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Abstract

This report summarizes analytical evaluation of crack-opening areas and leak rates of 
superheated steam through flaws in steam generator tubes and erosion of neighboring tubes 
due to jet impingement of superheated steam with entrained particles from core debris created 
during severe accidents. An analytical model for calculating crack-opening area as a function 
of time and temperature was validated with tests on tubes with machined flaws. A three
dimensional computational fluid dynamics code was used to calculate the jet velocity impinging 
on neighboring tubes as a function of tube spacing and crack-opening area. Erosion tests were 
conducted in a high-temperature, high-velocity erosion rig at the University of Cincinnati, 
using micrometer-sized nickel particles mixed in with high-temperature gas from a burner.  
The erosion results, together with analytical models, were used to estimate the erosive effects of 
superheated steam with entrained aerosols from the core during severe accidents.
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Executive Summary 

NUREG-1570 presented the results of a study by the USNRC to assess the risk implica

tions of steam generator tube ruptures (SGTRs) induced by severe accident conditions. One of 

the phenomena considered in NUREG-1570 was the potential for the propagation of tube fail

ures during design basis and severe accidents. In the event of a tube failure, it is possible that 

the escaping jet of superheated steam could entrain particles from the core debris and impinge 

on a neighboring tube. The particle-laden jet could then erode through the neighboring tube, 

leading to another escaping jet and the possibility of a cascading failure event in the steam 

generator. Some analyses were performed in NUREG-1570 to estimate the time required for a 

jet from a failed tube to induce failure in an adjacent tube. It was noted that the analyses were 

at best scoping estimates. This report discusses additional analyses and tests that were 
performed to obtain more accurate estimates of the potential for failure propagation by jet 

impingement.  

A meeting of experts on jet impingement and leak rates from steam generator tubes 

during severe accidents was held at Argonne National Laboratory (ANL) on November 19, 1999.  

At this meeting, outside experts on particle erosion and high-temperature deformation and 
crack propagation, along with NRC and ANL personnel, considered the details of the jet
impingement scenario and reached some tentative conclusions concerning the likelihood of 

significant tube damage.  

In general, the experts felt that significant damage was unlikely in either the main stream 

line break (MSLB) case or the severe-accident case in view of the small size of the entrained 
particles, their nonabrasive nature, and the relatively short duration of the accident scenario.  
However, they also recommended that the literature be reviewed to verify and better quantify 

the predicted effects of the principal variables and that some additional analyses and tests be 

performed to confirm the judgment that jet impingement effects were unlikely to be significant.  

A test program was initiated at the University of Cincinnati to determine erosion rates of 

Alloy 600 at temperatures expected in severe accidents by particles with sizes and characteris
tics similar to those expected in a reactor accident, and tests were performed at Argonne 
National Laboratory to determine the potential for jet cutting during MSLB accidents. Analyses 

and tests were also performed at Argonne to determine crack-opening areas at high tempera
tures, where creep effects can become significant. Detailed computational fluid dynamics 
(CFD) studies were performed at the University of Maryland to determine the velocities and 
spreading of high-temperature gas jets.  

The high-temperature erosion tests at the University of Cincinnati showed that at veloci

ties of 91-549 m/s (300-1800 ft/s), measurable erosion rates were observed at 7000 C (12920 F) 

for 3-7 pm Ni particles, which are reasonable surrogates for the Ag aerosol particles that are 
predicted to be present during the severe accidents of interest. The erosion rates for the Ni 

particles are smaller by a factor of 75-125 than those observed in earlier tests with 70-pm 
quartz particles, but the velocity dependence is typical of that observed for particle erosion.  

Somewhat surprisingly, in a subsequent test series similar tests at 9000 C (16520 F) resulted in 
particle deposition rather than erosion. Although the harder oxide particles that are present in 

the aerosol were expected to produce higher erosion rates than the softer metallic particles, 

tests at 700 and 9000 C with 6-10 Am NiO particles resulted in particle deposition rather than 
erosion in almost all cases tested. Even a mixture of Ni particles and very hard 1-7 pm A12 0 3
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particles again resulted in deposition at higher particle velocities. At lower velocities, the rates 
were only slighter greater than those produced by the Ni particles alone at 7000C. Similar tests 
at 9000C resulted in no erosion even at the highest particle velocities. Very low erosion rates 
were observed in tests without intentionally introduced erosive particles. The rate of loss is 
about one order of magnitude less than the case when the Ni particles are present, and even 
these low rates may be associated with residual particles in the system rather than a true cor
rosion-erosion phenomenon.  

A model for calculating crack-opening area at high temperature was developed. Predic
tion of time-dependent variation of crack-opening displacement was validated with four iso
thermal and two nonisothermal tests on tubes with two symmetrical circumferential notches 
under constant axial load. Based on these tests, we concluded that the proposed model gives 
reasonable estimates of variations of crack-opening displacement and crack-opening area with 
time at high temperature for both isothermal and nonisothermal loadings.  

The crack-opening-area model was used to predict the variation of crack-opening area 
with time for tubes with axial cracks subjected to a severe-accident transient referred to in 
NUREG-1570 as Case 6RU. The analysis shows that crack-opening areas increase very rapidly 
once the temperature in the transient exceeds 6500C, and for temperatures _>750 0C, the crack
opening areas of throughwall cracks >15 mim (0.6 in.) in length are greater than the tube cross
sectional flow area of a 22.2 mm (0.94 in.) dia. tube.  

Detailed computational fluid dynamics calculations were performed to determine the 
characteristics of the high-temperature steam jet from a tube leak under severe accident condi
tions. Because the pressure in the tube is much higher than on the secondary side of the 
steam generator, the jet expands rapidly and becomes supersonic. However, as the flow 
approaches the adjacent tube, it must decelerate, and a detached shock wave forms in front of 
the impacted tube. The analysis shows that the aerosol particles found in the primary system, 
which will have a mass <10-12 kg, track the fluid velocity very closely. Even for very conserva
tive estimates of fluid drag forces, only the largest particles actually impinge on the adjacent 
tube, and the impact velocities are on the order -=2 m/s.  

To determine the rate of thinning of tubes, the erosion data must be coupled with the 
results of the CFD analyses of the jet behavior. The CFD analyses show that only the largest 
aerosol particles would be expected to impact the tube, and the impact velocity would be 
=2 m/s. Even with the more conservative assumption that the impact velocity is =-200 m/s, the 
erosion data for Alloy 600, together with a conservative estimate of mass flux, suggest that the 
maximum wall thinning rate will be <2 mil/h.  

Even after such a crack had opened by creep at high temperatures, failure of an adjacent 
tube by jet impingement would take >10 h. However, once the system has reached these high 
temperatures, failure of some primary system component, including unflawed steam generator 
tubes, by creep would be expected to occur in <1 h. Thus, jet impingement is very unlikely to 
play a significant role under high temperature, severe accident conditions.
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1 Introduction 

NUREG-1570 1 presented the results of a study by the USNRC to assess the risk implica
tions of steam generator tube ruptures (SGTRs) induced by severe accident conditions. Severe 
accident sequences in which core damage occurs with the primary system at high pressure (i.e, 
at or near the power-operated or safety relief valve set point) and the secondary side dry and 
depressurized are a particular threat to the structural integrity of steam generator tubes.  
NUREG-15701 discussed a number of sequences that could lead to these conditions, but in 
pressurized water reactors (PWRs), station blackout (SBO) sequences account for the majority 
of events in which core damage occurs with the primary system at high pressure and the 
secondary system depressurized. The analyses in NUREG-15701 show that in such events the 
steam generator tubes may reach temperatures as high as 7001C (12921F) and pressures of up 
to 16.2 MPa (2350 psi) before the surge line fails and depressurizes the primary system. Even 
though the entire scenario is predicted to run its course in =2 h or less, these high tem
peratures and pressures can lead to failure of one or more of the primary system pressure
boundary components, including steam generator tubes. If the steam generator tubes fail 
before a failure occurs elsewhere in the primary system that depressurizes the system (and 
thus prevents the tube failures), there is a high likelihood of containment bypass and a poten
tial large release of radioactive materials to the public.  

