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Abstract 

This paper presents results of two studies, performed to investigate the behavior of the reactor vessel penetration 
tubes in case of relocation of molten material into the tubes. The first study is on the CORVIS drain line experiment 
03/1. Results of pre-test calculations are presented, and compared to the later obtained experimental data. The timing of 
the drain line melting and the velocity of the debris flowing inside the drain line were predicted correctly, but the 
penetration depth was clearly underestimated. If the calculations are done using different correlation for the melt-to-wall 
convective heat transfer, the results are closer to the experiment. It cannot however be concluded that the alternative 
correlation is more appropriate until other uncertainties are clarified. 

The second study presents calculations performed for GKN Dodewaard CRD, instrument tubes and drain line. 
Calculations were performed to estimate whether the tubes have a chance to withstand the first attack of the melt and 
thus postpone vessel failure until the water in the lower plenum evaporates. Calculations were performed assuming that 
the melt can move into the tubes without any resistance, e.g. presence of water in the tubes was not taken into account. 
The results indicate that the critical penetration of the GKN vessel, which is most likely to fail, is the drain line. Results 
also indicate that external flooding should prevent early tube failure, at least in case of low vessel pressure. 

1. Introduction 

This paper presents results of numerical thermal and 
structural analyses performed to investigate the behavior 
of penetration tubes, in case of relocation of molten 
material into the tubes. 

Two analyses are presented. In the first part (section 
2) the pre-test calculation of the CORVIS experiment 
03/1 are presented. The pre-test calculations were per
formed using the ANSYS code, and are documented in 
[Stevens, 1994]. The experiment was performed at PSI 
in December 1994. This paper presents the results of the. 
analysis made by Stevens, as well as the comparison 
with the results of the experiment. The main purpose of 
this part of the paper is to compare the pre-test calcula
tions with the experimental data and to analyze the 
differences between them. 

The second part (section 3) presents results of the 
analysis performed to investigate the behavior of the 
penetration tubes for the Dutch NPP with a BWR reac
tor: GKN Dodewaard [Stem, 1994]. The background of 
this analysis is the differences observed in predictions of 
fully integrated computer codes: MELCOR and MAAP. 
In MELCOR penetration tubes are molten and the vessel 
is breached almost immediately when the first substan
tial amount of debris relocates to lower plenum. In 
MAAP the water present in the lower plenum typically 
cools down the debris before it can destroy the penetra
tion tubes. 
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The main purpose of this analysis was to estimate 
whether the penetration tubes can withstand the first 
attack of the melt. If this happens then a crust should be 
formed in the lower plenum and the vessel failure would 
be postponed at least until the water from the lower 
plenum evaporates. Another purpose was to identify a 
critical penetration and estimate the influence of ex
vessel flooding on the tube behavior. 

2. Analysis of the CORVIS Drain Line Experiment 

2.1. Introduction 

CORVIS experiments On drain line failure have been 
performed at PSI, Switzerland [Cripps, 1995]. Within 
the scope of the Dutch research program PINK ("Pro
gramma voor Instandhouding van Nucleaire Kennis", or 
"Program for Intensifying Nuclear Competence") pre
test calculations of the experiment 03/1 have been per
formed at KEMA [Stevens, 1994]. This section presents 
the results obtained 'by Stevens and a short comparison 
with the experimental results obtained later. 

2.2. Approach 

The pre-test simulation of the CORVIS drain line 
experiment, No. 03/1 was performed using the fmite 
element program ANSYS 5.0 [ANSYS]. The following 
two periods are distinguished for the analysis: 

KEMA Docwnent No.: 41434-NUC 98-2184 

nate: 1998-02-24 
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(a) flow of the molten debris inside the tube, 
(b) conduction within the stagnant debris. 

To perform ANSYS calculations for this case one 
needs to know the time of the tlowdown period, freez
ing distance, and the heat transfer coefficient between 
the mek and the drain line wall. Those values were 
estimated based on a simplified reasoning, and calculat
ed with a general purpose program MATHCAD. With 
those values ANSYS calculations are performed for two 
different periods. In the initial (debris down flow) period 
convective link is modelled between the flowing debris 
and the drain line wall (use is made of the estimated 
heat transfer coefficient). In the second period debris is 
assumed to be stagnant. 2-D convection is calculated for 
all nodes. 

