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FOREWORD

The Reactor Safety Research Programs Quarterly Progress Report de-
cribes current activities and technical progress in the programs at
Brookhaven National Laboratory sponsored by the USNRC Reactor Safety
Research Division. The projects reported each quarter are the following:
Gas Reactor Safety Efvalvation, THOR Code Development, Code Review, SSC
Code Development, LMFBR and LWR Safety Experiments, Fast Reactor Safety

Code Validation and Stress Corrosion Cracking PWR Steam Generator Tubing,

This report is the ninth of a series of gquarterly reports which com-
bines the reports of the individual urojects mentioned above. The previous
reports, BNL-NUREG-50624, BNL-NUREG-50661, BNL-NUREG-50683, BNL-NUREG-50747
BNL -NUREG-50785, BNL-NUREG-50820, BNL-NUREG-50883 and BNL-NUKEG-50931 have

covered the periods October 1, 1976 through December 31, 1978,
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1. HTGR SAFETY EVALUATION

SUMMARY

Release of fission products from thermally failed TRISO coated UCy part-
1cles during a temperature ramp experiment up to 2600°C established that Csl was
not present. However, fission products cesium and 10dine were found to be pres-
ent 1n several chemical forms. The cesium deposited at temperatures >1000°C,
while the i1odine band lay at 200-450°C.

Low flow experiments verified the formation of CsCrO4 from Csl in exper=
tments with air and chromium alloys., Dissociation of Csl was also found to oc-
cur with air only; the reaction appears to be facilitated by the presence of
carbon steel.

Work has been initiated on the CspO-graphite system. Preliminary results
indicate that Csp0 1s readily reduced by graphite to form CO and Cs. Work on
this system will continue within the temperature capabilities of the present
furnace.

H451 graphite samples have been heated to 1600°C i1n both dry and humidified
helium. The sample weight loss and the particle size distribution of the aer-
0s0l evolved during heating in dry helium have been measurec. Most of the sam-
ple weight loss was found to occur during the initial heating period coincident-
ly with the highest particle concentrations. Prolonged heating in pure helium
diu not contribute appreciably to the overall weight loss. The particles evolv-
ed initi1ally are very small (0,02-0.03 um diameter) and extremely monoarsperse.
This finding 1s consistent with a formation mechanism involving evaporation and
condensation progcesses.

Subsequent heating of a sample to a 'ower temperature after outgassing in
dry heliom 21d not produce an inmitial bur t of particles. The introduction of
water vapor into the carrier gas consistently produced large quantities of CN.
At high temperature and high water vapor concentration, much coarser graphite
avrosols were observed. Such particles are the result of destructive oxidation
and are formed by physical degradation processes.

The attachment of fission products to Aitken nucleir could be of great im-
portance during a reactor temperature excursion since they are in the best pos-
sithle form to escape deposition.

A batch of 50 BIS0 coated ThOy fuel particles was heated to 2560°C for 1
hour to determine whether failure was likely for temperatures below the melting
point of ThCy. No failures were observed. This strongly indicates that in-
ternal pressurization within the particles, caused by CO formation when the
liruid carbide 1s formed, 1s the principal cause of fuel fairlure.

A wei chemistry technique has been developed to measure the molybdenum con-
centration gradients in H451 graphite exposed to liquid MopC. Compared to
techniques used to date there 1s a significant increase in the detection of
molybdenum and a decrease 1n the amount of scatter in the data.

479 147



A program has been initiated to obtain vaporization data up to 3000°C on
simulated fission products, silicon carbide and uranium and thorium oxides and
carbides tn the presence of graphite. This program will be closely coording® «d
with the c¢ore heatup program.

No attack has so far been observed on fused quartz at 740°C from 1500 hours
of exposure to cesium vapor at very low pressures (<1078 atm.). Attack has
been observed on fused quartz at 800°C from exposure for 1900 hours to tellurium
vapor at a pressure of 1079 atm,

Long term high cycle fatigue testing proceeded on Incoloy BOOH and Hastel-
loy X. The new data tend to confirm that at very long test taimes the oxidation
of specimens exposed to a simulated HTGR helium environment becomes sufficiently
significant to cause a decrease 1n the fatigue strength. At longer times the
beneficral effects of the helium environment dicappear and the fatigue strengths
of the 2 materials i1n helium decrease to those obtained in air tests. Thermally
aged specimens have been tested this peciod.  For an agiog time of 3000 hours an
HTGR helium Incoloy BOOH shows a drop 1n strength of about 20T compared to non-
aged material. On the other hand, Hastelloy X 1s not affected by this aging
treatment .

Creep-rupture testing of Incoloy 800H and Hastelloy X 1s continuing in air
and in a simulated HTGR helium environment. The stress-rupture properties of
lncoloy 800H at 643°C (1200°F) are similar for both vaviromments. Slightly low-
er rupture strengths were observed for Incoloy BOOH at 760°C (1400°F). However,
the creep strengths of Incoloy BOOH were not affected by the environments at
hoth temperatures studied. For Hastelloy X, slightly lower stress-rupture
strengths were observed when tested in helium at 760°C (1400°F) and at B71°C
(1600°F). The creep strengths ¢f Hastelloy X tested at either of the temper-
atures studied, seem to be unaffected by environment .

The first grou, of exposures of HTGR alloys to the simulated fission
products I3, Tep, and Csl at elevated temperatures has been completed.
Significant fission product deposition was observed on the samples and most
showed evidence of corrosion when examined with the scanning electron micro=
srope. Bend tests have been completed and metallographic studies are procee=
ding.

The Materials Test Loop functioned routinely during the quarter except for
an 18 hour outage caused by a regionwide power failure near the end of the 3
month period. This was the first shutdown since the MTL was put into service |8
months ago. bDuring the quarter the performance of the loop exceeded 1Ls own re-
cord from any previous repor!ing period.

A study was initiated to develop an optimal design for a large scale graph-
ite oxidation loop. Such a loop would expose 10 1nch diameter graphite samples
to helium at I800°F and at 50 atmospheres. The impurity levels would be moni-
tored and controlled and the overall design 1s predicated on a 5% depletion an
water vapor concentration as the helium traverses the sample. A quotation for
an engineeris - Jesign of the heliom circulator was obtained from Mechanical
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Technolo, , Ine. ($130,000). A budgetary estimate for the fahricatior, assembly,
testing and delivery of the circulator, motor, exciter, controls, etc. was also
received (5660,000).

The Helium Impuricies Loop was used to study the thermodynamics of reac-
tions fnvelving helium impurities with the retort material. A model has been
formulated which is consistent with experimental observations in the fully oxi-
dized and fully reduced conditions of the loop investigated so far. Experiments
to determine hydrogen diffusion rates through the boundaries of the loop have
been performed and the results have been correlated.

The Helium Afterglow Monitor has arrived from LASL and is currently being
repaired. Additional instrumentation was ordered for the "quartz" loop and in-

frared absorption detectors were purchased to monitor water vapor levels in the
loops.

Irregularities have been observed in the effects of burnoff and flow rate
on the oxidation rate of PCX graphite. The oxidation rate of one specimen was
observed to decrease with long term exposure to H;0 + Hj (Pi /P = 10) in. He
while the reaction rates of other specimens continuously 1ncfease8 with increas-
ing flow rate. Generally, however, the behavior of specimens toward long term
exposure to Hy0O/H: mixtures and to variable flow rate was as expected.

Some evidence is provided which indicates that removal of iron from graph-
ity e orn;tlv- fFarilitatad }\u a h(c'\ cancentration nf tho ‘imnnr{fu,

No effect of compressive prestress on the ultimate compressive strength of
oxidized PCX graphite has been found. Specimens were prestressed up to 0.75 o

and oxidized up to 5% burnoff in a He atmosphere containing 2% H;0 + 20% H;
maintained at 680°C.

e

Small scale depressurization experimer*s have thus far shown little or no
effect of container vessel shape on overall mixing behavior. Binary gas sam-
pling for some selected runs confirm mixirg behavior that has been observed
visually. Mathematical modeling of rarid depressurizations wituin the small
scale experimental model using the RICE code is continuing. Numerical problems
have been identified and means for modifying the code are being investigated.

The ORIGCEN code has been used to calculate the fission product inventories
generated in HEU and MEU tissile fuel particles. These have been compared with
the results of GA-Al3886 and GA-A14980 and reasonable agreement is obtained for
the major fission products.

Fabrication of the three-dimensional vibrations test rig has been completed,
and shake tests of three-dimensional block arrays will commence shortly. An
evaluation of the forces induced in the core elements during a seismic event has
been undertaken. The OSCVERT code is being used for this analysis. The develop-
ment, debugging, and proof-testing of the 08C3D code continues.
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1. Fission Product Release and Transport

1.1 The Release and Transport of Fission Products from Thermally Failed HTGR
Fuel (F, B. Growcock, S. Aronson, R. D. Taylor)

The study of the chemical states of fission products released from ther-
mally farled HTGR fuel was continued. The themmochromategraphic technique em-
ployed (Castleman, 1967) was modified to permit investigation of relatively
non-volatile species, as described i1n the previous quarterly progress report
(Crowcock, 1978). However, the design of the high temperature region, wherein
the fusl particles are inductively heated, proved unsatisfactory. Diffusion of
released fission products out of the graphite susceptor into the surrounding
carbon blatk insulation precluded detailed analysis of the data.

An experiment designed to alleviate this problem was conducted this past
quarter. A tantalum tube, kindly donated by €. L. Smith of General Atomic Co.,
was used as an inner liner for the H45! graphite susceptor; 1t ran the length of
the high temperature region (2500°C-800°C) and extended several centimeters into
the low temperature region (B00°C-25°C). The tantalum was expected Lo serve as
a barrier for the low levels of fission produsts released from the H45] graphite
crucible positioned within i1ts walls., The graphite susce; °r was Kept to serve
as a physical barrier to impurities in the cacbon black insnlation that would
tend to migrate through the tantalum into the fission product strear. A tapered
joint between the high and low temperature regions provided a gas tight fit to
prevent back diffusion of fission product gases from the low temperature region
into the carbon black insulation. The crucible was also modified to ensure that
the particles did not move during heating, An H451 graphite plug was placed in
contact with the crucible to serve as a target for the optical pyrometer. A py-
rex trap, designed to fit the 0.63 cm slit of the gamma detector, was packed
with activated charcoal and maintained at -196°C; 1t was attached to the exit
tube of the low temperature region via a greaseless joint. The extended prep-
aratory procedure used previously for packing the reactor was followed.

Three TRISO-coated UC3 particles, previously irradiated at GA, were re-
irradiated in the BNL HFBR (nominal flux “1014 peutrons/cm?-sec) for 1 hour
to regenerate short lived radionuclides; this has an insignificant effect on the
fuel particle fission product inventory, yet 1§ an effective method for tagging
many of the elements of interest. As 1n the previous experiment, only quartz
was used in the low temperature region. Airco high purity He was passed over a
gettering furnace at 150 em3/min, to reduce 02 and Hy0 to 0.1 ppmv. The
crucible was heated to 1700°C over a period of several hours, then taken up to
2500°C at a rate of 200°C/hour. The gamma activity of the particles was moni-
tored directly; although the gamma activity decreased continuously with i1ncreas=
ing temperature (apparently an artifact), fuel particle failure could be noted
by a sudden drop in gamma activity. Failure of all 3 particles did not occur at
2500°C, so the temperature ramp was continued until they did fail at an apparent
target temperature of 2600°C.

The activated charzoal trap showed considerable activity at low gamma ener-
gies. Very low levels were observed abov: BO keV, however. The 512 keV trans-
ttion, arising from 85Kr, gave a maximum activity of “20 counts/10 min.

= »,
et
D
-

’

S —



{(background "2-5 counts/10 min.)

Since interest has been focused on the chemical forms uf fission products
Cs and I. the activities of 137¢s and 1311 along the thermochromatograph
were measured, The results are plotted in Figures 1.1 and 1.2. The absence of
definite peaks for the 2 rodionuclides in the temperature range 500-650°C (55-75
cm) indicates that no Csl was present. This i1s consistent with the results from
the first experiment with unreirradiated fuel particles (Growcock, 1978) in
which no deposition below 1000°C was observed. However, this 1s contrary to
some expectations (e.g. Gotzmann, 1974). Elemental fission product inventory
estimates give a weight ratio of cesium to iodine of ~19/1 (Skalyo, 1978), 1.e.
<57 of the cesium may be chemically bound to the i1odine. The sensitivity of the
Ge(L1) detector to 137Cs is better than 0.01% so there is little doubt about
the result. Equilibrium calculations for the dissociation of CsI(g) monomer
2ive Kgq 5 x 1074 at 2500°C, while a slightly lower value is obtained for
the dimer (Feber, 1977). Given that the partial pressure of Csl is sufficiently
low, a significant amount of decomposition of Csl can be anticipated.

The complex 137¢s spectrum (Figure 1.]1) was not expected. A tempera. -e
profile of the high temperature region was attempted in a <ry run pr-or to 1v-
sertion of the fuel particles, using a W/26% Ke thecrmocouple. The target temp-
erature was 'nereased to 2500°7, while the hot zone 1n the low temperature re-
gion was kept at B00°C. At high target temperatures (>1500°C) the thermocouple
began to give readings that were considerably lower than the optical pyrometer
values, However, the profile established up to that point left no doubt that
below 25 em the temperature was »1000°C. Dissection of the high temperature
region showed that all the activity beyond the "heated region" was confined to
the tantalum tube. t was noted that the tube became welded to the ~raphite
susceptor. The gamma spectrum of the tube was also obtained for comparison with
Figure 1.1, 1t 1s essentially i1dentical to Figure 1.1, but the shoulders at
15=17 cm and 22-24 cm are absent. Further analyvsis of the gamma spectrum is
desirable,

Deposition of 1odine at 200° to 450°C (Figure 1.2) was not completely unex-
pected. Previous thermochromatographic work with irradiated metallic fuels
heated to lower temperatures than employed here showed that 2 distinct i10dine
peaks were formed i1n the above mentioned temperature range (Castleman, 1970).
The authors interpreted the peaks to be physically adsorbed uranium i1odide
compounds. In our work Ta 1s present also, which might form volatile iodides.
The quartz tube in the region 200°=450°C is currently being divided into 3
sections and prepared for neutron activation analysis to ascertain the
identities of the deposits.

