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Summary

Cesium to be used in the thermodynamic and desorption rate
studies on H451 graphite has been prepared for irradiation in the
BNL medical reactor and the apparatus is neatr completion. Calcula-
tions of thermodynamic functions 6f carbonyl iodide have been made
and compared'with other halide carbonyls. |

Initial measurements ot the oxidation of gruplhilie in air and
wet helium have been carried out., The influénce of impurities,
types of graphite and variations in a given batch of graphite were
found to markedly vary the rates of oxidation.

The Helium Impurities LbOp is near completion and startup is
expected by August 31. The loép, which is éapable of achieving a
velocity up to‘ISO‘ft/sec, will be used to test several gra&es of
graphite in three tubes each about 2'" inside diameter and 20" long.
The specimeﬁs proposed will be 1/4' and 1/2" diameter tensile-type
cylinders, In addition to these specimens, metal and graphite corrosion
tabs will be exposed. The post-operation examination program will
involvé_Q%idation rate measurements, tensile strength mcasurements,

- metallography, chemistry (impurities in graphite5 and non-destructive
testing. A gas chromatograph, which was obtained through another
program,\{s presently being modified for use with the loop.

Two lérge sections of ATJ and PGX graphites have been sectioned

into smaller pieces for use in the chemistry and corrosion programs.

The. first series of samples will be taken from the ATJ graphite,
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Samples will be analyzed for Fe, Si, Al? Ca, Mg, Ti, V, Ni and Mﬁ

by the emission spectrographic method. The purpose of 'this work

is to develop analytical data required to determine the impurity
distribution profile of a typical ATJ graphite post and to correlate
this data with oxidation and strength measurements.

The review and assessment of the state of the art is continuing
in the areas of metals, graphite and concrete. Equipment is being
ser up for studies on creep, creep rupture, high cycle fatigue, low
cycle fatigue and tensile properties of metals in the HTGR environ-
ment. High cycle fatigue tésts on Incoloy 800 in air at 1200 and
1400°F are under way. Tests under full alternating stresses and
under tension mean loads are being performed. Microstructures and
fracture morphology of HTGR graphites are being studied at the
Aerospace Corporation using the scanning electron microscope.

'Data on cﬁnérete pertaining to compressive strength, modulus
of elasticity, flexural strength, shfinkage, and creep were reviewed.
The limited data gvailable indicate a deleterious effeét of free water
in heated concrete on the propertieé of the concrete. The rate of
creep increases, strength decreases, and shrinkage strains'increase.

A review of the analytical and numerical techniques to evaluate
the PCRV structural integrity was carried out. The investigation
indicates that the existing computer methods are only valid for
normal operations and slight over-pressure excursions. Their applica-

tion to accident conditions, such as those resulting in high over-




pressures, liner cooling pipe failuré§, gross or spot overheating
of the concrete, is limited by certain theoretical and material
- considerations. Extension of the numerical techniques to account
- for accident conditions of the type mentioned above have been initiated,

Recent studies demonstrate that crack propagation rate, crack
orientation, and critical crack size in metals are dependent on the
bi-axial stress ratios of the structure. For the liner this type of
behavior can be critical especially for those areas where Llie vessel
liner intersecté the penefration liner.

The development of‘computef‘codes for seismic ;nalyéis con~
tinues; The horizontal array computer code has been completed and
tested and will soon be released together with a user's‘man;el.

A pérametric study is presently being completed.

The GOPTWO computer program was used extensively during the
quarter to study the effect of water vapor depletion during passage
through an HIGR cure. IL was found that ovor a wide réagp nf steam
ingfess rates and near the upper 1im1t~of the graphite-steam reaction
fate, the steady state water vapor concentration in the lower plenum

‘did not differ appreciably from thét in the upper plenum. It was
also found that the water vapor concentration follsws a simple
gxponen;ial relationship to the ingress rate.

The GA Univac 1108 version‘sf the OXIDE3 code has been converted
to run on the BNL CDC 7600. The conversionihas been verified by a
.comparison of output obtained>from both machines for the same sample

problem. An automatic time step feature was introduced into OXIDE3
e

\
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to'facilitate éteady state calculations for various parameter

| sensitivity studies; e.g.; core coolant impurity gas concentrations
resulting from various fixed steam leak rates. A preliminary
comparison of fhe latter calculations with results from GOPTWO
agreed to within 20%.

The computer model of the HTGR helium circulator-steam turbing
was made into a module that can be incorporated into other systems
codeo: This wmudule has been sent to ORNL for inclusion in their
mbdeling effort on ILITGR syslems dynamics,

.The -'TFR (Two Fluid Reiap) systems code was tested under limited
boundary conditions that do not yet include the steam generator ‘
characteristics. Simultaneous reactor power and turbo-compressor

steam pressure/flow ramp-down situations have been modeled and

.

appear to have executed properly.




I. Fission Product Release and Transport (H. Isaacs)

A, Brooklyn,College Subcontract (R. Béhrens and S; Aronson)
| Work continues in eétablishing an experiméntal program to
study desorption rates and desorption thermodynamics of fission metals
sorbed on reference H-451 graphite. The initial work will involve a
study of cesium.

Concurrent with the experiﬁental program, estimation and
evaluation of thermochemical data for gaseous molecules of pbssible
imporﬁance in establishing fission product release from HTGR cores
will continue.

Approximately 300 mg of 99.98% pure elemental cesium sealed
in an evacuated (< 10-5 torr) quartz tube have been submitted for irra-
diation in the BNL medical reactor. The intent is to produce apéroxi-

mately 0.1 mCi of the gamma emitter Cs-134 for use as 'a radiotracer in

Knudsen effusion measurements of the vapor pressure of elemental cesium.

The reasons for this study prior to the cesiﬁm-gréphite desorption
studies are two-fold:

1. To determine systematic errors present in the effusion

cell temperature measurements and in the scintillation pulse countiﬁg

measurements,
2. To study an apparent discrepancy in the vapor pressure,
b : . . L . (1-1) .
eiithalpy, and entropy of vaporization of liquid cesium, High
temperature static measurements yield vapor pressures somewhat dis-

cordant with values obtained from static measurements at low tempera-

ture. The vapor pressure of cesium apparently has not been measured




using.the Knudsen effusion technique and, as such, our.measurements
would provide needed confirmation of the vapor pressure and thermo-
dynamic properties of vaporization.

For various reasons a homemade furnace has proven unsatisfac-
tory for our use and, therefore, a Mellen split tube furnace capable
of achieving 1200°C has been acquired. However, there have been problems
supplying power to the furnace from a two position proportional con-
troller. Lt is cxmpuctwd to have thio prc}Elem snlved shortly,

The position of the thermocouple feedthrough arrangement
has been changed in order to reduce the length of thermocuuple wire
needed within the vacuum system and to permit the therﬁocouple to be
routinely removed from the vacﬁum system for calibration.

Two FORTRAN IV computer programs for éaléulating thermbdynamic
functions of gaseous molecules have been put into uée. Programs LIN and
NONLIN compute heat capaciﬁies, entropies, enthalpies, and free energy
functions for linear aud nonlincar molecules respectively using the
rigid-gotatnf, harmonic oscillator approximation. Brief program descrip;
tions and card input formats for these programs have been supplied to
BNL as well as a description of the thermal data fitting and thermal
function generation program FITAB referred to in our previous report.

Thermodynamic functions for carbonyl iodide, COIi(g), have
been computed_using structural parameters and fundamental vibrational
wave numbe?s estimated from trends in known values for'COHZ(g) and, other
carbonyl Halides.

Principal moments of inertia used in these calculations are



computed to be IA =844, I_ = 940, and I, = 95 amu-ﬁ? from‘estimated

B C
values of 2.2A and l.lﬁ_for the C-I and C=0 bond lengths and 112o for
the I-C-I bond angle.

Being a' tetra-atomic non-linear molecule with symmetry of

point group C COIZ(g) has six singly degenerate fundamental vibra-

2v’?
tional wave numbers. ' They are estimated to be: Vl = 1782, Vy = 332,
=532, v, = 292, and v, = 439 cm L.

v3 = 134, v4 5 6
Standard thermodynamic functions for COIZ(g) are presented

(o}

in Table 1-1, The value of S298 - 78.07 cal K_l mole-1 may be com-

o
298

COC12(g)(1-2), and COBrz(g)(1—3) respectively.

pared with S . = 61.84, 67.82, and 73.82 cal K " mole " for CoF,(g) ">,

The enthalpy of formation, AH?(OQK)for COIZ(g) is estimated

to be -5 kcal mole-1 from §alues of AH;(OOK)for Cc(g), I(g),.and 0(g)

given by Hultgren et gl,(l-l) (1‘4)

(1-5)

and average bond energies for the C=0
and C-T bonds.
AH;(298), Asg(298), and AG§(298) are computed to be -6.0 kcal

mole-l, -24.50 cal K"1 mole-1 and -13.29 kcal mo_].e_1 respectively using

o) o o . .
values of (H298 - Ho) and 8298 for COIz(g) in Table 1-1 and for the
' (1-1)

elements in Hultgren et al.




Table 1-1 Standard Thermodynamic Functions for Carbonyl Iodide, co1L, (g).

o

. Cp KD - 10, () s -(6) - Hygg)/T
(K (cal KL mole™ly 1, (a7 kY male™ ) ceal K% wole )
(eal _mole ™) i
298.15 15.76 0. 78.073 78.073
400 T 16.71 1658. 82,830 - . 78,705
500 17.33 . 3361. 86.649 79.926
600 17,78 5118, 89.850 81.320
700 18.14 6915. . 92.619 82,741
800 18.43 8744, 95.061 84,131
900 18.65 10598. 97.245 85.469
1000 18.83 12473. 199.220 86.747
1100 18.98 14364, 101,022 '87.964
1200 19.10 16268. 102.679 89.122
1300 19.20 18183, 104,212 90.225
1400 19,28 20107. 105.638 91,275
1500 19.35 22038, 106.970 92.278
@) yg = B = 3600, cal mole’l,

-0
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II1. Primary Coolant Impurities

A. Helium Impurities Loop (A. Romano)

The Helium Impurities Loop (HIL) has been assembled, welded,
and leak tested, and is presently being electrically wired with heaters,
thermocouples, and control instrumentation. The anticipated start of

room temperature operations for shake down of equipment will be about

‘July 1, and final operating conditions should be achieved by about

Auptist 1. The delailed design and operating conditions nf the loop
(2-1)

have been given earlier. A review of the capabilities of the
HIL is given in Table 2-1 and a schematic drawing is-shown in Figure 2-1,
There-are.basically three modes of opera£ion that can be -
attempted with the HIL. First, tests of very long duration (>10,000
hours) at normal HIGR operating conditions (low impurity levels) can
be run to determine the long term effects on materials. A second
mode would be to operate at accelerated conditions (high temperature,
high impurity levels, etc,) for short periods of time to evaluate the
effects of transients on materials and impurity monitors. Still énother
mode would be a combination of the aforementioned two, ﬁamely to deter-
mine the effects of short term tran;ients on pre-exposed materials. The
latter mode would be the most desirable since it will simulate actual
anticipated occurrences.
Since the loop has been fabricated from materials and components
which were on hand at BNL, its operational reliability for >10,000 hour

runs is in doubt. It is therefore recommended that a second loop be

designed and constructed for this purpose and that HIL be used for



Table 2-1

Design Operating Conditions of the Helium Impurities Loo

Gas Pump Supply: 850 liters/min (30 cfm)
13.79 K Pa (2 psig)

366°k (200°F)

Graphite Vesscl: 2.63 Kg/hr (5.8 lbs/hr)
653°K Inlet

1123°K Outlet

Bypass Heater: 2.63 Kg/hr (5.8 lbs/hr)
366°K Inlet

1033°K Outlet

Purification System: 10 to 20% of main-flow

Pump’ Bypass: ‘=~ 50% of main flow
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transient testing. The new loop could be fabricated from new equip-
ment which woﬁld haQe the higher operational reliability required for
low impurity level operation. The HIL design offers a unique advantage
which should be utilized in its operation; the gas circulating pump
used can supply a large volume of He (at low pressure) with the capa-
bility of achieving a very high velocity (~180 ft/sec) in the test
section.

The HIL test section region consists of three vertical
parallel tubes‘each of which is approximately 2" inside diameter and
20" long. A high-temperature (metal seal) flange at the top of each
tube permits easy access to the specimens located below.

The test specimens for the first series 6f tests will be

made from candidate HTGR graphites:

H451 core graphite
o ATJ core support posts
PGX core support blocks

The specimens will be 1/4" diameter x 3" long and 1/2'" diameter x 6"
long. Each specimen will be fixed to the end of an adjaceﬁt specimen

to form a column approximately 18"-21" loné. Several columns, sﬁpported
at top and bottom, can be installed in each test section tube. The
first.series of tests will be screening tests to confirm earlier obser-
vations, determine the effects of surface/volume ratio, and establish

a relative comparison of thea graphites tested, Some of the specimens
will be doped with additional impurities, Observations will be based on

the following measurements performed on the specimens:



1. Oxidation rate - AW, area, time, temperature, BET

surface,

2, Mechanical strength - tensile,'crack propagation.

3. Metallography - optical, scanning electroﬁ

microscope.