One of the phenomena considered in NUREG-15701 was the potential for the propagation 
of tube failures during design basis and severe accidents. In the event of tube failure, the 
escaping jet of superheated steam could entrain particles from the core debris and impinge on 
and erode through the neighboring tube, leading to another escaping jet and the possibility of a 
cascading failure event in the steam generator. Some analyses were performed in 
NUREG-15701 to estimate the time required for a jet from a failed tube to induce failure in an 
adjacent tube. The staff noted that the analyses were at best scoping estimates and that 
additional analyses and tests were required to obtain more accurate estimates of the potential 
for failure propagation by jet impingement.  

As part of the effort to address the potential for tube failure propagation by jet cutting, a 
meeting of experts on jet impingement and leak rates from steam generator tubes during severe 
accidents was held at Argonne National Laboratory (ANL) on November 19, 1999.2 At this 
meeting, experts on particle erosion, high-temperature deformation and crack propagation, and 
severe-accident analyses, along with other NRC and ANL personnel, considered the important 
parameters that affect jet cutting and the implications for likelihood of jet cutting. In the case 
of the MSLB, a jet from a leaking tube would be at a maximum temperature of 3400 C (6440 F) 
and a maximum pressure gradient across the tube wall of 17.2 MPa (2500 psi). There is very 
little particulate matter in the reactor coolant, and unlike the fossil case in which leaks in 
tubes can entrain large, hard, ash particles, particulates in the secondary side of a steam 
generator tend to accumulate in sludge layers rather than to circulate through the generator.  
In the severe-accident case, typical conditions involve a maximum temperature of 700-9000 C 
(1292-1652°F), a maximum pressure gradient across the tube wall of 16.2 MPa (2350 psi), and 
an escaping jet consisting of superheated steam plus 10-20% H2 . The particulates in the gas 
jet arise from the volatilization of low-melting-temperature core materials. The volatiles 
agglomerate at the relatively low temperatures found in the reactor coolant piping system.  
Results from severe-accident analyses and tests were presented at the meeting and showed 
that the particles in the jet were primarily Ag (=100 g/m 3 ), with significantly lesser amounts of 
ln 2 0 3 , CsMoO 4 , Sn0 2 , CsI, and other species (these results are typical of Westinghouse
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PWRs).2 The jet velocity at the point of impingement with the adjacent tube was estimated 
from preliminary calculations to be -=180-280 m/s (600-900 ft/s), but these values were 
recognized as uncertain.  

In general, the experts felt that significant damage was unlikely in view of the small size 
of the entrained particles, their non-abrasive nature, and the relatively short duration of the 
accident scenario. However, they also recommended that the literature be reviewed to verify 
and better quantify the predicted effects of the principal variables. The results of that review 
with emphasis on the erosion of metallic materials are included in the next section. The 
variables considered are particle loading, size, characteristics, and velocity; impact angle; 
temperature; the characteristics of the target material; and erosion/corrosion interactions.  

In addition to the literature review, a test program was initiated at the University of 

Cincinnati to determine erosion rates of Alloy 600 at high temperatures by particles with sizes 
and characteristics similar to those expected in a reactor accident. Analyses and tests were 
performed at ANL to determine crack opening areas at high temperatures where creep effects 
can become significant. Detailed computational fluid dynamics (CFD) studies were performed 
at the University of Maryland to determine the velocities and spreading of high-temperature gas 
jets.
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2 A Brief Review of Solid-Particle Erosion 

2.1 Effect of Particle Loading 

The rate of erosive wear is generally found to be directly proportional to particle loading or 
flux, at least for dilute-to-moderate particle loadings. In fact, wear rates are typically expressed 
in terms of the amount of material removed (measured in g or mm 3 ) per kg of impacting 
material, thus implying a linear proportionality between wear rate and the amount of erodent.  
At higher particle loadings, particles rebounding from the target surface can interfere with 
incoming particles, thereby shielding the target surface somewhat and resulting in a decreasing 
wear rate with increasing particle loading. Anand et al. 3 showed that for the case of 1018 steel 
eroded with 64 Am alumina particles at 900 and 50 m/s (165 ft/s), the erosion rate with a feed 
rate of 5 g/min through a 3.2 mm (0.125 in.)-diameter nozzle is reduced by =10% due to this 
effect. The effect increases with decreasing velocity and particle size and also depends on the 
rebound characteristics of the impacting particle and the target material. However, the effect is 
not expected to be significant for the dilute particle loadings of interest here.  

2.2 Effect of Particle Size 

Kosel4 found that the size of the erodent particles has little or no effect on erosion rate for 
particles larger than =100 Am, but that the erosion rate decreases rapidly with decreasing size 
for smaller particles. Majumdar et al. 5 summarized data on the erosive wear rate of Type 304 
stainless steel at 200 C impacted by alumina and fly ash particles at 125-150 m/s and impact 
angles of 20-30' and 50-60'. For both ranges of angles, the erosion rate for particles >100 Am 
in size is 200 mm3 /kg. The erosion rate drops off rapidly for particles <20 Am in size, and the 
rate for = 5 Am particles is <5 mm3 /kg, or less than 3% of the rate for the 100 Am particles.  
Similarly, Tilly6 found that the room-temperature erosive wear rate for an 11% Cr steel 
impacted by quartz particles at 305 m/s (1000 ft/s) decreased by a factor of =8 when the 
particle size was decreased from 100 Am to 10 Am. The particle size effect was observed to 
decrease with decreasing particle velocity. Misra and Finnie7 also reported a significant 
dependence in copper of both erosive and abrasive wear rates on particle size when using SiC 
particles.  

Wright and Nagarajan 8 studied the effect of particle size on the erosive wear of 10 high
temperature alloys tested in a simulated coal-gasifier flue gas environment at 7600 C (14000 F), 
using 12 and 74 Am alumina particles at a velocity of 30 m/s (100 ft/s). If one assumes that 
the erosion rate is proportional to the momentum or kinetic energy of the impacting particle, 
the wear rate per particle for the larger particles should be greater that that for the smaller par
ticles by a factor of (74/12)3, or 235. The observed values were close to this factor only for 
materials that formed adherent oxide scales in the test environment. For alloys that formed 
very thin or nonadherent scales, the factor was typically =1000-2500, a much stronger 
dependence than would be expected strictly on momentum or kinetic energy considerations.  

Misra and Finnie7 developed a theory attributing the observed strong dependence of wear 
rate on particle size to an increase in flow stress of the worn material with decreasing particle 
indentation size. Stringer, as quoted by Diercks, 2 also suggested that smaller particles, 
particularly those <5 Am in diameter, are less erosive because they tend to follow stream lines 
and are thus diverted as they approach the surface of the target material. CFD calculations
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suggest that this is the case for the particle sizes and densities of interest in the jets from 
leaking steam generator tubes. 1 

2.3 Effect of Particle Characteristics 

It is widely observed that for metallic materials, the erosive wear rate depends rather 
strongly on the hardness of the erodent particles. Wellinger and Uetz9 reported that the 
erosion rate dropped dramatically when the particle hardness was significantly lower than that 
of the material being eroded. In their experiments, for which the particle velocity and impact 
angle were not specified, they impacted a C 60H (0.6% C) steel (Vickers hardness number 
[VHNI = 800 kg/mm2) with particles of limestone (VHN = 200 kg/mm2), glass 
(VHN = 500 kg/mm 2), flint (VHN = 900 kg/mm 2), garnet (VHN = 1300 kg/mm2), corundum 
(VHN = 1800 kg/mm2), and SiC (VHN = 2700 kg/mm2). The observed erosive wear rates were 
=75 mm3/kg for the latter four materials, all of which were harder than the steel target 
material. The wear rate for the somewhat softer impacting glass particles was =25 mm3 /kg, 
and that for the much softer limestone was negligible.  

Majumdar et al. 5 discuss results from erosive wear experiments conducted on high-alloy 
steels and various Ni-base alloys. The low-alloy steels were tested at room temperature and at 
particle velocities of 30-200 m/s (100-660 ft/s), using SiC, quartz, A120 3 , SiO2 , iron powder, 
and fly ash as the erodent particles. The results of these experiments showed a clear 
correlation between particle hardness and wear rate. The dependence was strongest at the 
higher particle velocities; at 150 m/s (500 ft/s), the wear rate ranges from =200 mm3/kg for 
the hard alumina particles to =20 mm 3/kg for the softer fly ash particles and only =4 mm3/kg 
for the very soft iron particles.  

