
[MSTER
COMPARISONS OF REXCO CODE PREDICTIONS WITH SRI SM-2 EXPERIMENTAL RESULTS

by

Y. W. ChanK and J. Gvildys

Prepared for

5th SMiRT Conference

Berlin, Germany

August 13-17, 1979

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS
UoiC-AUl IJSDOE — _ _ _ » _ _ _ ^ - _ _ _ _ _ _ _ _ _ _ _ _ _ » _ ^ _ _ _ _ i ^ - ^ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Operated under Contract W-31-lO9-Eng-38 for the

U. S. DEPARTMENT OF ENERGY
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



MASTER

SRI International has perfumed * «crl«s of. «i-»p.le -model <SM) experiments for the Clinch

.Stiver Breeder Reactor Project (CR3K). The SM casts -consisted of five experiments. The energy

source used to simulate the core-diaaswaefely accident loads was a PSTN-microsphere mixture,

which was well calibrated. These experiments were well instrumented and performed under care-

fully controlled conditions., The experimental data can be used as reliable test data for vali-

dation of conputer codes, as well is the modeling technique used in the computer analysis.

This paper deals with the REXCO-HEP code predictions of the SRI SM-2 test, which was a

-dynamic test performed on l/20th scale model cf the CEBR. Two calculations have been performed:

-awe uaed the pressure history P(t) of the core detonation products as input, and the other the

jrrsssure-voluae relation (P—V) of the detonation products as inputo

The pressure loadings obtained with the REXCO -code calculation are all in good agreement

with the experimental records. Not only do the -calculations reproduce the general shape of the

pressure loading, but also they accurately predict the magnitude of pressures. The calculated

*mll deformations are also in good agreement with the experimental measurements. However, the

vtppar wall deformation Is slightly overpredicted while the lower wall deformation is underpre-

dietad by the code, despite of the good agreement in pressures and impulses. This is believed

•duo to the lack of two-dimensional slidings in the code calculation. It is not due to a dis-

crepancy In properties of the shell, because an adjustment of the shell properties would in-

-cxease or decrease both deformations at the upper and lower vessel wall in the same proportion.

T̂fig oji^iafa^ dynamic strain histories at various gauge positions are -also in agreement with

the experimental data, but the agreement is not as good as with other experimental data.

The pressure loadings and wall deformations obtained with the P(t) calculations are in

better agreement with the experimental measurements than those obtained with the P-V calcula-

tions. This la because the P-V relations used in the code calculation were derived from the

pressure gauge readings of the core gas, the measured surface motions of the slug and the

"Calculated compressibility of the coolant; they may become less accurate at lew pressures.

Therefore, In performing code validation calculations, the pressure history of the core gas

abould be used in the analysis to describe the -behavior of the core gas. If the F(t) values

*re available form the experimental data.

iu.
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il. Introduction

| SSI International (formerly Stanford Reaacrch Institute) has performed a series of staple

•woaml (SM) experiments [1] for the .Clinch River Breeder Reactor (CRBR) Project. The energy

iaourca tesed in these experiments was a PETN-*icroaphere mixture which « u contained in a

-*p«cial designed steel canister to simulate Che core-disassembly accident locds resulting

'from « postulated fuel-vapor expansion,, The purpocea of those experiments were to (1) study

•Lba scrnccural response of the CKBR coataiimm-nc, (2) wtminf the effects of xb* upper core

•Internal structures on the slug-iapact loads, and (3) provide reliable test data for code

validation.

The SM experiments consisted of five testa. Test Stt-1 « u a static test of the reactor

head cover- The other four testa SM-2 to SH-5 were dynamic tests performed on l/20th scale

-andels of che CRBR. The complexity of the -model was gradually increased from a relatively

simple cylindrical shell in Test SM-2 to fairly complex models in Tests SM-4 and SM-5.

ill, testa were performed by SRI, as -were che evaluation, assessment, and interpretation

x>f the experimental data. The pretest predictions were performed by General Electric (GE).

-Argunne National Laboratory (ANL) performed post-test calculations, utilizing the experimental

data to validate the REXCO-HEP code and the modeling technique used in the computer analysis.

This paper deals with the REXCQ-HEP code predictions of the SRI SM-2 test. Two calcula-

tions heve been performed: one used the pressure history P(t) of the core detonation products

*s input, and the other the pressure-volume -relation (P-V) of the detonation products as in-

put. The major differences between the two ca1.cul.nti.oas are discussed. The modeling of the

•egnented radial shield materials and other internals are also discussed.