4, Chemistry - metallic impurities,

5. Non-destructive testing - sonic velocity measuremeits,

A ocoond series nf tests, using ;he graphites lictod above,
will be performed on larger specimens to determine the effect of
velocity on the oxidation rate. The test section will be designed to
provide.vélocities over the graphite surfaces of from 25 to 150 ft/sec.
Specimens ranging from 1.0" to 1,8" in diameter will be exposed.

The HIL has been provided with several ways of introducing
impufities and a purification circuit for controlling the impurity
concentration of the He., Impurities can be introduced by: directly
injecting the partlvular specic(o) of interest or by reacting water
yapoxr with a large block of graphite located upstream of the test
specimens. Control of the concentration can be achieved by blending

"purified He with the less pure Ile in the main circuit.

A gas chromatogréph, which was made available from another
research program, will be used to monitor the He stream at several
points arOund'the loop. The chromatograph will have the capability of

_measuring H -CO,'COZ, CHd, 02, and-N2 using up to six columns and

2’

three detectors (thermal conductivity)., A dew point meter will be

used to monitor Hzo concentration. Other instruments, i.e., a new

- 10 -



gas chromatograph, the mass spectrometer fo be installed in.the
Fort St. Vrain.HTGR, étc. will eventually be tested in HIL and Qill
be compéred to other instruments inclpding several electrochemical
oxygen meters under construction.

The impurity concentration of the loop will be maintained
at 50 fimes the equivalent HTGR level of interest (ratio of He pressures
between HIL and HTGR). Sincé the present GA Technical Specification
limit for total oxidants'in an HTIGR is < 3000 ppm-days, < 1.5 x 105
ppm-days will be the corresponding limit for comparison in our tests.
Therefore, the following table will be used as a guide in our test
program:

Desired HTGR Condition

for Comparison HIL Operating'Level
3000 ppm-days 1.5.x 10° ppm-days
< 10 ppm (normal level) < 500 ppm

102 to 103 ppm (transients) 5 x 103 to 5 x 104 .

B. Impurity Monitoring (H. Isaacs)

A number of electrochemical cells have been constructed and
tested. Tﬁe cell design is a carryover from an earlier program where
cell operation was at 500°C._ The cells being used for determining the
total oxygen in helium are operated at 750°C and a not unexpected
problem has arisen with the use of o-rings which apparently leak at
the higher temperature. |

Potentials of up' to 800 mV have been recorded with air as
the reference gas and graphite in contact with~the inner compartment.

This value is in the range expected from calculations. In one cell a

-11 -




marked gas flow rate wanobserved‘which may have Been caused by a
leakage path between the inside and outside of the cell, or may
have resulted from a slow reaction rate of the catalyzed'graphite
and impurities in the gas stream. Calculations are at present~in
progress which analyze the potential changes,“in terms of the
reaction rate of waﬁer with graphite, as a function of the chaﬁges
in the composition of the gas. This work will probably offer a rapid

terhnique for the determinallun of graphitc oxidation as a function

of water, CO and hydrogen concentration.

- 12 -



III. - Rapid Graphite Oxidation

A. Analysis of Impurities in Graphite (A. Romano)

Two large sections of candidate HTGR core support graphites
(ATJ and PGX) have been received from Union Carbide Company for use
in our experimental program. The graphites will be used to supply
specimens for chemical analysis, oxidation rate measurements,
metallographic studies, physical property measurements, and mechan-
ical testing.

The ATJ graphite is representative of that used in the
Ft. St. Vrain core support system. The 8" x 17" x 52" log was split
longitudinally by Unibn Carbide Companyvin order to form the shapes
used to fabricate two posts. One of these shapes will be used for
the chemical analysis program while the other will be used for the
other programs. Similarly, a 500 1b section of PGX core support
~ graphite wao received. Portions ot the block will be set aside for
future chemical analysis.

The purpose of the chemistry progfam is to develop
the analytical data required to determine the impurity distribution
profile of one of the ATJ graphite posts and to corrclate this data
with oxidation and strength measurements which will be performed on
the second post. Further, an attempt will be made to establish the
nature, location, and concentration of each of the catalytic species
in the graphite matrix. When this is well established, a similaf but
limited program will be initiated on the PGX graphite.

Several analytical procedures were reviewed and evaluated,

- 13 -



and it was concluded that emission spectroscopy would be a promising
technique to employ for éraphites such as ATJ and PGX (high ash
contents). Several discussions with the Analytical Groué and results
from their preliminary analyses have led to the.following conélusions:

1. Room temperature-ashing, employing ionizgd oxygen,
is practical only for nuclear grade graphites (H451). Ashing of ATJ
and PGX samples (1 g) will take several days.

2. Lump samples of ATJ slwuld be ached at 450°0 {instead
of 850°C) in oxygen. This would reduce the amount of impurity loss due
to volatilization. . Ashed samples could then be put into acid solution
and analyzed by atomic gbsorption.

3. Ground and powdered ATJ could be analyzed by directly
arcing in the emiésion spectrograph.- By purchasing a directAreading
attachment (phoéomultiplier tube), this method would allow the
ﬁnalysis of a large number of saﬁples in a short period of
time and, cuwpared to the other methods considered, appears to be
the dne most suited for the proposed task,

4, The proton-induced x-ray fluorescence method could be
rapid but firét requires standardization. However, the method is
limited since it only analyzes a small samﬁle of graphite and will
not analyze elements under atomic number 15. This would include two
of the major impurities, Al ana Si. The method could be useful for
qualitative surface analyses and for anaiyzing highly volatile elements
sﬁch as S and Cl.

Evaluation of analytical methods is continuing. The Aﬁalytical

Group has been informed of the new proposéd ASTM test methods for

- 14 -



analyzing impurities in graphite and will participate in chemistry
round robins. Results from these evaluations will provide input for
a final decision on the analytical method to be uséd.

A list of elements of interest in our program is given in
Table 3-1. The selection of these elements was as folldwé: ‘

1, Elements known to be present in ATJ graphite at. levels
of 1 ppm or higher.

2. Elgments which have been reported to act as catalytic
agents in thc oxidation ul graphite.

| 3. Elements which might be present in the reactor coolant
stream, i.e. fission product impurities. |
Elements which fit the combined descriptions of (1) aﬁd (2), Fe, Si,
Al, Ca, Mg, Ti, V, Ni, and Mn, will be analyzed on every sample. All
of the other elements listed in Table 3-1 will be randomly analyzed.

On June 3-4, 19/5, A, Romano attended a meeting of an.ASTM
Subcommittee which was held at General Atomic Company (GA). The Sub-
committee is a task group responsible to a larger committee (C5.05 Nuclear
Applications of Graphite) regarding the analysis of impurities in
graphite.

The task group presently consists of ﬁembers represénting the
carbon products manufacturers, GA, HNL (ORNL) and BNL. The group 1s
primarily interested in nuclear grade (core) graphite,.boronated graphites

4

been completed or are under way (in which BNL will participate),

and B,C. Several procedures have been written and round robins have

Copies of the procedures were obtained and have been distributed to

the BNL analytical people for comment,




Elements of Interest in ATJ Graphite

‘ Highest Major Known Fission Analyze on

Element Conc, ppm Impurity Catalyst " Product Every Sample

Fe 400 Yes Yes Yes:

S 400 Yes

Si 250 Yeco ? Yes

Al 125 Yes ? Yes

Ca 100 Yes ? Yes

Mg 50 Yes ? Yes

Ti 40 Yes Yes- Yes

v 40 Yes Yes Yes

Ni 30 Yes Yes Yes

Mn 20 Yes Yes Yes -

Co <5 Yes

Ag <1 Yes ?

Mo <1 Yes

B <5 Yes

Cs -1 Yes Yes

Ba <1 Yes Yes

Sr <1 Yes Yes

Li <1 Yes ?

Pt <1 Yes

“Cu <5 ?

W <1 ?

Cr <5 ?

Pb <1 Yes

-'16 -




B. Graphite Oxidation (H. Isaacs)

In éttempting to assess the effecfs of impurities on
graphite, there appeared to be no general understanding of the action
of catalytic impurities, their concentrations, and the effect of
their distribution in the graphite. As these aspects of the problem
are required in predicting the safety of HTGR's, a program was initiated
to study the consequences of impurities and impurity distribution
on the structural integrliy of graphite. The work will be in con-
junction with mechanical property changes and the influence of
oxidation. on the mode of fracture of graphites.' This report covers
the initial measurements which have been conducted with graphite
materials on hand and using a simple test apparatus.

Apparatus

Tests were performed in air in simple furnaces and wet
helium, The apparatus tor helium exposure consisted of a vertical
tube 2" in diameter and 24" long with helium entefing at the bottom
and leaving near the top. Water additions were made by saturating the
helium by bubbling through water at a known temperature. Checks on
water level concentrations entering and leaviuyg the vessel were made
using a dew point method. In most tests the range of helium flow
rate was approximately 8 to 20 standard cc/sec depending ﬁpon the test.
At these'flow'rates, considering tﬁat the supply helium was saturated
with water at room temperature (23 i‘ZOC), approximately 0,6 to 1.4
g/HZO/hr was deli&ered to the test specimens. At 23°C,'the saturation

concentration of HZO in He is about 13 weight or 2.8 volume percent.
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e
In one test where flow rates were low mass balances

were calculated assuming an equal molar quantity of water reacted
with graphite to account for all of the weight loss. These
calculations provided good agreement based upon the aforementioned
rates ef water ingress and the measured graphite weight losses,
One could conclude from these calculations that nearly all of

the water was consumed on paséing through the reaction vessel.
This deduction is ronsistent with the dew puint mcacurements.

and with the long contact time in vessel (~3 minutes)..

When contaminated graphite samples were used the reaction
rate was sufficiently high to reduce the concentration of water.
Specimens located towards the exit at the upper end of the
test section were. exposed to unknown impurity levels and showed‘a'
decreased reaction rate.

Graphite Samples

H451 graphite, diroctly related to the HIGR program, had a
total ash of 33 ppm and a density of nominally 1.76‘g/cm3; the
measured.density was 1.73 g/cm?. The other graphites used were
ohtained from a stored supply of materials and were up to 20
years old, The designations of these graphites, their densities,
and_original.size, are given in Table 3-2.

. Contrnls from the 1" x 1" x 24" .(A) graphite specimens taken
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Table 3-2

_Types, Properties and Ash Content of Graphites Tested

Original Size Designation Density Ash ppm
Cylindér 173" diameter H451 (H451)F 1.73 36
1" x 1" x 24" acur* (At 1.72 70
4" x 4" x 24" AcuT* ()T 1.69 ~100
Plates 3 to 10mm thick 2 (plate)’ 1.61 2700

*Possible designation
+Text reference




from the top and center, respectively, of the storage container
were qualitatively analyzed by the proton induced x-ray fluorescence
method to determine major differences in impurities. The technique
can analyze a 2 mm spot size only t6 a depth of 0.2 mm. Thus the
results would be indicative of only those impurities on the surface.

The results were as follows:

Ratio of Sample from top_of containe? "} . Element
ample from center of container
100 Pb
6 Fe
12 Ca
<1 S,V,K,Ti,0n,Zr

The contaminants Pb, Fe, Ca are clearly among those which could have
settled from the atmosphere during storage. 1In order to gain a more
definite characterization of the graphites used in these tests,
samples were analyzed for total ash content. These results are
reported in Table 3-2, "Type CS'" graphite, with a total ash content
ot BV to 133 ppuw, is of nuclcar grade. The major impurities reported
are: 50 ppm Cu, 10 ppm Fe, 10 ppm Ni, <1 ppm each of Mg, Mn, Pb, Cr,
Al, Ca and between 30 and 100 ppm Si. The uncertainty in the Si
rancentration afises from the possibility of contamination by silicone

grease used in the low temperature ashing apparalus.

Impurities and Impurity Impregnation of.Graphite

Various forms of iron were used to contaminate graphite

samples to investigate the effects of impurity distributions. Quali-
tative effects were sought to survey these effects, The solutions

used were:

1. Ferric Chloride - a solution of 10% FeCl3-6H20 was
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prepared.

2. TIron Powder - this mixture consisted of iron powder
(""reduced electrolytic iron'") suspended in solution
by agitation just prior to impregnating the graphite.

3. Ferric Hydroxide Solution - this suspension was
prepared by exposing mild steel to water with air
agitation.

Exper Lueutal

A wide range of preliminary tests have been carried out.
The tests included different types of graphite, variations within each
type, and effects of time, temperature, contaminants and environments.
The results are presented for each of the two environments, air and
wet helium,
(a) Air Oxidation
Oxidation of the plate graphite from 570 to 650°C showed
that it had a high level of impurity and high weight losses. For
example, at 650° the rate varied from about 11 to 25 mg/cmz-hr for
burnoff values of 3 to 10 w/o respectively. At 570°C the rate de-
creased to about 1 mg/cmz-hr.
The oxidation of samples from different plates at 570°¢C
showed marked differences in the nature of attack. Figure 3-1 shows
a comparison of two large pieces about 3 x 30 x 180 mm in size after
87.5 hours, The one sample (1) showed a loss of cohesion and crumbled
after being weighed. This sample had an average rate of weight loss
of 1.34 while (2) showed 0.90 mg/cmz-hr for the 87.5 hour exposure.

