

urements are in almost perfect agreement with the exception of measure-

ments taken near the end of the channel. This error is due to the loss

of spring action of the probe at the ends of the channel. The Fisk gage
is subject to error also at the near end of the channel if the probe is
not properly aligned with respect to the channel.

TABLE E.3.

Position A1o-i{g the

Length of Channel,
station numbers

I*
II

III
IV

V
VI

VII

VIII

IX**

CHANNEL SPACINGS ALONG THE LENGTH OF A CHANNEL
DETERMINED BY THE THREE GAGES

Average of Measurements, for All Channels,
at This Station, in.

Eddy Current Gage Fisk Gage Intricate Machine Gage

0.0616 0.0625 0.0606
0.0623 0.0623 0.0607
0.0624 0.0623 0.0607
0.0622 0.0619 0.0607
0.0624 0.0623 0.0607
0.0624 0.0624 0.0609
0.0625 0.0625 0.0609
0.0627 0.0626 0.0610
0.0622 0.0627 0.0607

*1 in. from the end.
**2 in. from the end.

In Table E.4 the conventional average channel spacings are listed.
The agreement here is not quite so striking because the errors at the ends
of the channel are included. The average standard deviation between the
eddy current and Fisk gage average channel measurements is still only
0.00032 in.

The Intricate Machine Gage seemed to have a bias of -0.0015 in. for
the first set of measurements and a bias of +0.0013 in. for the second.
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Cha

Nun

TABLE E.4

innel

aber Position

1 Left side

Middle

Right side

5 Left side
Middle

Right side

19 Left side

Middle

Right side

21 Left side
Middle

Right side

THE AVERAGE CHANNEL SPACINGS DETERMINED
BY THE THREE GAGES

Average Channel Spacing, in.

Eddy Current Gage Fisk Gage Intricate Machine Gage

0.0627 0.0626 0.0608
0.0629 0.0634 0.0617 or 0.0647*
0.0625 0.0619 0.0604

0.0604
0.0610
0.0607

0.0622
0.0636
0.0632

0.0618
0.0633
0.0622

0.0601
0.0611
0.0605

0.0621
0.0640
0.0633

0.0617
0.0634
0.0626

0.0589
0.0588
0.0593

0.0608
0.0623
0.0615

0.0597
0.0603
0.0604

or 0.0622*

or 0.0648*

or 0.0647*

*Results of a rerun at a later date.

The manufacturer of the gage claims an accuracy of 0.001 in. when the gage

is calibrated with precision gage blocks. Measurements of channels with

various spacings indicated the stated precision of 0.00027 in. for the
eddy current gage to be valid over a range of 0.060 to 0.080 in.

Conclusions

During the measurement of actual channels the over-all performance

of the equipment was noted* The equipment was easy to operate and required
no special skills of the operator. A complete standardization of the gage
could be done in less than one minute, and a "spot" check could be done in
only a few seconds. However, it was found that frequent standardization
was unnecessary.

The results of this investigation indicate that the eddy current

channel spacing gage is suitable for production testing of water channel
spacing. Under typical operating conditions, even with probes of widely

differing characteristics, the gage exhibits a linear response and has a

precision of 0.00027 in. for channels spaced from 0.060 to 0.080 in.

Since the measurements of one channel are continuously displayed on
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a strip chart recording in 10 sec, the method provides more information
and is faster than conventional mechanical methods.
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F. MISCELLANEOUS

A CODE FOR THE GENERAL SOLUTION OF A CONICAL SHELL SUBJECT TO
AXIS!MMETRIC LOADS L Deagle, MC Ray

This digital computer code was developed for the purpose of com-
puting the stresses resulting from startup and shutdown thermal transients
in cylindrical reactor pressure vessels having nonuniform wall thicknesses
and moderately tapered transition sections.

The code calculates the deflection, slope, and stresses (in the hoop
and axial directions on both surfaces) from a numerical method for a shell
of revolution having a linearly varying wall thickness and a linearly vary-
ing radius. The shell may be subjected to uniform pressure, an arbitrary
axial temperature gradient, and arbitrary edge loads or motions. Only an
axial variation in temperature is considered, i.e., uniform temperatures
through the wall. All loadings and deformations are axisymmietric.

The differential equation derived for the radial displacement of the
shell is solved by using finite differences as approximations to the de-
rivatives. Central differences were used since they are particularly well
adapted to boundary value problems and give greater accuracy than backward
or forward differences. Since four boundary conditions are required for a
solution, all problems involving short cones or cylinders are readily
handled.