The next experiment will incorporate a carbon steel liner in the low temp-
erature region to examine its effect on fission product deposition. A few fur-
ther minor modifications of the apparatus are planned.
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1.2 The Reaction of Csl with ATGR Materials (F. B. Growcock, J. Plevritis)

In carbide fuels, such as may be used i1n an W'GR, fission product i1odine
may be chemically bound to fission product cesium :s CsI (Fitts, 1971: Aitken,
1975; GOtgmann, 1974). The release of Csl during o core heatup accident will
result 1n 1ts exposure to materials in the primary coolant system and, if suffi-
ciently volatile, to the steam generator system. The volatility of fission
product i1odine could be enhanced by decoawposition of Csl; the interaction of
1odine so formed with HTGR materials is a problem which has not been fully
answered (Chandra, 1976; Farmer, 1977).

e

Preliminary work on the stability and reactivity of Csl toward stainless
steel 304 1n various gaseous environments indicated that solid CsI at S30-630°C
decomposes in 10X 09 in He (Tang, 1977). Csl appeared to be stable at lower
oxygen potentials (e.g. Hp0 or CO/CO7 mixtures in He). Further work indi-
cated that the reaction which is probably occurring under those conditions is
(Aronson, 1978):

2Cs1(g) + 202(g) + Cr(s) + CspCr04(s) + 13(g)

Formation of a chromate salt was indicated also for Incoloy 800, Hastelloy X and
chromium powder, but was not formed in the presence of iron or nickel powder.

This work has been continued and will be discussed 1n greater detail in a
forthcoming informal report. The exjerimental arcangement of Aronson (1978) was
modified slightly so that (1) the Cr-Al thermocouple was isolated from the re-
actants with a well placed i1n contact with the metal substrate and (2) grease-
less joints were used. Typically a reaction was begun by raising the reactor
temperature to the desired value (220 min.); quench.ng was accomplished by re-
moving the reactor from the furnace. A low flow r.te of 25 cm3/min, was used
which provided good mixing, yet little evaporation of the ethanol (22% for a
2-hour run). The metals were degreased and usually preoxidized ia air for |
hour. BRoth the Csl and metal were placed «n a quartz cup which for most experi-
menls was maintained at 600°C; generally the Csl was separated from the metal by
small quartz rods. In one experiment, design ' to reproduce the results of
Aronson, et al (1978), stainless steel 304 tur 1es were mixed with the CsI pow-
der. A comparison of the I svolution from tt _ulid mixture run with that
from the gas/solid reacztion i1s shown in Figure 1.3.

The results of the gas/solid reaction of various materials are shown in
Figure 1.4, The metals used were in the form of turniags. The Hastelloy X,
§.8. 304 and Incolov 800 were machined differently than the carbon steel and
ICr=1/4Mo steel; tu-nings of the latter maieri1al were much thicker and coarser
than the former., 2lthough all the Hastelloy X samples were of the same approxi-
mate weight, the rate of I; evolution and total amount formed varied consider-
ably. However, the rates of runs 1 and 2 for Hastelloy X and the rates of the
$.S. 304 and Incoloy 800 at long times are strikingly similar. Also, the rates
of Hastelloy X run 3 anc S.S. 304 after 1 hour are quite similar. A rather low
rate was obtained fo- the 1Cr-1/4Mo steel, which was expected considering its
low Cr content. Howerer, the similar rate obtained for carbon steel was not ex-
pected., Washing the metal turnings in H9O removed Cr04~ from all except
carbon steel.
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absorbance was too low to say with assurance that 1t was shsent, A higa (low
rate run with Hastelloy X showed that diaffasional flow was probab'y the cause of
the long induction periods. In fact, the experimental conditions are such that
Py, vn the reactor is virtually constant, so that equilibrium is closely
approached. Thus, a given value for the rate of [ evolution corresponds to a
value of Py, in the reactor which is only a hittle lower than its
equilibrium”valuoe.

The rate of 13 vvolution in the Cs1 + Ny run was quite low, probably on
the order of the experimental uncertainty. A similar run with He 1n place of
N2 gave an absorbance of 0,015 at 2 hours, compared with 0.020 for the Ny
run. An almost identical rate was obtained with Hastelloy X, CsI and 2.0%T Hy0
¢ 20% Hy 1n He. Likewise, a run with Hastelloy X, Csl and Np gave about the
same result as the run without metal.

The experiment with Csl # air 1n the absence of metal gave rise to a low
rite, but definitely higher than the experimental uncertainty., This 18 con-
sistent with the carbon steel result. The resalts from these 2 experiments
indicate - @t a reaction, other than the aforementioned formation of CsCr0Oz,

| may occur vetween Csl and 0y, The carbon steel (Feg0y) may simply be an
active surface upon which the reaction 1s facilitated, 1.e. a catalyst.

10
Long induction periods were noted for all the runs, including that without
metal., No induction period was noted for the Csl + N2 ron with no metal, and
no effect was observed when the flow rate was incrvased hy X10; however, the

|
|
Tang, et al (1977) observed no decomposition of Csl on quartz exposed to

J0Z 0y in He. However, the reaction temperature was lower, 475-550°C; fur-
thermore, these workers were looking for qualitative effects. Another argument
against the present results 1s the apparent absence of a viable reaction. For-
mat1on of oxides appears to be contraindicated on thermodynamic grounds., Fx-
periment al evidence supports this: the pH of the solution obtained from washing
some turnings was identical to that of distilled HpO. 1t was expected that
Csy0p, would form CsOH 10 HpO 1f 1t had been generated. A mass balance of
the reaction 1s currently being done with Hastelloy X and carbon steel. X-ray
diffraction of the surface layers of a reacted carbon steel sample will also be
done to help identify the cestum species presumed to be on 1ts surface.

The almost equivalent rates of I evolution observed for the high chro-
mium steel turning samples 1n Figure 1.4 are also produced with stock samples,
Sections of 1/2 1nch Hastelloy X and Incoloy BOO rod were exposed to Csl + air
at 600°C; the results are shown in Figure 1.5, Since these alloys contain simi-
lar amounts of Cr (22% for Hastelloy X and 20% for Incoloy 800 and $.5 .304),
differences in the slopes of the curves may be attributable to differeat actave
surface areas or different Cr activities produced by the variation i1n alloving
const ituents,

In Figure 1.6 the effect of reheating on the rate of Ty evolution from
Hastelloy X and Incoloy 800 turnings 1s illustrated. Similar induction effects
are observed for the 2 heats with each specimen. The rate of Ip evolution
upon reheating Incoloy B0OO 1s somewhat lower than in the original heat; the rate
AF Ta vealurian goon reheatine Hastellov X 16 considerably lower than in the
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Figure 1.6. The effect of reheating on the rate of I, evolution during the
reaction of Csl(g) and air with Hastelloy X and Incoloy 800 at 600°C.
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Figure 1.7.
the reaction of CsI(g) and air with Hastelloy X.

The effect of temperature on the rate of T, evolution during



original heat. Reactivities of high chromium alloys may be expected to de-
crease with time, even in the absence of thermal cyeling, tf spalling 15 not
signifrcant. At the high oxygen potentials used in this study, oxidation of all
the major constituents oceurs. Thus, reaction of Cr (actually Crp03) to

give CsyCr0y depletes the amount of available chromium, resulting in a con-
tinuously decreas ng activity, age. The partial pressure of [ above the
specimen must cors quently decrease also to maintain equilibrium.

Th» etfect of temperature on the rate of 1y evolution i1s shown in Figure
1.7 for . Hastelloy X spe.imens at &00-700°C. At A50°C and 700°C the effect of
decreasing ac, on the rate cf I evolution 18 quite obvious from the curva-
ture of the plots. Csl ts moltea at these !eaperatures, but the reactivity of
Csl{g) should not be affected. Vapor pressure ucasurements yield interpolated
values at 600, 650 and 700°C of 0.12, 0.54 and 2.5 torr, respectively (Scheer,
1962); recent calculations vield 0.079, 0,30 and 0.79 torr at the same Lemper-
atures, of which 5% 1s the dimer, Caplgy (Feber, 1977), The maximum
observed rates are in the approximate ratic 1:4.0:4.0 where the slope of run No,
3 at 600°C has been used for the comparison; this was constdered valid since 1t
was performed immediately prior to the 6507 and 700°C runs. The vapor pressure
ratio at 600°C to that at A50°C is quite samilar to the I evolution rate
ratio. The relative rate obtained at 700°C 1s not in keeping with 1ts relative
vapar pressure. However; a briefl induction period 15 observed, which could lead
to a lowering of ag,e more rapidly than with the other runs. Additionally,
there may be considerable scatter in the rates of Ip evolution (rates at 600°C
varied by <40% from the mean).

Further werk 18 planned 1n order to establish the equilibriam constant and
reaction kinetics for the processes observed,

1.3 High Temperature Mass Spectrometer (S. Nicolosi, I. N. Tang, H. Munkelwitz)

Sr0 and Sr0/graphite systems have been studied within the temperature capa-
bilities of our mass spectrometer system, Since 8r0 1s of such exceptional
thermodynamic stability, the CO background pressure in the HTGR should oxidize
the fission product Sr to Sr0O which has an extremely low vapor pressure. The
presence of graphite may alter this equilibrium through the possibie formation
of a strontium carbide phase or adsorbed strontium. Such a consequence might
enhance the release of fission product strontium. Our aim was to determine the
susceptibility of Sr0 to reduction by graphite resulting 1n the evolution of
elemental strontium vapor.

In the previous quarter, preliminary work was performed on the vaporization
of pure S5r0 to determine 1f our apparatus could go to high enough temperature to
observe a Sr0 signal and to determine the Sr0 fragmentat on pattern in the mass
spectrometer tontzer. The information on S0 fragmeni v 1on 1s needed for the
interpretation of resalts from the Sr0/graphite system. Preliminary results ob-
served that the vapor over pure Sr0 may contain some S0 dimers. This observa-
tion was of 1nterest to us since the vapor pressure of Sr0 had been determined
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15 calculated to be only 77.23 kecal/mole. The discrepancy may be due to the
estient furnace, we are unable to continue these studies of SrO svstems.
mate of AH for Csp0(g ;) and/or the effect of adsorption of Cs by graphite.
In the latter case the system to be considered is:

1
CsaP(s, ) * C(s) = 2Cs(adsord) * CO(p)

2
2Cs(adsorb) = 2Cs(y)

In this case, the measured AH 1s 2H] and 2 AHp, and the /Hp may be concen-
tration dependent. Additionally, in Figure 1.9, the deviation from linearity at
the lower temperatures i1s probably due to a change in heat capacity coupled with
inereasing contributions from background (since the mass spectrum was taken 1n
the D.C., mode due to intermittent electronic problems with the lock-in ampli-
fier). Work on this svstem will continue by varying the stoichiometry and by
considering the effect of cesium adsorption by graphite.

1.4 Aerosol Formation from Graphite at High Temperature (1. Tang,
H. Munkelwitz, S. Nicolosi)

Work continued on measuring the rate and extent of aerusol formation from
core graphite samples heated to 1600°C in both dry and humidified helium. Dur-
ing the report quarter, emphasis was placed on the weight loss of H451 graphite
specimens heated 1n dry helium as a function of temperature and heating dura-
tion., The particle size distribution of the aerosol! evolved during heating in
dry helium was also established by sampling with a diffusion battery.

When a new 1451 graphite specimen was first heated in dry helium, conden~
sation nuslei (CN) were 1nvariably evolved, Initial CN concentrations were
alu.ys 1n excess of 107 CN/em? even at temperatures below red heat, and
gradually decreased with time to a much lower concentration level, Increasing
the temperature again produced a sharp increase i1n CN concentration, which then
tapered off when the temperature was kept constant. Figure 1.10 shows the CN
concentration change as a function of time for one graphite specimen heated at
three different temperatures in dry helium,

At the end of each constant temperature neriod, the sample was cooled down
and weighed. The results of sample weight loss as a function of sample tempera-
“tare and heating duration are given in Table l.1. Although the results are pre-
Iiminary and quite limited, they indicate that at each sample temperature, most
of the sample loss occurred during the initial heating period when the aerosol
concentration was highest. Prolonged heating at the same temperature did not
contribute appreciably to the overall weight loss.

The particles evolved during the initial degassing period were very small
and not detectable using the light scattering instrument for particle size de-
termination. Consequently, a Sinclair type diffusion battery was employed to
obtain the size distribution of these condensation nuclei. The principle and
application of this instrument have been described elsewhere (Sinclair, 1972:
1975). 1In the present work, an iterative method was emploved to derive the
particle size information from the percent penetration data measured sequen-
tially at each battery port. The fitting of the data was done on the BNL CDC
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Table 1.1

Summary of Sample Weight Loss Data

Temperature Heating Duration Weight Loss

Atmosphere — . Minutes _Percent

Dry He 1234 290 0.16

Dry He 1423 180 0.11

Dry He 1536 180 0.17

Dry He 1210 300

Dry He 1400 330 0.67*

Dry He 1600 300

*Total weight loss during the entire heating period at the specified
temperat ures.

7600 computer. Figure 1.11 shows the particle size distribution of the aerosol
evolved during the first 15 minutes of heating in dry helium at 1010°C, This
typical size spectrum indicates an extremely monodisperse acrosol that i1s con-
sistent with a formation mechanism 1avolviag evaporation and condensation pro-
cesses (LaMer, 1950). 1In the present system, the particle diameters were found
to vary from 0.02 to 0.03 ym. Electron microscopic examination of the particles
collected on copper grids with a thermal precipitator showed that these parti=
cles were quite unstable in the electron beam. Some of the particles evaporated
quickly, leaving behind a residue, It 1s postulated that these particles are
formed mainly from the volatilized residual binder material remaining 1n the
graphite even after graphitization at high temperatures (Tingey, 1972).