2.3. Analysis 

2.3.1. Model 

Figure 2.1 shows a part of the lower head, with the 
drain nozzle and drain line. Thermal response of the 
critical part of the drain line is analyzed using the fmite 
element program ANSYS 5.0 [ANSYS). The nodaliza
tion is shown in figure 2.2. The structure is modelled as 
axial symmetric. The model includes part of vessel 
head, drain nozzle and drain pipe. At the cut-off bound
aries insulation boundary conditions were set. The space 
occupied by debris is also modelled. In case of the 
tlowdown period the debris nodes are held at constant 
temperature (see section 2.3.6 below) and transfer heat 
to the wall using the 2-D convection links. 

Those of the inner steel nodes, which temperature is 
calculated to exceed the melting point at this period, are 
"de-activated" (beat capacity changed to zero and con
ductivity changed to infinity) to simulate the removal of 
mohen elements of the inside wall of the drain pipe. 

When the tlowdown period is fmished the tempera
ture of the debris nodes is allowed to change. In this 
part of the analysis heat is transferred by conduction 
using 2-D conduction model. 

2.3.2. Geometry Data 

Geometry of the analyzed CORVIS drain nozzle is 
shown in figure 2.1. The figure was adapted from (Cre 
ipps, 1995]. All dimensions shown in figure 2.1 are 
expressed in millimeters. Above the nozzle there is 
vessel plate (not shown in the figure), 100 mm thick. 
Drain tube is welded to the bottom of the nozzle. 

2.3.3. Material Data 

The material of the vessel head, drain nozzle, and 
the drain pipe are assumed to have ferrite structure. The 
properties for such material are taken from [Richter, 
1973). The density, thermal conductivity, and specific 
heats are shown in figures 2.3 - 2.5. The heat of fusion, 
equal to of 3.0·lW J/kg, was defmed...lhrough the specif
ic heat data (figure 2.5). The melting temperature range 
was assumed to be: 1753 - 1793 K. 

The properties of the melt (composed of iron and 
AIlO] - see (Cripps, 19951) are expected to be close to 
the properties of the ferritic material. Therefore the 
same properties are used for the molten debris. 
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Figure 2.1. Geometry of the CORVIS drain line and nozzle. 
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Figure 2.2. ANSYS model. 
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Figure 2.3. Density of materials. 

k 

~~ ____ ~ ______ L-____ ~ ______ ~ ____ ~ 

o 500 l~ 1500 ~ 2500 
T. DC 

Figure 2.4. Thermal conductivity of materials. 
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Figure 2.5. Specific heat of matenals. 

In the temperature range where the material is mol-
ten, the values of these properties are equal to: 

thermal conductivity 32 W/ml/K, 
density 7200 kg/m', 
specific heat 700 J/kg/K, 
dynamic viscosity 0.0056 kg/m/s. 

2.3.4. Initial Conditions 

Initial temperature of the structures is assumed to be 
305 K ( 32°C ). The bulk temperature of the gas outsidc 

403 

the vessel is assumed to be equal to 305 K. The initial 
temperature of the debris is assumed to be 2673 K 
(2400 0c). That means the initial superheat is about 900 
K. 

2.3.5. Boundary Conditions 

It is assumed that at the outer surface of the drain 
line and the vessel head heat is lost by convection and 
thermal radiation. The radiative heat transfer is assumed 
to be equal to: 

where: 
E 

(J -

T -• 
Tb -

surface emissivity, assumed equal to 0.7, 
Stefan-Boltzman const. (5.67'10" W/m2/K), 
surface temperature, K, 
temperature of the surrounding space (equal 
to the bulk gas temperature), K. 

For an analysis with the use of the ANSYS code one 
needs to have an overall heat transfer coefficient, de
fmed as the overall heat flux, divided by the tempera
ture difference. The overall heat transfer coefficient 
consists of the convective and the radiative coefficients: 

The value of. convective heat transfer coefficient was 
set to 20 W/m2/K. The overall heat transfer coefficient 
was tabulated as a function of surface temperature. 