2,* Experimental Apparatus

The -apparatus used in the SM-2 test is shown In Fig. 1. It consists of a flexible ves-

sel, a core canister, a core barrel, segmented steel rings, a support platform, and a vessel

ijead cover. The vessel wall and core barrel -were made from annealed nickel 200 to simulate

the atress-strain properties of the Type 304 stainless steel at reactor operating temperature.

The core support platform was a 5.OS-cm <2-in»)-thick steel circular plate connected to the

bottom of the vessel.. The lower part of the reactor below the core support platform was

•omitted from the experimental model. Three pressure gauges (PI, P2, and ?3>-were placed

inside the segmented steel Tings to record -the pressure in the core gas. Four pressure-gauge

{tosses (P4, P5, P6* and ?7) were welded on the vessel vail. A single, pressure gauge (P8) was

mounted at the center of the head cover to measure the slug-impact pressure. Seven strain

Gauges (SGI, SG2, SG3, SG4, SG10, SG5, and SG6) were placed on the vessel wall at five dif-

ferent locations. Three strain gauges <SG7, SG8, and SG9) were placed on three of the hold-

dowQ studs.

The core canister consisted of a stack of steel rings spaced at even intervals, two end

plates, and eight Jirial studs which held the steel rings and end plates together. The ex-

plosive charge was a 19.7-g mixture of 90Z PETN and 10Z nicrospheres (by weight), placed

inside the canister rings and the steel end plates. The canister was supported by an aluoisus

-stands

Th* reactor cover head was s, 2.794-ca (l.l-in.)-thidc steel circular plate. Steel plates

i n a. placed on the top and bottom of the cover head to simulate the weights and reflector

plates of the CRBR reactor. The reactor cover head, was connected to the vessel flange through

ahaar rings. Two vater-positioa transducers (WS. and WS_) were placed at the bottom of the
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cover head. ~~ — — - — — - — - - - — — — — — ^ — — — _ _ _ _

j Four accslerometers were used, one on the tatppozt platform and three on the head cover,

it© aauura the accelerations of the support platform and the head cover.

,3. Mathematical Model

Tha mathematical aodel used In the REXCO-HEP analysis is shown in Fig. 2, which has the

mmmm dlasasioos as those in the GE's modal used for performing pretest predictions. The core-

gaa bubble is divided into 8 zones. The volume of the gas zones is 962 cm3, which -dan the

Initial volume of the detonation products.

The cadlal 3hield materials are represented by zones. They have the sasaa configurations,

•s, and properties as the actual material. Although the radial shields were made of seg-

rings, they did exhibit considerable rigidity and strength in both radial and circum-

faratlal directions. Therefore, they cannot be represented by a hydrodynamic laterial,

fltnrisUng of the radial shield as a, hydrodynamic material can lead to excessive core-barrel

deformations. This will in ttxra lead Co an underestimation o£ the slug-iapacc loauing on the

xaactor head cover and produce less defoliations on the uppar vessel wail. Thjs, in the REXCO

calculations, the radial shield was treated as a solid notarial with low yield strength.

Since the radial shield material was created, as a. solid material, sliding lines must be

provided at the interfaces of the fluid and solid materials to avoid excessive zone distor-

tions. In SM-2 calculations, the sliding line was placed at the inner surface of the radial

«rdfilds starting at the top of Che platform and -extending all the way co the water surface, as

4sdicated by a heavy line in Fig. 2.

It should be pointed out that the sli<5j.og lines allow Che fluid to slide in one direction

«nly. The expansion of the core gas after -moving Above the top of the radial shield and core

Jxaxr&X was still -severely hindered by the lack of the radial notion of the fluid at points

-which acre also the boundary points of the cere barrel and radial shield material. As a

result, the t»aĝ < Y'l.rfoc of the pressure waves transmitted through the fluid co the lower ves-

-B4J, rail are somewhat reduced. This reduction la pressures will affect the deformation of

the lower vessel wall quite substantially, far -the lower vessel wall is often just strained

beyond its elastic limit. Oae way -to improve this situation is to treat the top radial shield

xcocs aa -a hyflrodynamic m&eerial, so chat they can undergo some radial motion to facilitate

idle Cxansoission of a pressure wave around the radial shield. Similarly, the core—barrel

.length mi3C be also shortened by one zone length (3.28 cm) to accommodate the radial motion

of the fluid.