Both samples showed pits which penetrated through the thickness, with
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{(2) (1)

Figure 3-1.
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more pits being found on sample (l). Within many, but not all, of
the pits was a rust colored powder with iron as a major component
as indicated by electron microprobe analysis. High concentrations
of impurities (2700 ppm) were shown by ashing the plate graphite.

In comparison to the high weight changes of the plate
graphite, (B) graphite samples 5 mm thick gave oxidation rates of
0.32 mg/cmz-hr in comparison to a similarly exposed plate graphite
rate of 1.4 mg/cmz-hr. The exposure times were 28.5 hours at 570°C.

The effect of impuritics on (B) graphite were studied
with all three contaminants and 50.8 mm cubes at 650°C for 16 hours.
The rates of weight loss are shown in Table 3-3, and the specimens
after exposure are shown in Figure 3-2. (The samples were placed in
contact for photography. They were well separated during testing
and supported on a ceramic base.) The effects are apparent from the
Figurc. The remains of Lhe two cubes impregnated with ferric
chloride are shown on the bottom left and right. These samples lost
about 75% of their initial weight compared with about 47 for the
uncontaminated specimen. The contaminant which led to the second
fastest rate increase was low concentrations of Fe(OH)3. The higher
Fe(OH)3 concentration solution led to hydroxide coating on the
specimen which remained on the surface when the "solution" back
filled after evacuation. After oxidation the oxide formed was
definitely protective to the underlying graphite.

(A) graphite was also tested in air., The first un-
usual behavior was noted when two specimens were placed in contact in

a small furnace with a diameter slightly larger than the diagonal on
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Table 3-3

Effect of Contaminants on the Rates of Oxidation of

B-Type (AGHT) Graphite at 650° in Air

Specimen No.
1|

2

IRV

Contaminant

low Fe(UH)3
low Fe(OH)3
FeCl3

Fecl3

Fe

Fe

Fe(OH)3
Fe(OH)3
None

Noue

Rate of Weight Loss

@g/cmzhr % per hr
15.21 1,01
27410 1.80
71512 4.73
67.29 4.48
14,92 0.99
14.76 0.98
16.76 j 8 I
12.16 0.81

3.93 0.26
347 0.23
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Figure 3-2.
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the 1" square surface of the cube specimens. Figure 3-3 shows

the two specimens after testing 18 hours at 650°C. The smaller piece
that remained had lost 967% of its original weight. The lower speci-
men lost 37.7% in weight or 15.3 mg/cmz-hr. Reasons for the differ-
ences could possibly be related to air and CO flow patterns in narrow
furnaces but the more probable explanation is that they arise from
variations in the chemical properties of the graphite itself.

Two 25 x 25 x 610 wm ruds (anumbered 1 and 2) of (A)
graphite were cut into 11" lengths discarding 2" from the middle so
that the original edges were left. The number 2 rod had been taken
from the top of a container holding a large number of rods which had
been exposed to the atmosphere. Number 1 rod was taken from below
the surface. Rod 2 had been exposed to sources of impurities in
the atmosphere such as dust and dirt. Specimens 1-A and 2-A
were exposed for 22 hours and gave rates of 9.62 and 16.72 mg/cmz-hr,
while specimens 1-R and 2-B were exposed for only 6 hours and gave
rates of 5.82 and 12.19 mg/cmz-hr. In Figure 3-4 the sides of rod 2
which were face up when stored showed a very marked variation in
rates with the upper surface oxidizing very rapidly and being removed
after 22 hours. With rod 1, the ends of the rods which were also
exposed to the atmosphere showed evidence of accelerated attack as
shown in Figure 3-4. The increased rates at the ends of the rod can
also be seen from another experiment conducted with a single uncut
rod oxidized in air at 570°C for 15.5 hours. The rate loss for this
rod was 3.82 mg/cmz-hr. Figure 3-5(a) and 3-5(b) show the ends of

the rod after exposure. The morphology of the ends was markedly
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Figure 3-3.
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Figure 3-4.
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different. Figure 3-5(a) showed a honeycomb effect with the develop-
ment of a definite pore structure reminiscent of that observed with
the faster oxidizing specimen shown in Figure 3-3. Figure 3-5(b)
showed an attack where the structural integrity of the graphite
deteriorated leaving a powdered graphite. These observations with
this nominally AGHT graphite indicate the wide range of oxidation
characteristics which may be observed with graphite that may be due
to effects of storage, contamination or local differences.
(h) Oxidation in Helium witli Waler Vapor lmpurity

The effect of impurities added to the graphite on its
rate of oxidation was investigated in wet helium, The results using
(A) graphite were markedly influenced by contamination. With no
contamination added the oxidation rates were the lowest. The rates
increased respectively with the following contaminants: Fe(OH)3,
iron powder, and ferric chloride. There was also a marked rate
variation with position in the furnace due to the uptake of water
and the buildup of inhibitive reaction products contaminated with
ferric chloride nearest the entering helium. The other sample con-
taminated with ferric chloride was also oxidized to a much grealer
extent than adjacent samples., A problem ariscs with the use of
ferric chloride as the salt boils at about 230°C and could be

transferred to adjacent samples.

- 29 -



Figure 3-5a.

Figure 3-5b.
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- An example of the results is given for H451 gréphite.
The results are shown in Figure 3-6. Here once again, the effects
of éontamination and position were seen. In addition to the iron
contamination, the effect of sodium chloride waé also investigated.
As shown in Figure 3-6, the salt does increase the oxidation rate but
not nearly.to the same extent as that caused by iron chloride.
The effect of the edge of the log was also investigated but thié
'part gave the same or lower corrosion rates as the rest of the
log.

The results obtained emphasize many of the aspects of
the oxidation of graphite that must be taken into account in
the assessment of problems which can arise due to impurities
in HTGR coolant, These aspects include flow rate, impurity
level, contamination and localized oxidation differences.

.The effect of sample to sample variation of (A) graphite
from the same source is emphasiied by Figure 3-3, and confirmed by

later results, e.g. Figure 3-5., The cause of these differences is
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not known with certainty but are probably a result of the contamina-

.tion of the .graphite during .storage. The initial chemical analysis

that was conducted on these samples was presented above, and showed
that lead, calcium and iron were higher on the sample having an
exposed surface during storage. Iron and calcium are knpwn catalysts
of graphite oxidation, but no definitive work has been carried out on
lead. The other possible cause of the sample to sample difféfences
may be inherent in the samples, This is suggested by the marked
differences in the morphology'of the graphite after oxidation in
Figure 3-5(a) and 3-5(b). If these differences were caused by

contamination then a second factor, e.g. concentration differences,

. or different contaminants must be present to give the morphological

' variations. This seems less likely. Further work will be.carried

out to determine the cause of these differences but not in the immediate
future as emphasis will be on ATJ and PGX type graphites, The varia-
tions from sample to sample were also observed with the plate graphite.
Here again different modes of attack were observed. Imn Figure 3-1,
sample 1 lost cohesion while 2 was still resilient.

The effect of localized oxidation was very marked with
the plate graphite as pits had grown completely through the specimen.
Mény of the pits were associated with iron impurities which.could often
be seen but this did not account for all the pits, anq¢fupther investiga-
tion will be necessary using various contaminants, . .

The effect of contaminants on graphite oxidized in air.
indicated that the mode of addition of the impurity was important.

Ferric chloride was extremely active. The effect of the hydroxide was
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surpriéing as’ the pfotection of a continuous coating on inhibiting

thé "oxidation in air was not expected., The presence of iron particles
or lower concentrations of hydroxide were more catalytic. These
results also indicate that the mode and the nature of an additive is
impoftant in terms of its catalytic influence.

The effects of contaminants on the oxidation rate in
wet'hélium can be seen from Figure 3-6 which also leads to the same
canclnsion as those in air, However, lu (his case the iren wao moro
catalytic than that observed inlair. These results also show that
sodium chloride is a catalyst but the iron chloride ié'far more active
and the chloride is not the direct cause. The effectiveness of the
iron chlbride may be due to either the fact that the iron will be
well dispersed throughout the graphite or that an intercalation
compound waé formed.

The results in Figure 3-6 also show the effect of
pooition, Thaese results reflect the influence on the gas composition
on the reaction rate. As the gas moves downstream, the hydrogen and
carbon monoxide concentrations increase and act as inhibitofs reducing
the oxidation rate. It is interesting to note that the rate of
decrease with position éppears to be more rapid with the contaminated
or catalyzedtspecimens. (Specimen with.no contamination in position 2
did show some pitting thch was probably caused by movement of iron
chloride,) This aspect will beAinvestigated in detail in the future
as the major amount of work conducted in high purity helium has been
related to nuclear or high purity graphite. Little work has been

conducted on graphites with relatively high ash contents such as types
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ATJ and PGX which may be used for core support posts and core support

. ‘ blocks. The oxidation rates and rate dependence of these graphites
‘ with different helium impurity concentrations is important in determining

and extrépolatihg the possible changes in their mechanical properties

after extended periods of time.




IV. Structural Evaluation (M. Reich, P, Bezler, J. Curreri, B. Koplik,
T. Y. Chang, L. Lasker, H. Goradia, S. Trachuktam)

The work carried out by the structural analysis group
during this report period for the HTGR can be categorized into the
following primary areas:

PCRV and Liner
Core Seismic Response
Corc and Core Support Structure

PCRV and Liner

The PCRV is a highly complex structure consisting of a con-
crete matrix containing steel reinforcement, prestressed tendons, and
a steel liner. All of these components interact to imsure the struc-
tural integrity of the system. PCRV designs were reviewed in order to
evaluate the analytical and numerical techniques used for the analysis
of the PCRV's. Figure4-]l shows a schematic‘repfesentation of a typical
result for an axisymetric analysis that accounts for creep cracking of
the concrete and plasticity of the steel liner and reinforcements.
Although the method is quite advanced, the review indicated that the
existing computer methods are only valid for normal operations and
slight overpressure excursions. Their applicafion to acgident cohditions,
such as those resulting in high overpressures, liner cooling pipe failures,
gross or‘spot overheating of the concrete, etc., is limited by certaini.~
theoretical and material coﬂsiderations. Extension of the numerical
techniques to account for accident conditions of the type mentioned above

has recently been started.
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Schematic of a typical cracked pattern.
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A review of recent developments of fracture mechanics
techniques involving bi-axial stress conditions indicates that
shear fracture behavior in the liner cannot be overlooked. Recent
studies show that the crack propagafion rate, the crack orientation,
and the critical crack size are dependent on the bi-axiai stress
ratio., In some instanceé the ratio of the strésseé change the
mode of failﬁre from opening mode to shear mode. A typical example
of cthis bLeliavliur is &epicted in Figurce 4-2. Tor the bi awxiality ratio
of 0‘2/0'1 = -1 the crack propagates in mode I in the vicinity of the
slot, however,'oncé the crack‘ié away from the slot, mode II propa-
gation takes place. .For the case where 02/01 is less than -1, mode
I crack propagation is maintaiﬁed until the crack penetrates through
the thickness., For the liner this type of behavior can'be éritical
even under slight overpressure condition, especially in the areas.where
the vessel liner intersects the penetration liner. Work on this task
has been initiated. When completed, the techniques will be incor-
porated into the new extended numerical techniques allowing for
in-depth analysis of éll types of accident conditioms,

Core Seismic Response

Based on the computer program discussed in the previous
Progress Report, a parametric study of the horizontal-mass model shown
in Figure 4-3 was carred out; The purpose of the parametric. evaluation
was to determinc:
(a) Validity of a reduced mass model in order to describe

a realistic dynamic model.
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(b) Sensitivity of response to interelemental and
ground damping.

(c) Effect of clearance.

(d) System response to variations in sinusoidal
frequency and amplitude.

Figures 4-4 through 4-8 are reproductions of portions of the

displacement time computer outputs which are tabulated in 'lable 4-1.
The table oummariucé variablco of intcrcot for thc paramctrie atudy
for the horizontal model. The top row lists the parameters under
investigation., The first item considered was the number of masses for
which models were chosen consisting of 5, 7, 9 and 30 masses. 1In
order go study this effect the total mass was held constant with two
masses representing thé side reflector blocks and the remaining
internal fuel elements grouped into packages making up the total mass
in the horizontal model. 1In Run I all of the other parameters were

held constant while the number of masses was varied,

The second item considered was that of interelemeﬁtal damping
for which approximate values of 1%, 10%, 30%, and 50% of critical damping
were investigated. The model utilized an equivalent set of viscous dampers
to simulate the energy dissipated during interelemental collisions. The
constant value of critical damping used in Runs I, III, IV, V, was chosen
on the basis of the correlation between coefficient of restitution and
viscous damping coefficient for equivalent energy dissipation during a
collisién. Table 4-2 lists the coefficient of restitution determined from the

computer outputs for varying interelemental damping coefficients expressed as
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Figure 4-5.
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Figure 4-7a.

dynamic response of 7 mass model.
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Figure 4-7b. Resonant response of 7 mass model
for equal initial spacing of masses.
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Effect of forcing amplitude on

dynamic response of 7 mass model.