For the Ni-base alloys, the particle velocities were 100-350 m/s (330-1150 ft/s), and the 
test temperature was 450-4820 C (842-9001F). The erodent particles used were quartz, A12 0 3 , 
SiO2 , and fly ash. The same dependence of wear rate on particle hardness was observed, 
except that the harder quartz particles were observed to produce lower erosive wear rates than 
the softer fly ash particles. This anomaly was attributed to the unusually high flow stress and 
low ductility of the alloy (Alloy 600) tested with quartz as compared to those (Inconel 718 and 
Rene 41) tested with fly ash.  

Particle shape also influences erosive wear, with angular particles producing higher wear 
rates than spherical particles. For example, Maji and Sheldon 10 found that angular particles of 
hardened steel grit (=270 pm diameter and a velocity of 20 m/s [65 ft/si) produced wear rates 
greater by a factor of about 5 than similar-size spherical particles in 6061-T6 aluminum.  
Steady-state erosion by spherical particles is observed to typically produce a "hill and valley" 
surface topography, whereas angular particles result in additional loss of material by plowing 
deformation on the sides of the hills and by removal of flakes of material from the valleys. 11 

"1 "Steam Generator Jet Impingement Calculations," Memorandum to Nilesh C. Chokshi, 
USNRC/RES from John H. Flack USNRC/RES, December 26, 2000.
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2.4 Effect of Particle Velocity

Particle velocity exerts a very strong influence on erosion, and the dependence of the 
erosive wear rate E on the particle velocity V is typically expressed by a power law relation of 
the form 

E = k.Vn, (1) 

where k is a fitting constant, and n is the velocity exponent. Kosel 4 observes that the value of 
n typically falls in the range of 2.0 to 2.5 for metals and 2.5 to 3.0 for ceramics. Wright and 
Nagarajan 8 report an even stronger velocity dependence for 10 high-temperature alloys tested 
in a simulated coal-gasifier flue gas environment at 760'C (1400'F), using 12 and 74 Azm 
alumina particles at velocities of 19-52 m/s (63-170 ft/s). Their observed values of n ranged 
from 2.1 to 4.0 for nominal 30' impacts and 1.7 to 4.6 for nominal 90' impacts. For the 300 
impacts, the lower values of n were associated with the dispersion-strengthened alloys or with 
those alloys that were relatively soft at the test temperature. The n values exhibited a transi
tion to higher values at velocities of 24-38 m/s (80-125 ft/s). The authors suggest that the 
material loss rate is controlled by corrosion at the lower velocities and by erosion at the higher 
velocities.  

Similarly, Majumdar et al. 5 reported the velocity exponents for several high-alloy steels 
and Ni-base alloys at temperatures of 20-649°C (68-1200'F) and at impact angles of 10-90° 
using various erodents. The values fell within the range of 1.7 to 3.8, but they were clustered 
in the narrower range from 2.0 to 3.0. The exponent values also appeared to increase 
somewhat with increasing impact angle for the Ni-base alloys, but the variation for the high
alloy steels was not clear-cut.  

2.5 Effect of Impingement Angle 

There is general agreement in the literature that the angle of particle impingement 
strongly influences erosive wear rates, and that the angle at which maximum wear occurs is 
different for ductile metallic materials than for more brittle ceramic materials. 4 A widely refer
enced theoretical model of erosion developed by Finnie 12 predicts maximum erosive wear in 
ductile metallic materials for an incident angle of =15-200, and this is in general agreement 
with the commonly observed values of =15-30', although higher angles are occasionally seen 
for specific materials. The erosion mechanism for ductile materials is predominantly one of 
cutting or plowing of the target material. For more brittle materials, maximum erosion typi
cally occurs at incident angles near 900, and the operative mechanism is one of microfracture 
of the target material surface.  

An experimental verification of the above dependence is provided by the work of Finnie 13 

on a 1055 steel. He tested this material in both the ductile ferrite-plus-pearlite microstructure 
and in the hardened martensitic condition by using 250 Am SiC particles at 107 m/s 
(350 ft/s). For the pearlitic microstructure, the maximum erosive wear rate was observed at an 
incident angle of 250, whereas the maximum wear rate for the more brittle martensitic 
structure occurred at 900.
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2.6 Effect of Temperature

The effect of temperature on erosive wear rates is not as straightforward as one might 

expect. Simple analyses based on the decrease on material hardness and flow stress with 
increasing temperature would predict an increase in wear rates with increasing temperature, 

and this is observed, for example, in a number of high-alloy steels. 5 This same study indicates 
a less clear-cut temperature dependence for several Ni-base alloys. The erosion rate of Alloy 

600, for example, is observed to decrease modestly with increasing temperature in the range 

from 371 to 5770 C (700 to 10700 F). Similarly, an experimental study was conducted by 

Hansen 14 on the erosive wear behavior of more than 200 materials at room temperature and 

7001C (12920 F) by using 27 gm alumina particles at a velocity of 170 m/s and a 900 angle of 

incidence. He found that most metallic alloys (including Alloy 600) showed a noticeable 
increase in wear rates at the higher temperature, but a few showed a decrease. Likewise, a 

review by Sundararajan 1 5 indicates that for some materials, the wear rate increases with 
increasing temperature while for others it decreases.  

2.7 Effect of Target Material Properties 

Intuitively, one might expect an increase in the hardness of the target material to result 

in an accompanying increase in erosion resistance. Indeed, Finnie's 12 theory predicts that the 
erosion rate should vary inversely with flow stress, which in turn correlates closely with 

hardness. This behavior is borne out by a number of pure metals with hardnesses ranging 
from VHN = 10 to 500, as demonstrated in the data reported by Finnie et al. 1 6 These experi
ments were conducted at room temperature using 250 gm alumina particles at an angle of 200 

and a velocity of 76 m/s (250 ft/s). Even in this case, however, work hardening of some of 
these metals (e.g., Cu, Ag, and Al) produced no perceptible increase in erosion resistance over 
that of the annealed condition.  

The picture is more complicated for alloys, and the most extensive information on the 

effect of hardness exists for the ferritic steels, the hardness of which can be altered signifi

cantly by heat treatment. Finnie et al. 16 found that for a 1045 steel and a tool steel, room
temperature erosion resistance was almost independent of hardness over a range from 
VHN = 200 to 800 when eroded under the same conditions as for the pure metals described 

above. Sargent et al.1 7 and Salik and Buckley18 similarly reported very little dependence of 

erosion rate on hardness for steels, although the latter authors did see some increase in the 
erosion resistance for a hardened 1045 steel when eroded with 15 Jim glass beads, but not 
when eroded with crushed glass. Levy and Jahanmir 1 9 reported that a near-eutectoid 1075 

steel heat treated to form fine pearlite, coarse pearlite, or spherical carbides exhibited ductile 
behavior (highest erosion rate at lower angles of impingement) and that a slight increase in 
erosion rate occurred with increasing hardness.  

Majumdar et al.5 suggested that the ductility of the target material might also influence 
the erosion resistance, with more ductile materials being more resistant to erosive wear.  

However, the room-temperature data for high-alloy steels and Ni-base alloys that they analyzed 
do not indicate a clear correlation. For the Ni-base alloy at elevated temperatures, erosion 
resistance did appear to increase with increasing ductility. However, the authors note that any 
thermomechanical treatment that increases the ductility almost always also decreases the flow 
stress and vice versa, so it is experimentally difficult to separate out the effects of these two 
variables.
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2.8 Erosion/Corrosion 

When erosive wear takes place in a corrosive environment, the two processes can interact 
in a synergistic fashion, and it is not always easy to determine their relative contributions to 
the observed loss of material. In simplest terms, erosion/corrosion can be separated into two 
regimes: (1) erosion rates are significantly greater than corrosion rates and erosion dominates, 
and (2) corrosion rates are substantially greater than erosion rates and corrosion dominates.  
Between these two bounding cases, the synergistic interaction of the two processes can lead to 
material loss rates much greater than one would expect from either alone. For example, if 
corrosion processes lead to the formation of a relatively non-adherent corrosion product that is 
much more easily eroded away than the underlying base metal, simultaneous erosion and 
corrosion can produce very high rates of material loss.  