The core barrel is the first structural member placed next £D the core canister. There-

e» the modeling of the core barrel is very important in chs computer analysis. There are

ways in vifrich a corz barrel can be modeled: one by continuum solid macerials and the

other by thin shell structures. In numerical analysis, the choice of a continuum or chin-

miiBll Approach depeods both on the geometry of the core barrel, and on the loading and re-

sponse that is of interest. If the pressure-wave propagation through the thickness of the

-core barrel is of importance,, a continuum approach is more appropriate. If the thicknei of

tbm core barrel is relatively thin compared to other dimensions, and if the wave propagation

Sarnugh the thicknes- of the core barrel is of no Interest, then it is advantageous Co model

the core barrel as a thin-shell structure. Thus the motion of the core barrel can be defined

by ths>£ of the raidplane, thereby reducing the number of degree of freedom and improving tha

\ «cab.JU,ty of numerical computations. If the core barrel 13 to be treated &s a continuum
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-•olid material, the thickness of the" core barrel will have Co be "divided Into at Iea9t three

jto five zones, so that the bending strength of the shell can be properly Included In the anal-

•y»ls< This not only requires a large number of zones, but also Unit the time steps to very

•••all raluea If on explicit integration scheae is used. Since the core barrel in the SM-2

itmmt i* a slender member, it was therefore modeled as a thin-shell in the REXCO calculations,

^cals, *l1<Ung lines were provided at both sides of the core barrel.

-At acadoaad earlier, the expansion of the core gas after moving above the top o£ the

•rarttnl shield and core barrel is hindered by Che lack of the radial motion of the fluid par-

deles at the boundary points of the core barrel and radial shield material. The core-barrel

Jjimgth was shortened by one zone length to facilitate the radial motion of the fluid.

The S00 g of HI? lead shot in the «x?eriacnt were placed on the Mylar diaphragm above the

core canister. The spaces between .lead shot were filled with water. In the REXCO model, the

laad shot was treated as a composite daterial which had a density equivalent to that of the

*±tture of lead shot and water. Therefore, the inertia effect was properly included in the

•esalyais. However, the effects of core-gas flow through the spaces between the lead shot and

Zhe, relative motion of the lead shots with respect to the surrounding fluid ware ignored.

The alwinuB-canister support stand was represented by four Lagrangian meshes.

The reactor vessel was modeled as a thin-shell (0.30226 cm thick). It consisted of 23

finite deaents. The thicknesses of the two -top vessel elements were increased to 0.39624 and

X-Q em to account for the Increase ia thickness due to the tapered section and the vessel

flange of the SRI test model.

Tha reactor cover vas made of 2.794-cm (1-1-in.)-thick steel plate. It was connected to

*5M "vessel flange through shear rings* Thus, the reactor cover is strong enough to be con-

sidered as a oondefoxmable pJ-ate, .and -the «otiom of the reactor head depends on the movement

ot the vessel flange which was connected to the support ledge by 72 holddown studs. The mass

•of «ix above tba water surface was ignored in the analysis.

"4- gnergy Source Input

Two types of input data can be used in the analysis to describe the behavior of the core

•sterauation products: a P~V relationship and a. pressure-time history. The P-V relationship is

4«£er«ined form the measurements of core pressure gauge and Che corresponding increase of

earse-gos volume. The latter increase-was determined from the motion of the water slug. The

displacement of the slug was measured by Beans of a light ladder mounted on the water surface.

Since the increase in the volume of the vessel and the compression of the water affect the

upward motion of the water slug, these changes sust be taken into account in the determination

•of the P-V relationship for the core gas.

The pressure-time hisrery of the core gas can be obtained relatively easily if pressure

can be mounted on the cere barrel. However, the pressure—time history depends

strongly on the reactor configuration. In other words, the pressure-time history of the

core gas in one reactor cannot apply to other reactors if they have different configurations.

The P-V relationship of the SH-2 test was determined by SRI. Since the P-V determina-

tion involved the observed motion of the slug surface and the calculated values of the coolant

compressibility, the calculated P-V values are expected to be less accurate than those of the

pressure-tine history taken directly from the pressure record of the core gas, In view of the

.-availability of the P-t values, two calculations were performed with the REXCO-HEP code. One

-usad the measured pressure-time history of the core detonation products as input, and the

V.
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other the P-V relationship as input. ~

5. Comparison of REXCO Predictions wifh Experimental Results |

Hera only the REXCO results which were obtained vith P-t as input are compared with the

*xperi»ental data; the results obtained with F-V as input will be discussed in Sect. 6.

I 5.1 Pressure Loadings :
1 Tha pressure loadings at gauge positions P4, P5, P6, P7, and P8 are given in Figs.

3-7, raapocCively, in which the PErm results are shown in solid lines and the experimental In

dotted lines. The pressure loadings at -gauge positions P4, P5, and P6 on the vessel wall have

direct incident pressures and reflections from the slug impact and subsequent wave interac-

tions, whereas the pressure loadings at gauge positions P7 on the vessel wall (above the water

surface) and P8 on the head cover are due mainly to slug-Impact pressures.