Figure 4-8.
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TABLE 4-1

Parametric Study for Horizontal Model

1L

I1I

v

Amplitude

Damping Clearance /Rad\

Parameter M (% Critical) | (% Nominal) w Q) Xo (Inches)
Sumber of 5,7,9,30 | 30% 1007, 11,4 1
I];z;szz;emental 7 ;‘;/‘;72 , lg%:, 100% 4 11.4 1
"(I;(l)te::iance 7 30% J?Z;O%O%, ]700% 11.4 1
;:z:sency 7 30% lOO‘Z; éisil?zszs 1
Input 7 30% - 100% 11.4 .5,1,2




TABLE 4-2

Evaluation of Coefficient of Restitution

From Viceouoly Dampod Modcl

(M = 7, Nominal Clearance, w = 11.4, Xo = 1)

Dampingb .
Interelgmental Coefficient Coeff}c1e?t of
Damping - /1b-sec ] Restitution
(% Critical) (_I;Eﬁ_> (Evaluated from Output)

17 626 .96
10% ' 6,260 .64
30% 18,800 _ .23

50% 31,300 C . 044

1007% 62,600 <.001
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a % of critical damping for the seven mass model. The value of 30%
critical dampiﬁg was then selected as an approximation to rep-
resent the range of values of coefficient of restitution from .15
to .35 (GCR-5:75-4 Oak Ridge National Laboratory

February 1975).

The next parameter investigated was ﬁha; of clearance
for which the "N" stands for the nominal diametral clearance of
4.15". In Run III values of clearance were taken from zero to 130%
of nominal clearauce in order to include the effects of irradiation
as well as variation in total clearance depénding on the position
of the horizontal slice chosen for analysis. For this study the
clearances between internal masses was assumed to be equally distrib-
uted at t = 0.

The final two columns of Table4l list the frequencies and.
amplitudes of sinusoidal displacement inputs. A nominal value of
114 rad/sec was used as-a reference frequency as it represents the
natural frequency of the entire mass acting on a single spring pack
without clearance. The range of frequencies investigated in Run IV
was chosen so as to include the resonant frequency of the system.

In Run V amplitudes were varied at a fixed forcing frequency of 11.4
rad/sec which corresponds to input levels of force of about .18
to .7 g's.

Figure 49 shows a“typical listing of input data ;nd the

associated displacement-time output plot for the seven mass system

under consideration. Listed on top are the amplitude and frequency -
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-of the sinusoidal displacement input and the number of masses

analy;éd. The parameter labelled alpha is included so as to permit

a linear variation in forcing frequency in order to accommodate

studies which necessitate an upward or downward sweep in ffequency.

In the present case alpha is set equal to zero thereby fixing the in-
put'frequency fof the entire run. The negt set of seven items gives
the magnitude of the masses with the first aﬁd last values repre-
senting the reflector blocks and the five intermediate values
representing an equal distribution of internal fuel elements. For
each of the eight springs in the model there is tabulated the non-
linear spring characteristics, clearance, and equivalent interelemental

and ground damping coefficients. The clearances are distributed

‘uniformly depending only on the number of fuel elements included in

a grouping of masses with the total clearance equaling the nominal
valuc of 4.13'associated wiﬁh a horizontal slice of the core. Both
the interelemental springs and dampers assume zero value until the
clearance between adjacent elements disappears. At this point the
springs and dampers take on constant values depending upon the material
and geometric properties of the elements‘as well as Ehe assumed per-
céntage of critical damping. . The ground damping coefficient is cal-
culated independently'as a function of amplitude, frequency, mass, and
coefficient of friétion; Both the interelemental and ground damping
effects are int;oduced inté the governing differential equations
through the mechanism of equivalent. viscous dampers.

. The plot shown in Figure 4-9 depicts displacement on the horizontal

axis and time’on the vertical axis. At the top of the plot is shown the
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initial position of the masses and supporting walls. The points going from

left to right represent the left wall, left reflector block, five
'internal'fuel blocks, right reflector block, and right wall., The
spacing between internal points depicts the initial clearances
between elements with the spacing between a wall and its adjacent
reflector block including the 1" compression of the spring pack in
a&dition to the 0.14" initial cleafance.

The oymmetrical sinnsnidal input of the walls 1s shwwn Ly
the outermost two curves and shortly after commenci;g the motion the
left reflector block is imparted motion as the clearance is overcome
and compression of the spring pack takes place. As time increases
the reflector Block ié shown to collide with its adjacent fuel block
imparting motion to it. A short time later, as shown at the bottom of
Figure 4-9, the moving fuel block collides with its adjacent member in
a similar manner, Extended displacement-time histories are further
shown in kigures 4-4 Lu 4=0. 1In addition,-tho printed numerical outputs
for these runs yield the displacements, veclocities, accelerations, and
férces for each mass included in the study,

The fesults of the parametric study for the horizontal model
can best be reviewed by referring to Figures 4-4 to 4-8. In.Figure 4-4
the starting transients of the displacement-time histories for 5, 7,

9 and 30 Aass systems are plotted, For this run the fotal mass,
.total élearance, interelemental damping factor, forc;ng frequency
and amplitude are all held constant. In.all four cases the initial
response is :quite similar with collisions taking place from left to

right until some degree of clumping occurs. The clumping characteristic -
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is revealed as the mass points approach each other. As the space

between elements diminishes the plotting tends towards a single
point. Although this characteristic repeats itself, separation

of thé elements is apparent between these intervals with different
response characteristics shown for the several mass models analyzed.
Since the complex system of 30 masses requires considerably more
computer time fhan the 5, 7, and 9 mass models, a restért capa-
bility has been built into the program and checked out.

Figure 4-5 shows the initial output displacements for
interelemental damping ranging from approximately 1% to 50% of
critical with mass numbef, clearance, forcing frequency and ampli-.
tude fixed. For the case with 1% of damping the response can best
be described as scattered with little indication of clumping. - In
addition the motion is shown to be quite violent, as indicated by a
high state of compression between the reflector Blocks and spriﬁg
packs. As dampipg is increased to 10% the degree of activity is con-
siderably reduced. This effect contiﬁues as damping is increased
to 30% and 50% with indications of clumping becoming more apparent.
Howcver, a comparison of these last two cases with higher damping
shows them to have similar response characteristics.

The effect of varying total clearance with all other
parameters held constant is shown in Figure 46. For zero clearance
the seven masses remain clumped.and behave as a single mass respondiﬁg
at close to‘a resonant condition.' As the clearance increases to 30%
of ndminal only slight departures from clumping are revealed and the

system is still in the vicinity of resonance. -For both of these
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cases large forces are developed as the combined mass approaches

the walls, When clearance is increased to ﬁominal or 130% of
nominal the plot shows a significant change in clumping character-
istics and a reduced approach of the internal masses to the wallé as
well as a lowering in natural frequency of the system to a value
cohsiderably below the constant input frequency éf 11.4 rad/sec.

In Figure 4-7a displécement-time histories are plotted
for several forcing trequenciés with all oiher paLameLeLS held
constant. Although Figure 4-7a describes only the transient .
responses for the first 2.5 seconds, turther investigation revealed
that the natural freqﬁency for the gilven parumeiers was approached
as w - 2,525 rad/sec. The resonant frequency characteristic is
demonstrated more clearly in Figure 4-7b where the plot is carried
out for 10 seconds and the steady state resonant response is revealed,
Whereas @ = 2.5 rad/sec is in the vicinity of resonance a forcing fre-
quency of 5 rad/eec is showﬁ to praduce a subharmonic response as
might be expected. This characteristic was suggested after an examina-
tion was made of the response record that was obtained at frequency of
11.4 rad/sec which is also shown on Figure 4-7a,

Figure 4-8 presents the outputs for variations in forcing
amplitude from 0.5” to 2.0" with all other parameters held constant.
At the constant forcing frequency of 11.4 rad/sec this represents an accel-
ération input approximately in the range of .2 g's to .7 g's. As the
amplitude is increased to 2.0" a resonant condition is approached a§
shown in Figure 4-8, Associated with this condition the masses move

together in a regular pattern and clump after striking the boundary.
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| The sizable forces developed under this condition are indicated
in the figure.
Figure 4-10 is a pictorial representation of the dynamic
response which includes the effects of forcing frequency and
amplitude shown in Figures 4—7and4;8.Curve A shows nonlinear
resonance occurring at 2.5 rad/sec and a subharmonic response at 5 rad/sec.

This is for  an input amplitude of 1 inch. Curve B shows the

resonant frequency has been increased to 11.4 rad/sec for an input
amplitude of 2 inches. The vertical dashed lines represent the
stable steady state solutions that would be obtained if the forcing
frequencies were swept either up or down,

Simultaneously with the work done on the herizontal array Shpwn,
in Figure 4-3, the investigation has also progressed on the vertical model
shown in.Figure 4-11; As the first step towards predicting the response of a
single vertical grack of fuel elements a code was developed to |
analyze the response of a single block subjected to vertical and
horizontal ground motions. The‘block was modeled as a lﬁmped mass
with three planar degrees of freedom; horizontal motion, vertical
motion and rotation about its center of-gravity. The mass is
supported on a base of nine spring-dashpot units spaced to simulate
a continuous base. It is separated from the side walls by two
spring-dashpot units ;ith clearance gaps located at the block upper
corners simulating block corner stiffness on side impact. Additiénally,
two horizontally acting spring-dashpot units with clearance gaps are

located on the base to simulate fuel element dowels.. A simple
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Coulomb friction effect between block and base is included. A
representation of the analytical model is shown in Figure 4-lla.

Figures 4-12 and 4-13 show the computer plotted results for

two free vibration analyses for the block. In both figures, although

u, v and § are all shown, the plotting scale factor was selected to
dépict f and consequently u and w are for the most part off scaie.
Both problems show the rocking response thch ensues when the block
is released after having been initially raised on one corner. In
both cases, the time duration of successive periods is reduced as
the angle 8 becomes smaller, This is a known characteristic of the
system. For the problem shown in Figure 4-12, the key parameters
were: base stiffness 6,000,000 1b/inch, base damping coefficient
900 lbf-séc/inch, coefficient of sliding friction 0.2, For the
problem shown in Figure 4-13, the parameters were: base stiffness
6,000,000 1b/inch, base damping coefficient 9000’lbf-sec/inch
coefficient of sliding friction 0.0.

'Currently, the parametric studies with the horizontal model
are being expanded to include the effects of multiple sinusoidal as
well as seismic time-history inputs., Simple shake table tests with
graphiteAelements will be undertaken to verify the code results and to
investigate gnd evaluate specific parameters of interest., A user's
manual for the horizontal array code, currently under preparati‘on, will
be issued. The one block vertical code will be extended to fermit

the analysis of a single column or stack of elements subjected to
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both horizontal and vertical ground motion inputs.

Figures 4-3 and 4-1la depict the limits for which the present

analysis techniques apply. Extension of the vertical érray code to
a single column, Figure 4-11b, is cufrently under way. With that
completed, ;he~horizontai and vertical array codes will be combined
to permit“an analysis of the mult;-coiuﬁn system depicted in

Figure 4-1lc which in essence is a gwo-dimensional array of elements.
As a long range goal we envision the further extension of the
composite code to include the effects of posts, Figure 4-14, three-
dimensional hexagonal block arrays, Figure 4-16. |

Core and Core Support Structures

’Progress has been made in the area of core and core
support structures. The study includes review of HTGR graphite
properties, development of failure criteria and quification of
finite element programs fo; fuel element analysis.

Material properties of H-327 aﬁd H-451 graphites in
terms of elastic moduli, thermal expansivity, tensile and

compressive strength, thermal conductivity, dimensional changes,

‘creep and oxidation rate are being gathered and studied. The purpose

of this review work is to identify the material data that are not
presently available, but are needed for safety analysis.
As reported in the previous Progress Report, a failure

criterion for predicting the fracture strength of graphite under a
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multifaxial stress state was proposed, Further evaluation of the
" theory by test data indicated that the prdposed theory gave fairly

good strength predic£ion for graphites thus far investigated. A
computer method by use of least square curve fit has been deveioped

to chéracterize the theory by the use of experimental déta. This program has
been tested out for three différent grades and the strength coef- |
ficients were conveniently obtained by the computer aﬁalysis.

Work is under wvay to modify an existing BNL elastic;

plastic-creep computer program for the structural analysis of HTGR

fuel elements and reflector blocks. The modifications involve
treatment of transversely-orthotfopic material properties, inclusion
of creep and dimensional changes due to irradiation. This program
will séon be applied to determining the structurai response 6f a
typical HIGR fuel element, Further extension of this'program will
includ e the failure criterioﬁ of graphite for the structural

evaluation of HIGR core design.
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V. . Materials

The work in this program area covers four groups of materials:
(L metals; (2) graphites, (3) PCRV, and (4) other materials, which
include control rod and thermal barrier insulation. Objectives are
to assess and review the state of the art, to identify the critical
areas pertinent to HTGR safety and initiate an experimental program
to obtain data pertinent to safety. | |

The review and asscssment o0f the slale ul the art ic progressing
in the areas of metals, graphites and PCRV. Study will be started
on control rod and thermal barrier materials during the next report
period.

