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THE H-1 HIGH TEMPERATURE GRAPHITE
IRRADIATION EXPERIMENT

INTRODUCTION

Knowledge of the effect, rate, and magnitude of radiation-induced
contraction of graphite in its physical dimensions is important to designers
and operators of graphite-moderated reactors. For example, contraction
of graphite can lead to distortion of process channels in horizontally tubed
reactors which use graphite for structural support. Also, differential
radiation-induced contraction caused by flux and temperature gradients
through large graphite bars, under certain circumstances, may cause stresses

leading to fracture.

Because some types of reactors are susceptible to these serious
problems resulting from contraction, more extensive information concerning
this important radiation damage effect was sought early through the use of
high flux irradiation facilities. Implementing this study, the H-1 Experiment
in the General Electric Test Reactor (GETR) compared contraction behavior
of a selected series of graphites and, in particular, behavior at temperatures
in excess of 750 C, which is an area of knowledge heretofore incomplete and
speculative. The graphites selected for testing were those that appeared
to meet the contemporary theoretical criteria for stability under irradiation
to long exposures at high temperatures. The capsule was designed for and
operated at temperatures of 800-1200 C in a flux of 3.2 x 1014 nv, E >0,18
Mev. ‘

In the H-1 Experiment, gamma heating was used to achieve the desired
irradiation temperatures, since self-heated capsules are feasible in reactors
having high gamma-heating rates if an appropriate heat transfer design is
utilized. The validity of using only gamma heating in conjunction with
appropriate heat leakage to obtain desired test conditions in graphite irradiations
was demonstrated in the GEH-13 Experiments performed in the Engineering

Test Reactor (ETR) core. Desired irradiation temperatures could have been
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achieved also with a combination of gamma and electrical heating, but the
omission of heaters and auxiliary equipment made possible simultaneous
irradiationofa larger number of samples. At the time of the H-1 Experiment,
a large number of untested but promising graphites were available, thus

favoring the choice of a gamma-heated, large inventory capsule.
SUMMARY

A high temperature graphite irradiation experiment was performed in
the GETR core to determine the effects of differences in manufacturing,
formulation and graphitization temperatures on radiation-induced contraction.
The experiment was performed at temperatures of 800-1200 C in an intense
fast neutron flux. The maximum integrated exposure of the sample positions
was 3.2 x 1021

MWD/AT in a conventional graphite-moderated reactor.

nvt, E >0,18 Mev, corresponding to approximately 24, 000

All the graphites tested, with the exception of the controls, were
needle coke filler, coal tar pitch binder graphites varying in particle size,
graphitization temperature and impregnation. From theoretical and
experimental considerations, the formulations and treatments were expected
to result in a relatively stable graphite in the direction transverse to
extrusion. For comparison of the experimental results to existing experience,
a conventional graphite, CSF, was used at each irradiation position. The
results showed that the graphite most stable to contraction was graphitized at
a high temperature (>3100 C) and made from small particle size (all flour)
filler. In all cases, the needle coke graphite contracted at a lower rate than
the CSF graphite. Differences attributable to the size of extrusion and/or

post graphitization cooling rate were discerned readily.

Auxiliary to the purposes of the experiment, the apparent thermal

neutron cross section for C058 (plus C058m) was determined. - Co5 and
CO58m 5

fast flux monitoring. Both have large thermal neutron capture cross sections

are the products of the Ni 8 (n, p) reaction, which is used widely for
which must be accounted for to prevent error in fast neutron dosimetry. In
this experiment, a value was determined for the apparent burn-out cross

section of 3750 barns.
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DESIGN AND CONSTRUCTION OF EXPERIMENT

The desired operating temperature of the H-1 Experiment was achieved
by balancing the gamma heating of the capsule against the designed heat losses
to the reactor coolant. Sample sizes and mounting configurations were
considered analytically until the desired heat transfer characteristics were
obtained. At operating temperatures of the H-1 Experiment, a large part
of the heat transfer is by radiation. This allows greater confidence in design
because radiative transfer is exponential and tends to stabilize temperatures
despite normal variations in gamma-heating rate. At lower temperatures
where conductive modes prevail, the uncertainty in thermal conductivity
concomitant with the linear temperature response of conductive transfer limits
the predictability and stability of the temperature at which the samples operate.
The design and heat transfer calculations of the finished capsule are shown

in Appendix I.

The H-1 Experiment was designed functionally to irradiate eight types
of graphite represented by 48 samples.  The samples are described by
parameters of manufacture and by vendor in Appendix II. For comparison,
these samples were arranged in two groups based on initial bar size:

Group I contained CSF, GL-10, GL-11, and VC; and Group II included RC,
RX-1, RX-2, and RX-3. Group I samples were from four-inch square
extrusions manufactured in graphite production plants; Group II samples were
from two-inch diameter round extrusions manufactured in the National
Carbon Company Research Laboratory in research furnaces. The VC and
RC types of graphite are equivalent except as described above. The use of
the two-inch diameter extrusions was necessary to obtain, in a short time,
graphite which varied by type of coke, temperature, particle size, and
impregnation. The direction tested was transverse to the graphite extrusion

axis in each case.

The samples were machined in quarter-round shapes two inches long
and then were heated to 1300 C to relieve a small, thermally annealable

(1)

strain invariably present in graphite. The variable expansion resulting
from heating is only about 0. 02 per cent, but it is large enough to interfere

with the accuracy of contraction measurements. - A cylindrical subassembly
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of four quarter-round samples of Group I was joined with a graphite ring to a
like subassembly of Group II samples. The assemblies were mounted in the
capsule in a manner to provide alternation of the sample groups. In this

way, each extrusion size was tested in the full range of temperature and
exposure with uniform experimental conditions at each position within a group.
The alternation also served as a safeguard against gross experimental failure
if samples in one or several positions in the experiment failed. The CSF

samples were included for comparison with previous experience,.