The key parameter in determining the relative contributions of the two processes to 
material loss is their relative rates. These rates are difficult to quantify without knowing the 
specific materials, environment, temperature, and erosion conditions that are present.  
However, Stringer, as quoted in Ref. 2, suggested that in the absence of extremely corrosive 
conditions, corrosion processes typically require days or more to significantly contribute to 
material loss. The entire subject of erosion/corrosion is discussed in detail by Rishel et al.20 

2.9 Erosion Behavior of Alloy 600 at High Temperatures 

An attempt was made to find literature data on the erosion rate of Alloy 600 under condi
tions similar to those postulated for a severe-accident scenario, namely, temperatures of up to 
700'C (1292°F), particle velocities of up to 550 m/s (1800 ft/s), and small, relatively soft ero
dent particles (e.g., •5 Aim Ag) entrained in a mixed air/steam environment. Not surprisingly, 
data obtained under these precise conditions are not available.  

However, Tabakoff2 l and Tabakoff and Vitta122 obtained data on the erosive wear of Alloy 
600 at temperatures and velocities approximating those of interest. Specifically, their data 
were obtained at temperatures of 371, 493, and 599°C (700, 920, and 1070'F) and particle 
velocities ranging from =90 to 300 m/s (=300 to 1000 ft/s). The erodent particles used were 
silica quartz, and experiments were conducted with seven mean particle sizes ranging from 
71.5 to 797.5 Am. The smallest mean particle diameter used in the experiment was --37 Jm.  
Data were obtained for incident angles ranging from 10 to 70'.  

Tabakoff21 found that the erosion rate increased with increasing temperature in all 
experimental conditions studied and that the velocity exponent n generally decreased some
what with increasing temperature. The effect of temperature on erosion rate typically 
decreased with increasing velocity. The maximum erosion rate was observed for an impinge
ment angle of =30', and the velocity exponent varied with the impingement angle. The erosion 
rate for Alloy 600 remained almost constant for mean particle sizes of 70 to 230 Am and then 
increased moderately with increasing particle size. Figure 1, adapted from Tabakoff and 
Vittal, 22 shows the erosion rate of Alloy 600 vs. particle velocity at three temperatures for a 
mean particle size of 71 Am and the worst-case impingement angle of 30'.
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Fig. 1. Erosion rate vs. particle velocity for various temperatures (particle size = 71.5 pm, 
impingement angle = 30 '); V = 317'C (700TF), A = 4930C (920°F), 0 = 5770C (1070TF).  
Extrapolated erosion rate for 7000C (1292°F) at 160 m/s (520 ft/s) is indicated by the square 

symbol (figure adapted from Tabakoff and Vitta12 2).
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3 Higch-Temperature Erosion Tests

3.1 Test Conditions and Materials 

The jets from leaking tubes in a severe accident would consist primarily of high
temperature steam. The stagnation temperature for the jet could range from 700-8500 C, and 
the stagnation pressure could be as high as 16 MPa (2350 psi). As noted previously, the 
particle loading is due to aerosol transport of low-melting materials from the molten core.  
Accident analyses with the VICTORIA Code suggest that the particulate consists primarily of Ag 
(2.7 g/kg) plus lesser amounts of In 2 0 3 (0.2 g/kg), CsMoO 4 (0.07 g/kg), Sn0 2 (0.06 g/kg), Csl 
(0.03 g/kg), and other species.2 The median particle diameter is =1.5 Atm, with the bulk of 
particles having diameters <3 jm. 2 

Facilities capable of erosion testing at high temperatures are not common. A facility at 
the University of Cincinnati was identified as suitable, and the principal investigator in charge 
of the facility, Professor W. Tabakoff, has had extensive experience in performing such tests.  
The erosion apparatus, shown schematically in Fig. 2, uses a propane combustor to generate a 
high-temperature gas stream. The resulting atmosphere is different from the steam environ
ment expected in the reactor, although like steam it is an oxidizing environment. However, 
because of the high corrosion resistance of Alloy 600 in these environments, the resulting thin 
adherent oxide films typical of the corrosion of Alloy 600 in these environments and the 
relatively short times involved in the accident sequences, removal of the oxide films would have 
little effect on the erosion process.  

To ensure that the temperature at the target is correct, the combustor must run at a 
somewhat higher temperature. Discussions with Professor Tabakoff and examination of the 
melting temperatures of the particulate materials expected in the jet suggested that it was 
highly likely that if the actual aerosol particulates were used for the experiment, they would 
melt in the combustion chamber. Therefore, it was decided to use higher-melting-temperature 
surrogate particles. The surrogate materials thus would have equivalent or if necessary higher 
hardness values than the actual particulates. The size distribution of the surrogate particles 
was also selected to be greater than those expected in an actual accident. With these 
conditions, the review of the effect of particle size and hardness in Sections 2.2 and 2.3 shows 
that the results of the experiments should give conservative estimates of the erosion due to jet 
particulates.  

Ni and NiO particles were chosen initially as the surrogate particles for the tests. The 
properties of the surrogate particles are compared to those of Ag and SnO2 in Table 1. In terms 
of size and hardness at temperature, the surrogate particles should give realistic to somewhat 
conservative estimates of erosion rates. The densities of the surrogate particles are also close 
to those of the actual particles, As described below, some tests were also conducted using 
1-7 Am A12 0 3 particles in place of the softer NiO particles. Four test series (A, B, C, and D, as 
denoted by the first character in the test number) were conducted at different times to 
determine the reproducibility of the data.
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3.2 Test Results 

The results of the high-temperature erosion tests are summarized in Tables 2-9. Table 2 

shows results of initial tests conducted at 7001C (12921F) and a particle velocity of 305 m/s 
(1000 ft/s) to determine the most detrimental impact angle. Erosion was most severe at an 
angle of 300, in agreement with previous literature data on the erosion of Alloy 600 (and other 
metals), and this angle was used in all of the subsequent tests.  

Table 3 gives the results of a series of tests conducted at 7000 C (1292°F) and a 30' 
impact angle using 3-7 Am Ni erodent at velocities of 91-549 m/s (300-1800 ft/s). The results 
presented in this table indicate that the erosion rate increases markedly with increasing 
particle velocity, and that for a given velocity, the rate is independent of total particle loading 
(fluence). While test series A and B yielded consistent results, the data from test series C 
indicates no erosion at 91 and 183 m/s (300 and 600 ft/s) and a substantially lower erosion 
rate at 549 m/s (1800 ft/s). The reason for these discrepancies is not clear. Overall, however, 

the erosion rates are relatively low in all cases. In Fig. 3, the results from test series A and B 
are compared with earlier results on erosion of Alloy 600 by larger-diameter quartz particles. 2 2 

In this figure, the four data points plotted for the Ni particles represent the average of the 
erosion rate values from Table 3 for each of the four particle velocities. The erosion rates for 3
7 Am Ni particles are much lower than for 70 Am quartz particles, but the velocity dependence 
is typical of that observed for particle erosion.5 To determine the rate of thinning of the target,
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Table 1. Comparison of properties of surrogate and expected reactor aerosol particles 

Density, Hardness Melting Temp. Fraction of Particle Size 
Material (g/cm3 ) at RT (00) Melting Temp. (Am) 

Ag 10.49 27 Vickers 962 0.8 =<3 

Ni 8.91 64 Vickers 1453 0.6 3-7 

NiO 6.67 5.5-6 Mohs 1985 0.4 6-10 

SnO2  6.95 6-7 Mohs 1632 0.5 =<3 
(=600 Vickers) 

Table 2. Results of particle erosion tests on Alloy 600 at 7000C (1292°F) to determine most detrimental 
impingement angle for Ni particles. Erodent was Inco Type 123 Ni powder with particle 
diameters of 3-7 pm.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ift/s] (0) (g) (g) (g) (g) (mg/g) 

Al 305 20 10 3.97100 3.97057 0.00043 0.043 
[10001 

A2 305 20 10 4.12653 4.12612 0.00041 0.041 
[1000] 

A3 305 30 10 4.05670 4.05590 0.00080 0.080 

[1000] 

A4 305 30 10 4.04990 4.04932 0.00058 0.058 
[10001 

AS 305 45 10 3.95706 3.95650 0.00056 0.056 
[10001 

A6 305 45 10 3.96585 3.96525 0.00060 0.060 
[1000] 

it is convenient to convert the rate of mass loss into a rate of volume loss by dividing by the 
density of the target material, which in this case is Alloy 600, and to note that the erosion rate 
(based on the results from test series A and B) can be expressed in terms of a power law 
dependence on velocity:

E = 8.0 x 10-12V 2 -4 3 (2)

where the erosion rate E is in cm 3 /g and denotes the rate of loss of material per gram of 

impinging particles, and V is the velocity of the impinging particles in m/s. Our results may be 
compared with earlier results of Tabakoff and Vittal2 2 on the erosion of Alloy 600 at high tem
peratures by 70 Am quartz particles, which have a power law dependence of the form
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Table 3. Results of particle erosion tests on Alloy 600 at 700°C (12920F) to determine erosion rate as a 
function of particle velocity for Ni particles at impingement angle of 300. Erodent was Inco Type 
123 Ni powder with particle diameters of 3-7 pm.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ift/s] (0) (g) (g) (g) (g) (mg/g)

A9 

A10 

Cl 

All 

A12 

B1 

C2 

A7 

A8 

B2 

A16 

C3 

A13 

A14 

A15 

C4

91 
[3001 

91 
[3001 

91 
[3001 
183 

[600] 
183 

[600] 

183 
[600] 

183 
[600] 

305 
[1000] 

305 
[10001 

305 
110001 

305 
110001 

305 
[10001 

549 
1800] 

549 
[18001 

549 
[1800] 

549 
[18001

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30

20 

20 

20 

20 

20 

10 

20 

10 

20 

10 

5 

20 

20 

20 

20 

20

4.11250 

4.03691 

3.7682 

4.02402 

4.03380 

3.89785 

3.9437 

4.08006 

4.04177 

3.73308 

4.04352 

3.9935 

4.12430 

4.04145 

4.03436 

3.9273

4.11236 

4.03685 

3.7682 

4.02365 

4.03340 

3.89764 

3.9437 

4.07941 

4.04075 

3.73248 

4.04324 

3.9923 

4.11595 

4.03290 

4.02634 

3.9241

0.00014 

0.00006 

0.0000 

0.00037 

0.00040 

0.00021 

0.0000 

0.00065 

0.00102 

0.00060 

0.00028 

0.0012 

0.00835 

0.00855 

0.00802 

0.0032

0.007 

0.003 

0.00 

0.018 

0.020 

0.021 

0.00 

0.065 

0.051 

0.060 

0.056 

0.06 

0.4175 

0.4275 

0.4010 

0.16
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The erosion rates from the smaller, softer Ni particles are a factor of 75-125 smaller than those 
corresponding to the larger quartz particles.  

A series of erosion tests was also conducted at 900'C (1652°F) and a 300 impact angle 
using the same 3-7 Am Ni erodent at velocities of 91-549 m/s (300-1800 ft/s). The results of 
these test are summarized in Table 4. Somewhat surprisingly, deposition of the erodent Ni 
particles was observed at all four particle velocities, in contrast to the erosion generally 
observed under similar conditions at 700'C (1292°F).  

Tests were then conducted under the same conditions with a combination of Ni plus 
6-10 Am NiO particles to simulate the effects of other particles, including Sn0 2 , In 2 0 3 , CsMo4 , 
and CsI, that are expected to be in the severe-accident gas stream. As indicated in Table 5, the 
addition of the NiO particles resulted in particle deposition rather than erosion at three of the 
four velocities tested and very slight erosion at the fourth velocity (305 m/s [1000 ft/s]).  
Similar tests conducted at 900'C (1652°F) resulted in deposition at all four particle velocities 
tested (Table 6).  

Because of the deposition observed in the above tests, a series of tests was conducted at 
7000 C (12920 F) using 1-7 Am A12 0 3 particles in place of the softer NiO particles to provide a 
bounding estimate on the expected erosion rates. The results of these tests are summarized in 
Table 7. The erosion rate observed at 91 m/s (300 ft/s) for test series B was somewhat greater 
than that seen for Ni particles alone, but was zero at this condition for test series C. The 
erosion rate at 183 m/s (600 ft/s) for test series B was somewhat less than that observed for Ni 
particles alone, but again was zero at this condition in test series C. Deposition was again 
observed at the higher particle velocities of 305 and 549 m/s (1000 and 1800 ft/s) for test 
series B. For test series C, measurable erosion was observed at these two particle velocities; 
the erosion rate was noticeably greater than for Ni. particles alone at 305 m/s (Table 3) but 
similar to that for Ni particles alone at 549 m/s. The results of the erosion tests with the Ni +
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Table 4. Results of particle erosion tests on Alloy 600 at 900°C (1652°F) to determine erosion rate as a 
function of particle velocity for Ni particles at impingement angle of 300. Erodent was Inco Type 
123 Ni powder with particle diameters of 3-7 pm.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ft/s] (0) (g) (g) (g) (g) (mg/g) 

C5 91 30 20 3.8466 3.8470 -0.0004 Deposition 
[300] 

C6 183 30 20 3.7126 3.7132 -0.0005 Deposition 
[600] 

C7 305 30 20 3.9897 3.9905 -0.0008 Deposition 
11000] 

C8 549 30 20 3.8064 3.8069 -0.0005 Deposition 
[18001 

Table 5. Results of particle erosion tests on Alloy 600 at 7000C (12920F) to determine erosion rate as a 
function of particle velocity for Ni plus NiO particles at impingement angle of 300. Erodent was 
Inco Type 123 Ni powder with particle diameters of 3-7 pm plus 15 wt. % Inco Type A NiO 
powder with particle diameters of 6-10 pm.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ift/s (0) (g) (g) (g) (g) (mg/g) 

B3 91 30 10 3.85047 3.85084 -0.00043 Deposition 
[300] 

B4 183 30 10 3.87680 3.87700 -0.00020 Deposition 
1600] 

B5 305 30 10 3.81659 3.81645 0.00014 0.014 
[10001 

B6 549 30 10 3.87595 3.87695 -0.00100 Deposition 
[1800]

14



Table 6. Results of particle erosion tests on Alloy 600 at 900'C (1652°F) to determine erosion rate as a 
function of particle velocity for mixture of Ni and NiO particles at impingement angle of 300.  
Erodent was Inco Type 123 Ni powder with particle diameters of 3-7 pm plus 15 wt. % Inco 
Type A NiO powder with particle diameters of 6-10 pm.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ift/s (0) (g) (g) (g) (g) (mg/g) 

B7 91 30 10 3.86590 3.86592 -0.00002 Deposition 
[3001 

B8 183 30 10 3.84135 3.84174 -0.00039 Deposition 
[600] 

B9 305 30 10 3.87040 3.87082 -0.00042 Deposition 
[10001 

B10 549 30 10 3.77951 3.78058 -0.00107 Deposition 
[1800] 

A12 0 3 particles (Table 7) are compared with those for the Ni particles alone (Table 3) in Fig. 4.  
In this plot, all of the erosion data for Ni particles alone from Table 3 are plotted individually, 
instead of average values as in Fig. 3. The addition of the A12 0 3 particles results in a modest 
increase in erosion rates for all particle velocities, ignoring those tests in which deposition was 
observed.  

A test series D was subsequently conducted at 700'C (1292°F) using Ni plus 1-7 Jim 
A12 0 3 particles, and these results are also included in Table 7. The results for this test series 
(Tests Dl-D6) are consistent for the two particle fluences of 10 and 20 g used, as is seen in 
Fig. 5, indicating that a 10 g particle fluence is sufficient to give steady-state erosion rates.  
However, the observed erosion rates are greater than the rate observed under the same 
conditions in Test C12 by about a factor of two.  

As part of test series C, tests were also conducted at 900'C (16521F) using Ni plus 
1-7/tm A12 0 3 particles (Table 8). For these tests, no measurable erosion was observed at any 
of the four particle velocities. This contrasts with the results from test series C and D at 7000 C 
(12920 F), where erosion was clearly observed at the higher two particle velocities (Table 7).  
These results may also be compared with the previously discussed data obtained at 9000 C 
(1652°F) using Ni particles alone (Table 4), where deposition was observed at all four particle 
velocities.  