The REXCO-ealeulated incident pressure loadings at the vessel wall are in excellent

-agreement with the experimental records. This can be seen from the comparisons shown in Figs.

3-5. Not only the peak pressure and -pulse shape are in agreement, but also are the wave-

arrival time -and the duration of the pulse. However, the REXCO—calculated slug-impact pres-

aure loadings on the vessel wall are higher than the -experimental results. This is believed

due to the use of sliding lines. -Another factor which resulted in higher slug-impact pres-

sures in the REXCO predictions was the mathematical model used in representing the lead shot.

Aa mentioned earlier, the lead shot in the REXCO model was treated as a mixture of liquid

(water) and solid (lead shot). Therefore, -only the inertia effect was included in the anal-

ysis. The effects of core-gas flow -through the spaces between the lead shot and the relative

motion of the lead shot with resyect to the surrounding fluid were ignored. As a result, more

energy was imparted to the JSttoXaac slug. Also, the lack of the radial sliding caused more

energy to be directed to the axial direction. Therefore, REXCO-calculated slug-ir>pact pres-

sures are expected to be higher than the experimental measurements^ This can be seen from

the comparisons given in Figs* 4-6.

Slug-impact ft™ provides another comparison for code validation. Experimental meas-

urements indicated that the slug, impact -at gauge, position P7 occurred at 2.36 ms, whereas the

calculations indicate that the impact was at 2.50 ms. The REXCO-predicted impact time was

about 0.14 ms later than the experimental value. Both experiment and REXCO calculation showed

two peaks* The calculated peak values -are in good agreement with the measurements. At the

center o£ the head cover at gauge position P8, -the REXCO-calculated slug-impact pressures are

somewhat higher than the experimental values, but the -slug impact time in the REXCO prediction

is again about 0.14 ms later than the experimental value. Ordinarily, for a larger slug-impact

pressure, one could expect a higher slug velocity and an earlier slug-impact time. However,

this is not the case in the SM-2 comparisons. Experimental results showed that the coolant

slug had produced a smaller impact-pressure loading on the head compared with the REXCO pre-

dictions* but the slug impact time in the experiment was 0.14 ms earlier than the REXCO pre-

diction. The exact reason for these contradictory results is not yet known. One possible

explanation, is that the air space above Che coolant surface in the SM-2 test may have had a

gap less than the 3.429 cm (1.35 in.) specified in the REXCO calculations.

5^2 Wall Deformations

The profiles of the vessel and core barrel wall deformations are shown in Fig. 8,

where Che experimental Measurements -are shown in solid lines -and the calculated results in

dotted lines. The experimental measureaents of the -deformed vessel and core-barrel walls were
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•taken at six different "-eridlans; the spread in experimental data is also indicated. The ~~

iovmrall agreeaent between the calculated and veasured results is reasonable good. However,

the XEXCO results on the deformation of the upper vessel wall are slightly larger than the
1

ipqrlMiiriii data, whereas the REXCO results are slightly underestimated for the lower vessel-

|««U daformaclons. As mentiooed earlier, those differences can be partly attributed to the

of sliding lines which allow the water to slide more freely in the REXCO calculations than1

^actually occurs in the experiment along the -designated sliding surfaces. This can be further

frcat the comparisons of slug-impact pressures shown in Figs. 5 and 6: the REXCO-calculated

slug-impact pressures are higher than the experimental measurements. The reason for a smaller

wall deformation predicted in REXCO calculations for the lower vessel wall is probably due to

the lack of a true two-dimensional sliding capability in the REXCO code. Although two top

*̂ n«H»1 shield zones were treated as hydrodynaoic material, the radial motion of the core gas

in Che Lagrangian calculations was still not large enough to account for the actual movement

*f The detonation produces in the experaaenr.. This -can be further seen from -the comparisons

of slug-impact pressures: the differences between the REXCO-predicted slug-Impact pressures

«nd the experimental measurements shown in Figs. 3 and 4 are less than those shown in Figs.

S and 6.

5.3 Strain Measurements

The dynamic-strain measurement is perhaps the least accurate record in the experi-

—nriT data. As can be seen from Fig. 8, the strain-gauge records of vail deformation (shown

in dots) did not agree with those obtained froa the post—test measurement. Moreover, in the

experiment, the dynamic strain gauge is often limited £0 strains of 2-32. On the other hand,

the calculated dynamic strain values -depend very strongly on the vessel-wall properties used

An the calculations. Therefore, the dynamic—strain records obtaiaed by strain gauges are not

suited for code-validation purposes. Nevertheless, the agreement between the calculated and

-measured strains is considered to be reasonably good. Detailed comparisons can be seen in Ref.