Infinite or semi-infinite shells can be handled just as easily by
using as boundary conditions a value of zero for the bending moment and
shear force at a distance of Px = 5, where x is the distance along the
shell axis and

4 3(1 -p 2)

r2 h2

Several examples for which analytical or experimental solutions are
available were used to check the code. The results of one of these ex-
amples are shown in Figures F.1 and F.2 for an infinite cylinder having a
step temperature change. Figure F.3 shows a photoelastic model the results
from which are compared to the results of the digital computer code in
Figure F.4.

*See nomenclature, p. F.5
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F.3

The program assumes a continuous first derivative for the values of
the differential equations with respect to the axial coordinate x. There-
fore, structures having geometries such as the cylinder with the conical
head must be broken up into two or more shells that will have continuous
first derivatives. For the solution for these structures, we first obtain
the free deflections for each element of the structure and then obtain the
influence coefficients by applying unit loads at the edges. The final
solution is obtained by requiring the continuous structure to have com-
patibility between deflection and rotation at the joints. Thus, the bend-
ing moments and shear forces at the joints between the various elements
can be obtained; these are applied as boundary conditions to the solution
for the free deflections in order to obtain the solution for the final
complete structure.

The principal assumptions used in the derivation of the equations
are:

1. There is no variation of stress through the wall of the
shell.

2. The structure remains in the elastic range.
3. The bending moment is given by the expression:

dawM=-D--sin*
dx 2

This expression for the bending moment, which is exact for cylinders, be-
comes more approximate as the cone angle becomes larger. The maximum
value for the cone angle in the use of this code is not known. However,
results obtained for the photoelastic model having a 45-deg angle of cone
were reasonably good, as can be seen from Figure F.3.

When the program is used, a decision must be made as to the interval
size or number of pivotal points to be used. The accuracy of the results
will depend on the interval size. However, there is no way to compute the
interval size in order to obtain a predetermined accuracy. To determine
whether or not the desired accuracy is obtained, one must first choose an
interval size which appears to be reasonable, calculate the deflections,
slope, moment, and shear at each point, and then halve the interval size
(thus doubling the number of pivotal points) and recalculate the above
quantities. If the change in the results is within the desired accuracy,
no further increase in the number of pivotal points need be taken.

An IaJ 704 having a 32,000-word memory is required for this code. The
running time is 0.01 hr for a shell of ten segments. The following problem
parameters are needed as input:

E = Young 8 s modulus
a = coefficient of thermal expansion
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F.5

p = Poisson's ratio
I = length of the shell
n = number of intervals
r(O) = radius at bottom
r(l) = radius at top
h(O) = thickness at bottom
h(l) = thickness at top

The output consists of the following at each radial point:

deflection bending moment
slope shear
axial and loop stresses at the inside and outside.

The following is the nomenclature used in the equations presented here:

M = bending moment
D = flexural rigidity, Eh 8

12 (1-p2)
w = radial deflection of shell
Y = angle between the axis of the cone and the

normal to the centerline of the wall

3(142) 1.285
=\Ia = h forp =0.3

BENDING STRESSES IN A PRESSURE VESSEL WITH AN INTEGRAL FLAT HEAD
L Deagle

The data presented here were prepared to facilitate the design of
thin-walled cylindrical pressure vessels with integral flat heads. For-
mulas pnd curves are given for the maximum bending stresses in the head
and in the cylindrical shell.

The equations derived later in this paper are based on the solutions
to the differential equations for thin plates and shells as given by
Timoshenkol The principal assumptions are:

1. Thin wall theory for shell and plate applies, i.e., the
shell and plate thicknesses are very small relative to
the diameter of the 'cylinder.

2. The cylinder at its point of attachment to the plate has
no radial displacement, i.e., the stiffness of the plate
in the radial direction is assumed to be very large with
respect to that of the cylinder.

3. The plate and cylinder are considered to be joined at'
the intersection of the center lines of the plate thick-
ness and the cylinder wall. This assumption neglects the
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contribution to the bending moment which results from
the eccentricity of the shear force with respect to the
central plane of the plate. This is in keeping with the
first assumption of thicknesses that are very small com-
pared to the radius.

4. The material is assumed to be elastic, homogeneous, and
iostropic.

5. The cylinder is assumed to be long enough that interac-
tions between the ends of the cylinder are negligible.
This requires that the shell length be greater than
about four times at~V*

6. Deflections of the plate are small enough that its mem-
brane stresses can be neglected.

The limiting nominal bending stresses in the surfaces of the plate
and shell are shown in Figures F.5, F.6, and F.7 in nondimensional form.
A value of 0.3 has been used for Poisson's ratio in computing data for
the curves, this value being a suitable approximation for most metals.
The circumferential bending stresses in the plate near the junction and
the circumferential stresses in the shell are not shown, because they
are smaller than those shown in the figures. Bending stresses at loca-
tions other than the junction and the center of the plate are not shown,
because they also are smaller than the stresses which are shown in the
figures. The most highly stressed region of the cylinder is at the
junction even when the membrane stresses in the shell are superimposed
upon its bending stresses.