A considerable amount of outgassing data has been reported for a variety of
graphites (Eggleston, 1955; Asher, 1960; Redmond, 1960; Blakely, 1964). How-
ever, 1n all of these previous 1nvestigations only the gas content of graphite
has been measured by heating a sample 1n vacuum and collecting the non-
condensible gases for analysis. Typically, the evolved gases consist of hp,

Co, €0y, Hp0, S0y, Ny and hydrocarbons (low molecular weights). No at-

tempt was made by any of the previous 1nvestigators to look for the particulate
matter that was also released with the gaseous species. In fact, the techniques
employed by these investigators would not have been capable of monitoring aero-
sole since the partizcles emitted in vacuum would simply collect on the walls of
the vessel. Redmond and Walker (1960) did a material balance and found that the
evolved gases could account for only 50% of the sample weight loss. They no-
ticed that considerable material was collected on the cool walls of the desorp-
tion chamber. An emission spectroscopic analysis indicated that this deposit
was composed mainly of silicon, iran and magnesium,

Dnce a graphite sample was outgasse” at a higher temperature, and subse-
quently heated at a lower temperature, there was either no change or a reduction
11 CN count rate, depending upon the degree of outgassing. However, addition of
water vapor 1nto the carrier gas invariably produced a brief burst of CN. Elec-
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tron microscopic examaations of the particles collected from oxidation experi-
ments revealed that these particles were stable, solid material, The morphology
was entirely different from that of the particles emitted during degassing.
Cleacly, the solid particles were formed by physical degradation of the sample
as o result of eshaustive oxidation. At high temperature “od water vapor con-
centrat tons, much coarser graphite particles were observed » nreak off the
heated specimen and deposit along the sampling tube leading to the CN counter.
These large particles were not ancluded in the data.

The attachment of fission products to Aitken nuclei may be of great impor-
tance 1n a reactor accident, since the deposition of these fission products
would be coatrolled by th: deposition behavior of the host aerosol, The Airtken
nuc ler are difficult to remove from the atmosphere as they are large enough to
have low diffusion coefficients and yet are small enough to have a very low set-
tling velscity under the influence of gravity. Fission products, therefore, at-
tached to these nucler are in the best possible form to escape deposition.

1.5 Experimental Studies of Core Heatup Phenomena (P, Soo, G, Uneberg, R.
Sabatint, . Sastre, D, G. Schweitzer)

The experimental HTCR Core Heatup Program was devised to obtain data on the
hehaviaor of foel, fission products, control rod materials and graphite during
hypothetical, nonmechanist s accidents in HTGR systems wiere temperatures are
assumed to range up to the graphite sublimation regime (23600°C), Very few
experimental dita are curreatly available on the physical and chemical inter-
actions between these core materials so that fuel and graphite int»grity and
fission product migration rates are extremely difficult to quantify., TInitial
work in this program has involved relativel' simple types of interactions be-
tween graphite and fuel, control rod and cectain fission product species. This
18 considered necessary to obtatn basic intevaction data before more complex and
prototypice experiments are initiated. Work 1s currently proceeding on molvb-
denum migration in H451 graphite, and heatup of BISO and TRISO coated fuel part-
icles to determine their thermal stabilaty.

1.5.1 Fuel Particle Testing

A batch of 50 BISO coated ThOy particles (Run 10578) was placed in a
small capped crucible made from H45) graphite and heated in the induction fur-
nace at an imtial rate of about 2000°C/h to a temperature of 2560°C. The part-
1cles were maintained at this temperature for 1 hour atter which the power was
switched of f and the fuel allowed to cool naturally,

This experiment was designed to dete mine whether significa. t fuel particle
fat ure would occur for temperatures below the melting point of the liquid
ThCy (2650°C). All work to data indicates that the principal failure mecha-
nisns center on the rapid evolution of CO which forms when the oxide fuel 1s
reduced to the ligquid carbide according to the follewing reaction:

ThOz + 4C < They (lig.) + 2€0

.The CO pressure builds up to a value high enough to rupture the pyrolytic carton
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coat ings and the liquid fuel escapes.

Deterled scanning electron microscope studies revealed no trace of cracks
or holes 1n the carbon coatings which confirms that fairlure i1s i1ndeed 1nitirated
by internal gas pressure. Mechamisms of failure have been described 1n previous
reports.

1.5.2 Molvbdenum Migration in H451 Craphite

Work 1s progressing on the molybdenum diffusion experiments. Run 42078, in
which MosC was heated to 3000°C for 8 hours in a H451 graphite susceptor, has
been analyzed using a wet chemical technique., First, the graphite susceptor 1§
cut 1nto slices of known thickness; then the individual slices are dried, weigh-
ed and ashed. The ashing 1s accomplished by exposing the sample to an oxygen
plaraa iucide an LFE Corportion Model 302 low temperature asher. This process
leaves a resitdue of i1norganic ash which contaiu. the trioxide of molybdenum and
the oxides of other metals which may have been present in the graphite, This
residue 18 then dissolved 1n a known amount of 10% NH4OH so'ution and the ab-
sorption spectrum 1s taken with a Beckman Model 26 ultraviolet spectrophotom-
eter, using 50 mm pathlength guartz cuvettes. The absorption intensity at 230
am (¢ 10,000 liters/mole-cm) 1s then compared with that of solutions of MoCj
of known concentration. Data points were obtained from a distance of 5 mm from
the melt (21 ppm) to 55 mm from the melt (3 ppm). The Mo diffusion profile 1s
shown 1n Figure 1.12. The wet chemical results are 1n general agreement with
the results obtarn d using the proton microprobe.

The microprobe i« =lts, however, have not been absolutely quantified and
the technique shows cons:derable scatter among the data roints. The scatter
might indicate that Mo 1s migrating preferentially along the grain boundaries in
the graphite. The small beam diameter of the microprobe would enhance thais
effect and give rise to apparent scattesr in the data.

The X-ray fluorescence technique indicates Mo concentrations about 3 orders
nf magnitude greater for identical distances from the MosC melt. It is now
believed that the X-ray fluorescence results, btained {rom an offsite labora-
tory, are questionable and a new evaluation of this technique 18 required.

An analysis of the wet chemical results 1s 1n progress to obtain estimates
of the diffusion rates of molybdenum 1n graphite,

1.6 High Temperature Vaporization Studies of HTGR Fue! Components and Fission
Products (S. Aronson - Brooklya College)

Data dealing with the physical and chemical reactions associated with the
consequences of core heatup in HTGR environments are sparse. Information 1s
needed on the vaporization and diffusion behavior of the fuel, coa*ings and
fission products and on the interaction of these various chemical substances
with each other and with graphite. We plan to obtain vaporization data up to
3000°C on simulated fission products, silicon carbide, and uranium and thorium
oxides and carbides in the presence of graphite. This program will be closely
coordinated with and will provide base data for the core heatup program in the
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HTGR Safety Group at BNL.
The program will involve several interconnected components:

l. An experimental study will be made of the gas pressures (primarily CO
and COp) generated by mixtures of graphite, ThOy or U03, SiC and one or
more simulated fission product such as Sr, Zr, Mo, Cs and Ce. This study should
yivld rnformation useful i1n elucidating the nature of the interactions of U02
or ThDy fuel with fission products at high temperatures. The experimental
data will be compared with whatever information is available in the literature
on the systens investigatged. The QUIL computer code developed at LASL and
implemented at BNL will be extensively used in these calculations.

2. Measurement of the vapor pressure and heat of vaporization of a single
simulated fission product mixed with graphite will be made 1n cases where this
basic information 1s useful 1n making calculations concerning the mixed fission
product system, The effectiveness of different experimental techniques for
making vapor pressure measurements at high temperatures will be compared during
this study.

3. Fuel faiiure mechanisms which have been proposed (Smith. 1974;
Lindemer, 1974) will be reexamined. The phenomena of kernel migration, fission
product gas pressure, the iateraction of fission products with the $:C layer and
C0=C0y diffusion and CO decomposition will be considered on the basis of the
most recent data available 1n the literature and generated through the program
described above.

1.7 Interaction of Cesium and Tellurium With Fused Quartz (S. Aronson, J. Klahr
- Brooklyn College)

A long term test was begun on the interaction of fused quartz with cesium
vapor. The temperature of the liquid cesium reservoir is 40°C corresponding to
a cesium vapor pressure of 108 atm. The temperature of the fused quartz tube
ranges from 40°C in the vicinity of the cesium reservoir to 740°C at the center
of the furnace. No attack was observed visually after 1500 hours of exposure.
A second capsule has been assembled which consists of a stainless steel tube
sealed inside a fused quartz tube. The stainless steel tube which holds the
cesium reservoir adjacent to i1ts one closed end, extends from the cesium reser-
voir to within 2 inches of the other end of the fused quartz tube. The purpuse
of this arrangement is to concentrate the attack of the cesium vapor on the
fused quartz region in the hot zon2 in the center of the furnace. It has been
reported (Milste :d, 1966) that cesium does not react with stainless steel. The
cesium reservoir will be heated to 100°C (1075 atm.) for the first test of
this type.

It has been observed that tellurium attacks fused quartz (see Section 2.3).
Two fused quartz tvnbes containing tellurium powder have been prepared. Long
term tests will be run in whiczh the temperatures of the tellurium reservoirs
will be 400°C (1076 atm.) apa 300°C (10™% atm.), respectively.
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2. Materials, Chemistry, and Instrumentation

This program covers the evaluation of four main categories of materials:
(1) metallic materials, (2) graphites, (3) PCRV, and (4) other materials, In-
cluded 1n (4) are control rod materials and thermal barrier insulation., At this
time, however, the major emphasis is centered on metals. The objectives of the
work are to eritically review available materials data pertinenl to HTGR safetw,
identify areas where information 1s sparse or unavailable, and to design and 10~
itiate experiments to yvield data which will permit accurate assessments to be
made of materials related safety problems.

2.1 Fatigue of Structural Materials (P. Soo, J. Chow, R. Sabatint)

The carrent effort oa fatigue is focrsed mainly on the high cvole fatigue
regime Lo evaluate the behavior of components subjected to raptdly osciullating
stresses, Tests are conducted 1n arr and a simulated HIGR helium environment
under load control at a cycling rate of 40 Hz.

2.1,1 In-Helium High Cycle Fatipue Testing

Incoloy BOOW and Hastelloy X are currently being evaluated. The simalated
HTGR helium environment contains 40 uatm. Hp0, 200 patm. Hy, 40 jatm. CO, 20
satm, CHy and 10 patm. of COp. Air tests are alsc being carried out to check
the effects of helium agaias: a known standard environment. Chemistries of the 2
materrals are given “.Llow:

¢ P 8 Mn S1 Cr N1 Mo Fe Others

Incaloy BOOK  0.05 NA 0.003 0.67 0.46 19,81 32.17 NA Bel, 0.65 Cu
(Ht, HHT427A) 0.43 T1
0.39 Al

Hastelloy X 0.11 0.021 0.008 0.50 0.41 20.67 Bal. R.86 18.66 2.10 Co
{Hr, 4-2809) .55 W

NOTE: NA = not analyvzed. All concentrations in weight per _ent,

Long term tests were continued during this reporting period but only a small
amount of additional i1nformation has been obtained. Figures 2.1 and 2.2 show the
data obtaiced to date,

Incoloy BOOH shows 1nconsistent behavior for the two test temperatures. At
h49°C (1200°F) there 1s a clear 1ndicacion that the helium environment gives a
lower fatigus strength, viz. 217.2 MPa (31.5 ksi) versas 237.9 MPa (34.5 ks1) for
arr. At 760°C (1400°F), however, the air environment gives a substantially lower
fatigue streagth. For eyeles to farlure (Ng) larger than 108 there seems to
be a tendency for the helium curve to show an accelerating decrease in the fa-
tigue strength with time.

In the case of Hastelloy X (Fagure 2.2) the only tests carried out in the
stmulated HTGR helium environment were at B71°C. For the shorter test times
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helium gives a higher fatigue strength compared to the air eavironment. However,
after approximate'y 108 cycles the two curves converge and the fatigue
strengths become comparable.

One explanation of the envirommental effect 1s that air gives lower fatigue
strengths because of the rapid formation of an oxide scale. At the higher stress
levels this scale cracks easily and leads to early fatigue failure. Evidence to
support this model was piven recently by Soo (1978),

In the case of helium tested specimens the oxide scale forms much more slow-
ly. Only at the longer test times will surface oxidatton lead to an accelerated
decrease in strength as shown in Figure 2.1,

Since the 649°C (1200°F) data for Incoloy S800H shown i1n Figure 2.1 are not
consistent with the proposed oxide embrittlement model, 1t s possible that the
slow oxidation rates at this lower temperature do not cavse a sufficiently thick
or brittle scale to give a pronounced effect. Hence, some other mechantsms could
be controlling the fatigue strength of Incoloy BOOH at A49°C (1200°F).

Some metal lographic observations have been made of the microstructure of a
fatigued Hastelloy X specimen (MHF=16) which was tested in air at 760°C (1400°F)
at an alternating stress of 234.4 MPa (34.0 ksi1). The specimen failed after 5.5
x 106 cycles. The scanning electron micrograph in Figure 2.3 shows a thin, ir-
regular oxide scale which was shown to be rich i1n chromium. Immediately beneath
the scale the metal appears to be filled with small pores, which could be areas
from which small precipitates have been etched out. Carbides of the MgC type
are often observed to be present in this area. 1t 1s believed that this is an
area where the chemical composition has been sigmificantly changed from the
starting value because of the diffusion of metallic elements into, and also out
of, the scale repron. At B71°C (1600°F) this area has been observed to undergo
recrystallization and the precipitation of additional phases.

Beneath this layer, a second region 1s observed which consists of etched
planes lyving parallel to the surface. These are slip planes which were formed by
sur face grinding which occurred in the preparation of the specimen. During the
fatigue process a second phase, most likely Mp3Cq, precipitates on the slip
planes and this gives rise to the irregular etching characteristics.