2.3.6. ResultS 

The results are discussed in three parts. The first 
part describes the results of the analyticaVMATHCAD 
model to determine the key parameters needed to per~ 
form ANSYS calculations: flow velocity, heat transfer 
coefficient, and freezing time and distance. The second 
part describes the part of the ANSYS calculations for 
the melt flowdown period. The last part describes the 
ANSYS results for the conduction period, when the 
debris front is already frozen and the debris inside the 
tube is motionless. 

Eslimation of the key debris jWw parameters 
The key parameters needed to perform ANSYS 

calculations are· the melt flow velocity, heat transfer 
coefficient, and flowing time. Those values are estimat
ed as follows. 

Velocity of the debris inside the drain line is calcu
lated using the Bernoulli law, written for the points: 
(0) - at the surface of the debris in vessel, and (1) - at 
the debris front. 
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with: 
p -

P -
g -
h -

v -

I1p -
x -
t 

1 

Po + P g ho + 
p Vo 
-2-

2 

PI + P g hi + 
P VI 

2" 

static pressure, Pa 
density, kg/m3

, 

X, 

+ ip 

gravity constant, mlsl, 

av dx + IIp 
at 

column height of debris (subscripts refer to 
points 0 and 1), m, 
velocity of debris (subscripts refer to points 
o and 1), mIs, 
pressure loss between points 0 and 1, Pa, 
axial coordinate variable, m, 
time, s. 

It is assumed that the pressure loss can be calculated 
from: 

where t is the loss coefficient. At the location of the 
debris front the column height of debris is zero. It is 
further"assumed that at the debris surface the velocity is 
zero, and that the static pressure at the location of the 
front is equaJ to the static pressure at the debris surface. 
With those assumptions the above equation reduces to: 

x,(f) 
P V (1)1 ( ) p g ho(/) = __ I _ 1 + W) + 

2 I aV(X,/) d p __ I 

at 

in which it is explicitly noted which parameters are 
allowed to vary in time or space. 

Debris front position is determined by the integral of 
front velocity: 

The resistance coefficient at a given position of the 
debris front is calculated from: 

where: 
A -
o -
Ki -

"( (» A XI(I) + "K,. .. XI t = -D- L..J 

friction factor, -, assumed equal 0.02 
inside diameter of the drain line, m, 
additional resistance due to bend, -. 

The above equations are solved using MATHCAD to 
give the front velocity as a function of time. The calcu
lated values 0 f the front velocity, v, and the penetration 

, depth, XI(t), are shown in figure 2.6. The mean front 
velocity of the debris is calculated at 3 m/s. 
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Figure 2.6. Debris front velocity and penetration depth. 
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Figure 2.7. Debns-wall heat transfer coeffiCient. 

The next parameter: heat transfer coefficient, is 
calculated from the following empirical correlations, 
valid for turbulent forced convection in pipes (VOl, 
1988]: 

h(/) D 
-k-

r/8 ( Re - 1000 ) Pr 

( 1 + 12.7 {fi8 ) ( Pr 2J3 - 1 ) 

where Re, Pr, are Reynolds and Prandtl number respec
tively, and r is defmed by: 

The calculated values are shown in figure 2.7. The 
mean value is 54,000 W/ml/K. 

The correlation shown above, has been used in the 
original calculations [Stevens, 1994], although it is not 
valid for molten metals, and should not be applied here. 
Appropriate correlation for liquid metal flow in a circu
lar tube is [Dwyer; 1963]: 

Nu = 7 + 0.025 Peo .• 

In the present case Peclet number is equal to: Pc = 
D·v'p'c/k = 0.0429,3,7200·700132 = 20,300. Nusselt 
number is: Nu = 7.0 + 0.025'203000·· = 76.8. The 
heat transfer coefficient: h = Nu·klD = 76.8'32/0.0429 
= 57,300 W/m2/K, is luckily enough very close to the 
one which was obtained originally by Stevens. 
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The next parameter, time of the debris down flow in 
the drain tube, is estimated from an energy balance, 
written for the front of the debris. The melt at the front 
is constantly flowing along cold (not yet heated) materi
al. It is assumed that the melt at the front is transferring 
heat only by convection to the cold walls of the drain 
pipe. The heat that is conducted from the warmer de
bris, behind the front is neglected in the calculations. 
The energy balance for a debris front layer of the thick
ness dx is: 

where: 

V pc aT(t) , at A h ( To - 11t) ) 

V - melt volume at the front, (1I"D2'dx/4), m3, 

A - heat transfer area, (1I'·D·dx), m2
, 

T - temperature of the debris front, K, 
To - cold wall temperature, K, 
D - inside diameter of the drain line, m. 