An internal view of the capsule is illustrated in Figure 1. The sample
groups were held mechanically by insulating holders inserted in transverse
molybdenum disks attached to cooling rings. The disks, 0.005 inch thick,
served as a thermal barrier, prevented lateral motion of the holders and
samples, and allowed longitudinal motion due to thermal expansion. The
cooling rings were connected by aluminum spacing tubes which were fitted on
aluminum pins screwed into the rings. Also attached to the cooling rings were
small cans holding flux monitors. The cooling rings, while serving a structural
purpose, held the thermocouples in place and prevented them from melting by
providing a thermal sink, After the assembled samples and related structure
were inserted inthe outer shell, the capsule was sealed by welding the upper
and lower caps. A lead tube, which provided a watertight egress for the
thermocouple leads, penetrated the upper cap. The lead tube terminated in
a watertight gland. The lower cap had an evacuation tube for helium filling
and leak testing. The protective cap for the evacuation tube was designed
additionally to restrict the reactor coolant flow in the annular region between

the capsule and the lower part of the capsule guide tube,

An exploded view of the lead terminatioh seal is shown in Figure 2.
The lead tube from the experiment was welded to the seal housing. The
primary seal was made with a Conax gland. The thermocouple lead wires
ran through holes in a Hanford-made polyethylene packing plug which provided
a seal when compressed in the Conax gland by porcelain insulators. Although
polyethylene is mechanically inferior to the usual neoprene or Teflon sealant,

its radiation resistance is substantially better. The wires penetrating the
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FIGURE 1

H-1 Capsule During Construction
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FIGURE 2

Lead Seal (Exploded View)

This seal provides the primary water seal to the capsule lead.
It is located in the reactor tank and prevents water from reaching
the capsule in the event of a leak in the secondary piping.
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Conax gland were attached to secondary lead wires. The seal cover acted
as a secondary protective seal. The exterior surfaces of the gland and the
interior surface of the seal cover were treated with Dow-Corning Primer
No. A-4094. The cap then was filled with General Electric silicone rubber
No. RTV-60, after Which the seal cover was attached and locked by set
screws to prevent turning. The tubing end of the cap allowed mechanical
attachment of a secondary lead tube, which carried the leads from the seal

to the reactor access flange through a GETR funnel tube.

Prior to filling with helium, the capsule and upper seal were tested
at 65 psig with nitrogen introduced in the evacuation tube at the lower end.
While under pressure, the capsule was tested for large leaks with soap
solution. After the capsule passed the soap test, it was evacuated and filled
with helium to a pressure of 780 mm of mercury. The slight excess pressure
prevented contamination of the gas during closure and allowed testing of the
final closure by helium leak detection. The evacuation tube then was crimped
shut at two places, separated by 0.5 inch. At the outermost crimp, the
evacuation tube was cut off and welded. The weld and other seals were checked
again for leaks.  The protective cap of the evacuation tube was attached and

locked with set screws.

EXPERIMENTAL 1.3ROCE DURE

Installation

The H-1 Experiment first was installed in the GETR in August, 1959,
During the initial increase in water flow, the lead bracket failed from severe
vibration and the lead fractured. The experiment was removed from the
GETR and, because no new graphite stock was available, the samples were
salvaged for reconstruction of a new capsule before the next shutdown. The
samples were removed, dried, and heated to 1300 C. After new length
measurements, they were installed in a new capsule made from spare parts.
The second capsule was installed in September, 1959. At that time, the
lead tube was braced more substantially, and the experiment operated there-

after without incident. A schematic plan and elevation view of the installation
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are in Figure 3. In this installation, the lead tube and seal were contained
in a two-inch -diameter, Schedule-40 aluminum pipe with the E-5 filler piece
as an integral part of the lower end. The upper end of the guide tube was
held in the loop support bracket which traverses the pressure vessel
immediately below the top flange. Two centering rings were placed on the
lead tube to prevent vibration of the tube within the pipe. From the top seal,
the lead tube was run inside a reactor funnel tube, then through the outlet

flange to a seal pot.

Temperature Instrumentation

At installation, seven of eight chromel-alumel thermocouples operated.
The temperatures were measured and recorded as long as the thermocouples
remained operable. Although it was expected that the thermocouples would
fail prior to the completion of the test, records of temperature stability until
failure were kept to allow estimates of the temperature during the entire
irradiation. During the first irradiation cycle, a thermocouple operating at
800 C failed. After two cycles of irradiation, the remaining thermocouples
were erratic in output and later became electrically open. In general, the
temperatures observed during irradiation agreed with the calculations made

prior to installation,

Post-Irradiation Disassembly

After 75. 6 effective days at full reactor power, the capsule was
discharged in January, 1960, and was removed to the Radioactive Materials

Laboratory at Vallecitos, where it was disassembled.

In the disassembly procedure, the capsule ends were cut off with a
tube cutter and the can was slit longitudinally in two cuts 180 degrees apart
with a high speed, air-driven abrasive wheel. When the capsule was opened,
it showed some internal damage from the irradiation. Figure 4 shows the
condition of the capsule immediately after opening. A considerable sooty
deposit, in excess of the quantity expected, was spread throughout the capsule.
Its distribution indicates that the material was carried to the wall by gas

convection. There is little doubt that the graphite samples were the source
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FIGURE 4

H-1 Capsule After Irradiation

The deposits on the can wall are graphite.
Some sample displacement was caused during disassembly.
Arrow indicates melted spacing rod.