Figure 2.4 shows the types of carbides which develop during fatigue testing.
The small particles at the grain boundaries are likely to be My3Cq whureas
the fine precipitates within the grains are probably of the MgC prime type
(Lyman, 1972). Two types of large carbide particles are observed which are dis-
tinguishable by their color as observed with the scanning electron microscope
(SEM). The most common 1s light gray in color and the other is medium gray. The
difference 1n contrast 1s brought about by the "atomic number effect.'" This is
cansed by the larger numbers of secondary electrons which are generated when the
SEM electron beam impioges on elements of high atomic number. Since these
secondary electrons are regponsible for image formation, phases containing large
fractions of heavy elements are lighter in color. The large: light gray carbides
are thus likely to be MgC (Lyman, 1972) and many are probably primary carbides
present after the initial heat treating of the specimens. Smaller MyC parti-
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Figure 2.3. Scanning electron micrograph of Hastelloy~x
specimen (MHF-16) fatigue tested in air at 760°C (1400°F)
at an alternating stress of 234.4 MPa (34.0 ksi). Cycling
rate was 40 Hz and cycles to failure were 5.5 x 10°%,
Magnification 10C0X.
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Figure 2.4. Scanning electron micrograph showing various
carbides present in Hastelloy-x specimen (MHF-16) fatigued

in air at 760°¢ (1400 F) at an alternating stress of 234.4
MPa (34,0 ksi). Jycling rate was 40 Hz and cycles to failure
were 5.5 x 10°, Magnification 1000X.
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icles could have formed from the MgC prime described above. The medium gray
phase is alsa thought to be a carbide. It seems to always exist in close asso-
cration with the MgC, often as attached particles (Figure 2.4). Frequently,
the darker carbide 1s observed to transform into MgC, as shown i1n Figure 2.5.
Nuc leation points are .t small partizles on the surfaces of the carbide.
Probably the darker ca.oide 18 Mp3Cq since 1t has been shown to commonly

exist in this temperature range (Decker, 1969),.

Some approximate measuremeats have to be made of the chemical compositions
of various carbides shown 1n Figure 2.6 and the results are given in Table 2.1.
Carbide particles A, C and D are relatively close in composition which s consis-
tent with their tentative identification as MgC or MgC prime. Carbide B,
however, i1s greatly different and, compared to the other carbides, 1s found to be
deficient in Mo and Ni. 7 1s 1s shown more clearly with the scanning electron
microscope/microprobe (SEMM) scans given tn Figure 2.7.

2.1.2 High Cyele Fatigue of Alloys Aged 1n an HTGR Helium Environment

Batches ¢f Incoloy BOOH and Hastelloy X have been thermally aged in the
hel:um environment described in the previous section in order to determine how
long term corrosion affects fatigue strength. By preaging specimens in simple
furnaces prior to testing, considerable machine time 1s saved since the specimens
are not exposed within the fatigue unit itself.

Figures 2.8 and 2.9 show preliminary data obtainea for 3000 hour aged speci=
mens. Comparisons are made with unaged specimens tested in air and 1n helium.
The aged Incoloy B00H shows a decrease i1n fatipgue strength of approximately 20
percent compared to unaged material tested in helium. However, the strength is
still considerably higher than unaged material tested 1n atr, In the case of
Hastelloy X aged and unaged specimens tested 1n the helium enviroament show very
similar fatipue strengths. For the shorter test times alr gives lower fatigue
strengths but, at longer times (Ng ? 108) the air and helium fatigue
strengths are comparable.

To define the effects of thermal aging 1n helium some preliminary work has
been carried out on an Incoloy BOOH specimen (MNF-194) which was preaged for 3000
hours at 760°C (1400°F) prior to testing in helium. The specimen was cycled at
40 Hz at an alternating stress of 158.6 MPa (23.0 ks1). Failure occurred after
5.5 x 10% ~vcles. The fractograph in Figure 2.10 shows that crack propagation
occurs 1n a uniform manner similar to that for unaged material. However, higher
magni f1cat ion examination shows that in the Stage 11 crack propagation region a
fine precipitation is present (Figure 2.11). This was probably hrought about by
the thermal aging process and attempts will be made shortly to determine the
nature of this phase.

A pronounced oxide scale was formed by the aging process and fatigue cy-
cling causes significant spallation 1o occur as shown i1n Figure 2.12. The metal
immediately beneath the scale appears to be embrittled as shown by subscale
cracking initiated during fatigue (Figure 2.13). This effect 1s not observed 1in
uneged material. Additional exarnations are being carried out to confirm these
observations.
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Figure 2.5. Scanning electron micrograph showing gray
carbide phase in Hastelloy-X (Prnhabéy ”:3L,A transforming
to McC during fatigue testing at 760 C (1400 F) at an
alternating stress of 234.4 MPa (34.0 ksi). Cycling rate
was 40 Hz and cyles to failure were 5.5 x 10°.
Magnificati~a 6000X.

'
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Figure 2.6. Identification of carbides in Hastelloy-X
specimen (MHF-16) fz fgued in air at TbUOF (IQUUOF) at an
alternating stress of 234.4 MPa (34.0 ksi). Cycling rate
was 40 Hz and cycles to failure were 5.5 x 10°.
Magnification 1000X,
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Table 2.1

Approximate Compositions of Carbides 1n a Hastelloy X Fatigue Specimen(l) Obtained by Scanning
Electron Microscope/Microprobe Analyzer

Concentration (wt. percent)(z)

~
L]

Element mec?®  carbide A) carbide 3 carbide ¢/®  carbide p®  Ave. in alloy‘”
N1 | 22 L] 26 e 48.1
Fe 7 7 5 10 — 18.7
Cr 14 14 58 15 Sk 20.7
Mo 62 65 30 43 37 R.9
w 6 7 2 4 i 0.6
Co 1 iox iEnche ey e o
Mn 0.2 0.1 0.2 0.3 - 0.5
S1 2 2 0.01 0.01 — 0.4
e c -—— e —— - 0.1
~d
LD NOTES :
(1) Specimen tested at 760°C (1400°F) at an alternating stress of 234.4 MPa (34.0 ksi). Cycling rate was
—— 40 Hz and failure occurred after 5.5 x 100 cycles.
. (2) Approximate concentration of an element obtained from the expression: (X-ray counts from carbide/counts
(S0 from matrix) X average concentration of element in alloy.

(3) values for MgC carbide in control specimen heat treated at 1176°C (2150°F) for 0.5 hour followed by

water quench.
{4) MgC type.
(5) Probably M23Cs type.
(6) Probably MgC prime type.
(7) Alloy vendor anzlysis.
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2.2 Creep Rupture Properties of Primary Circuit Structural Materials 1n Air and
Helium (J. Chow, P. Soo)

Many of the HTGR primary components are inaccessible for replacement and
have to lasr for the design life of the reactor. Therefore, the long term struc-
tural integrity of these components 16 an 1mportant safety consideration. In an
HTGR the primary circuit materials are exposed to helium with impurities such as
water which 1s present due to water influx from the steam generators. In this
phase of our program, an elevated temperature testing effort has been estab-
lished to study the long term mechanical behavior of some critical alloys in a
prototypic HTGR helium environment.

The helium environment for the mechanical testing i1s be'ng supplied from the
Materials Test Loop (MTL) and conists of helium with 40 patm. Ho0, 200 uatm.
Hy, 40 uatm. €O, 10 vatm. CO» and 20 patm. CHi. It is believed that this
"wet" enviromment simulates that which could exist in an operating HTCR.

At the present time, 20 lever arm Creep rupture units are being used to test
HTGR materials. During the last quarter, 11 test units were run with helium re-
torts and the balance of the units were used for in-air tests.

The creep testi.ag program has been concentrated on Hastelloy X which 1s the
rhermal %arrier cover plate material 1n the highest temperature zones and on
Incoloy 800H which 1s widely used 1n the construction of the steam generator.
Materirals froa commercial heats of these 2 alloys being tested are given in
Section 2.1. Both of these alloys were purchased in the form of 1/2 inch diam~
eter rods

Prior to machining of the test specimens the Incoloy BOOH alloys was soiu=
tion treated by heating to 1149°C (2100°F) and water quenched. The Hastelloy X
specimens were heated to 1176°C (2150°F) for 1/2 hour and water guenched. 1In
order to eliminate heat-to-heat variations the in-air and in-helium test speci=
mens were made fr n single reference heats.

2.2.1 1Incoloy 800H

Creep rupture testing of Incoloy 8004 at 649°C (1200°F) and 760°C (1400°F)
in the simulated HTGR helium environment and in air is continuing. The updated
stress-rupture curves and creep rate curves are shown in Figure 2.14 and Figure
2.15, respectively. The lines are drawn through the in-air test data which are
represented by solid points. The in-helium tests are represented by open cir-
cles. Also shown are the minimum expected values obtained from Code Case 1592 of
the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel
Code.

In Figure 2.14 the i1n-air rupture test data points are only slightly above
the Code Case 1592 expected minimum. For Incoloy 800H, the strength is highly
dependent upon the carbon content. Since the heat of Incolov 800H that we are
testing contains 0.05 w/o € 1t 1s at the lower limit of the H grade.
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AL 649°C (1200°F), for test time up to about 7000 hours, there appears to be
no difference in rupture strengths for the two environments. However, at 760°C
{1400°F), two rupture points at 1628 and 5176 hours lie slightly below the in-air
test line. The ductiltties of the specimens, shown i1n terms of percentage elon-
gation in parentheses next to the data points, do not seem to be detrimentally
affected by the helium environment,

Long term tests at 649°C (1200°F) stressed at 82.7 to 124 MPa (12.0 to i8.0
ksi) are under wav both 1n air and in helium environments. Some of these tests
have gone beyond 10,000 hours of testing. Long term tests at 760°C (1400°F)
stressed at 34.5 and 41.4 MPa (5.0 and 6.0 ksi) are also under way.

Figure 2.15 gives the creep strengths obtained for Incoloy B800H at 649°C
(1200°F) and 760°C (1400°F). There 15 no apparent difference 1n the minimum
creep rate for the air and helium test eaviromments. It is possible that the
small surface-to-volume ratio used in the test specimens would require a longer
test time 1n order to show envirommentally induced differences in properties,

A comparison has been made of 2 Incoloy BOOH specimens tested in air and
helium at 760°C (1400°F). The stress levels were comparable but the helium spec-
imen was exposed to the test environment for 5136 hours whereas the air specimen
was exposed to only 2604 hours. Nevertheless, there were basic similarities in
their corrusion behavior which ar - shown in Figures 2.16 and 2.17, and summarized
below:

The predominant oxide was that of chromium but titanium oxide was also
clearly observed i1n the bulk of the scale.

Manganese oxide seems to form a thin layer on top of the chromium and
titanium oxides,

Aluminum and silicon are also oxidized. However, it is not certain
whether these elements are oxidized i1n the same location as the chromium
or some other area, below the chromium.

Manganese, chromium, aluminum and silicon are also oxidized along
intergranular regions.

The oxidation of magnanese, chromium and titanium results in the
formation of a zone beneath the oxide scale which 1s depleted of these
elements.

2.2.2 Hastelloy X

Fisnre 2,18 presents the stress-rupture data for Hasteiloy X at 760°C
(1400°F) and 871°C (1600°F). At both of these temperatures, the i1n-helium test
points either lie on the line which is drawn through the air test points or
slightly below. This indicates a detrimental effect of testing in helium on the
rupture strength. The most convincing data that illustrate the environmental
effect are the two tests performed at 871°C ('600°F) at a stress of 41.4 MPa
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(h.0 ks1). The air test fairled after 5543 hours whereas the helium test ruptured
after 2986 hours. However, the ductilities were very similar, 38% for the air
test and 39% for the helium test.

During this quarter, s test at 871°C (1600°F) in helium stressed to 27.56
MPa (4.0 ksi) fractured after only 1665 hours. This test was meant to be a long
term evaluation of the effect of the helium environment and projected to last
15,000 to 20,000 hours. The specimen broke with 25% elongation and only 14%
reduction of area. Metallographic studies on the specimen are under way Lo See
1f the cause of the premature failure can be established. Also, this test will
be repeated.

Figure 2.19 shows metallographic sections for the 2 specimens described
above, The oxide layers on boti: specimens seem to be quite adherent; however,
the one for the air test 1s thicker and showed more cracking along the gauge
length, This could be because the oxide is inherently more brittle or because a
thicker layer cracks more readily under stress. The alloy depleted zone appears
to be thicker and there is less grain boundary precipitation in the specimen
tested in helium. As in the case of Incoloy BOOH, continuing metallographic and
scanning electron microprobe studies on additional specimens are being made to
establish the influence of the 2 environments on the morphology of the oxide
scale and subsurface microstructure of Hastelloy X.

Figure 2.20 shows the minimum creep rate data for Hastelloy X. For tests
lasting up to 9000 hours at 760°C (1400°F) and up to 7000 hours at 871°C
(1600°F), no differences in r=ta have been observed for the two environments.

Long term tests a 760°C (1400°F) under stresses of 59.0 and 55.1 MPa (10.0
and B.0 ksi) and at 8. € (1600°F) under stress of 34.5 ard 27.6 MPa (5.0 and 4.0
ksi) are under way.

2.3 Effect of Fission Product Interactions on the Mechanical Properties of HTGR
Metals (S. Aronson, J. Chow, P. S00)

This program was initiated to determine the effect of long term (>1000
hours) exposure of HTGR alloys (Type 304 stainless steel, Hastelloy X, Incoloy
800, Inconel 718) to iodine, tellurium, cesium irodide and cesium under conditions
similar to those occurring during normal HTGR operation. Exposures have been
completed on 5 groups of samples. Information on the test conditions 1s given in
Table 2.2.

The test capsules used in the first 4 tests are shown, after exposure, 1n
Figure 2.21. The fused quartz tube in Test 3, for example, contains from left to
right a fused quartz crucible containing tellurium powder, a magnet encapsulated
in fused quartz, a quartz holder with the 4 metal samples, a fused quartz cru-
2ible holding a nickel=nickel oxide mixture and, finally, a second quartz en-
capsulated nagnet. Parts of the fused quartz tubes in Tests 2 and 4 became
cloudy with a loss of -transparency indicating that tellurium attacks fused quartz
(see Section 1.7)
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Table 2.2

Exposure of HTGR Alloys to Simulated Fission Products

Fission Product Temperature of

Test Simulated Vepor Pressure Metal Samples Exposure Time
No.  #ission Product (atm. ) g (hours)

| Csl 10-5 790 1896

2 Tep 1073 770 1992

3 Csl 10-5 730 1825(1)

4 Tey 10-5 800 1850(1)

5 Iy 10-3 800 1173

NOTE: (1) This capsule contains a Ni-Ni0 mixture maintained at 800°C to give an
oxygen partial pressure of 10714 atm.

All the metal samples in the 5 tests were strongly corroded. In Test 5, the
rodine source was completely used up in attacking the metal samples. A heavy
deposit of reddish-black crystals was found at a location in the juartz tube at
which the temperature was maintained at 200-300°C. It 1s appareat that metal
todides were vaporiced from the metal samples and condensed at this location.
These crystals have been collected and submitted for chemical and X-ray
diffraction analysis.