Finally, a series of tests was conducted to determine the erosion rate in the gas stream in 
the absence of erosive particles. Test time was 15 min, which is of the same order of test times 
used in the tests with erosive particles. The results summarized in Table 9 indicate that a 
small but measurable specimen weight loss occurred in the absence of intentionally introduced 
erosive particles. This may be associated with residual particles in the system rather than with 
a true corrosion-erosion phenomenon. The rate of loss is about one order of magnitude less 
than the case when the Ni particles are present.
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Table 7. Results of particle erosion tests on Alloy 600 at 7000C (12920 F) to determine erosion rate as a 
function of particle velocity for mixture of Ni and A120 3 particles at impingement angle of 300.  
Erodent was Inco Type 123 Ni powder with particle diameters of 3-7 pm plus 15 wt. % Electro 
Abrasives Electro-Ox white fused A12 0 3 powder with FEPA 1200 grit size (1-7 pm particle 
diameter range, with 50% of particle diameters between 2.5 and 3.5 pm).  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ift/s (0) (g) (g) (g) (g) (mg/g)

BI5 91 
[3001 

C9 91 
[3001 

B16 183 
[6001 

CIO 183 
[600] 

B17 305 
[10001 

C1l 305 
[10001 

B18 549 
[18001 

C12 549 
[18001 

D1 549 
[18001 

D2 549 
[1800]

D3 

D4 

D5 

D6

549 
118001 
549 

[18001 

549 
[1800] 

549 
[18001

30 10 3.84285 3.84265 0.00020 0.020

30 20 3.7890 3.7890 0.0000 0.00

30 10 3.87000 3.86991 0.00009 0.009

30 20 3.7245 3.7245 0.0000 0.00

30 10 3.85186 3.85248 -0.00062 Deposition

30 20 3.8618 3.8584 0.0034 0.17

30 10 3.61308 3.61352 -0.00044 Deposition

30 20 3.8172 

30 10 4.0661 

30 10 4.0536 

30 10 4.0372 

30 20 3.9554 

30 20 4.0494 

30 20 3.9278

3.8092 0.0080 0.40

4.0578 0.0083 0.83

4.0450 0.0086 0.86 

4.0285 0.0087 0.87 

3.9366 0.0188 0.94

4.0321 0.0173

3.9085 0.0193

0.86 

0.96
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Overall, the experimental results indicate relatively low erosion rates under all of the 
conditions tested. The data are generally consistent within the four test series conducted. The 
observed lack of reproducibility from one test series to the next is somewhat troublesome, but 
the observed erosion rates are acceptably low in all cases.
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Table 8. Results of particle erosion tests on Alloy 600 at 9000C (1652 0 F) to determine erosion rate as a 

function of particle velocity for mixture of Ni and A12 0 3 particles at impingement angle of 300.  

Erodent was Inco Type 123 Ni powder with particle diameters of 3-7 pm plus 15 wt. % Electro 

Abrasives Electro-Ox white fused A12 0 3 powder with FEPA 1200 grit size (1-7 pm particle 

diameter range, with 50% of particle diameters between 2.5 and 3.5 pm).  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ft/s] (0) (g) (g) (g) (g) (mg/g) 

C13 91 30 20 3.8659 3.8659 0.0000 0.00 

[3001 
C14 183 30 20 3.8561 3.8561 0.0000 0.00 

[6001 

C15 305 30 20 3.7790 3.7790 0.0000 0.00 
[1000] 

C16 549 30 20 3.8335 3.8335 0.0000 0.00 
[1800] 

Table 9. Results of particle erosion tests on Alloy 600 at 700°C (12920F) in absence of erodent to 

determine baseline erosion rate in hot gas stream. Test durations were =1 5 min, similar to 

times used for erosion tests with particles at total particle loading of 10 g.  

Particle Impinge- Total Initial Final 
Velocity ment Particle Specimen Specimen Weight Erosion 

Test (m/s) Angle Fluence Weight Weight Loss Rate 
No. [ft/si (0) (g) (g) (g) (g) (mg/g) 

B11 549 - - 3.84290 3.84284 0.00006 

[1800] 

B12 305 - - 3.96824 3.96820 0.00004 

[10001 

B13 183 - - 3.73809 3.73806 0.00003 

[6001 

B14 91 - - 4.02744 4.02742 0.00002 

[3001
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4 Crack-Opening Areas at High Temperatures 

To determine the leak rate after throughwall penetration of axial cracks during severe 
accidents, it is necessary to estimate the crack-opening area as a function of time. 2 3 A simple 
model was developed to calculate the crack-opening area as a function of time and temperature 
during severe accidents. It is derived by analogy from a model that is applicable to cracks in a 
rectangular plate. The model was used to analyze crack opening areas in flawed tubes 
subjected to severe-accident transients.  

4.1 A Model for Predicting Crack-Opening Area 
during Severe Accidents 

Consider a throughwall central crack of length 2c in a rectangular plate of width 2b 
(b>>c) subjected to a remotely applied axial load P. For a material with stress-plastic strain law 

S= a ,(4 ) 

the crack-opening displacement at the middle of the crack, ignoring elastic displacement, is 
given by2 4 

8 = aeo0ch 2 (c / b, m' . (5) 

In Eq. 5, Po = plastic collapse load, and the function h2 is tabulated in Ref. 24. Equation 5 
was applied to the case of an axial crack in a relatively long steam generator tube by replacing 

the remote stress with the nominal hoop stress a = APR (R and h are the mean radius and 
h 

thickness of the tube, and Ap is the pressure differential), replacing the collapse stress with 
ao/m (m is the bulging factor), and putting c/b = 0: 

5=ch 2 (0,m') OC)m (ma)"'. (6) 

Equation 6 is expected to give reasonable estimates of crack-opening displacements as long as 
the pressure is small compared to the unstable burst pressure.  

Equation 6 can be generalized for the high-temperature creep case as follows. If the 
material obeys a power law creep rate equation, i.e., 

S= Aan, (7) 

then the crack opening rate is given by analogy with Eqs. 4 and 6 as follows: 

8 = Ach 2 (0, n)(ma)n. (8)
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4.1.1 Creep Rate Equation

Creep rate data obtained by INEEL are plotted in Fig. 6.25 The data at three tempera
tures can be collapsed onto a bilinear plot (log-log basis) by using an activation energy of 
65 kcal/mole and plotting the stress normalized by the Young's modulus at temperature, as 
shown in Fig. 6.  

4.1.2 Crack Opening Area for Axial Cracks 

The function h2 (c/b, n) is plotted as a function of c/b for three values of n in Fig. 7a.  
Since our interest is in the value of h2 (0,n), the graphs were extrapolated to c/b = 0 by poly
nomial fits, and the results are plotted as a function of n in Fig. 7b.  

The variation of crack opening rate with crack length calculated with Eq. 8 is shown in 
Fig. 8a for steam generator tubes at 700'C subjected to internal pressure of 16.2 MPa 
(2350 psi). Note that the crack opening rate increases very rapidly for crack lengths >10 mm 
(0.4 in.).  

The crack opening area at temperatures of 700 and 750'C as a function of crack length 
for a SG tube subjected to a thermal transient characteristic of SBO "high-dry" accidentI (Case 
6RU in NUREG-1570) is shown in Fig. 8b. Note that for temperatures >7500 C, cracks greater 
than 15 mm (0.6 in.) long will have crack opening areas that are greater than the tube cross
sectional flow area (303 mm2 [0.47 in.21 for a 22.2 mm [0.875 in.]-dia. tube).  

4.2 Validation Tests on Specimens with Circumferential Notches at High 
Temperature 

4.2.1 Approach 

Because in a tube under internal pressure, the crack opening area for a given crack 
length is much greater for an axial crack than it is for a circumferential crack, our primary 
interest is in axial cracks. It is extremely difficult, however, to carry out creep tests on tubular 
specimens with throughwall axial notches subjected to internal pressure. The validation tests 
were conducted instead on axially loaded tube specimens with two symmetrical throughwall 
circumferential notches (Fig. 9a) formed by electrodischarge machining (EDM). The 
symmetrical notches minimize bending and ensure a pure tensile loading on the notches 
similar to that experienced by axial cracks in an internally pressurized tube. By keeping the 
notch lengths short, we can minimize the effects of tube curvature. The small interaction 
between the two notches can be taken into account by using equations applicable to cracks in 
rectangular plates of finite width (Fig. 9b).  

As mentioned earlier, the periodicity of the circumferential crack geometry requires that 
the corresponding rectangular plate be of finite width (Fig. 9b). The crack opening 
displacement (COD) of cracks in plates of finite width is given by Eq. 5 For the current 
geometry, the remotely applied axial load P = 27cRha, and the plastic collapse load Po = 2(n 
20)Rho0, and Eq. 6 reduces to the following:
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Fig. 6.  
INEEL creep rate on Alloy 600 vs.  
stress data plotted using activation 
energy of 65 kcal/mole and stress 
normalized by Young's modulus at 
temperature.
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Values of h2 (0,n) are 7.03 and 6.16 for n = 6.1 and 3.7, respectively.  