98¢¥9-MH




-13- HW-64286

of the deposit: first, because some of the material was identified crystal-
lographically as graphite; and second, because of the absence of any other
carbonaceous substances in the capsule as fabricated. The mechanism of
graphite erosion is not understood presently. Two aluminum spacing rods

in the highest gamma-heating zone melted partially and some of the insulating
holders were burned slightly. The thermocouples were intact and showed no
evidence of melting. This evidence limits the upper temperature of the
samples to less than 1500 C, a fact corroborated by the thermocouple readings
prior to failure. It wasnot:possible to determine how the thermocouples
failed.

Sample Measurement

Measurements of length were made optically and physically on all samples
prior to irradiation. A Bausch & Lomb DR-25 Optical Gage (Type 33-14-23)
was used for physical end-to-end measurements, and a Bausch & Lomb Bench
Comparator (Type 33-12-11) for measurements of the distances between spaced
holes drilled in the samples. These devices, when used for measurement of
graphite, have a standard deviation of replication of 5 x 10_5 and 16 x 10—5

inches, respectively.

The post-irradiation condition of some samples is shown in Figures 5 and
6. The photographs compare samples from a typical zone and from the most
highly damaged zone of the capsule. In cases of the samples with damaged
ends, optical hole-to-hole measurements of length were used. In other cases,
the optical measurements were used only to substantiate the more reproducible

end-to-end measurements.

Determination of Exposure

Theoretical and experirhental techniques were used to determine the
exposure of the H-1 Experiment. The integrated flux above 0. 18 Mev was of
principal interest, but to describe completely the conditions of exposure, the
thermal and resonance fluxes also were determined. At the inception of the
experiment, it was intended to rely on foil dosimetry for estimation of the

exposure; however, small post-irradiation differences between theoretical and
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FIGURE 5

Sample Subassembly from Typical Position

The scraping marks are from scuffing by the molybdenum disk
(axial constraint). The sample ends are in good condition.

FIGURE 6

Sample Subassembly from Highly Damaged Position

The end damage resulted from reaction with impurities in the cement
used in construction of sample holders.
End measurements could not be made on these samples.

AEC-GE RICHLAND, WASH.
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experimental estimates of fast flux necessitated arbitrary selection of one
technique for data reduction purposes. The theoretically derived fluxes have

been used in this report.

The thermal flux monitors were 0.1 per cent cobalt-aluminum alloy in the
form of 0.020 inch diameter wire, and some cadmium-covered thermal wires
were included to determine the resonance flux. Nickel foils were installed
for fast flux monitoring, utilizing the high . energy (n, p) reaction leading to
Co®® + Co®™,  Cobalt-58 (T |/,

the decay of the short-lived metastable Co

= 72 days), formed both directly and through
58m .
, 1s measured readily from a
relatively sharp 0.82-Mev gamma emission. Although nickel has been used
extensively and recommended as a flux monitor, (2)

58

cross sections for the Co™ " products were discovered only recently. A

(3) '

however, in a reactor flux of high intensity,

(4)

section is based on irradiations of nickel in the MTR and ETR. The varying

the large thermal neutron

recent value cited is 1500 barns;
the apparent cross section may be as large as 3500 barns. This cross

cross sections at different intensities may be due to preferential interaction

of neutrons during irradiation with the short-lived, metastable Co58m isomer,
believed to have a cross section in excess of 150, 000 barns. An average
\apparent Co58 thermal crdss section of 3750 barns was necessary for agreement
between cadmium-protected nickel foils and bare nickel foils irradiated by the
authors in the GETR F-3 position as an adjunct to the H-3 Experiment (Appendix
II1). Thus, for the conditions of this experiment, the feasibility of using nickel
solely as an integrating fast monitor is‘ irﬁpaired because of thevrmal neutron

intensity dependénce.

Theoretical calculations of the flux were made with an IBM 704 digital
(5)
at each of 5884 mesh points taken over one-half the core area. These were
®, (>0.18 Mev), Py (0. 17 ev-0.18 Mev), and Pg (<0.17 ev). Calculations
were performed for three of the four cycles of the irradiation and are shown
in Table I.

computer using a PDQ code. Three neutron energy groups were calculated
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TABLE I

E-5 AVERAGE FLUX

Cycle _p x101% g w107t g x107M?
5 3.10 2.80 1.60
6 3. 24 2.92 1.76
7% o 3.24 2,92 1.76
8 3.41 2.79 1.80
Average 3.25 2.86 1,73

* Not calculated, core same as Cycle 6.

The flux values cited were the average flux intensities for the spatial-
material composition representing the H-1 capsule, filler block, and water
at the point of average axial intensity. The intensities of several mesh points
chosen radially in the capsule did not differ significantly from the composition

average.

Irradiation facilities in the GETR penetrate the core vertically. The
calculations mentioned previously give the neutron flux at the vertical point
of a{ferage intensity; thus, it was necessary to determine the axial (or longitu-
dinal) flux distribution. This was accomplished experimentally. For thermal
neufrons, the peak-to-average ratio in the E-5 position was fixed at 1. 55 by
the use of cobalt wires. The fast neutron axial distribution, while resembling
the thermal distribution, was somewhat different. To determine the fast
distribution, nickel wire shielded with 0. 040.inch thick cadmium tubes was
irradiated in a nearby position, F-3, during Cycle 15, a short cycle. Measure-
ment was made with shielded nickel during a short operating cycle instead of at
the beginning of a cycle at lowrpower, thereby obtaining an average full power.
flux distribution. Moreover, a short cycle would not burn out the cadmium covers,
an inevitable problem in high flux multicycle irradiations. The experimentally

derived flux distribution resulting from the calibrating irradiation is shown
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in Figure 7. With knowledge of the longitudinal variation of fast flux and
the PDQ calculated average flux for the E-5 position, the exposures for all

positions of the H-1 capsule were calculated.