The above differential equation has been integrated 
using the MATHCAD program. Note that p and Cp are 
time dependent, since they depend on current temper
ature (specifically rapid is the cp change in the phase 
change region - figure 2.5). The resulting front temper
ature as a function of time is shown in figure 2.8. The 
melt front begins to solidify after about 0.46 s, and is 
completely frozen at about 0.76 s. Making use of the 
calculated already front velocity, the temperature of the 
front is plotted as a function of the penetration depth in 
figure 2.9. As shown there the melt begins to solidify 
when it is at about 1.4 m and is frozen completely at 
about 2.3 m below the vessel head. 

With the values of the flowdown velocity, heat 
transfer coefficient and flowdown time period, calculat
ed as described above, the analysis is made using the 
ANSYS code. The values applied in ANSYS are the 
average over the calculated period. That means the 
following values were applied in ANSYS calculations. 
- velocity of molten debris: 3.0 mis, 

heat transfer coefficient: 5.4'104 W/m2/K, 
- debris flow time period: 0.76 s. 
The ANSYS results are described below. 

Debris jlowdown period (0.0 - 0.76 s) 
In this period convection from the flowing melt to 

the inside wall surface takes place. The value of the 
bulk temperature of the melt at certain axial location is 
determined by linear interpolation between the tempera
ture at the tube entrance and the temperature of the 
debris front temperature. With this approach the temper
ature of the melt at certain location stays constant during 
the whole flowing time. 

At a certain time point, t (in the time range from 0 
to 0.76 s), the melt front is somewhere in the drain line 
or the nozzle. According to the position of the melt 
front appropriate convection links in ANSYS are acti
vated. This means that if the debris front is above a 
given location in the drain line or nozzle then the con
vection links at that location are not activated. 
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FIgure 2.8. 
Front temperature of melt as a function of time. 
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FIgure 2.9. 
Front temperature of melt as a function of penetration 
depth. 

If the temperature of a ceratin node of the nozzle or 
drain pipe is at a certain time calculated to be higher 
than the melting temperature then this node is "de-acti
vated" (it is assumed to be flushed away by the melt). 
This is done by setting the material heat capacity of that 
node to a very small value and the thermal conductivity 
to a very large value. 

Calculated temperature behavior is shown in figure 
2.10. This figure shows the drain line wall inside and 
outside temperatures versus time for the critical axial 
location, which turned out to be at about 1 centimeter 
below the drain nozzle (axial location, x, equal to about 
0.21). The period discussed here (0 - 0.76 s) is seen at 
the very left part of the figure. The temperature at the 
outside of the tube rises by about few hundred K in that 
period. The inside temperature rises very quickly to the 
melting temperature and then stays close to that value as 
this node is "washed away". For the rest of that period 
the temperature of this node oscillates somewhat above 
the melting point, as the next, deeper nodes, are being 
"washed away". At the end of that period the tempera
ture of this node is set to the debris temperature at the 
current location, which for x=0.21 is about 2250 °C 
(see figure 2.9). 



Analysis of Reactor Vessel Lower Head Penetration Tube Failure 

--- ~. 
\ .-

i'-
•• 1'--- --- .=-= ----- -~- F~· f"---- ---t--

/ ... - / 
T / 
Gel. 

-~ - Tempc:rature lillie iD!Iide olllle waU rc1 - -
-I- -- TCIIIpCOIIure IlI11e ClUISide of the w.n rC] 

IlOl -- UppcrvllueoClllemeltiDJtaupcnlIIrC rcJ - -
I ... 

- I ., 
J 

• • 2 • • • 10 12 .. .. II 20 

l,s 

Figure 2.10. 
Drain line temperature history at the critical axial loca
tion. The axial location is about 1 em below the nozzle, 
that means the absolute location, x, of: 0.100 (vessel 
head) + (0.072+0.025) (nozzle) +' 0.010 = 0.210. 