12]. Due to space limitation, they are not given here.

*• Comparison of P-V Predictions -with P-t Results

The P-V relationship used in the REXCO calculation was taken from Ref. [1], which was

-compiled by SRI from the data obtained ia the .four calibration tests. For the incident pres-

sure loads, the F-V results are in good agreement with the P-t results. The two loadings*"nave

*3»oat the same magnitude, duration, and shape, for the slug-impact loads, the F-V results

«r» slightly larger than the P-t results.

It should be mentioned that the values of core-gas pressure were taken from the pressure

oacillograms, and Che increases of core-gas volume were calculated from the movement of the

HiXug surface and the compressibility of the coolant• Therefore, at low pressure levels, Che

•accuracy of the pressure values will decreeae and the computations for core—gas volume will

beccne less accurate due to formation of cavitation and spallation of the coolant surface.

The profiles of the vessel and core-barrel wall deformation obtained with P-V as input

«re 'shown in Fig. 9. For the purpose of comparison, the results obtained with P-t as input

«re also plotted. As can be seen, the agreeaent in the lover vessel wall deformation is quite

good. Both calculations predict a maximum wall deformation of 22. However, at the upper ves-

sel wall, the deformations obtained with the F-V data as input are considerably larger than

Zi*o»Q with the P-t data as input. This Indicates that there are some differences in those

two source Cenas. As mentioned earlier, the P-V data used in the computer calculations la

11!. Nu-.. r: -...,,-• / r-.. . - . ......: ;, ;;:ir-_. ......

IV. T'-.s pi.̂ ii-'.io-i iVrj',.1 n ; ul. ..J:cd .._ •-. Jr..;; .-,
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jbalieved to be quite accurate at the early stage of the excursion when the cofe~~pressure is ~

^relatively high. However, at lov pressures, the data obtained from the pressure oacillograas

iMad the increase of core volume calculated from the slug—surface motion and coolant compress—

Utility could become less and less accurate* Detailed comparison of P-V prediction with P-t

traaulC «C various gauges can be sees Is Ref. [2]. |

7. Conclusions •

SSI SM-2 experiment was performed with a calibrated energy source in a simple cylindrical

The experimental data can be used as -reliable test data for validation of computer

tcodea, as well as the modeling techniques used In the computer analysis.

! -Of tbtf three available experimental records; (1) pressure loadings, (2) final wall

^deformations, and (3) dynamic-strain histories, the best data for accurate comparison between

duqterlaencs and computer results are the pressure loadings. This is because the pressure

.loading on the vail is least affected by the frequency response of the discretized system and

«the mil material properties used in xhe -analysis., Therefore, comparison of pressure loadings

i»*ore reliable than comparison of tall defonaatirns, for the latter depend very strongly on

•CIK Material properties of the vessel wall. Xhe .least reliable experimental data are the

•dynamic-strain measurements.

The pressure loadings obtained with the REXCO code are all in good agreement with the

-experimental records. Not only do the calculations reproduce the general shape of the pres-

*ure loading, but also they accurately predict the magnitude of pressures. The calculated

•wall deformations are also in good agreement -with the experimental measurements. This in-

dicates that the mathematical model used in the SEXCO analysis is quite adequate. From the

•comparison of P-t and P-V results, it can be concluded that the P-V data used in the computer

calculations is quite accurate at Che -early stage of the excursion when the core pressure is

relatively high. For low pressures, the P-V data derived from the pressure—gauge readings,

,mnd the surface movements and compressibility of the coolant may become less accurate compared

*wl£fa the P-t records obtained directly from the pressure—gauge readings.
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jFif. 1. SKZ Test Model with instrumentation. ~~ '

iFig. 2. Mathematical Model of SM2.

i7ig« 3. Comparison of the Calculated and Measured Pressure Loadings at Gauge Position P4.

Fig.- 4. Coaparison of Che Calculated and Measured Pressure Loadings ac Gauge Position PS.

Tig. 5. Coaparison of the Calculated and Measured Pressure Loadings at Gauge Position P6.

. 6. Coapsrison of the Calculated and Measured Pressure Loadings at Gauge Position P7.
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Fig. 7< Comparison of the Calculated and Measured Pressure Loadings at Gauge Position P8.

fig. 8. Comparison of the Calculated and Measured Wall DefonnicioLi [P(t) as Input].

Fig. 9. Coaparison of P-V Wall Deformation with P-t Result.
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