While it is premature to consider quantitative variations in fast flux
spectra in reckoning radiation damage, it seemed desirable to compute the
fast neutron spectrum for future evaluation of the‘ irradiation results. The
neutron spectrum between 0.18 Mev and 10 Mev was determined with high

(6)

resolution by the use of a modified GNU-II calculation. The neutron
density determined in this calculation for each of twenty intervals in the
range 0.18 Mev to 10 Mev normalized to an intergral value of one is shown

in Figure 8.

IRRADIATION RESULTS

The restriction of the H-1 Experiment to a comparison of contractions
in different types of graphite was imposed by insufficient knowledge of the
convertability of GETR irradiation to other irradiation experiences. Presently,
little is known about the dependence of graphite contraction at high temperatures
on the intensity of the fast flux. Some preliminary results by Yoshikawa of
current investigations at low temperatures show little, if any, dependence on

(7)

The effect of spectral differences at high energies is also of

(8)

intensity.
concern and little understood. This, too, is being studied. Between light
water-moderated and graphite-moderated reactors there is little difference
in spectra above 2 Mev, but differences in the moderation of high energy neutrons

cause a substantial difference in spectra below 2 Mev,

One of the particular problems of the H-1 Experiment was the inter-
dependent nature of neutron flux intensity and gamma heating; this resulted
in exposure and temperature of irradition being proportional. Since other

(9)

irradiation data indicate an approximately linear relationship between exposure
and contraction (after a small initial expansion) to exposures of 10, 000 MWD/AT,
application of that relationship to the data from this experiment seems justified.

Thus, contraction rates were considered to be indepénderit of exposure and affected

only by temperature,
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The results from irradiation are shown in Table II, along with the
experimental parameters of temperature and exposure. From the different
behavior at positions of comparable conditions of the VC and RC samples
which, except for extrusion size and post-graphitization cooling rates, were
the same, an adjustment seems necessary to compare data from the two-inch
round extrusions with data from four-inch square extrusions. Only within

each group can valid comparisons of manufacturing processes be obtained.

In the two-inch extrusion size, RC is the most similar to VC, which was
the least contracting of the four-inch extursions. Among the two-inch extrusions,
RC displayed the greatest contraction and RX-3 the least. Therefore, itis
concluded that the least contracting material would be a graphite produced in
a four-inch extrusion, but otherwise using the manufacturing process which
produced RX-3 with the possible exception of the post-graphitization cooling
rate used for the two-inch extrusion. RX?3 was an all-flour, Continental coke
graphite which was graphitized at 3140 C, the highest graphitization temperature
for any graphite in this test (Appendix II).

The improvement of needle coke graphites over CSF diminishes at high
temperatures, but in all cases they are measurably better. If it is assumed
that contraction is a linear function of the exposure, the data can be normalized
to a selected exposure, and rates of contraction can be derived as a function of
temperature. Figures 9 and 10 show the results of this treatment with

normalization to 1021 nvt, E>0.18 Mev.

Changes of the crystallite parameters, c (twice the interplanar distance)
and LC (the crystallite size perpendicular to the planes), due to irradiation

were measured and are shown in Tables III and IV.

The changes in ¢ are small and somewhat random, although all changes
show some expansion of the lattice. Changes inthe crystallite size, Lc’
appear sensitive to temperatures up to approximately 900 C and thereafter

depend principally on exposure.




TABLE 1II

SUMMARY OF LENGTH CHANGES, PER CENT A L/L £ 0,01

Graphite Type

Exposure Group I Group II
Temp. C 10 21 nvt,-E > 0,18 Mev. CSF GL-10 GL-11 vC RC RX-1 RX-2 RX-3
800 ' 1.3 -0.05.  -0.03 -0.04 -0.03 . . . S -
850 1.6 -0.10 -0.05 -0.06 -0.04
950 2.0 -0. 06 -0.02 -0.06 -0.03
1000 2.4 -0.16 -0.08 -0.08 -0,07
1100 2.8 . -0.14 -0.12 -0.14 -0.10
1150 3.1 -0.31 -0.26 -0.34 -0.21
1200 3.2 -0.35 -0, 24 -0.29 -0.22
1200 3.2 , -0.45 -0,37 -0.37 -0.20
1150 3.2 -0. 29 -0.22 -0. 26 -0.05
1100 3.0 -0.43 -0.32 -0.37 -0.27
1050 2.7 -0.13 -0.12 -0.13 -0. 06
1000 2.2 -0.15 -0.12 -0.16 -0.11

_‘[z_
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TABLE III

INITIAL VALUES AND CHANGES IN ¢ (2\)

Graphite Type

Exposure Group I Group 11
Temp., C 10 %' nvt, E>0,18 Mev. CSF GL-10 GL-11  VC RC RX-1 RX-2 RX-3
_ 6.709 6.719 6.712  6.702
800 1.3 +0.025 +0.016 +0.029 +0.030
850 L6 6.698 6.720 6.717 6.708
' +0.031 +0.026 +0.022 +0,019
050 5.0 6.705 6.709 6.727  6.702 |
- +0.022 +0.018 +0.005 +0.030
6.698 6.712 6.717 6.695
1000 2.4 +0.034 +0.032 +0.022 +0.032
6.709 6.719 6.712  6.702
1100 2.8 +0.016 +0.006 +0.017 +0.027
6.698 6.705 6.717 6.708
1150 3.1 +0.057 +0.009 -0.005 +0.009
6.720  6.719 6.712  6.702
1200 3.2 0 20.004 +0.015 +0.015
6.698 6.712 6.717 6.721
1200 3.2 +0.031 +0.005 -0.012 -0,004
6.702  6.729 6.696  6.702
1150 3.2 +0.019 -0.010 +0.016 +0.005
6.698 6.712 6.717 6.1708
1100 3.0 +0.028 +0.017 -0.005 +0.013
6.709  6.719 6.712  6.702
1050 2.1 40,023 +0.010 +0.013 +0,027
6.698 6.7l2 6.717 6.708
1000 2.2 +0.023 +0.015 -0.003 +0.013