An experimental program has been initiated on the metal
components, and on graphites.. qu'the metal components, equipment
is being set up to study creep, creep rupture, high cycle fatigue,
low cycle fatigue and tensile properties. Studies will be madé in
air and in normal HIGR enviromments and under abnormal operating
conditions. The ﬁechanical testing program will be supportéd by
metallographic spudies to determine the failure mechanisms involved.
| Equipment is bcing set up to study the effect of oxidation on
the strength of ATJ graphite core support posts, 'PGK core support
blocks, and H-451 core moderator graphites,

AefOSpace Corporation, under contract to BNL, is studying the

fracture mechanism of these graphites. This work is summarized below:

A. Metal Components (J.  G. Y. Chow)

Our assessment and review indicates that many of the metal

components proposed for use in HIGR primary coolant circuits are
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special alloys which have had only limited ser&ice experience, It is

evident that there is insufficient information available on long

term effects on all the highly alloyed materials such as Incoloy 800,

Hastelloy X, Inconel 750, Inconel 718, and Inconel 617. Furthermore,

in most cases elevated teﬁﬁerature design Aata necessary for inelastic
and creep fatigue interaétion analysis are not available., This

design data is important because failure of some of these metal

components could have safety implications.

A supply of these alloys and other alloys such as 2%Cr-1Mo
and some of the martensitic stainless steels are being purchased for
study in our mechanical and corrosion testing program.

Fatigue Testing of Incoloy 800

Incoloy 800 (45 Fe, 20 Cr, 32 Ni) is an austentic steel

that is used in several important componcnts in Lhie primary system

~of the HTGR. Incoloy 800 has high temperature mechanical properties

superior to the 300 series stainless steels (above 1100°F) and is also
more resistant to stresé corrosion. However,'Incoloy 800 is a relé-
tively new alloy and its long term experience is not nearly as
extensive as the more common austentic stainless steels.

A program on the high cycle and low cycle fatigure festing
of Incoloy 800 has been started. Initially, the testing will be done
in air at temperatures up to 1400°F. Equipment is being constructed
to pre-expose test specimens in impure ﬁelium environments that might
be encountered in an HTGR. Individual testing units will be equipped

with chambers to perform the fatigue test in HTGR helium environ-
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meﬁts. We are planning to use a capsule with a bellows as an
environmental test chamber for the specimen. Figure 5-1 shows such a
capsule being set up in a MIS system electrohydraulic testing frame,

At the present, we only have capability to perform load
controlled high cycle. fatigue tests. Low cycle fatigue testing equip-
ment, where the diametric strain controls the fatigue cycle, is being
purchased,

Figure 5=2 presents the load contvnllied high cycle fatigue
(S-N) alternatiné stress vs,. cycles to failure curve of Incoloy 800
at 1100, 1206, and 1400°F. These tests were performed in MTS push-
pull units at 40 c¢ps. . The material tested is from the Hanford control-
led lots that were pﬁrchased for the AEC irradiation effects program.
The material was solution annealed at_21000F prior to testing.

The data presented show that Incoloy 890 exhibits endurance
limits at 1100 and 1200°F but at 1400°F, the S-N curve continues to
oclope dowmward at cycles to failure of 1 x 108. Additional tests are
being run to ascertain the mechanical behavior at about 12,000 psi
alternate stress level, Examination of the 1400°F fractured specimens
indicates that the fatigue crack was initiated at the surface. Metallo-
graphic examination will. be performed to-determine whether preferential
grain boundary oxidation‘or internal miérostructural instability at
1400°F is causiﬁg the slope in the 8-N curve. |

Mean load tests on Incoloy 800 have been performed -at

1100°F and at 1200°F. Figure 5-3 presénts mean load test data at

1100°F at mean loads of 10,000:and 20,000 psi plotted on the Goodman

diagram. At 1100°F, the Goodman approximation of the mean load
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Figure 5-2. High cycle fatigue properties at
1100, 1200, 1400 F, incology 800 - annealed
at 2100 F, rested in air - 40 cp¢s (MTS).

effects appears to be quite accurate.

Figure 5-4 presents mean load test data (lZOOoF) at mean loads of
10,000 and 15,000 psi plotted on the Goodman diagram. At 1200°F, the data
are below the maximum stress line and the Goodman approximateion may not be
an accurate representation. Further testing is required to determine the
effect of mean load on the high cycle fatigue behavior of Incoloy 800.

Creep Rupture Testing of Incoloy 800

Four creep rupture units are being set up for testing at 1100°F
to 1400°F. Initially the tests will be performed in air. Once the basic
behavior in air has been determined, tests will be performed in impure helium
using a bellows capsule to contain the environment similar to that shown in
Figure 5-1.

B. Graphite Components (J. G. Y. Chow)

Equipment is being set up to determine the tensile properties of
ATJ, PGX, and H-451 graphite before and after exposure to He environments.
Testing will be performed following the ASTM procedure. This procedure con-
sists of cementing right cylindrical specimens to metal end pieces with
epoxy. The load is applied through roller link chains to maintain uniaxial

alignment during pulling.
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C. Microstructure and Fracture of HTGR Graphites (J. E. Zimmer
and R, A. Meyer -- The Aerospace Corporation)

This program is directed towards the study of the relation
betweén microstructure and fracture of-graphites used in high tempera-
ture, gas cooled nuclear reactors. The aim of this work is to provide
infoémation that will aid in precisely defining the behavior of
graphitic materials during normal reactor operation and under various
reactor environments. This information will be used to provide improved
bases for the evaluation of reactor safety.

The approach for this program is to determine the relation of
microstructure to the mechanical and fracture behavior of HTGR
graphites and the effect of various reactor enviromments on these
relationships. Initially, crack initiation and propagation studies
are being conducted on two HIGR graphites: Union Carbide ATJ graphite
used for structural support pooto and Great Lakes Carbon H-451 moderator
graphite. A wedge opening, crack propagation specimen is stressed
and observed in the scanning electron microscope., This specimen is
2 mm thick with a half thickness, V shaped groove along the back to
assure a relatively straight crack path. Controlled crack growth.
occurs -with this specimen and direct observation .of cracking and the
graphite microstructure is made. Ion efching with xenon of the
specimen surface delineates the individual microstructural- features
present, which provides identification of the microstructure at each
point aleng the crack path,

The microconstituents that comprise ATJ graphite are. filler

- 69 -



coke particles, binder, and regions of impregnant. Each of these has
a characteristic morphology that is brought out by the ion etching. .
An example is shown in Figure 5-5. The regions with the series of
parallel lines are needle coke grains sectioned parallel to the

needle axis. The regions of binder around these grains are not as
easily identifiable due to the complexity of their morphology. A
typical section of the crack path is shown in Figure 5-6. The crack
tends to tollow the microstructure, pruducing the jagged appoarance.
Generally, cracking occurs by cleavage'parallel to the graphitic basal
layers. This is evident in Figure‘5—7 where the cvrack is parallel to
the etching striations representing the graphitic layers, However,
when a needle coke grain is oriented with its set of parallel layers
perpendicular to the advancing crack, the crack tends to go around the
grain, as shown in Figures 5-7 and‘5-8. fhus, the crack path in ATJ
graphite is .dependent in part on the easy cleavage direction of graphitic
grains and on the relative orientation of the acicular grains to the
crack direction. Changes in the direction and mode of crack propaga-
tion occur on a scale equivalent to the 70;micron, average grain size
in ATJ graphite.

The H-451 moderator graphite is a coearser grain'graphite with
the individual grains having an isotropic morphology. The crack path
(Figure 5-9) appears similar to that for the ATJ graphite, except that
the microstructural features are much larger and local deviations in the
crack direction occur on this larger (about 600 microns) scale, In

regions where the structure is needle like, the crack tends.to follow
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Figure 5-5. Scanning electron micrographs of the
longitudinal section of needle coke grains in ATJ
graphite, xenon ion etched.
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Figure 5-6. Scanning electron micrograph of crack
path in ATJ graphite, xenon ion etched.
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Figure 5-7. Scanning eléctron micrograph of
crack path in ATJ graphite showing effect of
grain orientation.

Figure 5-8. Scanning electron micrograph of
crack path around unfavorably oriented needle
coke grain in ATJ graphite.
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TFigure 5-9. Scanning electron micrograph of
crack path in H451 graphite, xenon ion etched.
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the parallel graphitic layers, as shown in Figure 5-10. The cleavage
strength is fairly low, leading to multiple fracturing. Exfoliation
of the graphitic layers is also evident.

The major microconstituents of this graphite, filler grains
and binder, have a fine isotropic structure. This structure consists
of tightly folded graphitic layers randomly oriented in all directioms.
The fine isotropic structure, after sectioning and etching, is shown
in Figure 5-11, The darker, featureless arcas are regions where the
graphitic layers are parallel to the specimen surface. Where the basal
layers are perpendicular to the specimen surface, the etched structure
appears as parallel light lines separated by dark lines., These dark
lines are small cracks between crystallites that developed upon cool
down from graphitization. A crack traversing this fine isotropic
structure has a jagged appearance (Figure 5-12) corresponding to its
tightly folded pattern of graphitic layers, Thus, initial observa-
tions suggest that the crack path in H-451 graphite is dependent on
the fine isotropic structure within the filler grains and on the large
amount of porosity present (Figure 5-9).

The crack propagation studies on ATJ and H-451 graphite will
continue, Similar studies will be initiated on PGX graphite used for
the HTGR support blocks. Studies of the effect of oxidation on the
microstructure and fracture behavior of these graphites will also be
initiated., The initial observations of crack propagation in the ATJ
and H-451 graphites indicate that primary modes of fracturing are
different in these two graphites. The changes in microstructure as a

result of oxidation are expected to also be different for these two
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Figure 5-10. Scanning electron micrograph of
crack path in needle-like region of H451 graphite.
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Figure 5-11. Scanning electron micrograph of
fine isotropic structure of H451 graphite.

Figure 5-12. Scanning electron micrograph of crack
path in fine isotropic structure of H451 graphite.
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graphites, thus identification of the modes of fracture pre- and post-
oxidation should provide valuable information about their structural
integrity.

D. Compilation and Assessment of Properties of Concrete for

Use in Establishing Criteria for PCRV Safety Analysis

(A. Auskern and L. E. Kukacka)

A review of the literature to determine values for the
engineering properties of concrete at the envirommental conditions
present in PCRV's under normal operating conditions (up to 93°C)
is econtinuing.

In compiling PCRV property data, it is important to realize
that the heated portion of the vessel concrete, surrounded on one
side by the steel liner and on the other by water-saturated cool
concrete, can be assumed to be sealed in terms of the anticipated
ease of moisture loss on heating. Thus, depending on the actual
temperature level attained, part or all of the free moisture may be
retained and the implications of the presence of water as a mineralogical
phase in the heated concrete must be considered. It is therefore
logical to question whether property data taken at atmospheric pressure
in which the free moisture can evaporate and be removed as a phase
during heating have any relevance when considering the effects of
temperature exposure on concrete in the PCRV environments-l.

During the current report period data pertaining to compres-

sive strength, flexural strength, shrinkage, and creep were

compiled. The results obtained to date are summarized
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below. Data for thermal conductivity and diffusivity were given in
the previous report.

Shrinkage

"Aged concrete subsequently héated in air at atmqspherié
pressure will undergo dimensional changes as a result of the follow-
ing précesses: |

1. Loss of free water (evaporable) from the concrete.

2, Loss of chemically combined (nonevaporable) water from

the hydrated cement phases.

3. Thermal expansion of the concrete.

Shrinkage associated with the loss of free water under
normal conditions is termed drying shrinkage. The complete removal
of evaporable water as a result of heating can result in a shrinkage
of over 2% in the volume of the cement paste” . Howéver, the
presence of aggregate limits the shrinkage of concrete to about ovue=
tenth of that possible in cement. The amount of shrinkagg is propor-
tional to the amount of water lost.

Heating to a temperature of 260°C will remove the chemically
combined water from hydrated cement. The shrinkage that accompanies
this loss of water may produce cracking. Carbonation of Ca(OH)2 can
also occur on heating the cured cement phase at atmospheric pressure.
The extent of carbonatioﬁ dictates the dimensional changes that this.
reaction will produce in the heated gel.

On initial heating of saturated concrete both the aggregate

and cement phases expand. In practice it is difficult if not impossible
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to measure the thermal expansion of gaturated concrete on heating at
atmospheric pressure for several reasons:

1. Moisture is lost continﬁously over the temperature range
of intérest (20o to 260°C). Since the expansion coefficient of wet
concrete is not the same as that of dry concrete, the problem becomes
one of attempting a property measurement under conditions where the
property'itself is continually changing.

2. Shrinkage ettects acnnmpényiqg moisture loooco reduce the
overall magnitude of the expansive strains due to thermal expansion.

Values reported in thé literature for the thermal expansion
coefficient of concrete range from ~ 3 x 10-6 in./in./oF to as high
as 18 x 10-6 in./in./oF. The majority of data fall in the 3 x 10-6 to
6 x 10-6 in./in./°F range.

Estim;tes for ﬁheltotal shrinkage of a 42-in. containment
wall sealed on'the inner surface with a steel liner and with a sealihg

-3

compound on the outer surface have been preaented by Graliam . 'lhe

6

total predicted shrinkage.strain over a 40-year period is ~100 x 10~
in./in. for a 2-in. slump concrete. Incrcases in slump to 3 and 4 in.
result in str;ins of 150 and 200 x 10“6 in./in., respectively. These
values would be expected to increase at higher operating conditions.
Very limited literature data on the shrinkage properties of
water-saturated concrete at elevated temperétures‘are available, One
series of tests in which water-saturated concrete was heated to
_26060 waé performed by Lankards-l. In this work Specimeﬁs exhibiting
a 28-day compressive strengtﬁ of ~6000 psi were heated in autoclaves

(o}

to 80°, 121°, 190°

, and 260°C. In this manner the saturated steam
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pressure commensurate with a given test temperature was allowed to
develop over the specimens.