Conduction period (0.76 - 20.0 s) 
At t=0.76 s the debris is assumed to stop because 

the front is totally frozen. The nodes representing the 
space inside the drain line, as well-as those nodes repre
senting the drain line wall which have been "washed 
away" during the previous period, are now activated. 
That means the matcrial properties of the nodes is set to 
the properties of the debris and the temperatures are set 
to the same values as used for the bulk temperatures 
during convection. The prescribed temperatures of the 
melt are now released, so that now the melt temperature 
decreases as the heat is conducted to the walls of the 
drain pipe. The results for critical axial location are 
shown in figure 2.10. The debris is cooled down from 
above 2200°C to about 1600°C in a few seconds. The 
outer part of the tube reaches the melting temperature at 
about 9 s. 

2.4. Summary 

The obtained results indicated that melt through of 
the CORVIS drain pipe is expected after about 9 sec
onds from the start of the penetration of the melt into 
the drain line. Failure of the tube is expected to occur a 
little earlier. At this time the front of the debris has 
already been frozen and the debris flow was stopped. 
The time of melt flow through the drain pipe is about 
0.8 s. The penetration depth is about 2.3 m, measured 
from the elevation of the inside surface of the vessel 
bottom plate. 
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2.S. Comparison with Experiment 

The CORVIS experiment 0311 has been performed 
at PSI on December 15, 1994. The results were as fol
lows: 

The drain line melted through at 6.2 s after the 
arrival of melt in the experimental vessel ([Cripps, 
1995), section 6). The melt was not frozen in the drain 
line. The melt flowed through the full length of the 
drain line for about 5 s. After the rupture the drain tube 
was tilted aside and the remaining melt flowed directly 
to the catcher through the central hole in the test plate. 

The fact of the rupture and the timing were predict
ed correctly in the pre-test analysis made by Stevens . 
The velocity of the debris inside the tube was also quite 
well predicted: 3.0 mls in the analysis and about 3.4 
m/s (length: 4.1 m, divided by the tube filling time 1.2 
s (Cripps, 1995), p. 6) in the experiment. The most im
portant difference was the fact that Stevens predicted 
that melt front will freeze in drain tube at 2.3 m, while 
in the experiment it didn't freeze on the whole length 
(4.1 m - see [Cripps, 1995], figure 4). 

The penetration distance may be calculated alterna
tively using a method presented in [Rempe, 1993]. For 
circular tubes, without internal coolant, the formula is: 

Xp 0.25 Pe Id - TOft + hjuslcp 
75 Nil Td-To 

where: 
~ - penetration distance, m, 
Td - debris initial temperature, K, 
r m - debris melting temperature, K, 
To - initial tube temperature, K, 
hr .. - heat of fusion of the debris, Jl1cg, 
cp - specific heat of the debris, Jl1cg/K. 
(It may be shown that the Stevens' method leads to the 
same fonnula, if Pe and Nu are constant along the 
tube.) The correlation recommended by Rempe for the 
Nusselt number in case of circular tubes is: 

Nu = 0.625 PeQ.4 

which leads to ([Rempe, 1993), equation 4-29): 

Td - T ... + hjuslcp 

Td - To 

If that correlation is used, together with the experi
mental velocity of 3.4 mIs, then the obtained values are: 

Pe = D v p cp '" 0.0429 3.4 7200 700 = 23000 
k 32.' 

Nil = 0.625 PeO.4 = 0.625 23,000°·4 = 34.7 
'" D 0.25 Pe Td - T .. + hjuslcp '" Xp 

Nu Td - To 

= 0.0429 0.2523,000 2673-1773+3'UY/7oo = 4.0 
_ 34.7 2673-305 



Analysis of Reactor Vessel Lower Head Penetration Tube Failure 

The obtained penetration distance, ~, is very close 
to the total length of the drain line, indicating that there 
should be no freezing of the debris inside the drain line. 
This fact indicates that the method recommended by 
[Rempe, 1993] gives better agreement with the experi
mental results than the method applied by Stevens. It is 
interesting to notice one other thing. The method recom
mended by Rempe is based on the Nusselt number 
correlation: 

Nu = 0.625 PeO,4 

As it is pointed out by the author, this correlation is 
a "conservative" one (see [Rempe, 1993], page 4-32), 
presumably meaning that the obtained Nusselt numbers 
which this correlation gives are too low. If one uses the 
presumably "best estimate" correlation, which according 
to [Dwyer, 1963] is: 

Nu = 7 + 0.025 Peo,s 

then the value of the Nusselt number (based on Pe 
23,000) will be equal to: Nu = 84.1, and the penetra
tion depth equal to: Xp = 1.65, even smaller than pre
dicted originally by Stevens (2.3 m). 