_vz_
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TABLE IV

’ o
INITIAL VALUES AND CHANGES IN LC (A)

Graphite Type

Exposure Group 1 Group II

Temp., C 10 %! nvt, E >0.18 Mev CSF GL-10 GL1-11 VC RC RX-1 RX-2 RX-3
800 1.3 355 -395  -388  -348
850 1.6 15 413 370 -400
950 2.0 455 -355  -335 371
1000 2. 4 352 -318  -8a7  -475
1100 2.8 817 430 -328  -407
1150 3.1 399 397 -aps -575
1200 3.2 130 a1 330 -a62
1200 3.2 395 -a08  -437  -625
1150 3.2 298 -s33 -390 -850
1100 3.0 b2 405 515 -572
1050 2.7 535 -185 343 -557
1000 2.2 383 525 o435 -4a0

_gz_
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APPENDIX 1

HW-64286

DESIGN AND HEAT TRANSFER CALCULATIONS

SUMMARY

FLUX MAXIMUM VALUES (Design)
Neutron, nv:
10-0.18 Mev
0.18 Mev-0, 17 ev
Less than 0,17 ev

Gamma Heating, watts/g:
Btu/ (hr)(g):

SAMPLE DESCRIPTION
Assembly Size:
Graphite Cylinder

Weight:
Sample, g
Assembly, g/ft
HEAT GENERATION
Graphite Core, Btu/(hr)(ft):.
Total Assembly, Btu/(hr){(ft):

MAXIMUM HEAT FLUX, Btu/(hr)(sq ft)

COOLANT CONDITIONS
Water Flow Past Capsule, gpm:

Water Velocity Past Capsule, ft/sec:

TEMPERATURES
Capsule Surface Temperature, F':
Sample Temperature Range, F:

Sample Temperature Range, C:

GAS ATMOSPHERE

Helium Pressure, psia at 1500 C:

MECHANICAL STRENGTH, SAFETY FACTOR

Collapsing:

3.2 x 1012
14

2.6 x10
1.4 x 1044

16
54.17

4. 25 inches long
13/16 inches in diameter

54. 2
483

11,000
26,400

50, 200

100

145
1840-2580
1000-1420

90

6.0
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A. CAPSULE TEMPERATURES AND HEAT FLUX

Calculation of the Maximum Can Wall Temperature

1. Coolant Conditions

Water Flow 100 gpm
Velocity Past Capsule 8 ft/sec
Equivalent Diameter D, = 0.223in. = 0.0186 ft

2. Data for Water at 120 F (Ref. 10)

Density, p - 61.71b/cuft
Viscosity, u 1.36 1b/(hr)(ft)
Thermal Conductivity, k 0. 372 Btu/(hr)(sq ftN°F /ft)
Heat Capacity, c 1.0 Btu/(1b)(°F)
3. Water Film Coefficient, h
- k 0.8 0.33
h = 0.020 o (Npp) (Npg) (Ref. 11)

Reynolds Number NRE ‘

D Vp
N = &
RE I
0.0186 ft x 8 ft/sec x 61.7 1b/cu ft x 3600 sec/hr
1. 36 1b/(hr)(ft)

= 2,43 x 10%
Prandtl Number, ,NPR
N = CH
PR Kk

1. 0 Btu/(Ib)°F) x 1. 36 lb/(hr)(ft)
0. 372 Btu/(hr)(sq ft){(°F/ft)

= 3.65

104)0.8 0.33

oy
W

0.020 £ (2.43 x (3. 65)

0.372 Btu/(hr)(sq H)CF/ft) 4 090 (0.323 x 10%)(1. 54)]
0.0186 ft

1990 Btu/(hr)sq ft)°F)

'»

Therefore the water film coefficient is 1990 Btu/(hr)(sq ft)(°F).
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4. Heat Generation, g
Basis
Sample Length, Inches 2
Sample Assembly Length, Inches 4.25
Maximum Flux, Btu/(hr)(g) 54. 6
Mass
Assembly Core
(grams) (grams)
Graphite Samples 54. 2 54, 2
Alundum Support 16.8 16.8
Aluminum Spacer + Flux Monitor Can 20.7 --
- Aluminum Can - 4. 25-Inch Section 79.5 --
Total, 4.25-Inch Section 171.2 71.0
Per Foot 483. 0 200.0

Assembly Core, q_. = 200 g/ft x 54. 6 Btu/(hr)(g) =
J c

Assembly Section, q, = 483 g/ft x 54. 6 Btu/(hr)(g) =

5. Heat Flux, Assembly

9 = 50,200 Btu/(hr)(sq ft)

6. Film Temperature Drop

alA_
h
50, 200 Btu/(hr)(sq ft)
1990 Btu/(hr)(sq £t)(°F)
25. 3 F

AT

7. Internal Can Wall Temperature

Temperature Drop Across Can Wall

- qln D2/D1

k 2 7L

11, 000 Btu/(hr)(ft)
26, 400 Btu/(hr)(ft)
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For a 4.25-Inch Assembly Section