(a0c2( )~ \C)M N-20 0), M E 7CyM, (9) 

where a is the remotely applied axial stress, 20 is the angular length of each circumferential 
crack, R and h are the mean radius and thickness of the tube, and

c 20 

b 7c
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For example, c/b = 0.25 for 450 cracks. As before, under creep conditions, Eq. 8 by analogy 
gives an expression for the displacement rate, 

nACh2( on) ( 7, )n.(1 

The variation of the function h 2 (c/b, n) with c/b is shown in Fig. 10 for two values of n 
applicable to Alloy 600. Note that in contrast to axial cracks that were considered earlier, c/b # 
0 for the circumferential notches.  

4.2.2 Test Results 

Six isothermal and nonisothermal tests were conducted to validate the approach. Two 
tests with 450 circumferential EDM notches were first conducted. The predicted notch opening 
with time for two symmetrical 450 circumferential cracks at two applied axial loads is compared 
with the experimentally observed notch opening in Figs. 1 la-b. The test under an axial load of 
1107 kg (2440 Ib) (Fig. 1 la) was started initially at 695°C, but changed to 6850C after 1 h. The 
test under an applied axial load of 1225 kg (2700 lb) (Fig. 1 lb) was conducted at 6650C with 
less variation in temperature. Agreement between experimentally measured notch openings 
and predicted values is reasonably good.  

Temperature control of the specimen was improved subsequently. The next series of tests 
involved 2 x 6.35 mm (0.25 in.) and 2 x 5.1 mm (0.20 in.) circumferential notches subjected to 
an axial load of 1107 kg (2440 lbs) at a constant temperature of 7001C. Figures 12a-b 
measured and predicted notch openings with time for these tests. As before, the predicted 
openings are close to the measured values.  

All tests reported so far were conducted isothermally. To validate the model for 
nonisothermal loading, two tests were conducted in which the temperature was ramped 
following the Case 6RUI transient (Fig. 13). In the nonisothermal tests, displacements could 
be measured only at the end of the test. Both nonisothermal tests had a constant axial load of 
1360 kg (3000 lb). Test CR 106 had 2 x 6.35 mm (0.25 in.) circumferential notches, and Test 
CR 108 had 2 x 5.1 mm (0.20 in.) circumferential notches. The predicted notch-opening 
displacement vs. temperature plots for the two tests are given in Figs. 14a-b, which also 
include the measured notch opening displacements at the end of the tests. One of the 
predicted notch openings is close to the measured value, and the other one is off by 20%.
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Fig. 10.  
Variation of h2 with c/b for creep rate 
exponents n = 3.7 and 6.1.
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Fig. 11. Experimentally measured and predicted variation of total notch opening with time for speci
mens with two symmetrical 450 circumferential notches loaded at (a) 1107 kg (2440 Ib) and 
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5 Jet Velocities and Flow Geometry 

To determine the potential for degradation by jet impingement, the velocity of the jet, the 
velocities of the particles in the jet, and the mass loading of particles impinging on the adjacent 
tube must be estimated. In this section, the basic geometry of jets from cracks is discussed, 
some results drawn from analyses of jets in incompressible fluids are presented, and the 
results of detailed CFD analyses of high-temperature compressible jets are summarized.  

5.1 Jet Geometry 

The basic geometry of a jet from a leaking steam generator tube is shown schematically in 
Fig. 15. When the jet exits the leak, it begins to spread, entrain surrounding fluids, and 
eventually slow and dissipate. The spreading of the jet is dependent on the ratio of the 
distance the jet has traveled, L, to the initial width of the jet denoted by h for a two
dimensional jet emanating from a slit or a crack or D for a round jet emanating from a pinhole.  

For incompressible fluids, it can be shown 2 6 that the velocity of the two-dimensional jet is 
proportional to 

(L -1/2 

while for the round jet the velocity is proportional to 

This is consistent with ordinary experience; fine jets dissipate over a much shorter distance 
than coarse jets.  

The behavior of compressible jets is much more complex, but even in this case L/h is the 
critical parameter describing the jet geometry. For jets from cracks in steam generator tubes, L 
is determined by the distance to the adjacent tube, i.e., =6 mm (0.25 in.). The initial width of 
the jet h is determined by the crack-opening displacement and in the severe-accident case is a 
function of crack size, internal pressure, and temperature. The value of L/h as a function of 
crack length for the case of an MSLB and at temperatures of 700 and 750'C during a severe
accident 6RU transient is shown in Fig. 16. For cracks of<10 mm (0.4 in.) long, L/h is >100 in 
the case of an MSLB. For cracks of <6.35 mm (0.25 in.) long, L/h is >100 at 7000 C and >20 at 
750'C during the "high dry" severe-accident sequence 6RU. 1
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Fig. 15.  
Schematic representation of portion of 

tube array in steam generator. Closest 
distance between adjacent tubes is 
=6 mm (0.25 in.). Crack opening, 

denoted as h, is a strong function of 

crack length.
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5.2 Summary of Computational Fluid Dynamics Results

A detailed description of the computational fluid dynamics calculations has been reported 
by Flack. 2 The basic geometry and computational grid used for the calculations are shown in 
Figs. 15 and 17. Some calculations were also performed with a triangular array of tubes. The 
jet is aligned along the x axis in Fig. 17. Because the pressure in the tube is much higher than 
on the secondary side of the steam generator, the jet expands rapidly and becomes supersonic.  
However, as the flow approaches the adjacent tube, it must decelerate, and a detached shock 
wave forms in front of the impacted tube. The position and strength of the detached shock 
wave depend on the stagnation pressure associated with the jet flow. The baseline calculations 
were performed for stagnation pressures of 8 and 16 MPa. (1160 and 2320 psi), a stagnation 
temperature of 1175 K (902'C), and a slit opening of 0.5 mm. The distance to the adjacent 
tube was taken as 8.23 mm (0.32 in.), which corresponds to an L/h value for the jet of =16.  
Comparison with the results in Fig. 16 shows that this is less than the predicted L/h ratio for 
cracks <6.35 mm (0.25 in.) in length for temperatures up to 7500C. The fluid properties were 
taken as those of air, and perfect gas behavior was assumed. The use of air rather than steam 
will lead to an underprediction of velocities by about 25%.  

The predicted velocities in the direction of the jet axis and density are shown in Figs. 18 
and 19. The standoff shock wave about 2 mm in front of the impacted tube is clearly evident, 
as is the spreading of the jet. Analyses were performed with a lower stagnation temperature 
(975 K [7020C]) and for a slit opening lOx as wide, which corresponds to an L/h value of =2.  
The change in stagnation temperature had relatively small effects on the flow, as can be seen 
from the distribution of Mach numbers shown in Fig. 20 and the velocities along the jet axis 
shown in Fig. 21. The change in jet geometry has a greater impact on the flow field. Jet 
expansion along the line of symmetry is inhibited, resulting in a lower Mach number and fluid 
velocity in the direction of the target tube. On the other hand, the sideways spreading rate is 
enhanced, and the fluid from the jet fills most of the gap between the two tubes.  

The velocity shown in Fig. 18 is that of the fluid. The velocities of particles in the flow are 
primarily controlled by the drag of the fluid on the particle. Small, light particles tend to follow 
the fluid flow. Large heavy particles have trajectories that deviate significantly from the fluid 
flow. Particles of interest will have a mass <10-12 kg. The analysis reported by Flack3 shows 
that particles of this size track the fluid velocity very closely, as indicated in Fig. 22. The 
results in Fig. 22 are based on the assumption that the entrained particles are spherical. In 
reality, the particle shape is quite irregular, as well as rough. For the range of particle 
Reynolds numbers of interest, roughness effects would tend to decrease the drag coefficient (by 
a factor of 2, approximately) and thus increase the relative velocity between particles and fluid.  
Nonspherical shapes would also alter the drag coefficient, but would be quite unlikely to 
decrease it by more than a factor of 10. To estimate the effect that roughness and shape might 
have, a calculation was carried out in which the drag coefficient was decreased by a factor of 
10 for particle Reynolds numbers >50. In this case, the largest particles struck the target tube, 
but with very low velocity (approximately 2 m/s).  