If the pressure vessel is made of a low-ductility material or is
to be subjected to many cycles of loading, it will be necessary to
consider the stress concentration which will occur at the inside cor-
ner of the junction. Information on stress concentration factors and
on design for cyclic loading is given in references 2, 3, and 4.

It should be emphasized that the bending stresses obtained for
the cylinder-to-plate juncture are the discontinuity stresses obtain-
ed by requiring continuity of deflection and rotation between the
cylinder and the plate. The total nominal axial stress in the cylin-
der is the sum of the axial bending stress from Figure F.7 and the axial
membrane stress.

In general, it can be seen from the curves that when the ratio
tc/tp <0.1, the stress in the cylinder is independent of the ratio

*For definitions, see Nomenclature, p. F.1,
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a/tc and approaches the value of 1.54 pa/tc for a fixed-ended cylin-
der. Also, for a value of tc/tp >1.5, the maximum bending stress in
the cylinder is controlled by the moment required to give the plate a
fixed edge for any given ratio a/tc; e.g., the curves on Figure 4 are
asymptotic to 0.75(a/tc).

The stresses in the plate for tc/t <0.1 approaches the value of
1.24 p (a/t )2for a simple supported pla e when a/tc becomes very large
(>16). The maximum stress in the plate at the cylinder juncture for
tc/t >1.5 approaches the value for a fixed edge plate and is practi-
cal1r, independent of the a/tc ratio. Thus, it can be seen that no
appreciable change in the magnitude of the stresses can be effected
by varying the ratio of tc/tp outside the range of 0.1 to 1.5.

The following further generalities may be deduced from the
curves:

1. For the same bending stress in the center and at the
edge of the plate, the maximum bending stress is in
the cylinder for tc/tp = 0.85 and a/tc >4.0;

2. For 0.85 <tc/tp <1.0, the maximum bending stress is
in the cylinder.

3. For tc/tp = 1.0, the maximum bending stress in the
plate is equal to the longitudinal bending stress in
the cylinder.

4. For tc/tp >1.0, the maximum bending stress is in the
plate.

5. For tc/tp <0.85, the highest stress in the plate occurs
at the center.

Sample Problem

Given a pressure vessel with a uniform wall thickness for the head
and vessel, and a value of tc/tp = 1.0, find the required wall thick-
ness to limit the bending stress to a given level.

Solution

From Figure 6:

oP = 0.575 p(a)2

P2 p

From Figure 7:

a =0.67 p(a
KiA p
KAPL-2000-10
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For te/tp = 1.0 the above stresses are, for practical purposes,
independent of the ratio a/te.

The maximum stress in the plate occurs at the edge of the plate
and the required thickness is given by:

Since the thickness tc "equals tp, the bending stress in the cylin-
der is the same as the bending stress in the plate at the plate-cylin-
der juncture.

Derivation of Equation

Since the structure is continuous, the slope and deflection of the
cylinder must match that of the plate at their juncture. The resistance
of the plate to deformation in the radial direction is much higher than
the resistance of the cylinder; therefore, the cylinder displacement,
at the juncture with the plate, is assumed to be zero (Bee Figure F.8).

Therefore, the equations for continuity are

we = 0, and (1)

We = Wp. . (2)

For the cylinder, these expressions are (see Timoshenko, pp. 389-
407)

We = + ., and (3)

-H K pa2E/
we = 1 

+ + Etc ; 4

and fe tw--pla . (see Timoshenk .pp. 55>.62),.

where2 (
P (1+ v)Dp \i 1 + v)p

where

3 1'.- v? (6 )
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Et *
De C= E (7)

12(1 - v2 )

D = EtP (8)

12(1 - v2)

The following equation for M is obtained by substituting equations
(3) through ($) into equations (1) and (2):

0.257 + 0.247 (a/tc)3 (t/t )3

1 + 1.98 VsT c(t/-tpM = pate Ii. (9)

The nominal longitudinal bending stress in the cylinder at the
juncture is given by:

(10)

Therefore, the nondimensional nominal lQngitudinal bending stress

in the cylinder at the juncture is:

1.54 + 1.48 (a/tc)3 (tc/tp)3

1 + l.98 /tc(/tp) 3

KAPL-2000-10
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The bending stress at the center of the plate is given by:

EM
ap1 = 1.24 pa/tp) 2 - , (12)

p

(see Timoshenkol pp. 61-62)

The nondimensional bending stress at the center of the plate is

given by:

1 =1.24 ac (13)
p/a/tp) a-tc Pa/tc

The radial bending stress at the edge of the plate is given by:

a = M 2(14)
p2

The nondimensional stress is:

ap2  1 [a

- a/c 7----J(15)
p(a/tp)2 -a/tc pa/tcj
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Nomenclature

a Mean radius of cylinder ialU, in.