The scanning electron micrographs 1n Figure 2,22 show preliminary data
obtained from Capsule No. 2 in which Type 304 stainless steel, Incoloy 800,
Hastelloy X and Inconel 718 were exposed at an average temperature of 770°C to
tellurium vapor at a partial pressure of about 105 atmospheres. The surfaces
shown were initially polished through 600 grit silicon carbide papers and finally
polished on "Microcut K00 grit soft'" paper lubricated with kerosene.

For the Type 304 stainless steel, Incoloy B00 and Hastelloy X there is a
large amount of surface deposition which 1s easily spalled away 1f handled.
Beneath the deposited layer the original metal surfaces are identifiable by the
polishing scratches. In the case of Type 304 stainless steel, however, there
does appear to be sigm ficantly more corrosion of the metal and the polishing
marks are not usually observed. This 1s an anticipated result since this
material 1s usually the least resistant to cocrosion of the 4 materials
evaluated.

There 1s also a sign.ficant deposition of small particles on top of the
deposited lavers for the 3 materials. These take the form of fine granular
deposits or whisker type growths,

Inconel 718 behaves differently from the first 3 materials insofar as
general deposition of corrosion products i1s not seen, The polished surface
maintains high integrity but there 1s localized corrosion as shown 1n Figure
g i 8

Work has recently been completed on bend tects on the above samples and on
others exposed to different fission product species, Metallographic analyses
will be carried out during the next quarterly period and will be described in the |
next report.



1
€

1
¥

) Hastelloy

metal surfaces expose

= Sl
poil ished

P

y(0X .

Magnifications

18.

Inconel 7

(D)

v
Ay

(
s

S00

(B) Incoloy

Steel -



2.4 Materials Test Loop (L. Epel)

The Materials ™ v Lo~~~ " L) Ffuncticned routinely during the last quarter,
supplying helium wa. ‘_ted amounts - f 1mpurities to 3 high cvele fatipue
machines, 1l creep tesviog wachines, and £ aging retorts. Tae only noteworthy
incident during the 3 month intewval was a regionwide power failure that caused
the first interruption i1n steady opedacion since startup 1 1/2 yvears ago. The
total sagth of time that the MTL was shut down was approximately 18 hours and 1t

ad justed to design lo.els within an hour or 2 after startup.

The MTL behavior during this quarter is summarized in Table 2.3, which shows
the 3 month averages and standard deviations of each of the 5 controlled impurity
concentrations togetner with the desired levels of sach, As can be se. & =
inspection of this table, the averapge impurity levels were quite ¢lose to the
design concentrattons and the standard deviations were also reasonably small,
except orrhaps for hydrogen; even there, however, the coefficient of variation
was just 22.5,

Tabie 2.3

Impurity Concentrations in the MTL (ppm)

Impurity Desired Average Standard Deviation
Carbon Dioride 10 11.0 2.8
Carbon Monoxide 40 39.8 3.3
Hydrogen 200 19z & 44,8
Methane 20 19.1 2.9
Water Vapor 50 42.3 6.0

2.5 Large Scale Graphite Oxidation Loop (L. Epel)

Work has begun to design a large scile graphite oxidation ioop to be used
initially for exposing 10 inch diameter PGX samples to high temperature, high
pressure, contaminated helium. Because ihe major capital equipment item 18 the
circulating pump and motor, a uotation for an engineering design of a helium
circulator was requested from Mechanical Technology, Inc, of Latham, New York.
Also, a budyet figure tor fabrication, assembly, testing and delivery of the
final design circulator (i1ncluding motor, exciter, controls, etc.) was requested.
The engineering design effort, which would be approximately 6 months long, was
estimated to cost about $130,000 on a cost plus fixed fee bisis. The budgetary
estimate for the circulator-motor assembly stands at $660,0u). These figures
apply to a cir:ulator having the following characteristics:

Inlet Pressure 735 psia
Outlet Pressure 760 psia
Inlet Temperature 1000°F
Flow (at inlet conditione) 600 ft3 helium/min,
In order to develop the most economical design, 3 variations the nominal
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configeration are being considered in the design study. These variations will
necessitate differences 1n other capital equipment items such as electrical
heaters, heat exchangers, piping, etc. but may lead to a less expensive overall
system than the "nominal" one based on the circulator specificatiors given above.
In all of tne designs the test section conditions are assumed to be the same,
namely 1800°F helium at 735 psi, experiencing a 5% reduction in water vapor
concentration as it passes over the graphite specimen. These conditions resull
in the following calculated helium flow rates for the nominal case and its 3
variations:

Pump Pump Pump
Inlet Press. Inlet Temp. Inlet Flow
Case_ _ psia °F ¢ fm
Nom.nal (Case i) 735 1000 600
Case 2 735 200 270
Case 3 &n 1000 2270
Case & P Yo 3 YOTE

Lach of these variations will be considered separately in the study to determine
the optimal economic design for the graphite oxidation loop.

2.6 i#elium Impurities Loop (L. Epel)

The Helium Impurities Loop (HIL) has been run during the quarter to gain
further insight into the thermodynamics and kinetics of chemical reactions of
helium itmpurities with the alloy which comprises rhe retorts. Additional ex-
periments were performed to study the diffustor rate of hydrogen through the
walls of the loop and to obtain a preliminary idea of absorption and desorption
rates of hvdrogen in the metal walls.

The He'ium Afterglow Monitor, developed at LASL, has arrived at BNL and work
has started on repairing the vacuum system. A quartz plate that rests between
the “"glow tube" and the monochrometer was found to be cracked and a new one 1s
being made.

Addit tonal instrumentation has been ordeired for the HIL an® far the "quartz
loop" so tha: experiments can proceed in both systems simultane ¥. Als., in-
frared absorption detectors have been purchased to replace the ' unametrics"
moisture monitors, the latter having been found to be unreliable.

More specifically, the metallurgical condition of the HIL under oxidizing
and reducing atmospheres i1s becoming better undersood. The Hy/H30 ratios
observed when water 1s present in the loop are entirely consistent with a model
5f chromium, 1ron and nickel oxidation which asserts that the chromium and the
nickel oxide activities are much less than unity at equilibrium. Tt happens that
at the retort temperature of the HIL the free energy of formation of iron oxide
and of water vapor are numerically close so that 1t is the competition betweeun
tron and hydrogen that determines the measured Hyp/H0 rucios. Under these
conditions chromium 15 essentially completely oxidized wnile nickel 1s immune to
any free oxygen in the system (Epel, 1978).
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similar studies (Kubaschewski, 1976 and Thrower, 1977), the results from the
ortginal stody (Kreteld, 1973) are potentially significant enough so that an
exhaustive Lnvestigation seems worthwhile,

Two new tasks were added this quarter: nvestaigation of PCX graphite
strength loss 1n non-oxaidizing gaseous environments and the effects of tensile
and compressive prestresses on oxidation rate and ultimate tensile and
compressive strengths of PCX graphite,

2.7.1 Oxidation Kinetics of PGX Graphite

The ¢ffect of burnoff on the oxidation rate of an axial PGX graphite
specimen obtained from the midlength (ML) of BNL log 2 was determined by
thermogravimetry. The specimen was shown to contain <1C0 ppm 1ron by Mossbauer
spectroscopy. It was exposed to 0.63% Ho0 + 6.3% Hy in He at a total flow
rate of 1500 em?¥/min. Data were obtained at increments of 0.08% burnoff. The
results are shown i1n Figure 2.23. The oxidation rate 1s observed to decrease
with increasing burnoff up to “10% over the temperature span 700-778°C. This
result a8 contrary to previous observations wherein the oxidation rate increased
with burnoff (Growcock, 1977). The effect of burnoff on reaction rate has often
heen attributed to the process of pore development. However, it i1s difficulr to
explain the data in Figure 2.23 1n these terms. Workers at General Atomic have,
on occasion, obtained results similar to the above, which they ascribe to slow
adsorption of hydrogen onto active sites (GA, 1978). This phenomenon has been
observed by the same workers with H327 and H451 graphites. An alternative
explanation i1s the slow reduction of catalytically active metal oxide impurities.
Insufficient information at this time precludes further discussion of the
phenomenon. It should be noted also that the oxidation rate data in Figure 2.23
axhibit some erratic behavior., This is consistent with previous observations of
oscillatory rate behavior during the oxidation of PCX graphite,

The effect of flow rate on the oxidation rate of PGX graphite was also
investigated thermogravimetrically. The results are given in Figures 2.24 to
2.26 for specimens containing <100 ppm to >1000 ppm 1ron. Similarly obtained
plots for HAS51 graphite specimens are shown in Figure 2,27 and 2.28. Although
smooth curves are drawn through the data, no functional relationship is assumed.
The curves generated with added Hy were obtained after those without added
Hy. The arrows indicate the direction in which the flow rate was changed.

The large hysteresis observed for some of the runs was not expected, The
overall trends, however, follow the presumption that at a sufficiently nigh flow
rate the rate of weight loss should approach a coanstant value corresponding to a
negligaible reduction 1. the rectant concentration, The curves with added Hp
displaved in Figure 2.24, however, show the same kind of trend as that obtained
with burnoff 1n Figure 2.23. The oscillatory behavior noted previously appears
in the run without added Hyp in Figure 2,26, All the PGX graphite runs were

wwained with specimens at relatively large burnoffs (>5%), whereas the H451
raphite runs were obtained at burnoffs of <1Z. The Hp0 run with the first
H451 specimen (Figure 2.27) showed two abrupt increases in ths reaction rate
dyring the course of the experiment, which we cannot explain. The runs with the
second H45! specimen (Figure 2.28) gave rise to a continuously increasing
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oxidation rate with increasing flow rate. Again, w are without explanation,
Such an effect has, however, been chserved by others (Blakely, 1965 and Burnette,
1978) for ATJ and H327 graphites, respectively, The curve with added Hy in
Figure 2.28 is higher than the curve generated in the absence of idded Hy.

This appears to be contrary to the expected 1nhibitory effect of Hp. However,
measurements obtained at 1750 em3/min. at the end of the experiment gave

reaction rates of 0,0314 mg/min. with added Hy compared to 0.0406 in the

absence of added Hp. The apparent discrepancy of these curves can probably be
ascribed to the effect of burnoff.

2,7.2 Removal of lron from Impure Craphites

Samples ot PCX graphite containing <100 ppm iron were ground and sieved to
<50 pm dirameter particles, homogeneously blended with reduced iron powder of
similar size and pressed into 1/4 inch thick pellets, It was found that exposure
to 0.1 torr Ip in He at 750°C for 24 hours was sufficient to decrease the iron
concentration 1n a 40X 1ron specimen to <100 ppm, while that of a 10X 1ron
specimen was decreased to 0,12 and that of a 0.27 iron specimen was decreased to
. 1%. The 1ncreasing difficulty in removing iron from specimens containing
progressively lower auounts of iron can be attributed to the potential for
forming a lamellar compound of graphite, i1ron and 1odine. An unknown speatrum
was clearlv observed after exposure of the 0.2% i1ron specimen to Ip, while it
was definitely absent in the case of the 40% iron specimen. In specimens
containing lavge amounts of iron, the atom ratio C/Fe may be so low as to
preclude the €=C bonding necessary to form a lamellar compound. Additionally,
removal of iron 1s facilitated as the reaction progresses due Lo the open
porosity brought about by removal of the iron; this effect 1s expected to become
pronounced at high concentrations of iron,

The difficulty in reproducing the unknown spectrum with iron-rich specimens
leads to difficulty 1n i1dentification of the species. X-rav diffraction usually
requires a sample which 1s concentrated (o 352. Consequent ly, methods are being
sought to separate graphite from the supposedly lamellar compound. It should be
noted that there are no published reports of the existeénce of graphite-iron-
todine lamellar compounds, whereas extensive documentation is available on
fluorine and chlorine compounds.

2.7.3 The Effect of Oxidation on the Ultimate Compressive Strength of PGX
Graphite

A new flow system has been designed to study the effect of burnoff on the
ultimate compressive strength of graphites. It 1s hoped that a similar design
can be used 1n the 5 footr long, & inch I.D. tube furpnace whose arrival 1s
awalted.

Three right cylindrical 1.5 inch diameter times 3.0 inch length graphite
specimens are suspended end-to-end 1n a 2 i1nch quartz tube within a resistance
furnace, A preheater raises the temperature of the gas to the inlet furnace
temperature. Flow rates as high as 50 liters/min. can be accommodated before the
temperature profile along the specimens i1s significantly affected. Axial ML
specimens from BNL log 2 have been found to have reactivities at least an order
of magnitude greater than those used previously from BNL log 1 (Growcock, 1978h).
To minimize secondary reactions and conversion of He0, reaction temperatures
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will necessarily be limited to <900°C.

Preliminary oxidations have been done on several specimens at B50°C using
0.07% Ha0 + 0.7% Hz 1n He. Inspection of the specimens revealed the absence
of large pits; indeed, they appear to exhibit uniform surface burnoff. Experi~
ments will be done at several temperatures and Hy0 concentrations, with
Hy/Hy0 = 10-20. Reaction rates will be monitored by intermittent analyses of
the product gases via gas chromatography. Weight and compressive strength of
ox1dized specimens will be determined. One series of specimens will be machined
to 22 times "L" (expected diffusion length) and subsequently compression tested.

2.7.4 Effect of High Temperature Exposure of PGX Graphite to Non-Oxidizing Gases

Loss of bulk material during the oxidation of PGX graphite under presumed
diffusion-limited conditions may occur via wormholing. Alternatively, oxidized
metallic impurities distributed in the bulk of the graphite may be reduced by the
graphite and Hyp/CO yielding Hp0 and €Oy, which can oxidize the graphite
ttself. Further loss of bulk material may occur from the desorption of CO and
€03. Experiments are now under way to test these possibilities.

The first series of experiments involve axial ML PGX graphite epecimens from
BNL log 2. Three sizes of right cylindrical specimens are being used: 0.75 inch
diameter tames 1.5 inch leagth, 1.5 inch diameter time~ 3.0 inch length and 3.0
inch diameter times 3.0 i1nch length. These are exposed Lo a static purified He
environment at 900-1000°C unt1l the Hp/CO/COp partial pressures are constant;
the specimen weight loss 1s determined followed by measurement of ultimate
compressive strength. T some cases specimens are exposed to several cycles of
quenching, air refill, evacuation, helium refill and heating. Specimens will be
weighpd and compression tested at the end of the experiment. In the second
series of experiments the procodure will be identical, but Hp/He uixtures will
be substituted for pure He.