Although the primary purpoée of Lankard's work was to
determine the effect of high temperature on the compreésive strength,
flexural stfength, and modulus of elasticity, one observation about
shrinkage was made., Compared to samples heated at atmospheric pressure,
the water-saturated -specimen exhibited greater dilation due to thermal

expansion since no concomitant drying shrinkage was occurring.

Creep

Data on the creep rate of water-saturated concrete at tempera-
tﬁres >100°C have not been found in the literature, probably due. to
the difficulty in performing the tests.

.buring the current report period results from tests per-
formed with dry specimens at temperatures up to 427°c and at various

5-4,5-5

. - 0 .
moisture contents at 20 and 60°C have been reviewed The

conclusions from these studies are summarized below:

Dry Concrete at Temperatures up to~4279C5-4-

1. The shape of the creep curves of concrete at elevated:
ﬁemperatures is the same as that at room temperature.
2. The stress/strength ratio has a greater effect on
creep than elevated temperature.
3. A non-linear relationship between creep and the

stress/strength ratio exists,

Effects of Moisture on_ the Creep of Concrete at Temperatures.:

up to 60°C

1. The creep increases linearly with the moisture content.




2, The ratio of creep at an elevated temperature to
the creep at normal temperature is approximately constant irrespective
of time and the moisture content,

3. The decrease in creep at temperatures near 100°¢c
reported by many Qorkers is probably caused by dryiﬁg prior to loading.

4, Iq massive construction where the concrete must be
assumed to be water-saturated, a considerably increased rate of creep
above 100%C cumpared with that of dried specimens shanld he expected,

Compressive Strength

In previous discussions of the mechanical properties of
concrete for HIGR pressure vessel application, concrete specifica-
tiéns for differeﬁt HIGR's were compared (BNL 19763) and séme of the
factors that can affect the compressive strength in the PCRV environ-
ment were discussed (BNL 50450). 1In this report the PCRV environ-
mental factors and their etffect on concreté stréngth will be discuseed
in mnre detail. Areas where data are lacking will be éointed out.

It was mentioned in the previous progress. report that the
strength of a given PCRV concrete is intimately related to its
temperature-moisture-stfess history. This implies that the specified
concrete strength (for example 6000 psi at the time of pre=stressing
for the Fort St. Vrain pressure vessel) based on the testing of
cylindrical specimens cured for a relatively limited amount of time may
not reflect the true state of the pressure ves;el concrete, If in
fact the long term changes that can occur due to the environment lead

to strength increases, then the specified concrete strength would be
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conservative, If on the other hand the net effect of the environ-
mental factors operating on the concrete, i&cluding abnormal conditiomns,
_tends to weaken the concrete the margin of safety would be reduced.
The following example of how thié would operate is ttaken from the

Fort St. Vrain FSAR5-6. The concrete at the vessel midheight is

under an average circumferential prestress_qf about 1950 psi. It is
assumed that the long term concrete strength is 60% of the specified
strength at prestressing,’dr 0.6 x 6000 = 3600 psi. With this concrete
strength it can be shown that neérly half the wall thickness (~4 ft)
could lose all of its strength before the wall would collapse under
the pre-sfress load. A postulated loss of cooling water accident
results in a maxiﬁum of less than 20" of concrete heated to >250°F.
Even if all the strength in this section were lost, accérding to the
analysis, the remaining thickness exceeds the minimum reqﬁired‘by

~2 1/2 ft._ The prcoumcd conscrevatism iin this analysls, as far as the
properties of concrete are concerned, lie with the assumption that the
concrete has losf 407% of its specified strength after the reactor has
been operational for some long period of time. It is conceivable on
the one hand that considerable volumes of the concrete have continued
to in;rease in strength andiare actually stronger than the specified
strength at pre-stressing. It is'alsé conceivable, especially in a
loss of coolant accident, that appreciable volumes of concrete can be,
‘weaker than the estimates made in the cited FSAR. This will be dis-
cussed later,

Another- consideration is that the specified concrete strength

of the PCRV is actually not achieved. This ¢could arise from the




different curing conditions experienced by test cylinders and the
massive concrete, The pqssibility for significant temperature increases
due to the heat of hydration of the cement, coupled with the essen-
tially sealed state of* the massive concrete could lead to a weaker
concrete. However, specimens cored from PCRV side walls after curing
for ~60 days were about 207 stronger than results from the trial
mix5_7. The mix temperature for the PCRV was 45°F to compensate in
part for the temperature rlse un hydration., It appears that baoed on
these measurements and the discussion in the.earlier progress report
(BNL 19763) the specified strength can be achieved.in massive PCRV
sections.

It was assumed earlier in the Fort St. Vrain FSAR that the
concrete had deteriorated to effectively 607 of its specified compressive
strength, There are very few factors thaé, under normal operating
conditions, could cause such a reduction. Long times in the presence
of moisture can result in additional hydratioh and strength increases for
a number of years, depending on the cement composition and surface
area5-8. Studies for the Fort St. Vrain pressure vessel have shown
that for sealed concrete there is very little gain in strength after
~4 months. Moist cured concrete of the same composition shows about
a 5% inéreaSe in strength between 4 and 8 monthss—g. This is about
half the increase demonstrated by a concrete made with cemént of half
the surface aé part of a long term study5-8. If this relation holds
one might expect that for regions of the structure that are moist

cured, i.e. have continuous access to water, the strength would

continue to increase at most for 2-5 years, at a very slow rate.. The
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effect of elevated temperatures would also tend to increase hydra-
tion rates, so it is likely that for this concrete there will not
be much gain in strength due to hydration after ~8 months to one
year, |

The effect.of temperature on the properties of concrete
must be considered in more detail, Two temperature effects are
. distinguished: the effects due to thg removal of the various free
and bound w;ters when concrete is permitted to dry, and the effect
of heat on chemical reactions and phase changes that can occur when
concrete is heated in a sealed condition.

Under normal operating conditions the concrete is in contact
with the PCRV liner at an average sidewall temperature of 150°F (for
the Fort St. Vrain reactor), and is at ambient temperature at the
outer wall about 9 ft away. The effect of this temperature distribu-
tion is to Qrive moisture from the hot to cooler regions, effectively
drying the first foot or two around the liner, saturating a large
region in.the interior of the structure, and thén the concentration °
decreases near the surface to an equilibrium value, The extent
of hot face drying is of course a function of time, temperaturc, and
the permeability of the coﬁcrete. For a hot face temperature of
257°F the drying depth is about O.S'meters for 2 1/2 years; at 302°F
the drying depth is about 1 meter‘in the same time5_10. The properties
of dry concrete in this temperature region have been-extensively
investigated. There is essentially no strength decreases to these

temperatures 1. For a hot face temperature of 270°F and a tempera-

. o o
ture gradient of ~22 F/ft, the saturated concrete -starts at a tempera-
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ture of ~225°F (107°C) , which is above éemperatures where hydro-

thermal reactions involving cement and concrete can’ take places-lz.
If it is assumed that the lowest temperafure at which hydrothermal
reactions can take place is 140°F (60°C)5-12, there would be a
zone about 4 ft thick starting from the dry concrete boundary, of
concrete that can undergo hydrothermal changes. Surrounding this
zone is a third region of partially dried concrete extending to the
outer surface. This eimplo analyocio indicates that there can e
three quite distinct regions within the concrete pressure vessel:

a hot, Ary region (Region I); a hot-to-warm, saturated region
(Region II) where hydrothermal reactions can take place; and a
~cooler, partially dry-to-dry outer region (Region III).

There have been many studies of the strength of>hot, dry
concrete, In general there is little or no strength decrease to
‘400-500°F, tested hot. Cooling and testing at room temperature can
lead to strength decreases. However, heating sealed concrete at
175°F (800C) for 24 hours and testing at temperature gaye.cnmpressive
strength decreases to 857 of reference value and about 75% atAZSOOF.
At 500°F the strength was less than 50% of the reference value,
according to Lankard et al.s-l. Imlach and Taylors_13 studied the
strength of sealed pastes at 285°F-3000F for 2 1/2-4 mﬁnths. They
observed strength decreases as mnch as 607 that reculted ffom the
hydrothérmal treatment. - However, with the use of siliceous aggregates
the compressive strength can become greater than the control strength.

The effects 6f'Very long times (i.e. years) at relatively

low temperatures on the strength of sealed (Region II) concrete is an

- 86 -



"area about which very little is known. The extensive hydrothermal
studies that ﬂave been done on cements and concretes are-genérally
at much higher temperatures where the reactions are completed.in a
few hours or dayss-lz. Iﬁ view of the rather large volume of con-
crete that is potentially sensitive to strength degradation vig
hydrothermal reactions, this aspect of concrete technology must be
scrutinized more closely.

In light of this possible mechanism of strength loss, the
assumptlon discussed earlier, made in the Tort St., Vrain I'SAR that
the long term concrete strength may be 60% of the Spécified strength,
may not be unreasonable .

The effect of stress on strength under temperature has been
considered by some investigators and it appears that stressed con-
crete (compressive to 55% control strength) retains higher strengths
when heated to 4U0°F and higher, than does unstressed5-14. No informa-
tion appears to be available on the effect of stress on heating sealed
concrete.

The effect of an accident sucﬁ as a loss of liner cooling
water woﬁid cause a temperature increase and consequent change in the
temperature gradient wﬁich could persist for some days. The volume of
Region I concrete (hot-dry) would increase, the hot end of Region II
would dry, and the cool end would encroach on former Region III con-
crete. These changes are shown schematically in Figure 5-13 along
with a schematic illustrétion of  possible changes to the strength of

concrete, At present this picture is quite speculative, but derives

from three facts: most of the concrete is effectively sealed so that
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Figure 5-13a. Distribution of concrcte
¢cones I, IT, III in normal operation.

Figure 5-13b. Redistribution of zones I, II, III
after loss of liner cooling accident.

Figure 5-13c. Possible schematic distribution
of strength before and after loss of cooling
accident.

drying will not take place; the temperature of the sealed concrete

is, in normal operation, at a temperature where hydrothermal

reactions can occur; measurements of the effect of hydrofhermal reactions
on theé compressive strength of cured co‘ncrete show significant reduc-
This appears to be an important alrea for further,

tions in strength,

more detailed study.
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VI. Instrumentation and Monitoring (G. Bennett)

Bids have been received and are  being reviewed regarding the
mass spectfometer‘fér Fort St, Vrain. This unit will incorporate a
high resolution (500) mass analyzer, noble gas ion pumps and a detection’
system éonsisting of a rotating beam shutter and phase lock amplifier.
Sensitivities of < 10 ppmv will be possible for the species-Hz, H3,
D2’ HZO’ N2, 02, Co, C02land others,

A purchase order has been placed for the gas chromatograph
to be used in monitoring the circulating gas concentrations in the
BNL test loop. The instrument ordered is the Varian Aerograph
Model 1420 (dual column) with a thermal conductivity detector.

The gas calibration system to be used in qualifyiﬁg the

mass spectrometer system for Fort St. Vrain and the gas chromatograph

for the BNL loop has been fabricated and is ready for initial tests.




IX. Phenomena Modeling and Systems Analysis

A. HTGR Safety Code Library

Dq;igg.the reporting period, conversion of the codes
GAKIT and RECA has continued and work was begun on converting CORCON
and SORS to the BNL CDC 7600 system. At the end of the quarter the
BNL HIGR Safety Code Librgry received the transient analygis program
TAP from General Atomic Company. Table 9-1 summarizes the status of
the 29 programs currently being maintained in the library.

B. Conversiom of CORCON (C. Sastre)

Th¢ tape containing CORCON (Archive No. SQSD-}407) and
input for a sample problem has been received from_General Atomic
Company (GA).‘ The program has been converted to the BNL CDC 7600
computer'and it now compiles and exécutes. Ihe task of conversion
verifiéatioﬁ is hampered by the lack of a conéistent se£ of input
and output. This is expected to be obtained at the end of June.
In addition to the usual translation from FORTRAN V to FORTRAN IV,
the conversion has invélved some variable initializations in order to
avoid the generation of indefinites during the first iteration. This .
was necessary because of differences in the way the Univac 1108 and
the CDC 7600 handle indefinite conditions.' It was also necessary to
include a renormalization of the power distributions to avoid accumula-
tion of round-off errors that led to improper heat balances.

The main effort to date on the study of CORCON has been the
tracing of the program to understand in detail the method.of solu-

tion and the assumptions and data implicit in it.

- 92 -



Table 9-1

HTGR Safety Code Library

Program Status Proprietary Function

CRECT oP NP Corrects data on ENDF/B tape.

LISTFC oP NP Lists data from ENDF/B tape.

RIGEL oP NP Manipulates data on ENDF/B tape.

ENDFB2 OoP NP Converts data on ENDF/B tape to binary.

FLANGE NP Prepares thermal cross section transfer
arrays.

GAND2 OoP NP Prepares fine group fast, resonance, and
thermal cross sections from ENDFB2
binary tapes.

GFE2 oP NP Prepares fine group fast cross sections
from ENDFB2 binary tapes.

MAKE OP. NP Prepares fine group fast cross section
tape from GFE2 for spectrum codes.

WIFG OoP NP . Prepares fine group thermal ¢ross section
tape from GAND2 or FLANGE for spectrum
codes.