D Eta 2(1 - ) in.-lb
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E Modulus of elasticity, psi

H Radial shear force on section perpendicular to the center line
of the cylinder per unit of circumference, lb/in.

M Axial bending moment per unit of circumference, in-lb/in.

p Internal pressure, in.

tc Cylinder wall thickness, in0

tp Plate thickness, in0

w Radial displacement of the juncture, in.

W Angle of rotation of the juncture, rad.

4 3(l - v2 )
a2tc n

v Poisson's ratio

ac Nominal longitudinal bending stress in the cylinder at the
juncture of the cylinder and plate, psi

a Nominal radial bending stress in the plate at the juncture
cl of the plate and the cylinder, psi

a Bending stress at the center of the plate, psi
P2

HIGH FLUX PROTECTIVE CIRCUIT FOR NUCLEAR POWER PLANTS WH Bishop

A special electrical control circuit with the specific protective
function of limiting the maximum power that may be generated within a
nuclear reactor has been designed.* The protective philosophy is analo-
gous to that of a circuit breaker in an electrical circuit. If the cur-
rent in the electrical circuit rises to a dangerous level, the circuit
breaker opens the circuit and the current is limited to a safe level. In
a reactor plant the circuit to be described detects excessive reactor
power levels and initiates a reactor shutdown signal. Since reactor
power is detected by measuring the neutron flux density, this circuit
has the general name of "High Flux Circuit." The circuit does not give
total reactor protection but operates in conjunction with other pro-
tective devices.

*The contents of this paper are based on an idea suggested by
J. H. Pigott which was developed into a systems design by I. W. Underwood.
G. F. Lees designed the actual floating level circuit. E. F. Borner con-
tributed to the preparation of this paper.
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The high flux circuit is shown in block form in Figure F.9.

The ion chamber is located near the reactor vessel where neutrons
impinging on the ion chamber cause it to generate a current proportional
to the neutron flux density. Since the neutron flux density is directly
proportional to the power level within the reactor, the ion chamber cur-
rent is directly proportional to the reactor power level. This current,

about 300 a for 100% power, is used for control in the high flux cir-
cuits.

The circuits are composed of two amplifiers, a floating level trip
(FLT) amplifier, and a high flux trip (HFT) amplifier. These two ampli-
fiers are cascaded and operate as a bistable. The high flux amplifier
output is used as the input signal to the shutdown circuits. When the
ion chamber current exceeds a set level, the high flux amplifier turns
"off" and loss of the input signal to the shutdown circuits causes a
reactor scram or emergency shutdown.

Floating Level Trip Amplifier

In order to protect the nuclear power plant adequately, the time
interval between detection of an unsafe power level and reactor shutdown
must be as short as possible. Time intervals of less than 1/2 sec are
usually required.

When high level protection only is used, the trip point must be set
somewhat below the safe maximum to allow for the maximum increase in
power that may occur in the time interval between detection and reactor
shutdown. However, this safety factor can restrict plant operation.
Low-power accidents allow the maximum time for neutron multiplication
before the trip level is reached; the power is increasing at such an
extremely fast rate that a large power increase may occur in the time
interval between detection and shutdown.

There are two ways to minimize this operating restriction without
sacrificing plant protection. These are:

1. Reduce the time response of the system.
2. Detect abnormal power excursions earlier or at lower power

levels.

The floating level trip amplifier utilizes the second method. The
floating level trip has a relatively fast time response, and it will de-
tect fast rate increases of ion chamber current at power levels in excess
of 5% of rated power or at inputs in excess of 15, a.

The floating level trip is a magnetic amplifier of the push-pull type
with dc output. For normal safe conditions, its output is full "on."
Under the following unsafe conditions, its output remains full "on" but
with reversed polarity to produce a trip:

KAPL.-2000-10
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1. High ion chamber current level (high power level trip).
2. An increase in ion chamber current at a rate in excess

of a 5-sec period, provided the ion chamber current re-
mains at this rate until it has increased by at least

40% of point (power increased by 40% of the power at
which the rate started).

3. Zero ion chamber current.

Trip condition 1 is normal high level protection. The trip is set
at the maximum safe operating level and protects the plant against slow
increases in power.