26, 400 Btu/(hr)(ft) x.4.25/12.ft.x.1n 2. 00/1. 87
128 Btu/(hr)(ft)(°F) x 217 x 4. 25/12 ft

At

2 F

Therefore, the maximum internal can wall temperature is
120F +25 F+2F = 147 F,

Calculation of the Sample Surface Temperature

1, Basic Data

Thermal Conductivities Btu/(hr)(sq ft)(°F /ft)
Graphite 212 F 60. 5 (Ref. 12)
" 1800 F 24,2 (Ref. 12)
Aluminum 128 (Ref. 12)
Alundum 0. 97 (Ref. 13)
Vitreous Alumina 9. 67 (Ref. 13)
Molybdenum 72 (Ref. 12)
Helium 200 F 0. 0980 (Ref. 12)
500 F 0,112
1000 F 0.133
1500 F 0.155
2000 F 0.172
2500 F 0.182
Emissivities .
Aluminum 200 F 0.°20 (Ref. 10)
Alundum 1800 F 0. 40 (Ref. 10)
Graphite 1800 F 0. 80 (Ref. 10)
Aluminum Can 2 in. OD x 1.87 in. ID
Alundum Supports 1,062 in. OD x 0,750 in. ID x 1 in.
Aluminum Supports ‘ 1.86 in. OD x 1.375 in. ID x 0. 313 in. thick
Molybdenum 1,375 in, effective OD x 1. 031 in. effective

ID x 0. 005 in. thick
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Gamma Flux
Peak Midplane, 16 watts/gram
For Design, Peak-to-Average Ratio of 1.78
F = 9.0 watts/gram

Sample Sizes
Assembly
Two 13/16 in. x 2 in. Subassemblies with 1 in. Graphite
Connector - Total, 3-1/4 in.
With Alundum Holder, 4-1/4 in.

2. Thermal Resistance Calculation

Total resistance to heat flow, RT’ is formed by parallel combination

of the following heat paths:

R R R R R

a C&fl e

g
_—

Samples

Samples

\

\
),/

4 Ay ’ngr}j—ru T T A I e e v, g /
R OANNEN N

PSS -
Alundum—/Molyb{ienuim\ Aluminum

There are three parallel paths from samples to can wall:

p=s}
"

radiation resistance,

R
RV = resistance to conduction through helium, and
R c - resistance to conduction through alundum supports.
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There are three parallel paths from alundum to can wall:

RRT = radiation resistance,
RCV = resistance to conduction through helium, and
RCO = resistance to conduction through molybdenum and

aluminum supports.

Total resistance of alundum to can wall = RAC’
_ 1
RAC i 1 1 1
+ +
Rer  Bevy Beo

The series path from sample to can wall through supports is

Rp = Ry *Re

Total resistance, RT’ is

T

Radiation Resistance

Sample to can wall, R

R
F - | 1
12 A
1 1 1 1
=+ (L o+ (2 -1)
B €y - Kz €y
F = 1 for coaxial cylinders
Pl - 1 = 0,334
1 1 0.813 , 1
T * o0 "V * 17 ‘oo V)
h . 4x0.173x0.334 (.Tavg_)3
r 100 V100

3

. T
0. 00231 (_ELV_?L
100
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1

R, = -
R noa
r
A = 3:26%0.8131 _ gonp oot
12 x 12
_ 1 - 17500
Rgp = 3 3
0.00231 x 0.0576 /T Tovg |
\ avg avg
100 ~100 |
Alundum to can wall, RRT
F, - _ 1 = 0. 209
1o, (v 40,1083 [ 1
T ('0‘.4_0‘ 1,87 |70.20
. T 3 T 3
L . 4x0.173x0.209 avg) C 0. 00144 ( avg
€ 100 100 100
A = 1x1.063m 0. 0232 sq ft
12 x 12
R . _ 29,800
RT 0.0232 x 0.00144".| Lavg Tave
100 100
Resistance of Supports
Through alundum, RC
In D,/D
R - 2’71
2Lk
1o 1.063
T 0.5 o ‘
o 2 = 0. 689 (°F)(hr)/Btu

2 n(1/1.2)'v0. 967

Thi‘ough' molybdenum and aluminum, RCO

n 1.375

R, =2 1.831 = 3.06 (°F)(hr)/Btu
0.005
2 1Tx 15 x 72

(Only half of surface in contact)
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1o 1.86
R 1. 375 = 0,014 (°F)(hr)/Btu
AL 0.313
- = e ‘
RCO = RM + RAL = 3.07 (°F)(hr)/Btu
1 = 0,326 Btu/(hr)(°F)
Rco

Resistance of Gas
' 3 2

= X p gBAt
NGr 3
"3
D, - D 3
I ( 2 1) ) (1.87—0.812) - 6.4x 105 oyt
2 2
At 1000 F,
0% = (0.0114)% = 1.58x10 % (b/cu )
g = 4.19 x 10% ft/nr?
1 o]
8 = -1 R = 1022R
T
avg
At = 875 F
2 = (0.0726)2 =5.3x 1073 1b/(hr‘)(ft))2
N = 8:4x107%cuftx1.58x10 *(b/cu it)®x 4. 19x108 t1/nr®x 875 °F
Gr = 1022°R x 5.3 x 107> 1b2, (1b-/(hr)(ft'))2

= 6.8 x 10°

or NGR <2x 1033 therefore convection is suppressed, and

conduction controls.
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h = _k_
c X
ln D,/D
R = 1 - 271 7
hC A 2knmL
From samples to wall, RV
1 1.87
R - __0.8T3 . 0.489
\% 9k 1 3.25 K
12
From alundum to wall, RCV
1 1,87
R - _.T.063  _ 1.08
Cv 1
2 7k TT k

HW-64286

Total Resistance, RT’ is summarized in_ Table V. The data are

. plotted in Figure 11.