2 "Steam Generator Jet Impingement Calculations," Memorandum to Nilesh C. Chokshi, 
USNRC/RES from John H. Flack USNRC/RES, December 26, 2000.  

3 "Steam Generator Jet Impingement Calculations," Memorandum to Nilesh C. Chokshi, 
USNRC/RES from John H. Flack USNRC/RES, December 26, 2000.
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6 Erosion Rates Due to Jet Impingement 
in Severe Accidents 

To determine the thinning rate of tubes, the erosion data discussed in Section 3 must be 
coupled with the results of the CFD analyses of the jet behavior discussed in Section 5:

dh 
dt (12)

where dh/dt is the wall thinning rate in cm/s, E is the erosion rate in cm 3 /s, and (D is the 
mass flux of particles in g/cm2/s.

Fig. 20.  
Comparison of Mach numbers for flows 
with lower stagnation temperature 
(975 K) or 1Ox larger crack opening with 
baseline solution.
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Severe-accident analyses using the VICTORIA Code suggest that the aerosol particle 
loading in the high-temperature steam is 115.4 g/m 3 at a reference pressure and temperature 
of 16.2 MPa (2350 psi) and 700'C.2 It is convenient to express this in terms of a particle mass 
loading (i.e., mass of particles per mass of steam) of 3.1 g/kg.  

The flow exiting the crack will be choked. Under these conditions, the exit velocity, 
pressure, and mass flow rate can be easily computed if one assumes that the steam at these 
temperatures can be treated as an ideal gas, which is an excellent approximation under these 
conditions. The exit velocity is given by 
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V* = RT. (13) 

The mass flow per unit area exiting the crack is 

1 
Q(2 y-, 2y p2  (4 

L=y+ 1) y"+1 RT' 

where y is the ratio of the specific heats (1.4), and R is the gas constant for steam 
(456 N-m/K.kg).  

For P = 16.2 MPa (2350 psi) and T = 7000C, 

1=1.67x104 kg (15) 
A m2 -s

32



The mass flux of particles exiting the crack is 5.2 g/cm2/s with the assumed particle loading.  
This calculation conservatively neglects any losses in passing through the crack.  

From the CFD results for the velocity (Fig. 18) and density (Fig. 19) of the jet, it is seen 
that just in front of the shock the jet has expanded from ±0.25 mm in width to = +2.5 mm. The 
maximum fluid velocity along the centerline is 1400 m/s (4600 ft/s). The velocity across the 
shock is 300 m/s (985 ft/s), and the fluid velocity decreases rapidly as the jet approaches the 
impacted tube. For the aerosol particles of interest, which have masses <10-12 kg, the particle 
motions are expected to track the fluid motions very closely, as seen from the CFD results in 
Fig. 22.  

To determine the erosion rate, we must determine the fraction of particles in the jet that 
strike the tube. The results of Fig. 22 suggest that the particles will follow the fluid and that 
very few will strike the tube. We make the more conservative assumption that because the 
density and velocity are fairly uniform across the jet just before the shock, the mass flux is also 
uniform across the jet and that all the particles do strike the tube. This gives a mass flux of 
0.52 g/cm2 /s.  

Sensitivity studies of the effect of shape and roughness discussed in Section 5.2 showed 
that even with conservative assumptions, the largest aerosol particles would be expected to 
strike the tube at velocities of 2 m/s. If we make the conservative assumptions that the impact 
velocity is =200 m/s and that the erodent particles are 3-7 gm diameter Ni particles, then the 
power law estimate of the erosion rate of Alloy 600 given by Eq. 1, together with the estimate of 
the mass flux (0.52 g/cm2 /s), suggests that the maximum wall thinning rate will be less than 
(8.0 X 10-12 x 2002.43 x 0.52 x 36000) = 0.06 mm/h (2 mil/h).  

There is additional conservatism associated with the jet geometry. The CFD calculations 
discussed in Section 5.2 assumed a jet geometry of L/h = 16. These results are likely to be 
very conservative for cracks <6.3 mm (0.25 in.) in length for temperatures <7000C, for which 
L/h > 200 as shown in Fig. 16. Thus, the bounding rate of 2 mil/h should be applied only for 
that portion of the history for which the temperature is >7000C.  

These results suggest that the scoping estimate in NUREG-1570 that the jet from a 
6.3 mm (0.25 in.) crack would fail an adjacent tube in a relatively short time (between a few 
minutes and =1 h) is extremely conservative. Even after such a crack had opened by creep at 
high temperatures, failure of an adjacent tube would take >10 h. However, once the system 
has reached these high temperatures, failure of some primary system component, including 
unflawed steam generator tubes, by creep would be expected to occur in <1 h. Thus, jet 
impingement is very unlikely to play any significant role in the failures.
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7 Summary of Results 

7.1 High-Temperature Erosion Tests on Alloy 600 

High-temperature erosion tests showed that at velocities of 91-549 m/s (300-1800 ft/s), 
measurable erosion rates were observed when using 3-7 Am Ni particles, which are reasonable 
surrogates for the Ag aerosol particles predicted to be present during the severe accidents of 
interest. The erosion rates for Ni particles are smaller by a factor of 75-125 than those 
observed in earlier tests with 70 Am quartz particles, but the velocity dependence is typical of 
that observed for particle erosion. Although the harder oxide particles present in the aerosol 
were expected to produce higher erosion rates than the softer metallic particles, tests with 
6-10 Am NiO particles resulted in particle deposition rather that erosion in almost all cases 
tested. Even a mixture of Ni particles and very hard 1-7 uin A120 3 particles again resulted in 
deposition at higher particle velocities, while at lower velocities the erosion rates were only 
slightly greater than those produced by the Ni particles alone. Very low erosion rates were 
observed in tests without intentionally introduced erosive particles. The rate of loss is about 
one order of magnitude less than when the Ni particles are present, and even these low rates 
may be associated with residual particles in the system rather than a true corrosion-erosion 
phenomenon.  

7.2 Crack-Opening Area at High Temperatures 

A model for calculating crack-opening area at high temperatures was developed. Predic
tion of the time-dependent variation of crack-opening displacement was validated with four iso
thermal and two nonisothermal tests on tubes with two symmetrical circumferential notches 
under constant axial load. Based on these tests, we concluded that the proposed model gives 
reasonable estimates of variations of crack-opening displacement and crack-opening area with 
time at high temperature for both isothermal and nonisothermal loadings.  

The model was used to predict the variation of crack-opening area with time for tubes 
with axial cracks subjected to a severe-accident transient referred to as Case 6RU in 
NUREG-1570.1 Crack-opening areas increase very rapidly once the temperature in the tran
sient exceeds 6500C, and for temperatures Ž7500C, the crack-opening areas of throughwall 
cracks >1.5 cm (0.6 in.) long are greater than the tube cross-sectional flow area of a 22 mm 
(0.875 in.) dia. tube.  

7.3 Jet Velocities and Flow Geometry 

Detailed computational fluid dynamics (CFD) calculations were performed to determine 
the characteristics of the high-temperature steam jet from a tube leak under severe-accident 
conditions. Because the pressure in the tube is much higher than on the secondary side of the 
steam generator, the jet expands rapidly and becomes supersonic. However, as the flow 
approaches the adjacent tube, it must decelerate and a detached shock wave forms in front of 
the impacted tube. The analysis shows that the aerosol particles found in the primary system, 
which will have a mass <10-12 kg, track the fluid velocity very closely. Even for very conserva
tive estimates of fluid drag forces, only the largest particles actually impinge on the adjacent 
tube and the impact velocities are =2 m/s.  
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7.4 Erosion Rates Due to Jet Impingement in Severe Accidents

To determine rate of thinning of tubes, the erosion data miist be coupled with the results 
of the CFD analyses of the jet behavior. The CFD analyses show that only the largest aerosol 
particles would be expected to strike the tube and that the impact velocity would be -2 m/s.  
Even with the more conservative assumption that the impact velocity is =200 m/s, the erosion 
data for Alloy 600, together with a conservative estimate of the mass flux, suggests that the 
maximum wall thinning rate will be <2 mil/h.  

Even after such a crack had opened by creep at high temperatures, failure of an adjacent 
tube by jet impingement would take >10 h. However, once the system has reached these high 
temperatures, failure of some primary system component, including unflawed steam generator 
tubes, by creep would be expected to occur in <1 h. Thus, jet impingement is very unlikely to 
play a significant role.
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