Trip condition 2 is fast rate protection. For power excursions
initiated at low levels, this feature will prevent the power level from
exceeding a safe value. Normal power excursions are permissible through
the percent-of-point function from which the floating level trip derives
its name.

Trip condition 3 is a fail-safe function to ensure circuit reliabil-
ity. A trip will occur if the ion chamber current drops below a fixed
minimum level. This protects against equipment failures, such as an open
circuit, or a loss of power supply.

High Flux Amplifier

The high flux amplifier is a single-ended bistable magnetic amplifier
controlled by the output of the floating level trip. When the control sig-
nal is normal, the high flux amplifier is "on" and produces an output sig-
nal. When the floating level trip output reverses, the high flux amplifier
turns "off" and its output drops to approximately zero.

The high flux amplifier output is in the milliampere region; loss of the
high flux amplifier output causes a reactor shutdown.

Description of the High Flux Circuits

Figure F.l0 is a simplified circuit diagram of the high flux circuits.
The floating level trip is a two-stage magnetic amplifier operated by push-
pull. A reference winding and a signal winding are wound around both
stages. The reference winding has 40% more turns than the signal winding,
that is, the ratio of turns of Reference:Signal equals 1.4. As will be
described later, this difference sets the 40% of point power increase re-
quired for a rate trip. Each stage has its own bias and gate windings.

Ion chamber current flow through the signal winding saturates stage 1
and unsaturates stage 2. In other words, stage 1 is turned "on" and pro-
duces maximum output signals from its gates, and stage 2 is turned "off"
and produces minimum output from its gates. The opposite effect occurs
when ion chamber current flows through the reference winding.

KAPL-2000-10



F.15
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The floating level trip has two stable states:

1. When the signal winding has predominant effect, it produces
a negative polarity at point A. This condition causing cur-
rent to flow in the high flux amplifier at point "B" and
turn it "off."

2. When the reference winding has predominant effect, it pro-
duces a positive polarity at point A and causes current flow
in at point A to turn the high flux amplifier "on".

Zero Ion Chamber Current Trip

The floating level trip amplifier is aligned to produce a trip if
the control current drops below a minimum value. This point is set by
adjusting the bias rheostat, R4, to give a negative polarity at point A
when less than minimum ion chamber current is present.

High Flux Trip

During normal, steady-state reactor operation, the ion chamber cur-
rent flows through both the signal winding and the reference winding. The
reference winding, with its larger number of turns, predominates, and the
output is normal. For a high flux trip, the signal winding must predomi-
nate. This is accomplished in the following manner:

Ion chamber current passing through resistor R1 sets up a voltage or
error signal with polarity as shown on Figure F.10. This error signal is
proportional to ion chamber current, and,consequently, to the reactor power
level.

A reference signal is established across R2 by battery B2 and has a
polarity opposing the error signal.

The error signal and reference signal are compared across a diode.
The diode remains cut off as long as the error signal is less than the
reference signal. When the error signal becomes larger than the refer-
ence signal, the diode conducts, bypassing the reference winding of the

floating level trip. The signal winding then takes control and produces
a trip.

The reference signal level determines the high flux trip point and

may be adjusted by R3 to the reactor power level required.

Rate Trip

If the reactor power is increased rapidly, the charging requirement
of capacitor C 1 shunts some of the total input ion chamber current around
the reference winding and allows the signal winding to take control and
give a trip. The trip point is determined by the value of R1 and C1 and
the turns ratio between the signal and reference windings.
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This is the most important and complicated feature of the floating
level trip and is most easily explained by the following mathematical
analysis.

Floating Level Trip Analysis

The two important characteristics of the FLT circuit (tripping period
must exist for a finite interval and the tripping period selectivity) can
be established. For all input signal levels below the high flux scram
setting, the equivalent circuit of the FLT is shown in Figure F.11. The
effect of the winding inductance is negligible because of the high series
resistance and the small current changes. The high flux scram circuit is
not included because of the high back resistance of the diode below the
high flux trip setting. The ion chamber and bypass resistance are assumed
to be a current source.

The voltage across R is:

e + Ri.

From the summation of the currents at the junction,

de di
I = i + C at= i + CR .. (1)

The input current from the ion chamber and bypass resistor for a
constant period is

I = A + B e+t/p; (2)

then

T d2.+ i= A+ B e+t/P (3)
dt

where

T = RC
A = the bypass resistance current
B = the initial reactor power current
p = reactor period in seconds
t = elapsed time in seconds.