Maximum Surface Temperature

Heat Input

Q; = 16 watts/gram x 71. 0 grams x 3. 42 Btu/(hr) per watt

= 3890 Btu/hr
Trial Temperature, 2550 F

T'1 = 2550 F T = 2550 - 147 = 2403 F
Ry = 0.62F hr/Btu from Figure 11
Q, - 2403 F - 3880 Btu/hr

0. 62 F/(hr)(Btu)

which satisfies the conditions that Ql = Q2 at the temperature

that produces a net resistance of the value calculated.




¢

T,°F

1

1

[y

TOTAL RESISTANCE, R.,

TABLE V

1

1 Rer Bco Beov  Bac Bac Bec  Bp i Ry Ry RBg

200  0.0084 0.326 0.091 0.425 2.35 0.69 3.04 0.329 0.033 0.200 0.562 1.78

500  0.0160  0.326 0.104 0.446 2.24 0.69 2.93 0.342 0.063 0,229 0.634 1.58
1000 0.0368 0.326 0.123 0.486 2.06 0.69 2.75 0.364 0.146 0.272 0,782 1,28
1500  0.0704 0.326 0.143 0.539 1.86 0.69 2.55 0.392 0.280 0.316 0.988 1,01
5000  0.120  0.326 0.159 0.605 1.65 0.69 2.34 0.427 0.479 0.352 1.258 0.79
2500 0,190 0.326 0.169 0.685 1.46 0.69 2.15 0.465 0,755 0.372 1.592 0.63

* Data plotted on Figure 11,

_9(0"._

98¢%9-MH
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Sample Skin Temperature, C

1400

1200

1000

800

600

400

200

°C ——s P L

Helium Phessure, 15 psia at 70 F

1,

1.

1.4 1.2 1.0 0.8 0.6 0.4 0.
Total Resistance, Ry, (°FNhr)/Btu

FIGURE 11

Thermal Resistance As a Function of Temperature

2

3500

3000

2500

2000

1500

1000
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Sample Skin Temperature, F
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4, Minimum Surface Temperature

Heat Input

Q =
Trial Temperature, 1825 F
= 1825 - 147

8 watts/gram x 71.0 x 3.42 = 1945 Btu/hr

T, = 18256 F T = 1678 F

2
R, 0.86 (°F)hr)/Btu from Figure 11

1678 . 1950 Btu/hr

0. 86
which satisfies the minimum heat flux condition.

Calculation of Maximum Sample Temperature

Temperature Drop in Graphite

/
AT = Lg.._
2AK

13/32 in. x 3890 Btu/hr x 54.2/71.0 x 12 in. /ft

1.

=27 F

2x1m x 13/16 in. x 4. 25 in. x 24, 2 Btu/(hr)(ft)(°F)

2. Maximum Temperature

2550 F + 27T F = 2577 F = 1420 C

Calculation of Minimum Sample Temperature

1. Temperature Drop in Graphite

AT = 13/32x1945x54.2/71.0x12 = 14F
2xmx13/16 x 4.25 x 24,2

2, Minimum Temperature

1825 F + 14 F = 1839 F = 1000 C

\C‘
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B. MECHANICAL STRENGTH

Collapsing Pressure, Ignoring the Support of the Cooling Rings

Can 2 in. OD x 0.065-in, wall
Material: 3003-H14 aluminum

Minimum Mechanical Properties
- Yield Strength - compression 15, 000 psi

Rating for Temperature, YS
100 per cent at 715 F

89 per cent at 212 F

s [5-(5) ]

2(15,000 x 0.89) (0.0325 - [0.0325 ]2)

P

P

1t

1

840 psia

Reactor pressure 140 psia
840
140

Safety factor = 6.0

HW-64286
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Designation

CSF
BAAD

GL-10
AAAD

GL-11
AAAD

vVC
AAAD
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APPENDIX II
GRAPHITE NOMENCLATURE
Size,
Supplier Coke Source Inches Remarks
Conventional Coke Material
National Carbon Co. Cleves 4 x 4 x 50 Reactor grade,
graphitized at
2700 C and F-
purified. ‘
Density, 1.66 g/cc.
Needle Coke Material
Great Lakes Carbon Proprietary 4 x 4 x 50 Great Lakes
Corporation Information nuclear grade
HPJ, thermally
purified. Density,
1.60 g/cc.
Graphitized at
~ 2800 C.
Great Lakes Carbon Continential 4 x 4 x 50 Great Lakes
Corporation nuclear grade
HPDA., thermally
purified. Density,
1.57-1.59 g/cc.
Graphitized at
~ 2800 C.
National Carbon Co. Continential 4 x 4 x 50 AGOT processed.

Regular particle
size mix, one
impregnation.
Refinery process
altered to produce
Kendall-type
coke. Density,
1.71 g/cc.
Graphitized at

~ 2800 C.
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GRAPHITE NOMENCLATURE (contd. )

Supplier

RC
AAAD

RX-1
AAAD

RX-2
AAAD

RX-3
AAAD

National Carbon Co.

National Carbon Co.

National Carbon Co.

National Carbon Co.

Coke Source

. Size

HW-64286

Remarks

Continental

Continental

Continental

Continental

2-in, dia. .

x 8

2-in. dia.

x 8

2-in. dia,.

x 8

2-in. dia.

x 8

Same as VC

except processed
in development
laboratory.
Density, 1.59 g/cc.
Graphitized at

~ 2800 C. Cooled
generally faster
than graphite made
in production
furnaces.

Same as RC but .
fine mix, unim-
pregnated and
graphitized at
2900 C. Density,
1.62 g/cec.