PRINT oP NP Reads the fast cross section tape pro-
duced by MAKE. '

SPRINT opP - NP Reads the thermal cross section tape
produced by WIFG. ’

GGC4 OP NP Prepares broad group cross sections
from MAKE and WIFG tapes.

C = In the process of being converted to the CDC-7600.

OF = Operational on the BNL CDC-7600 system under Scope 2.

R = Recently received from General Atomic Co. or Argonne Code Center.

P = General Atomic Company proprietary code.

NP = Not.considered to be a proprietary code.
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Table 9-1 - Cont'd.

Program Statﬁs' Proprietary Function

INTERP oP NP Prepares broad group cross sections from
MICROX output data tapes.

IDX (4} 3 NP Performs one-dimensional, diffusioen
theory, steady-state calculations.

FEVER-7 oP Np Performs one dimensional, diffusiun Lheury,
: ~ burnup and reload calculations.

_ TEMCO-7 . oP NP Computes reactor temperature coefficients
from input cross section data.

BLOOST-7 ) NP Performs zero-dimensional reactor kinetics
calculations.
GAKIT . C NP "Performs one-dimensional reactor kinetics

calculations.

TWIGL oP NP Performs two-dimensional light-water reac-
tor kinetics calculations.

TAC-2D OP - NP Performs two-dimensional, transient con-
duction analyses.

FLAC oP NP . . Calculates steady-state flow distribu~
tions in arbitrary networks with heat
addition.

POKE OP P Calculates steady-state flow distribu-

tion and fuel and coolant temperatures
in a gas—-cooled reactor.

RECA c 2 Calculates time-dependent flow distribu-
tion and fuel and coolant temperatures
in the primary system.

CORCON c P Couputes the temperature history and
fission product redistribution follow—
ing a loss of all convective cooling
of the core.
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Table 9-1 - Cont'd.

Status

Program Proprietary‘
SORSG C P
GOPTWO " OP NP
OXIDE-~3 oP P

SAMPLE OP NP

TAP R P

Function

Computes the release of volatile 'and non-
.gaseous fission products from an HTGR
core during thermal transients.

Analyzes the steady state graphite burnoff
and the primary circuit levels of im-
purities, '

Analyzes the transient response of the
HTGR fuel and moderator to an oxidizing
environment.

Propagates uncertainties in probability
distributions by Monte Carlo technique.

Calculates the transient behavior of the
integrated HTGR power plant.
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The code calculates the temperatures in the core, re-
flector and thermal insulation of the main primary system cavity
as a function of time following a non-mechanistic depressurization
accident with aAcomplete loss of helium cooling capability. The
only heat sink ;ssumed is that of the cooling coils of the liner.
Heaékis'assumed to be transferred through the core by conduction
only, Heat is transferred from the top reflector and core support
' blocks toApheathgrmal insulation of the upper and lower plena by
radiationL The heaf,source (natural decay of fission products)
is repreéeﬁgéd by 5 tamilies or gfoups with different properties
whose migration through the core is used to adjust the heat source
term in the temperature distribution calculation. The migratign of
fissiéﬁ éroducts-ié assumed to be driven.by a gas currént which
transports the produFtSiupwards. Deposition by condensation is
assumed in Ehe cgih;r ?égiég. " This gas flow does not result in
transfer of heat. This assumption leads to higher computed tempera-
_tures in the core and hence higher releases of fission products;
However, the neglect of convection currents might lead to an under-
estimate of the upper plenum surface temperatures,

C. Effects of Water Ingress Utilizing GOPTWO (L. Epel)

The GOPTWO computer program was used extensively during
the quarter to investigate the steady state concentrations of water
vapor in the HTIGR for various water ingress rates. This was done
over a wide range of ingress rates (0.0l to 100 pounds per hour) and

for a number of different graphite-water reaction rates. The details
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are recorded in an internal memorandum (Reference 9-1).

The GOPTWO program computes the steady state concentrations

of HZO’ HZ’ CO, and CO2 resulting from the following reactions:
c + H20 - €O + H2
- .
co + H20 d CO2 + H2 4
Cc + CO2 > 2C0

The code assumes that the rates for these reactions are
governed by Hinshelwood type equations for the thermally-induced
reactions. A éupplemeﬁtary, temperature dependent, radiation-
induced reaction rate is also taken into account if desired by the
uéer. GOPTWO considers the physical situation in which there is
an upper plenum, a graphite core composed of parallel channels, a
lower pienum, and a gas purification system. The code simulates the
flow of the mixture of gases from the upper plenum, through the
parallel channels (each channecl has a uniquc_flow rate and axial
temperature profile), to the lower plenum where mixing occurs,
GOPTWO then accounts for purification of the gas and the addition of
water to the mixture before returning the gases to the upper plenum
and repeating the cycle. When the change in concentration of the
various gases in the mixture is insignificant at all loca-
tionsin the helium circuit, the steady state solution is at hand.

The input to the code allows the user to choose rate
constants for the thermally-induced chemical reactions, temperature
dependent &iffusion coefficients for gases in graphite, radiation-.: :
induced chemical reaction rate constanté, flow distributions through

parallel channels; axial temperature profiles for the parallel flow
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channels, and geometric and physical parameters for the reactor system
as well as the purification and ingress rates.
The main purpose of the study Qas to determine whether or

not the core support posts might be afforded any protection from the
corrosive effects of steam existing in the Gpper plenum by the hot core
graphite. Therefore, the upper range of graphite-steam reaction rates
to be found in the literature, as well as high values of the diffusion
coetticient were used, Specifically, the reaction rate utilized for
the graphite-steam reaction is one that is due to Barsell (Reference 9-2)
and is 75% higher than the one used in the OXIDE-3 code. If F is the
fraction of graphite reaéting per hour, the homogeneous reaction rate
described in this reference is: _

1.868 x 108 exp (-40,900/RT) P

H20

73 4 .0531 exp (27,500/RT) P, .
2 H,0

where the temperatures are in degrees Kelvin, the partial pressures

F =
1 + .0166 exp (28,600/RT) P,

are in atmospheres, and R = 1,986 calories/mole Kelvin. Similarly, the
diffusion coefficient of steam in graphite was chosen from the upper
range of reasonable values:

6 Tl.58

r

D =1.06 x 10"
where the diffusion coefficient ié in cm?/sec, the temperature is in
degrees Rankine, and the partial pressure of steam is in atmospheres.

Using the Fulton Generating Station as a model, it was found
that at steady state, the concentration of steam in the lower plenum
did not differ appreciably from the concentration. in the upper plenum,

regardless of ingress rate, for typical operating conditions.;.In
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fac£,<when the graphife-steam reaction rate was subsequently arbi-
trarily increased by a factor of ten, the depletion 0f steam from
the helium by the core graphite was still almost negligible,

An interesting artifact of the calculations was the simple
relationship between steady state steam concentration and water
ingress rate for the'assﬁmed operating conditions: |

C, (psia) = 5.32 x 1073 (1313
where the leak rate is in pounds per hour. The above relationship
held closely for 0.01 <L< 100. Similarly, the carbon monoxide
(and hydrogen) concentrations could reasonably be approximated over
most of the ingress range by:

| CCm (psia) = 0.073 L0°967

A useful relationship, between carbon monoxide concen-
tration and water vapor concentration, is easily derived from the
above two expressions by eliminating the ingtess race:

c__ = 3.48 ¢ 073
where the concentrations are expressed in psia.

Finally, a comparison was made of the steady state solu-
tion from GOPTWO with an OXTDE-3 run to steady state, The parameters
in GOPTWO and OXIDE-3 that are adjustable by the user during code
input preparation were made as consistent with each other as possible.
The GOPTWO results agreed with the OXIDE-3 results within about 20%
under these conditions.

D. OXIDE-3 (J. Skalyo)

In' the January-March, 1975 Quarterly Report, BNL 50450, it
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was noted that it was necessary to properly differentiate between
different versions of the OXIDE-3 program because of the changes
which have been made in the code during its evolution. A new
Fortran listing of the OXIDE-3 code was obtained from GA during
this qdafter with an attendanﬁ input and output of a sample problem.
The introduction of a new afterheat calculation by GA for post

trip times less than 22 seconds (not 25 seconds as stated in Amend-
meut 1 ol GA-LIR-7) was verified and incorporated inta the ﬁﬁi
version of the code. A comparison of the Univac 1108 output for
the sample problem was then made with results generated by the

BNL CDC 7600 and excellent agreement was noted.

This agreement of results extended also to the'release of Cs
and Sr into the coolant stream; it was noted in BNL 50450 that these
results were particularly variable and hence suspect. A. Bowman
(LASL)'has since then pointed out that the current version is in
error in this part af the calenlation and the appropriate corrootion
will be incqrporated into the code.

OXIDE-3 is currently being used at BNL for the calculation
of equilibrium impufity concentrations in the primary coolant stream
resulting from different constant steam leak rates while the HTGR
operates at full power. The calculated impurity conditions -in the
primary coolant stream will serVe'as scoping data for the design of
an experiment to study the effects of oxidation on core support post
graphite, Parameter sensitivity studies are important in this regard
and have been initiated so that priority can be established on an

experimental program to determine an evidentiary graphite data base
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for the HTGR reference design. It is important here to verify that
the limit of 10 ppmv of oxidant and the possible existence of
localized catalytic attack on some of the core support posts will
not have an adverse effect on reactor safety.

OXIDE-3, as written, is basically meant for short time
transient calculations. For steady state calculations, we have
additionally obtained the GOPTWO oxidation code, developed at Battelle
Pacific Northwest Laboratory from W. C. Morgan., While GOPIWO is
wriften to efficiently solve the equilibrium problem, it was thought
that some calculations to steady state should be done using OXIDE-3
for purposes df comparison.

OXIDE-3 is written so that' the time step for the calculation
is fixed in each of six time regions extending over the entirety of
the transient. This is not a feasible method for runn;ng OXIDE-3 in a
calculation to equilibrium which requires following a time history
of approximately 100k-200k seconds (the longest physical time
constant in the problem is the purification process, 36k seconds).

The program has therefore been modified at BNL to include a variable
time stép feature which adjuste the time step throughout the tfansient
while also assuring the absence of numerical osci}lations in the
solution. Additionally, a maximum time step feature has been in-
cluded to satisfy limits imposed by various time constants involved-
in the program (diffusion, reaction, purification, etc.). This

latter  feature is being further invéstigated in order to fully justify

the use of OXIDE-3 for steady state calculations,
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The calculations which are described below are meant to be
illustrative in nature and are directly related to the sample problem
shown in Section 9 of GA-LTR-7 for a 3000 MW reactor. The input for
the present calculations are therefore not repeated here. The main
differences between Section 9 and what follows are that here the time
step is automatically varied, the reactor is not scrammed, a step
function steam leak rate is started at t = 0, the helium cold-leg
lePPféfuré i timed At T = GAOOF, und the hélium [low rate 1s fixed
at 3066 ib/sec (the latter three parameters are shown as Tables 1, 2,
and 3 on page 9-9 in GA-LTR-7).

In the first series of three calculations the steam leak
rate is fixed at 0.009, 0.09, and 0.9 1b/h, respectively. For the
case of L = 0.09 1b/h, (a value that gives 10 ppmv of oxidant), the
partial pressure of steam (psia) in the upper and lowér plenums is

accurately given for 0 < t < 200,000 by
‘ 4

P [3.50 = 2.29 cxp (-0.0072 L) - 1.17 éxp (-U.000025 t)] x 10

upper
4 .

Py oyep = [3+49 - 2.28 exp (-0,0070 t) - 1,17 exp (-0.000025 €)] & 10
where t is in seconds. The formulas are non-linear least squares
fits to the numerically calculated time dependence. The uppor and
lower plena are subjected to the same pressure to'within the standard
deviations assoéiated with the fits (the neglect of a pressure drop’
across the core is built into the code). This equality is not surprising
when one considers that the helium circulation time is ~6 seconds

compared with an estimated diffusion time constant of ~l00 seconds

(this estimate is based on one dimensional diffusion of steam from the
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coolant channel surface. to the fuel stick center at a temperature of
1650°F). . The hydrogen and carbon monoxide partial pressure-time
dependences are given by

P, = [6.68 + 0.0682 exp (-0.00138 t) - 6.75 éxp (-0.000016 )] x 1072

PCO = [6.67 + 0.167 exp (-0.00052 t) - 6.85 exp (-0.000021 t)] x 10_3
.where the partial pressures are in psia.

The results for all three leak rates are illustrated in
Figufes 9,1-9.4 for éteam, hydrogen, carbon monoxide, and the CO/HZO
ratio, fespectively. Note that the scale multiﬁliers are for
Figures 9.1-9.3 only. The deviation from a linear dependence on the
leak rate is clearly evidenced. The dependence of the equilibrium
partial pressure of steam on the leak rate (in pounds per hour) is

PSt (psia) =~ 0.0064 Ll'18 .
which compares favorably with the GOPTWO results,

The second series of calculations.varied the graphite-steam
reaction rate at a fixed steam leak of 0.09 lb/h. The Langmuir-
Hinshelwood equation for the reaction rate (Eq. 3-33 of GA-LTR-7) has
been ﬁultiplied by a factor F with wvalues 100, 1, and 0,01 for
this series. These results are shown in Figures 9.5-9.8 for steam,
hydrogen, carbon monoxide, énd the CO/HZO ratio, respectively (note
there are no scale multipliers on these curves). |

It is noted that the OXIDE-3 sample problem multiplies the
fuel rod reaction rate by an additiomal factor of 10 (supplied as

input). This factor is also used in the present series. For the

case where the graphite-steam reaction rate is multiplied by 0.01,
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Figure 9-1. Partial pressure of steam in the
hot plenum as a function of time due to various
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Figure 9-2. Partial pressure of hydrogen
in the hot plenum as per Figure 9-1.
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Figure 9-6. Partial pressure of hydrogen
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it was apparent that an appreciabie fﬁel hydrolysis is taking place.
It is not clear a£ this time whether the factor of 10 for the fuel
rod graphite reaction is therefore always a conservative approach,
since its use tends to result in an underestimate of fuel hydrolysis.