The solution of Equation (3) for the period input is
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BT BP +t/p
i = A + T - , + --- e + 4)T+P T+P

On the input of the FLT, I flows through N turns and i flows through aN
turns, and these two signals are in opposition. Therefore, the FLT input
signal is

Signal = aNi - NI

Substituting in Equations (2) and (4) yields

Signal = A (a -1) + cdTtAr+ BP (a- 1) - BTe+t/p (5)
N T + P T + P

The FLT is tripped whenever the input signal polarity changes from
plus to minus. This polarity change only occurs when the coefficient of
e+tT becomes negative. The minimum value of P for no trip is

BPo (a 1) = BT

T
Po =

P nT
If n is defined as -, then P is equal to nPo = - Equation (5)

Poa-
can now be reduced to

[a-l+nl _inal A(ax-l1 + n)

[a1+- Signal A +B ) + a e-tA + (n - 1) e+t/nPo (6)

If there is no bypass resistor current (A = 0), the time interval
before the signal polarity changes and produces a period scram is deter-
mined by the two time-dependent terms in Equation (6). As stated before,
the signal changes polarity only if n is less than 1. For values of
a = 1.4 and T = 2 sec, the period trip occurs for periods less than 5 sec.
The magnitude of the two time-dependent terms in Equation (6) is plotted
in Figure F.12 for several periods between 0.5 sec and 4 sec. The nega-
tive slope line represents a e-tA while the positive slope lines repre-
sent (n - 1) e+tA' for the above values of a and T. The time at the
intersection of the two lines is the instant the polarity changes and
the trip occurs for no bleeder resistor current. The table on Figure F.12
presents what portion of each period passed before the trip occurs. It
has been stated the trip does not occur before the reactor power has in-
creased by a factor of a. If a = 1.4 = eX, then the value of X is equal
to 0.336 or the trip does not occur before 33.6% of the period has elapsed.
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I R C

FIGURE F.11. FLOATING LEVEL TRIP EQUIVALENT CIRCUIT
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The table on Figure F.12 indicates somewhat more time is required for the
trip to occur. The extra time is required because the voltage across the
capacitor changes during the initial portion of the period.

In the case of a bypass resistor current, the (n - 1) e+t/P term must

be B (a- 1+ n) units larger than a e-tA before the trip occurs. The

percent of elapsed period before the trip occurs(in the table on Figure F.12)
is extended somewhat. This fact indicates it is highly desirable to have
a low value of bypass resistor current (A) and a high ion chamber current
(B) sensitivity. The per cent of the elapsed period before the trip occurs
can also be altered by setting the FLT to trip before the input signal
changes polarity.

Results with an Actual Circuit

Figure F.13 shows the schematic diagram of an actual floating level
trip amplifier. It is basically the same circuit as shown in Figure F.10
except automatic high flux calibration has been added. The high flux trip
point is automatically set by plant operating conditions to compensate for
neutron attenuations at different operating temperatures, as well as to
adjust power-to-flow ratio.

In practice, three high flux channels are used for protection. The
outputs of the three high flux amplifiers are added in a coincident ampli-
fier so that loss of output from any two high flux channels causes a re-
actor shutdown. This allows periodic shutdown of one channel for tests
and adjustments.

Figures F.14, F.15, and F.16 are examples of test data recorded for
the circuit.

Figure F.14 shows the output of the high flux amplifier as various
steps in ion chamber currents were introduced to the floating level trip.
Steps less than 40% of point and below the high flux trip point did not
cause a trip. Steps greater than 40% of point or steps that exceeded the
high flux trip point caused a trip. The high flux trip point was set at
0.300 ma of ion chamber current.

Steps exceeding 40% of point were introduced to check the turns ratio
of Reference:Signal = 1.4.

The 30-pf capacitor in the control circuit absorbs the step. There-
fore, trips should occur when a percent-of.point step is introduced that
is equal to the turns ratio.

The data were taken using an oscilloscope with a Land camera attached.
The oscilloscope sweep was triggered at the instant the steps were intro-
duced. Therefore, the time response of the floating level trip - high
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115V - 60 cps
290 -+ 330 ma

High Flux Trip

10 msec per div.

110 -+ 143 ma

Safe Step
20 msec per div.

30 -+ 39 ma

Safe Step
20 msec per div.

115 V - 60 cps
180 - 270 ma
Unsafe Step
10 msec per div.

290 -+ 330 ma

High Flux Trip
10 msec per div.

180 -0 234 ma

Safe Step
20 msec per div.

FIGURE F.14. OUTPUT OF THE HIGH FLUX AMPLIFIER
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300
S3G FLT

200 CHANNEL C
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FIGURE F.16. EFFECT OF RATE INPUTS TO THE FLASHING LEVEL TRIP

flux amplifier combination can be calculated by counting the time interval
from right to left. Time response was in the order of 0.060 sec.