Same as RX-1
but impregnated.
Density, 1.63 g/cc.

Same as RX-2
but graphitized at
3140 C. Density,
1.59 g/cc.
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APPENDIX III

MEASUREMENT OF LONGITUDINAL FLUX DISTRIBUTION

To determine experimentally the longitudinal fast flux distribution,
a 24-gage nickel wire, full core length, was irradiated in F'-3 during
Cycle 15, For uncompensated measurement of fast flux, sections of the
wire were protected with cadmium covers to eliminate thermal neutron
burnout of Co58 and C058m. This technique also allowed the calculation
of the thermal neutron burn-out cross section for the combined products,

termed here as apparent absorption cross section of C058. The calculation

does not distinguish the relative burn-out rates in the Co58 and C058m
branching. Due to the ratio of the cross sections of the metastable and
ground states of Co58, it is likely that the apparent cross section is intensity
dependent for thermal flux intensities differing greatly from those observed
in this experiment. The cadmium covers were made from sections of tubing
one inch long with a 0.040-inch wall, and were spaced along the wire at six-
inch intervals. After irradiation, the covers were removed, the entire wire
cut into 1/4-inch segments, and the activities determined. The 0.82 -Mev

characteristic y-emission was counted using a 256-channel analyzer. (16)

The governing equation for the rate of change of C058 atoms is

dn _ - _
dt = Ogot N®p - An - g 1 By
where:
n = number of Co58 atoms per milligram of foil,
N = number of Ni°® atoms per milligram of foil,
t = time,
Opct activation cross section for N158.v
¥, = average fast flux,
A = disintegration constant for Co58
Lbs apparent absorption cross section for Co58, and

%, = average thermal flux.
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Assuming e to be a square wave, equal to a constant during each

operating period and equal to zero during the shut-down periods, the

following is obtained:

Ps top

where:

o)

For single cycle irradiations, Equation (1) with appropriate constants becomes

1.07x 10713 A(9.62x 10713 +8.64x10720 5 o )t
_ abs Tth’ "op
P, top (E >1 Mev) = : =3 =50
1_e_9.62xlo +8.64 %10 Oabscpth)top
=3
(9.62x 107%) ¢,

act

il

A

S S U
abs Tth’ “op
XoaCtN

-1

(1)

m
Z [1 - e_()\+ “abs cpth) tjijl

R

j=1

specific activity at time of counting of foil,

m
Z 1:ji = the total operating time,
i=1

1, 2,.... m = each operating time,
operating time for the jth operating period,
time of the shutdown following the jth operating period,

time from the end of the last operating period to the date of

foil counting,

9.62 x 10 5 day L or 1.114 x 1077 sec™?,

6.94 x 10'8 mg™1, ana |

120 mb (GETR spectrum E >1 Mev).

with t in days and A in dis/(sec)mg).

(2)

>
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Longitudinal Flux Distribution

Use of Equation (1) requires the prior knowledge of the apparent
absorption cross section of Co58 to calculate exposure from unprotected
foil segments. Since the value was not known independently, the longitudinal
distribution in F'-3 was calculated from the activities of the protected
segments. Using foil parameters of top = 12.6 days and to = 104.9 days

and dropping the ¢,, terms, Equation (2) becomes
g th q

0 t 3.12x 1013 A,
op

which was used to compute the longitudinal distribution. The results are

shown in Figure 7 and in Table VI.

Determination of ¢

b s the Apparent Thermal Burnout Cross Section

From the distribution obtained with the protected foils and knowledge
of thermal flux, it is possible to solve Equation (2) for the apparent absorption
. -2 -
cross section of Co°%, Letting X = 9.62x 10 ° + 8. 64 x 10 20 9 abs Pih

Table VI can be compiled. The solution, Gps’ is in the column on the right.

The average burn-out cross section determined from the data in
Table VI was 3741 barns (om = 17). Taking the average value as 3750 barns,
Equation (2) can be reapplied to give the exposures of the unprotected segments

plotted in Figure 7.




TABLE VI

F-3 FOIL RESULTS

Apparent
C058
. s o . . Absorption
Wire Fosition, | Zaposure, (B 24 Mew)  dis/(seckmg)

Core Bottom Cadmium-Shielded x 10-6 1-e% X nv x 10 14 “abs
0 , 3. 60 0.908 0.1043 0. 0456 1.09 3800

2 4;91 1.16 0.1120 0. 0585 1,51 3753

4 6. 08 1,39 0.1154 0.0638 i.68 3724

6 7.11 1.56 0.1206 0.0717 1.87 3827

8 7.8 1,63 0.1260 0.0798 2.18 3723

10 8.15 1, 64 0.1311 0.0875 2.45 3670

12 8. 31 1.65 0.1331 0, 0905 2.52 3706

14 8.28 1,64 0.1334 0.0909 2.48 3794

16 8.02 1,62 0.1305 0.0866 2.33 3821

18 7.52 1. 57 0.1260 0.0798 2.14 3783

20 6. 66 1.44 0.1217 0,.0733 1.99 3697

22 5.61 1.23 0.1203 0.0712 1.89 3767

24 4,82 1.08 0,1174 0. 0670 1.75 3795

26 3.98 0.928 0.1134 0. 0607 1.56 3778

28 3.16 0, 769 0.1083 0.0524 1.33 3704

30 2.40 0. 610 0.1037 0. 0445 1.05 3836

32 1,70 0. 461 0.0972 0.0335 0.731 3765

34 1.09 0.317 0, 0906 0.0217 0. 391 3550

36 0. 545 0.160 0. 0898 0.0202 0,034 3586

_?f_

98¢¥9-MH
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