It is appropriate that a simplified model that justifies the
use of the two exponential terms in fitting the time dependences be
presented here. The simplest model is one which consideres three
voluwes: a covlant vuolume, the web gL'aph;Lté pure volume, and cthe fuel
rod graphite pore volume, For further simplification, the 1at£er two
volumes can be grouéed‘together since our interest ﬁere centers on
the steam concentration in the coolant volume.' Thus the distinction
-between the fuel graphite and web gfaphite with respect to reaction
rate differences and hydrolysis effects ére lost., The validity of the
two-volume model is upheld by the numerical results of the OXiDE-3
calculations for steam concentration which were fitted very well by
two expoﬁential terms, (Since the three-volume model results in
three exponential terms it is not clear that the additional complexity
is justified at this time). Furthermore, only tbe steam is considered
in this analysis, since the carbon monoxide and hydrogen concentrations
are easiiy Aetermined once the'steam concentration is known; It is
noted that in the two-volume model the carbon monoxide and hydrogen

p

concentrations have solutions involving four exponential terms.
Here, it is doubtful that anything could be gained by complicating the
numerical analysis beyond the two term solution since additional terms

contribute négligibly to an already excellent fit.
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We let C be the number of moles of steam, L is the molar

leak rate of steam, K, is the fraction of the coolant inventory

3

per unit time, The equation for the coolant

1 .
purified per unit time, K2 is the fraction diffusing per unit time
from the coolant volume to the pore volume, and K, is the fraction

‘reacting to CO and H,

volume can be written as:

~.

- T
S o1 . - - _R>
Cc =L chc KZ [Fc v Cp <V ]
1 2 P

1 2 L

<

and that for the pore volume as:

T
. 1 _2>] - .
C, = K,R [pc v % (Vp KyC, -

1,2
T I
The subscripts c and p refer to the coolant or pore volume, respectively,
\ A
R is the gas constant, -/ and — are the volume divided by temperature
1 2 '

calcqlated for plenum 1 (hot leg) and plenum 2 (cold leg), respectively,

T _
and (VB) is' some suitable average over the pore volume. Substituting

- S I |
D =3¢ & = KRy— - and o, = KRG,
1 V2
__+—

1 I

one obtains
.(D+K1+G.'1 -(12 ) '(?‘,C (L)
) ~'a1 D+a, + K3 C 0

'ne solution is
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m,t m,t oL
+ 1
P P P K3K1 + Kjll + KT?Z

5 are the solutions of the qudaratic

where m
1,

m2 + (Kl + K3 +G.1 +a,2)m + K3K1.+ K3(11 + Klaz =0
and Ac’ Bc’ Ap’ and Bp are integration constants related by the
differential equations (the determinant is'quadratic in D, hence
only two independent intggration constants are obtained).

Note the linear velatiuvn ol Lhe eulllilelum concenleallon Lo
the leak rate. The observed deviation (from-linear) obtained from
the OXIDE-3 calculation is, of course, due .t'o the more compliéated
form of the Langmuir-Hinshelwood reaction rate; i.e. K3 is not
really constant., While it is not meant to read too much into the
above formulation, it may be that the good fit‘obtained to the
numerical data by this form is due to the dominance of the constant
term in a Laguerre polynomial expansidn of a more exact solution.

When the concentration of carbon monoxide is also calculated,
fhis model gives tﬁe conservation relation:

L= Kl (Csteam + CCO)
which holds for the coolant volume at equilibrium (in the absence of
fuel hydrolysis). The OXIDE-3 code does ﬁot take account of any
gaseous products resulting from the hydrolysis. This is justifiable
since the number of moles of hydrogen resulting therefrom is

negligible compared with that resulting from the graphite-steam

reaction when the rate equations are as given in GA-LTR-7.
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E. Component Modeling - Turbo Compressor (L. Epel)

The model of the helium bémpressor and its steam turbine
driver that was inqorporated into the TFR program (see previous
Quarterly Progress Report) has been made into a "free standing"
code so that the characteristics of the compressor-turﬁine combina-
tion could be tested and so that the package could be exported to any
user who wishes to utilize this module*. A complete report on this
code, SSTHC (Series-Steam Turbine Helium Circulator), has been written
and describes the mathematical model, the manner in which the actual
compressor and turbine characteristics are simulated, and the handling
of the thermodynamic éropefties of both helium and steam/water
(Reference 9-3). 1In addition, the report describes the thirteen
subroutines in SSTHC, it presents a listing of the pfogram,'and it
includes a sample problem input and output.

At the discretion of the uoccr, cither ideal gas ur real gas
properties can be utilized in the code, for both heliuﬁ and steam,

The cost of using real gas properties is incurred in computer running
time, of course.

The heart of SSTHC is the three subroutines COMPRES, TURBIN,
and POUT. The first of these computes the compressor pressure ratio
and compressor efficiency given inlet flow rate, inlet helium éonditions,
and machine speed. The compressor performance characteristics ob-

tained from GA were fit by least squares techniques to yield poly-

*One request for this package has already been received from the

Division of Technical Review, Office of Nuclear Reactor Regulation, NRC.
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nomial expressions for the dependent variable in terms of the re-
duced flow rate. Similarly, polynomial expressions were derived for
the turbine parameters. These approximations were compared.to the
original data supplied by GA and generally agreed £o within a per;
cent, For the turbine, however, the isentropic enthalpy change
appears in the independent as well as dependent variable and
hence an iterative scheme must be used in TURBIN to extricatc this
yuaulfLy, The result of thio cubroutine yields rhe exir enthalpy,
the turbine efficiency, and the turbine power. Subroutine POUT
computes the turbine exit pressure and temperature; given inlet.
conditions and the efficiency and exit enthalpy from TURBIN. The
other subroutines in SSTHC handle thermodynamic properties of helium
~and steam, read'input'and write output, or perform service calcula-
btions (such as computing flow resistance, interpolatiﬁg in various
tables, etc.).

The program was run to demonstrate its operability.
Starting with steady -state operation of the turbo-compressor set,
a ramp-down Qf turbine flow rate in conjuhction with ramp-downs in
turbine inlet and outlet pressufes was simulated. Thié problem was
repeéted four times:

. in problem 1 real helium and real steam prgperties

were used,
. in problem 2 ideal helium and ideal steam properties
were used,
. 1in problem 3 ideal helium and real steam properties

were used,
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. in problem 4 real helium and real steam properties
were used but the moment of inertia of the turbo-
compressor wheél was halved (i.e. 7200 1b ft2 rather
than 14,400 1b £t2).

Figure 9-9 indicates some results of these computations.

For -this particular problem it appears that the circulator speed
variation with time is rather insensitive to the moment of inertia
of the rotor assembly. A comparison of broblem 1 with problem 2
and then with problem 3 indicates that although use of the ideal
gas approximation for helium may be acceptable, this same approxi-
mation applied to steam c;n change the results appreciably.

F. Consolidated Plant Model (TFR)

The 22-volume representation of the HTGR primary and secondary
systems described in the previous progress report was used in an attempt
to simulate sume simple ﬁlant transients, Numerical instabilities
are still being encountered but they are no longer due to the turboi
compressor modeling. Rather, the problem seems to originate in the
steam generators, proBably because of the large change in thermo-
dynamic properties that the steam side experiences coupled with the
attempt to model these effects using a limited number of nodes in
the steam generator. More attention will be directed toward this
problem in the future, - _ ;

In the meantime, this troublesome portion of the model has

been side-stepped temporarily, by a judicious choice of sampie problems,

so that TFR could at least be tested under somewhat limited boundary
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conditions. To illustrate TFR capabilities some sample problems
were run in which the steam conditions to the compressor turbine
were controlled independently of TFR predictions for the secondary
loop. |

The illustration shown here is a simple perturbation
from steady state operation; ;he“reactorapower was ramped down -
linearly from 100% to 10% during the time interval from 1 to 2
seconds and then held constant at 107% for the remainder of the
200-second (reactor time) simulation. The steam generators for
this case have been modeled as dumping the heat from the primary
circuit in‘proportion to the helium-to-secondar& temperature differ-
ence. The program appears to have behaved normally aﬁd Figures 9-10
through 9-13 represent-some‘of the results of the calculation, It
must be remembered that numerical values shown here are only repre-
sentative of HTCR conditions; Lhey should not be construed to be pre-
dictions of actual transient conditions. The fuel centerline
temperature is seen to fall monotonically from just below 3200°F to
“under 1200°F at 200 seconds (Figure 9-10) and is still decreasing
at the termination of the calculation. The lowering of the fuel
temperature results in a decreaée in the heat flux into the primary
coolant (Figure 9-11)'and a subéequent decrease in core exit tempera-
ture (Figure 9-12)., Since the primary circuit is essentially at
constant volume, the temperature decrease results in a pressure
decrease from the design pressure to just below 500 psia at 200

seconds (Figure 9-13).
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Other sgmple problems have been run that involve power
ramp-down with simultaneous coﬁpressor turbine- steam flow and steam
pressure ramp-down. The fesults of these simulations are being
studied to determine if the code is behaving properly and will
be detailed in subsequent reports.

'The next improvement to TFR will be to provide the
capability of separately controlling two steam generator/circulator
loops. This will allow for the study of those transients in which’
all of the steam generator loops do uut act in unison; e.g., isolation

of .one out of six steam generators due to tube failure.
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X. Review of Group Activities

A, Safety Aspects of Hydrogen Cyanide in the HTGR (S. Nicolosi)

In the event of a depressufization accident of a High
Temperature Gas Cooled Reactor (HTGR), a possibility exists for the
generation of chemical poisons.

Various factors may contribute to this possibility such as the large
surface area and the high heat capacity of the graphite core, the
high nperating t:er@pgrai.ue, va#ious fiovluu prwlicts which may aée as
catalysts, a possibility of both steam and air ingress, and the
presence of radiation which may induce some reactions.

The potential production of hydrogen cyanide as the.result
of a steam ingress acgident followed by a depressurization (air
ingress) accident is under consideration. This analysis was based
upon data from the accident analysis section of the General Atomic
Standard Safety Analysis Report (Amendhent 0). Prior to this analysis,
an extensive literature sea¥éh was conducled Lu examinc as many of
the oynthoees of HON as pnssible. The reactions considered in this

study were:

3 D

SHy + LU+ N, = HCN + L0
Ly +c +iN = HON
2 2 (graphite) 2 72

HyO0 + Clpraphitey = O+ Hy

" The equilibrium HCN partial pressure resulting from the initial acci-
dent conditions described in GASSAR was obtained using the law of mass
action. The expression was solved by Newton's iterative approximation

method., The acceptable concentration of HCN (Merck Index of Chemicals
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and Drugs) is 10 ppmv. The calculation shows that if the reactor
temperature is 2000°K or higher, the HCN concentration in the contain-
ment may reach 10 ppmv. At higher temperatures (3500°K) production

is slightly increased. Details of this work are documented in an
internal memorandum to file.

B. Combustible Gases and Explosion Hazards in the HTGR (C. Yang)

Steam and/or water may enter into the primary coolant system
as a result of such incidents as: steam generator or helium circula-
tor bearing water supply failures. The reaction between the steam
and the core graphite produces hydrogen and carbon monoxide gases.

If these gases leak into the contaimment building or if oxygen in
the containment building leaks into the PCRV, an explosive mixture may
be formed.

The integrity of the PCRV and/or the containment building
may be impaired if an explosion is set off in these mixtures.

| A conference ;o explore the consequences of the various
combustion prooesses to the safety of the HTGR was held at BNL on
the 1st and 2nd of July; 1975. Participants of the»meeting included
five visiting consultants: Abraham Berlad, Howard Palmer, Merwin
Sibulkin, Roger Strehlow and Ching Yang.

The philosophy of the HTGR Safety Program and summary of the
specific BNL program were introduced at the beginning of the meeting.
Reactor environment and structural design considerations were pre-
sented. A general discussion of thé various combustion processes
such as homogeneous explosion, flame propagation, detonation, diffused

flames and slow reactions in the reactor environment followed,
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The production, accumulation, mixing and transport of
combustible gases in the reactor were discussed.

'It became quite clear that the conditions inside the re-
actor such as pressure, temperature and geometric configurations, etc.
are vastly different from the ones under which -general combustion
experiments are performed in laboratories. A direct application of
the measured flammability, explosion limits, aﬁd detonability limits
may not be feaeible, Specitic conditinns undet which combustion
hazards may occur mﬁst be assessed and delineated. The consultants
have proposed a follow-up meeting in November to consider more

specific problems and suggest special studies if necessary.
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