Figures F.15 and F.16 show the effect of rate inputs to the floating
level trip. The ion chamber current input trace and the high flux ampli-
fier output are recorded.

In Figure F.15, the ion chamber current was generated at a rate corre-
sponding to a 5-sec period. The rate did not cause a trip; a high flux
trip occurred when the 0.300-ma trip point was reached. As the analysis
showed, rates must exceed a 5-sec period to cause a trip.

In Figure F.16, the ion chamber current was generated at a rate corre-
sponding to a 2-sec period. This caused a definite trip and established
the trip point between a 2- and 5-sec period.

Conclusions

The floating level trip amplifier provides improved high flux pro-
tection for reactor plants. It gives the following advantages over con-

ventional high flux circuits:

1. Fast time response
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2. Fast rate protection at levels in excess of 5% of rated
power.

3. By reason of these two factors, reactor protection is
enhanced and more flexible plant operation is allowed.

MANUFACTURING DESIGN AND FEASIBILITY CONSIDERATIONS FOR JOINING
MATERIALS TO FORM RECTANGULAR TEST SECTIONS EJ Petroski, TB Smith

Very thin material has been successfully welded to thick material
to form rectangular stainless steel engineering test sections to simulate
channel openings in plate-type fuel assemblies. The simulated channel
openings varied from 0.060 in. to 0.250.in.,and the test sections ranged
in length from 12 in. to 27 in. The original design required the welding
of thin materials, 0.010-in. to 0.050-in, thick, to heavy sections. Prob-
lems in fabricating the sections arose from the cracking condition, caused
by the heavier section shrinking at a different rate from the thin section,
the distortion of the thin sections due to the welding heat, and the main-
taining of the channel opening to 0.0005-in. These problems were mini-
mized with the use of proper fixtures and chill bars.

The design of the test section parts and of the chill bars required
close tolerances in order to obtain welds which would meet the test speci-
fications. Welding development disclosed that low heat inputs were re-
quired to minimize distortion. Six different types of welds were required
to fabricate a test section assembly. All parts required for the first
four welds are shown in Figure F.17. Welds 5 and 6 require adherence to
ASME Boiler and Pressure Vessel Codes.

Process

First, the pressure taps were welded manually to the 304 stainless
steel channel halves.(see Figure F.1$). The distortion caused by the
welding heat was the biggest problem in this weld. Distortion was mini-
mized by clamping the channel half to a chill bar during welding and by
applying minimum heat to make the joint. The joint was designed to aid
in the joining of the pressure tap material to the thin 0.020-in. and
0.050-in. channel halves. The pressure tap extended 0.020.in. above the

channel inner face,and the corner of the pressure tap was melted by the
welding arc so it flowed onto the channel half. Welding by this method

left about a 0.020-in. buildup on the inside surface of the channel half,
so that a sharp corner on the inside edge of the hole could be machined
and a perfectly flat surface still be produced on the inside of the chan-
nel half. This left the corner of the hole with a sharp edge.

The second weld was the joining of two channel halves (see
Figure F.19). Specifications required 100% penetration and a leak-

tight weld. An inside chill bar was used to allow 100% penetration
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WELDING PARAMETERS

METHOD - TUNGSTEN INERT GAS(MANUAL)
AMPERAGE- 30-40 USE FOOT CONTROL AS REQUIRED
ELECTRODE- 1/16 in. ZIRTUNG, TUNGSTEN (SHARPENED

TO A POINT
ATMOSPHERE- 12 CFH ARGON
PASSES - I

PRESSURE TAP

IL- 020 CLAMP

CHANNEL

K COPPER
CHILL

FIGURE F.18. PRESSURE TAPS WELDED TO TEST SECTION HALVES

ELECTRODE
WELD DATA

METHOD- INERT ARC WITH AUTOMATIC FEED
(LIVE SAY)

ELECTRODE-TUNGSTEN 1/16 in. diam SHARP-
ENED TO A POINT. OUTSIDE OUTSIDE

ATMOSPHERE-ARGON 15 CFH CHILL BA CHILL BAR
ARC GAP-0.02 INSIDE
FEED- 8 in. PER MIN CHILL BAR
AMPS- 25 TEST \TEST
ARC VOLTAGE -9
HIGH FREQUENCY START ION ION
THE TEST SECTION PLATES SHOULD BE AT ATE PLATE

LEAST lin. LONGER THAN THE DIMENSION CALLED
FOR ON THE DRAWING. THIS ALLOWS I/2 in. ON EACH END
FOR STARTING AND STOPPING THE ARC.
GAP BETWEEN OUTSIDE CHILL BARS SHOULD BE 0.080 OR
0.040 EACH SIDE OF WELD. JOINT
INSIDE CHILL BAR MUST EXTEND EQUALLY FROM EACH END OF
THE TEST SECTION PLATES.