A manifolded vacuum statio) designed for <1076 torr has been built for
interfacing the reactors Lo a .ass spectrometer. The latter is to be used for
all gas analyses. It 1s rov operattonal and has been modifred for these
experiments. Results should be forthcoming soon.

2.7.5 The Effect of Compressive Prestresses on the Ultimate Compressive Strength
of PSX Craphite

The impetus for this study came from the unpublished work of Imai and Sasaki
of JAERT (1978). They prestressed samples of H327 grahite under compression up
to 0.9 x o, and oxidized the specimens in air. At 430°C the reaction rate of a
prestressed specimen was several times greater than that of virgin material;
however, the effect Lecame less pronoun . ed with increasing temperature and
disappeared above 590°C. Annealing at 1000°C after prestressing did not change
this result, though annealing at 2000°C eliminated the effect.

Concern about this effect in HIGR graphites exposed to He containing Hp0
and Hy impurities has prompted a similar study with PGX graphite, However, the
low reactivity of Hy0 compared to air precludes using reaction temperatures
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below 6NN°C 1n short term experiments. Since the interest lies in the effect of
prestre<s on streangth, oxidation rate is not being measured i1n preliminary teste,
only ulcimate compressive strength, Ug.

Currently, 0.75 inch diameter times 1.5 inch leangth right cylindrical axial
ML specimens from BNL log 2 are being exposed to prestresses up to 0.75 ¢, at
0.1 in./min. Total dimensional changes observed are several tenths of one
percent. The specimens are oxidized (in the chemical reaction controlled regime)
at A70°C with 2T Hp0 + 20% Hy in He flowing at 300 em3/min. Five specimens
are oxidized at once 1n the same tube furnace; these are perivdically removed,
weighed and repositioned in the opposite order Lo average out any temperature
gradient and HpO conversion effects. The results to date are shown in Figure
2.79. No effect from prestressing PCX graphite up to 0.75 o, is observed. It
should also be noted that no effect of prestressing on the average rate of weight
loss has been observed either. Measurements up to 10% burnoff will be ‘btained
soon.

2.8 Instrumentation and Control Systems (GC. Uneberg)

The Nuclide Corporation mass spectrometer was installed at BNL this quarter.
Acceptance testing has been completed and modifications to the inlet system are
under way. A lo s of power to the mass spectrometer during an outage in December
caused pump oils to be backstreamed into the instrument. This caused some delay
in the planned i1ncorporation of the mass spectrometer into the graphite oxidation
program,

Future reporcing on the mass spectrometer will henceforth be described in
the section on graphite oxidation,
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3.2 Development of OSC3D Computer Code

The development, debugping, and proof-testing of the program 0SC3D con-
tinues. The analytical study is directed towards an investigation of the
nonlinear response of the reactor core blocks in the event of a seismic occur-
rence. The computer code is developed for a specific mathematical model which
represents a vertical arrangement of layers of blocks as shown in Figure 3.3.
This comprises a "block module" of core elements which would be obtained by
cutting a eylindrical portion consisting of seven fuel blocks per laver. It
is anticipated that a number of such modules properly arranged could represent
the entire core, Hence, the predicted response of this module would exhibit
the response characteristics of the core.

The basic block element empleyed is a finite discrete mass having five
degrees of freedom, rotations about the vertical axis being excluded. The
governing equations for each mass contain terms from the inertia effect, the
restoring forces, and the surrounding wall input forces. This program sets up
five second order ordinary differential equations for each mass, which are fur-
ther broken into ten first order ODE's. The GEAR, multistep integration pack-
age for stiff ODE, is used for solving these equations.

A basic force algorithm is written for vertical force and for horizontal
plane forces for a typical layer of blocks. Each laver of seven hexagonal
blocks is arranged with one in the center surrounded by the remaining six. The
entire .module is contained in an eighteen-faced constraint wall. The wall can
move with any assigned input history.

In any horizonta. layer, as shown in Figure 3.4, there are sixty separate
surfaces for potential contact between two adjacent surfaces. When such con-
tact occurs, the blocks involved experience a compressive force between them.
Since this force is equal and cpposite in nature, it need not be calculated
twice for individual surface points of contact whenever two adjacent blocks are
involved. Each block face is simulated by two gapped-restoring elements at-
tached at the top and bottom ends of the block. These restoring elements are
arranged among the seven blocks in such a way that for any laver there exist
thirty independent interelement forces to be calculated at each end of the
block. In the case of vertical forces, each block has six vertical restoring
elements at the six corner points. It should be noted that each restoring ele-
ment has gap elements in the spring and exhibits only compressive action.

The presently operational version of the code is suitable for systems
without dowel pins. For such systems, the results obtained with 0SC3D were
compared with those obtained from the two-dimensional code OSCVERT. As may
be inferred from Figure 3.4, 2 wall motion on the flat side of a one layer,
three-dimensional model may be simulated with a one layer, two-dimensional
mode]l of three blocks subjected to horizontal excitation. That is, block ele-
ments 3, 7, and 6 of the three-dimensional model should exhibit nearly the same
response motions of the three clements of the two-dimensional model.

The results obtained for juct such comparative runs are shown in Figure ¢ LT
For these runs, the input forcing iunction was horizontal sinusoidal wall motion









‘gure 3.4. Horizental arrangement of blocks with restorin: elements
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4, Analvtical

4.1 HTGR Code Library

The LARC-2 code from Los Alamos 1s being converted to run at BNL and should
be avairlable for use shortly. However, at this time the plotting capabilities
have been deleted and 1t will take more time to rewrite that section of the code
for the BNL plotters,

The new version of the Los Alamos code CHAP has been received at BNL and
cowersion work has begun. However, we understand from LASL that this i1s not a
final form of the code and that sections are t¢ be replaced in the near future.
In addition, two modules of the code are not uvailable from LASL as yet. We
have, so far, extracted the updated LASAN subset code from CHAP and converted
that to run satisfactorily (apart from one feature) on the BNL system. The com-
plete CHAP code will not fit on the BNL system and it may be necessary to wait
unti1l LASL releases the overlaid version of the code before work can continue at
BNL.

Table 4.1 1s a listing of our HTGR Safety Code Library to date.

4.2 Containment Vessel Gas Dynamics (J. Boccio)

During this period the project work has continued on both analytical and
experimental 1nvestigation of containment vessel response to sudden depres-
surizations,

The experimental program and test apparatus, described in the January 1978
quarterly (Boccio, 1978a), has stressed the following during this reporting peri-
od:

Effects on model containment vessel size on the overall mixing process.
Effects of the jet impingement region geometry on the overall mixing
process (region 2 in Figure 4.7 in above cited reference).

Gas composition measurements.

| To date, gaseous discharge within four containment vessel configurations have
been obhserved,; viz:

. CV #1: 18 in. diameter/18 in. high bell jar
! . CV #2: 18 1in. diameter/30 1n. high bell jar
| ., CV #3: 18 in. diameter/18 in. high cylindrical chrumber
‘ CV #4: 12 in., diameter/12 in. high cylindrical ctamber.

Under similar test conditions visual observations made in the above four cham-
bers, when selectively compared, were used to study the following effects:
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Program

FEVER-7

TEMCO=7

BLOOST-7

GAKIT

IWIGL

TAC-2D

FLAC

POKE

PREPRO

RECA

CORCON

SORSD

GOPTWO

OXIDE-3

SAMPLE

NN
~J
SO

Statu

op

op

op

oP

op

opP

opP

op

oP

oP

OoP

op

oP

opP

™o

Froprietary

NP

NP

NP

NP

NP

NP

NP

NF
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Table 4.1 Cont'd.

i st .

Function

e —

Performs one-dimensional, diffusion theory,
burnup and reload calculations.

Computes reactor temperature coefficients from
input cross section data.

Performs zero-dimensional reactor kinetics
calculations.

Performs one-dimensional reactor kinetics
calculations.

Performs two-dimensional light water reactor
kinetics calculations.

Performs two-dimensional, transient conduction
analyses,

Calculates steady state flow distributions in
arbitrary networks with heat addition.

Calculates steady state flow distributions and
fuel and ceoolant temperatures in a gas
cooled reactor,

Prepares input data and source code revisions
for RECA code.

Calculates time dependent flow distributions
and fuel and coolant temperatures in the
primary system,

Computes the temperature history and fission
product redistribution fellowing a loss of
all convective cooling of the core.

Computes the release of volatile fission
products from an HTGR core during thermal
transients.

Analyzes the steady state graphite burnoff and
the pricary circuit levels of impurities.

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

Propagates uncertainties in probability dis-
tributieons by Monte Carle technique.






Table 4.1 Cont'd.

Program Proprietary ... Function

e

ORIGEN opP NP Solves the equation of radioactive growth and
decay for large numbers of isotopes with
arbitrary coupling.

MOSBDA op NP Analyzes experimental da.z from Missbauer
spectrometer,

INREM oP NP Calculates internal radiation doses.

EXREM op NP Calculates external radiation doses.

of circulating gas systems.

KACHINA op NP Calculates fully interpenetrating fluid flowse
using Implicit Multifield (IMF) method, for

[ SODEMME op NP Calculates transient thermal hydraulic aspects
, handling = “ferent material fields.

| SWIRL-S op NP Calculates " dynamics for two-dimensional
steady sta.. recirculating flows.
SWIRL-T B NP Calculates fluid dynamics for two-dimensional
| time-dependent recirculating flows.
: CHAP -1 op NP Simulates the overall HTGR plant with both steady
(Jan, 1278) state and transient solution capabilities.
EVAP OGP NP Calculates evaporation and redistribution of
fisgsion products during a temperature
| transient.
|
? BAAL orp NP Calculates three-dimensional fluid flows at all
i speeds with an Eulerian-Lagrangian computing
| mesh.
]
! LEAF L NP Calculates fission product release from a reactor

containment building.

1
l SUVIUS L NP Solves the behavior of fission gases in the pri-
: mary coolant of a gas-cooled reactor.

f FYSMOD L NP Calculates the two-dimensional solution of HTGR
core blocks subjected to external motion.

NONSAP-C L NP Calculates static and dynamic response of three-
dimensional reinforced concrete structures,
in addition to creep behavior.






CV #1/Cv #2: Effects of Reynolds number based upon chamber length to
the global mixing pattern.
OV #1/cv #3: Eff =ts of the jet impingement region geometry to the
global mixing pattern,
. OV #3/CV #4: Effect of overall chamber size to the global mixing
pattern,

Thus fa-  visual observations made in the NH3Cl seeded SFg/He mixture could

not show any noticeable differences of the effects of CV external geometry on
overall stratification. That is stratification has been only observed at pres~
sure ratios of 10 or lower, regardless of CV shape. Effects of containment -ves-
sel size and extern.l geometry had only subtle effects on the mixing pattern
which did not affect substantially the overall degree of final stratification,
However , an order of magnitude change in scale size has not been tried, these
observations must be considered as tentative.

Gas sampling within the CV #2 configuration has also been initiated during
this reporting period., GCas samples were collected at several off axis locations
within the vessel and at several pressure ratios, During one test run, two
probes consisting samply of 1/8 1nch steel tubing were inserted at various
heights (% L) above the base plate == one probe offset from the axis by 50%; the
other by 754. The gas collected in 100 ml sample bottles were then analyzed
using a mass spectromeler. The table below, summarizing the data thus obtained,
presents the mole fractions of helium (Xpe) and sulfur hexafluoride (ngb)
in the SFg/He mixture at four differeat heights (£1=0.75 L, %2%0.50 L,

?*0.25 L, "4=0.10 L) for three different He/SFg initial pressure ratios

Pry/Pey):

Pressure Ratio

(ps1a/psia) Probe Height

Try/Pey? o s
(165/5) SF@(X)} .60 .61 67 60 .60
He(X) .39 .38 .30 +39 40
&) SF@(X)} 77 o .B0 .81 s 19
He(X) x| .20 <20 19 20
(307 110) SFG(X)} 93 96 58 99 94
He(X) .06 03 02 .01 .06

The last column in the above table gives the analytical composition assuming
complete mixing. As the data indicate a substantial degree of layering (or
incomplete mixing) occurs for the 30/10 pressure ratio case only; the higher
pressure ratio cases indicate complete mixing thus substantiating the earlier
reported visual observations. Again, one cannot generalize these results until
similar tests are conducted Lo investigate the effects of geometric scale size,
In addition, as no.ed in General Acomic's Quarterly (July 1978), the sonic
orifice (or underexpanded jet) discharge does not adequately simulate what GA
now £ivisions as a upper plenum PCRV depressurization. For example, a depres-
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In the code at preseant only the first two terms in the above expression are used
whe.e (GP/3p) is taken as the square of 'ocal sound speed. Thus, pressure vari-
ations due to 1nternal energy and composition are accounted for subsequent to
the explicit solution of the energy and species continuity equations.

Preliminary experience using the RICE code has been presented elsewhere
(Boccio, 1978b and Boccio, [978c). Work 1s now continuing to experimentally
verify the code and to incorporate into 1t the two equation turbulent kinetic
energy analysis.

4.3 Fission Products (J. Skalyo, Jr.)

Various fuel cycles are being considered for HTGRs as discussed by Baxter,
et al (1978). 1In effect, the HTGR concept appears to be adaptable to ths vari-
ous fuel cycles which are being considered for purposes of non-proliferation
and/or conservation of uranium resources. The fission product i1nventory for the
HTGR at any time 1s dependent on the particular fuel cycle, due to the varying
2381 content in the fucl with its resultant production and burning of 239%py,

To study the major differences in fission product inventory that oceur due to
different fuel cycles, the ORIGEN code (Bell, 1973) has been used.

It 1s a simple one energy group code wherein the fast and resonance fluxes
are taken as fixed ratios of the thermal flux. The i1oput data for the code 1is
therefore simple to prepare and the results that are obtained are useful for
most purposes. This dapproach can be compared to the more accurate GA method-
ology of uti1lizing 9 energy groups in the GARGOYLE (Todt, 1969) code. The re-
sultant calculational complexity requires a more complete knowledge of the flux
spectrum which would require an extensive neutronic analysis.

In addition to scoping studies of fission product inventories, the code 1is
expected to find use 1n the analysis of fission product experiments being per-
formed or fuel kernels in our experimental program. Some of the experiments
involve the temperature i1nduced failure of irradiated fuel kernels which have
been reirradiated for short times in the Brookhaven High Flux Beam Reactor.

The code results for a sample problem on an LWR fuel loading gave excellent
agreement with the ORNL IBM-360 output; thus verifving proper conversion of the
program. A calculation was then carried out using the ORIGEN HTCR Library to
evaluate fission product inventory on an average spent fuel element for the HEU
fuel cycle and the MEU fuel cycle. The results of an inventory at a time poini
180 days following discharge from the core can be compared to the extensive
lists calculated by GA in the reports GA-A13886 (Hamilton, 1976) and GA-A14980
(Zane, 1978). These two reports appear to be aimed at fuel reprocessing and
hence give 1nventories following a period of storage. The ORIGEN code allows us
more coatrol over the output to analyze the fission product decay at short times
(minutes and hours) following shutdown. This output is of direct use for
accident studies,

9
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Table 4.2

Element Concentrations (grams per fuel element)

Element 1 2 3 4
I Cm B.64~0] 9.48-02 4 .64400 9.97-01
Am 8.44-01 2.23-01 9,19+00 2.55+00
Pu 3.50+01 1.04+01 1.39+02 4.86+01
Np 2.63+01 1.41+01 1.10+01 8.56+00
u 1.B&+02 2.20402 1.59+03 1.85403
Pa 1.16-05 9.80-06 9.21-06 1.30-06
Th 1.91-05 4.87-05 1.64~05 3.32-02
Ac 6.56=10 2.85-10 3. 34-10 2.06-14
Ra 2.26-09 1.09-09 6.54=10 5.26-11
Fr 5.73=17 1.33-16 3.33-17 5.70-18
Rn 3.40-13 1.63-13 6.54~14 8.22-15
At 4.35-21 1.38-20 2.66-2] 6.27-22
Po 4.62-15 3.41-11 2.47-15 3.70-08 |
Gd 5.61+00 2.12+00 2.59+00 1.63+00
Eu 2.72+00 1.58+00 3.22+00 1.61+00
Sm 1.07+01 9.40+00 1.15+01 8.23+00
pm 3.86-01 1.12+00 1.12+00 1.54+00
Nd 7.25+01 7,23+01 5.924+01 5.31+01
Pr 2.08+01 2.05+01 1.86+01 1.52+01
Ce 5.51+01 4.75+01 4 47+01 3.59+01
La 2.14+0] 2.12401 1.88+01 1.60+01
Ba 2.70+01 2.56+01 2.18+01 1.98+01
Cs 3.96+01 4.46+01 4.20+01 3,.89401
Xe 8.93+01 8.98+01 8.03+01 £.39+01
I 1.13+00 2.43+00 4.,23+00 2.05400
Te 7.96400 6.00+00 9.08+00 5.48+00
Sb 1.25-01 1.46-01 2.71-01 1.99-01
Sn 1.92-01 1.04-01 7.02-01 5.45-01
In 2.42-03 3.80-03 1.29-02 1.02-02
cd 5.22-01 2.30-01 1.82400 5.38-01
' Ag 9.78-02 5.21-02 9.15-01 7.67-01
' pd 1.20+01 9.07+00 2.34+01 1.59+01
= Rh 1.54+00 2.96+00 4 .64+00 4.52+00
| Ru 3.12+01 3.15+01 3.55401 1.70+02
| Te 1.19+01 1.30401 1.23+01 1.05+01
, Mo 5.80401 6.12+01 5.08+01 4.53+01
- Nb 5.50-02 6.31-02 3.26-01 2.35-01
' Zr 7.09401 6.48+01 5.28+01 4,98+01
Y 1.01+01 1.04+01 6.53+00 5.89400
Sr 1.89+01 2.11+01 1.22+01 1.30+01
[ Rb 7.24+00 1.21+01 4.65+00 3.84400
| Kr 7.85+00 9.82+00 5.71400 6.09+00
Br 2.46-01 4.33-01 2.19-01 3.01-01
f Se 9.85-01 1.05+00 7.58-01 7.51-01
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Sodium pump characteristics were extended to include botk the HAN and HVN
curves during steady-state calculations,

The SSC-L code was exported to Babcock and Wilcox.

The SSC-P code initialization was completed. Input data and individual
modules were upgraded and modified. The steady-state predictions by the SSC-P
code are, in general, consistent with known and expected PHENIX operating val-
ues. Model equations describing transient primary system hydraulics for the
hot pool concept have been formulated.

The SSC-S code effort was concentrated in defining various tasks and sub-
tasks in the work plan. Literature <.arch was also conducted for the in-vessel
model to be used in rthe code.

The SSC Validation work during this quarter covered a number of areas. IN-
tercomparison between SSC and [ANUS continued. The FFTF primary loop specifica-
tion and simulation was completed and comparisons between SSC and IANUS indicate
general good agreement. The draft report on the evaluation of FFTF instrumenta-
tion vis-a-vis code validation requirements has undergone extensive review and
revision. ¥Finally, results of the SSC- BRENDA comparisons have been completed and
reported.
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area-averaged vold fraction is independent of position. Equatiom (1.1)
then, is integrated to give

p_pl X, = X

* *
028(1 a)H0 Ho

where H, 1s the liquid height with no gas injection and the subscript '1'

denotes a reference pressure tap location., The _ jeriments were carried out
for Ho = (0,3 m over a range of gas injection . - with dimensionless

superficial vapor velocities jg/Um up to 1.5, where U is the bubble rise
velocity in a infinite medium, For each jg/Um, an average void fraction was

computed using a linear least-squares analysis of the pressure data. The
void fraction r»sults are shown in Fig., (1,4). Presented with the data are
predictions based upon bubbly flow, and churn-turbulent flow, drift-flux
models (CQ is the distribution parameter)., These results indicate:

(i) The b bbly flow model is a good representation of the data
for eaall ) /U,. While bubbly Flows wer: observed up to § /U, = .37,

the data departs from the bubbly (Cﬂ = 1) model before a flow

transition is abruptly observed, /= is hypotnesized that the
departure is due to the onset of ' so-dimensional flow within the
column,

(ii) A transition from bubbly to churn flow was observed in the
range of jg/Uw between 0.4 and 0,7. This is apparent in
Fig. (1.4), and was also observed visually,

(iii) The Zuber-Findlay (Zuber 1965) chura=turbulent drift flux
model with CO = 1.2 does not adequ tely represent the
data in the churn flow regime,

The computed least-squares void fractions were then used in Eq. (1.2)
and, the dimensionless pressure data are shown in Fig. (1.3). Expressed in

this form, the pressure data should be linear with x and independen: of void
fraction. The results lend support to this contention.

1.2 Liquid Dispersion in Internally Heated Boiling Pools (T, Ginsberg;
J. C. Chen, Lehigh Uni.)

The objectives of this task are to conduct experiments and perform
analysis to study the dispersive characteristics of internally heated
boiling pools. Experiments using irternal heat generation are used to
simulate nuclear heating, and the twe-phase boiling characteristics are
studied in open and closed boilinrs systems with boundary heat losses.,
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1.2.1 Analytical Investipgations

Arguments have been proposed which suggest that at decav-heating rates
down to 1 percent of steady-state IMFBR power density, boiling pools of
steel and molten oxide fuel are self-dispersive., Available evidénce from
experiments with simulation fluid systems, heated electrically and with
microwave dielectric heating, suggest that if the energy available to the
steel for vaporization is of decay heating magnituce, then there is a strong
potential for dispersal of the mixture to the limits of the volume available
to it (Ginsberg 1978)

In a closed boiling pool system with boundary heat losses, however, the
energy available for vaporization may be significantly less than the decay
heating rate, as a result of sensible heating and boundary losses (Dhir
1976), The potential for fuel dispersal may be greatly diminished when
these effects are correctly modeled, /

An analytical model has been developed which describes the transient
dispersion characteristics of fuel-steel boiling peol systems under decay
heating conditions, with boundary heat losses, In addition to pressure-
temperature histories of boiling pool systems, the spatial distribution of
steel vapor (void fraction) and molten fluid are computed, Local heat ]
losses and sensible heating are included in the molel for the vapor gener-
ation rate in the material balance equations,.

A schematic diagram of a closed volume-heated hHoiling system is shown
in ¥ig., (1.6). The pool is assumed bounded on all sices by stable fuel
crusts (Fauske 1977). Molten fuel (heat source) and steel (vapor source)
are assumed homogeneously mixed at the steel saturation temperature, The
mixture is treated as an effective single-component, volume-heated, two-
phase equilibrium boiling system, Thermodynamic properties are appropri-
ately weighted.

In general, a pool would not boil up to fill the available volume. The
system, therefore, was divided [see Fig. (1.6)] for purposes of identifi- '
cation of heat transfer mechanisms into an upper continuous steel vapor !
region and the two-phase molten mixture, 1t was assumed that the mode of
heat transfer in the vapor zone is steel condensation limited (Rohsenow
1972; Gerstmann 1967) and is molten UO2 boilup-enhanced natural circulation

limited {(Greene 1977) (to vertical boundaries) or boilup-enhanced conduction
limited (Baker 1977) (downward direction) in the molten mixture region,

Adlitional assumptions are:

(i) The time scale for decay-heating transients are con-
troll.d by thermal inertia. Flow inertia and kinematic
wave transport time scales are small compared to the
themal time scale.

(ii) One=d imensional drift flux modeling is an adequate
description of the liquid-vapor void dyanmics.
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TABLE (1.1) - BOILING POOL PARAMETERS

Composition:
fool Dianeter (D):

Fool Covity Hefght (L):

Collapsed Liquid level (Hﬁ):

Mass Fractfon Fuel:

Intzial Poo Temperatuie:

Boundary Temwperature:

Power Density:

Molten Oxtde Fuel ana Steel

1.0 =

1.0 =

0.3 rm

0.678

30%0 X

N6 K

8 percent vt steady stare IMFER power density

TABLE (1.2) - CALCULATIONAL RESULTS

-

Vapor Condensat' Pressurization
Coefticient Kate
hvlhp (ATH: )
0.1 086
a.5 LOBS
1.0 .082
2.0 079
r 2 .078

R RRRRRRRRRRRRRARAREIRRRRRR=,

1i

Vaporization Sensible
Rate Heating Rate
QVA?IQGEN QSENSIQ(:EN
001 . YRS
019 L4910
.037 L9941
075 Y4
L0584 L8275
LR
t s
y A




(iii) The most significant parameter affecting the
dispersal process is the magnitude of the vapor
condensation heat sink, There is also much
uncertainty in this parameter,

Nomenclature
D pool diameter
4 acceleration of gravity
hp two-phase mixture heat transfer rate
hv vapor condensation rate
H height of two-phase mixture
Ho collapsed liquid level
E height of available pool volume
P pressure
P* dimensionless pressure [E(p - pl)/[otg(l - o)HO]]
P1 reference pressure
QGEN heat generation rate
QSENS sensible heating rate
QVAP steel vaporization rate
v, bubble ti.rminal rise velocity
X axial coordinate
X* dimensionless axial coordinate [Z(x - xl)/Ho]
X, reference axial position
o area-averaged void fraction [Eq, (1)]
I a average vapor volume fraction in mixture [=(H = HO)/H]
E ;ﬁAX maximum vapor volume fraction [=(L - HO)IL)
| C liquid specific gravity
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and contact heat transfer reslstance are avoided, A sampie of the local
digstribution of heat transfer coefficient vs, depth for rum number 9013 is
presented in Fig. (1.8).

1.3%.3 Measurement of Pool-Average Void Fraction

The average void fraction is necessary for calculation of the boiling
heat transfer correlation (Greene 1977), as well as for calculations of pool
dynamics, neutronics, and multiphase solidification (Greene 1978). The
average void fraction is defined as

o - H
n = EE-E;-Q (1.4)

where » is the average void fraction, H.B is the boiling pool height, and Ho

is the static pool height at the saturation temperature. This is necessary
sirce the density of the nonboiling pool and thus the nonboiling depth, Ho'

are a function of the pool temperature, In the experiments, Ho and H, are

B
determined with a traversable voltage probe, The probe is lowered to both
the static and boiling pool until the circuit is closed and the voltmeter
indicates pool voltage. In this fashion, an ohjective determination of the
fluciwating pool surface is possible. The net power corresponding to the
evaporative and (oiling losses is calculated from the net flow rate of water
necessary to replenish these losses from the poel, This flow rate is
determined through a constant level weir to which the gross flow rate is
measused amd the overflow flow rate Is subtracted to yield the net makeup
flow rate. This flow rate is converted to a net volumetric power and is
presented in dimensionless form as the dimensionless superficial vapor
velocity, jgm/U”,

“y ey

Q H
. ‘ B 5]
b I L e (1.5)
2 pvhf,gb B

The data for average void fraction vs. superficial vapor velocity is pre=
sented in Fig. (1.9).

1.3.4 Ceneral Ohservations

During the period the pool is in the bubbly flow regime, the pool is
observed to be comprised of two distinct regions, a bubbly boiling region on
top and an essentially single-phase nouboiling region at the bottom. As the
net boiling power is increased, the thickness of the nonboiling region
decreases, The bubbly flow regime pool is observed to swell, indicating a
sensitivity of the pool boiling behavior or void fraction to fluctuations or
changes in the net boiling power and/or heat losses to the boundaries. As
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1

control systems assemblies. As SSC-L specifically takes into account a by-
pass channel all unassigned flow and/or power is assigned to this channel.
The radial shield assemblies are lumped with the bvpass channel in this sam-
ple problem. Alternately, the radial shield assemblies can also be repre-
sented by another channel .