FIGURE F.19. WELDING TWO SECTION HALVES TOGETHER'
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of the weld and yet to maintain the inside dimensions of the test section
to a tolerance of 0.0005 in. Two outside chill bars were also used to
obtain the proper penetration by regulating the width of the weld bead.
To obtain a uniform weld, it was necessary to have very close tolerances
on the inside and outside chill bars. When channels with 0.010-in.edges
were welded, the edges were butted together because a slight gap sometimes
caused the welding arc to burn a hole through the edges to the chill bar.
This weld was made automatically with a tungsten inert arc torch mounted
in an automatic traverse. Welding parameters such as current, gas flow,
arc gap, and speed of traverse had to be controlled to maintain the con-
ditions specified for the weldment.

The third welding operation was the adding of weld material to each
end of the channel half. This material was added to maintain a uniform
edge for joining the adapter to the test section. The problem on this
weld was the cracking condition caused by the weld material contracting
on cooling and stressing the thin wall enough to crack the wall. Re-
ducing the amount of weld material added to the channel minimized the
cracking condition. It was also important for the welder to be sure the
inside corner was fused, otherwise the material would bridge the corner
and not give a leak-tight seal. This weld was made manually (see
Figure F.20). After the weld material was added to the ends of the
test section, the ends were fitted by machining to the end adapters.
The end adapters were then assembled to the test section and welded with
a fixture to maintain the drawing dimension between the adapters. Weld-
ing was chosen for this joint since brazing techniques previously used
had not produced leak-tight joints. An alternate design proved brazing
to be acceptable with proper fit tolerances,and several such joints were
fabricated to prove feasibility (see Figure F.21). Great care had to be
taken to prevent any buildup of material inside the channel opening which
would restrict the flow. It was also necessary to obtain good weld pene-
tration. The test section edge was set 0.025 in. below the inside edge
of the end adapter. The edge of the adapter was melted by tungsten inert
arc to flow on the edge of the test section and fuse to form the weld
joint.

Welds 5 and 6 were the joining of the flange to the transition piece
and the transition piece to the end adapter. These welds were made manu-
ally per Welding Instructions 771D435-3 and 771D435-4, in accordance with
ASME Boiler and Pressure Vessel Codes.
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WELD DATA TOP SURFACE

METHOD - MANUAL-TIG FACE EDGE

ELECTRODE-TUNGSTEN 1/16 In. diam. SHARPENED
TO A POINT
ATMOSPHERE -ARGON 15 CFH
AMPERAGE- 10- 100 AS REQUIRED USING FOOt CONTROL

TOUCH START ON COPPER CHILL BAR CORNERS

FILLER WIRE - 0.035 In diom. 347 STAINLESS STEEL

PROCEDURE

I. BUTTER BOTH CORNERS

2. BUTTER FACE EDGE 1 \
. BUTTER TOP SURFACE USING SUCCESSIVE

PASSES ACROSS THE WIDTH 0.050 R

NOTE: BOTH ENDS AND SIDES OF THE TEST SECTION
SHALL BE BUTTERED TO ALLOW MACHINING
TO DIMENSIONS. PER SKETCH

0.050 gIn.

FIGURE F.20. WELD MATERIAL ADDED TO BOTH ENDS OF TEST SECTION CHANNEL

USING WELDING JIG SK-302-X-W, POSITION CHANNEL ASSEMBLY 771D427GI INTO END
ADAPTERS 11489338-1 AS SHOWN BELOW, USE SHIM PROVIDED TO MAINTAIN PROPER DIST-
ANCE BETWEEN ADAPTERS. 0.030/0.025

WELD CHANNEL TO END ADAPTERS USING THE
FOLLOWING TWO STEPS

STEP I- WELD ENDS OF CHANNEL TO ADAPTERS
STEP 2- WELD SIDES OF CHANNEL TO ADAPTERS.

CARE SHOULD BE TAKEN TO FILL IN THE
CORNERS.

WELD DATA

PROCESS-INERT GAS METAL ARC (MANUAL)
ELECTRODE- 1/16 in. TUNGSTEN SHARPENED TO A POINT
AMPERAGE-30-40(DCSP)(USE FOOT CONTROL AS NECESSARY)

ATMOSPHERE - 12 -15 CFH ARGON
POSITION- FLAT

FIGURE F.21. WELDING OF ADAPTER END TO CHANNEL ASSEMBLY
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