For the second model of the CRBRP core (the twelve channel case), the se-
lection of channels were based on the explicit representation of each of the
nine orifice zones (five orifice zones for fuel assemblies and four orifice
zones for blanket assemblies), one 'hot' channel each ‘n the fuel and blanket
assemblies and the last channel to model all primary and secondary control
assemblies. Thus, the twelve charnels are:

® Channel 1 - Hot channel in fuel assembly (same as Channel 1 in the
four channel model),

e Channels 2 through & - Average fuel assembly in each of the five fuel
orifice zones,

e Channel 7 - Hot channe! in radial blanket assembly,

® Channels B through 1! - Average radial blanket assembly in each of the
four blanket orifice zones, and

e Channel 12 - Average channel represen®ing all primarv and secondary
control assemblies (same as Channel 4 in the four channel model),

The transient investigated here is a loss of electric power (LOEP) event
from full power and full flow conditions. All pumping power (including pony
motor power) is assumed lost at time t = 0 and the loop flow rates then coast
down to natural c¢irculation conditions. The scram rods are inserted at 0.75 s.

As mentioned eariler, in addition to the explicit treatment of the ori-
fice zone, other deterainistic uncertainties can be applied to a particular
channel to make it represent either the averzre pin in a peak assembly or the
hot channel. For the four channel model, results will be presented for two
combinations: Channel | representing either an average pin in the peak fuel
assembly or a hot fuel channel. The specifications for the hot channel are
obtained by applving direct and statistical contributions to an average pin
in the peak fuel assembly. Direct contributions are included from facters
such as uncertainty in (1) power level measurement and control system dead-
band, (2) inlet flow maldistribution, (3) flow maldistribution within an
assembly., The statistical contributions are 3-0 uncertainties from factors
such as temperature variation, nuclear data, fissile fuel maldistribution,
and coolant flow area. For the twelve channel in-core model, results for
only one configurs lon are presented. In this case, Channels 1 and 7 repre-
sent the hot fuel and blanket channels, respectively.
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Identification of Cases Run for CRBRP LOCP Event

| i
Number of | Flow i
in-core Channel 1 Channel 7 ¥ Redistribution '
Case Channels Represents Represents Calculat.ons
1 ‘ B Average pin N/A On
in peak fuel i
l assembly
2 | 4 Average pin N/A off
1 in peak fuel
L assembly
14
3 | a Hot fuel N/A On
[ channel
3
s 4 Hot fuel N/A Off
. chznnel
5 12 Hot fuel Hot blanket On
channel channel '
6 12 Hot fuel Hot blanket off
channel channel
N/A - not applicable






|
|

Table 3.3

Steady-State Power, Flow and Temperature Rise Data

for the Various Lases

Parameter

!Fuel Assembly

Blanket Assembly !

Lineer Power in Average Channel
Peak Power in Average Channel
Peak Power in Peak Assembly

Peak Power in Hot Channel

Coolart Flow in Average Channel
per Assembly

Coolant Flow in Peak Assembly
per Assembly

Coolant Flow in Hot Channel
per Assembly

Temperature Rise in Average Channel (K)

Temperature Rise in Peak Assembly (K)

Temperature Rise in Hot Channel

(kW/m) |
(kW/m) |
(kH/m)E
(kN/m)!

|
(kg/s) |
(kg/s)

(kg/s)

(K)

20.95
26.60
35.55
39.70

20.56

24.03

17.24

6.74
12.61

36.37

4.70

3.97

112.3

383.6

|
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’AP
v,T
=
YT 1.63 P (3.6)

TB
wi.ere

c(s)

position dependent valve capacity,

- ST < C(h)

S = normalized valve position,

¥ )
—~
-
—
L

capacity of fully open valve, and
K = constant.

Thrs form of the valve capacity equation covers the region of both choked and
unc1oked flow in the valve

Subs' ituting for the pressure drop across the valve and rearranging, we
obtuzin

. 3
By = ST KV.T Prg (\T - O.IQBYT) (3.7)
- K. W.. '
v - 1.63\/?TB rs "TB g (3.8)
T Prs

Kv is a constant.
P o

This re'ation has the form of the unified model with one parameter, Sps the
turbine control valve position,

Turbine Fypass System

The turbine bypass is used to control the pressure in the steam header
whenever the turbine control valve closes during a loss of load on the tur-
bine, and consists of the turbine hypass control valve which is attached
directly to the steam header and the piping connecting the valve outlet to
the condenser, The model is similar to the turbine except that the pressure
drop in the piping is given by

2

where
APP,B = pressure A -op in bypass piping,

KBP = pressur. _oss coefficient, and

Wep = flow rate in bypass.

e
>
O

nNO
C*
£,







Main Feedwater Systems

The model of the feedwater system is much more complicated than those
described previously because it contains a pump as well as a control valve,
The feedwater system consists of the feedwater header, which is the feedwater
source, the feedwater pump with the control valve attached directly to the
pump discharge nozzle, and the piping which connects the pump to the feed-
water header and the control valve outlet to the remainder of the steam gen-
erating system. The feedwater flow rate is given by the solution to the mo-
mentum equation for the feedwater system where a single mass velocity flow
mode]l has been assumed,

L\ Y
(_) It’ o PF“ + ;;Pp o .ka'F o -APV’F o PS(; (3-110)

i

(E) = overall inertance of piping in feedwater system,

F = feedwater flow rate,
P = pressure in feedwater header,
AP = pressure rise in feedwater pump,
AP = pressure drop in piping in feedwater system,
AP = pressure drop in feedwater contro! walve, and

P = pressure at location in the steam generator where feedwater is
added .

Expressing the pressure droj ia the piping in terms of a pressure loss
coetficient,
. =KW
rPP,F R W
where

KF = presure loss coefficient.

and the pressure drop across the feedwater control valve in terms of a
capacity equation for a linear valve in liquid service, (Considine, 1974b)

W
C(SF) " 2
K ,jupv' 5

C(SF) = position dependent valve capacity, and

. (3-;))

where

SF = pormalized feedwater valve position,
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where
k+1 k
m " T Ihy
Ap = e T , and (3.21)
ﬂt + + hz
Bp N 3rh . (3.22)
SE 4 et i e id
1 Jw du
The pump pressure rise is then given by
i 1 1
APt+ -p gl G,
+1
- K [H(m SR gt I L w*;] (3.29)
k+1 k+1

where the homologous pump head characteristic H(w , W ) has been ex-
fressed in terms of the known values at the beginning of the time step by
means of a first order Taylor expansion. The pump speed is eliminated from
this relation to give,

5 2 +p oY oW (3.24)
p p P
where
k k . OH
Cp =p g [H - e Ap] » and £3.2%)
_ K o, o |,
Dp =p g [dp ™ + BW] (3.26)

The pump pressure rise is then substituted into the equation for the feed-
water flow rate, Equation (3.18), which yields,

+1 k+1
wk < A+ B AP (3427)
where
k [ At ] [ K+l k , J
we |1 P - P
L [P NP and  (3.28)
i+ ik oo [ ___L_d,] |
(L/&) , F Ky.p S ‘






3.1.6 Plant Protection and Control System (M. Khatib-Rahbar and F. §,
Srinivasan)

The work during this quarter was di ected toward debugging and testing of
the combined PPS/PCE and the S§SC-L mode:, In addition, a meeting was held
with the Nuclear Regulatory Commission staff members to discuss the program
on PPS/PCS and some of the preliminary results.

feveral operational transients have been simulated to checx the inter-
facing betwi:en the PPS/PCS model and the remainder of the code. As an ex-
ample, trapsient results for a 10% ramp change in load demand in 40 § are
shown in Figures 3,8 through 3.13.

Figure 3.8 shows the transient forcing function as a function of time. It

1s observed the load demand 1s reduced from 100%Z to 90% in 40 s and held con-
stant thereafter. The response of the individual controllers are seen from
the contrel rod position {Figure 3.9) and motor torque (Figure 3.11) time
responses causing a reduction in the reactor power level (Figure 3.10), pump
speed (Figure 3.11) and thereby the sodium flow rate (Figure 3.12).

Figure 3.13 shows the CPU comparison for this transient and it is ob-
served that the PPS/PCS running time is quite reasonable as compared to the
rest of the code.

3.1.7 Heat Transport System (I, K. Madni and E. G. Cazzoli)

Pump characteristics were extended to include both the FAN and HVN curves
during s eady-state calculations. Corresponding changes were also made to
the head polynomial equation to be solved for pump speed. Pipe break compu-
tations were improved through ine inclusion of an iteration logic to obtain a
converged jet discharge velocity at the start of the transient,

In June, 1978, a topical report describing the sodium pump model in SSC-L
{Madni, 1978) was prepared and published. A few errors had gone unnoticed in
Tahles A.1 and A. 11 of the report. These tables listed the completc pump
head and torque characteristic coefficients. The errors have been removed
and the corrected tables are reproduced in this report as Table 3.4,

3.1.8 Code Update (R. J. Kennett)

A substantial programming effort was required during this quarter to in-
corporate the PPS/PCS systems into SSC-L. Modifications were required to the
transient input reader and data managcment routines to handle the data for
these new modules.

huring this quarter a series of changes were wade to the code to aid pro-
gram debugging and to improve the output capabilities.
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3.2 §SC-P (1. K. Madni)
3.2.1 Initialization (. K. Madni and S, F. Carter)

During this reporting period, the steady-state code was successfully de-
bugped and a converged solution was obtained. Input data and individual
modules were upgraded and modified. The stead ~state results are now, in
general, consistent with known and expected PHENIX operating values. Some of
the modifications are described below.

Level Calculations

For the hot pool design we can write, from static balance
P = p + splz =2 )
Xin gas 'Hg{ HP Xin 1330

= + zZ =2 )
PXo Pgas “Cg( cp Xo (3.31)

Subtracting Equation (3.31) from Equation (3,30) and rearranging yields

APy
3 - W !
Zep “ 1 %~ Zxid " "czxo]/"c QM)

Knowing ZH , AP, and THX elevations, the cold pool level Z is calculated
from Equation (3.32). APy comprises both the losses due to friction,
turning, area expansion and contraction effects, as well as the gravity gain
as the coolant moves downward in the IHX., With this definition, the code
calculates a level difference between pools equal to 66.405 cm, The volume
of cover gas is obtained simply as

vgas - (ztank - 2 )Ah + (ztank = ZCP)Acg (3.33)

where Ah. are, respectively, the areas of hot pool and cold pool in
contact wtth %he cover gas.

Check Valve

The check valve equation during steady-state has been modified to

ap.. = XML o g (3.34)
<P Pep i

The extra term describes gravity loss or gain in the valve. It will be
zero if the valve is placed horizontally (through user-input Alcv).













B . R R R R R R SN e ——— B . A - e

4. SSC Code Vali“-tion (A. K. Agrawal and R. J. Cerbone)

The SSC Validation work during this quarter covers the following areas
4.1 Intercomparison of S$SC-1, and TANUS

4.2 Analyses of Thermohydraulic Experiments
4.3 Intercomparison of SSC~I. with BRENDA

4.1 Intercomparison of $SC-L with IANUS (J. W. Yang)

Comparison between SSC-L (Agrawal 1978a) and IANUS (Wolfe, 1976) contin~
ued as part of the preparation for the pre-analv.is of the pre-operational
tests to be conducted as part of the FFTF startup program. Since these
tests, coupled to the planned natv~:' circulation tests, wi 1 play a dominant
role in the SSC Verification program, it was essential that this work proceed
as quichly as possible. During this quarter, simulation and partial testing
for the primary loop of FFTF was completed. The loss of electric power fol-
lowed by scram was calculated using SSC~L and TANUS, Comparisons between the
results obtained with each code are reasonably close; differences remain to
be resolved.

4.1.1 SSC Mode'ing o. FFTF

Ie order to provide a consistent basis of comparison with IANUS, only
three channels were used. These are a hot channel, average channel and a
bypass channel. Recall that IANUS is a single channel code while 8SC ‘s a
multi-channel code. One fuel assembly was selected to represent the "hot
channel" and the remaining 75 assemblies are grouned together as the
"average'" chennel. The power ratio of the hot to average chamnel is taken
1.592 while the flow ratio is 0.892, The ratios were determined such that
the SSC-L calcuiated enthalpy agreed with tha IANUS ca’'culation using a 1.79
hot channel factor. The selection of the SSC channels is given in Table 4.1
where approximately 82% of the coolant flow passes through the fuel subassem-
blies which generate about 95% of the total power. The bypass channel then
includes all other coolant paths in the core, It is char.cterized by the
remainder of total flow and power values.

Table 4.1

Selection of Channels for SSC~L Analysis

Number of Fraction l Fraction
Assemblies of Flow of Power
Hot Channel 1 0.009625 0.01986
Average Channel 75 0.80935 0.93207
Bypass Channel - 0.181025 0.04807
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.12 Steady State Calculations

In order to provide a consistent basis of comparison between .ANUS and
S$SC~-L, a great deal of eftort was devoted to preparing the input daca. The
input data then underwent further checking provided by the steady stace com-
parisons between the two codes. The input data requirements for SSC-L are
different from IANUS, because of the degree of detail available in S7C-L to
mode! the reactor. In addition, the two codes have vastly differeat code
structures, All the input data used in SSC-L were obtained from cesign and
operation information used in the IANUS (Wolfe, 1976) Code. Loss coeffi-
cients in the loop system were computed according to the correla . ions given
by Wolfe (1976). Using the input data, a steady-state condition was estab-
lished for the SSC-L code. Comparison for the strady state therm-tydraulics
indicates good apreement between the two codes. The pump performar,. =, pres-
sure drop and temperature rise of the coolant in various componentc are shown
in Table 4,2 The overall good agreement lends confidence in the consistency
of the input data for the primary heat tramsport loop.

Table 4.2
Comparison of Steady-State Coolant Dynamics

Prea.cted by SSC-L and IANUS

1ANUS $SC-L ]
- -
2ump !
Head, m 146.9 V47 .4
rpm 1088.5 1090.6
Py psi 176.9 170.6
Q, gpm 14304.8 14353.1
Pressure Drop
Vessel 134.5 134.4
[HX* 9.27 9.27
Check Valve* 9.53 9.55
Vessel to Pump 1.04 1.08
Pump to Vessel 35.4 35.1
Temperature Rise, K
Vessel 143.5 141.7
Core Hot Clannel 295.1 293.1
Core Ave. Channel 164,7 163.3
IEX (Primary) 143.3 143.8
THX (Second. ¥y) 143.3 142.6 1
*Included in Pump to Vessel Pressure Drop I

4.1.3 Transient Calculations

Tue transient ficw and power ate the most important variables affecting
the transient thermohydraulic behavior of the entire plant. Hence, it was
essential that the transient power and flow used by SSC-L and IANUS agree.
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