In another CORVIS experiment (03/2) it was con
cluded that if the tube is empty the melt. will' penetrate 
practically infinite distance [Hirschmann, 19971. Those 
results indicate that the method based on the bulk freez
ing concept is not appropriate and the conduction layer 
freezing may be preferable. The conduction freezing 
leads to the formula ([Rempe, 19931, equation 4-32): 

Xp = D~ 
16 X; 

where he is the solidification constant, which varies 
from 0.2 to 0.75. Assuming the larger value for he, the 
penetration depth for the' present case is equal to: ~ = 
0.0429'23000/16/0.752 = 110 m. This result explains 
better the melt behavior observed in the CORVIS exper
iments. 

The fact that the. conduction layer freezing may be 
preferable from the bulk freezing was also concluded 
from the post-test examination of the drain tube ([Cri
pps, 19951, section 6). However, the measured thickness 
of the frozen layer was increasing with the distance, 
which is contradictory to the conduction layer freezing 
model. This discrepancy may be caused by the fact that 
!pe model is based on the assumption that the melt is at 
or near its melting point, and in the 03/1 experiment the 
melt was initially largely superheated. 

2.6. Conclusions from CORVIS Analysis 

In the pre-test calculations of CORVIS test 03/1 the 
fact of the rupture and the timing were predicted cor
rectly. Also the debris velocity in the drain tube was 
correctly predicted. The penetration depth, calculated 
based on the bulk freezing concept, was largely underes
timated. This indicates that the conduction layer freezing 
model may be preferable. The same was concluded from 
the post-test examination of the drain tube. 
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3. Analysis of GKN Penetration Tube Failure 

3.1. Background 

As a part of PSA level II made for the GKN Dode
waard Nuclear Power Plant a number of severe accident 
scenarios were analyzed using funy integrated computer 
codes: MELCOR [Summers, 1994], and MAAP [FAI, 
1993]. Typical scenarios lead to relocation of large mass 
of corium to the RPV lower plenum, at the time when 
substantial amount of water is present in the lower 
plenum. In such cases vessel failure times predicted by 
MAAP and MELCOR were very different. MAAP 
predicts quenching of the molten corium in the lower 
plenum. Heat-up and failure of the vessel structures 
does not occur until all water from the lower plenum is 
evaporated. On the other hand, MELCOR typically 
calculates almost immediate vessel failure, once the 
debris relocates to the lower plenum. It is a result of the 
modelling approach taken in the code (see [Summers, 
1994], COR Package, section 4). This seems to be too 
pessimistic, specifically in view of the TMI experience 
[NSAC, 19801. 

The purpose of the analysis is to estimate the possi
bility of an early (before lower plenum dryout) vessel 
failure due to heat up and rupture of the penetration 
tubes, against the possibilit}'- of plugging the tubes by 
refrozen debris. Another purpose is to identify a critical 
penetration and estimate the influence of ex-vessel floo
ding on the tube behavior. 

3.2. ~pproach 

The study presented in section 2 was made using a 
2-D conduction model, and including the initial debris 
f1ow-down period in the calculations. The initial flow
down period is specifically important in case of empty 
tube and large melt superheat, as it is in the CORVIS 
experiment 03/1. In case of small melt superheat and 
residual water in the tubes the flowdown period is ex
pected to be short. Because of fast freezing inside the 
tubes the penetration depth will be small. It is likely that 
in the course of a severe accident the superheat of the 
melt in the lower plenum will be small. Relatively small 
superheat is also obtained in the results of the integrated 
codes, mentioned above. The present study is made 
assuming that the superheat is small and the initial 
flowdown period may be neglected. It is assumed that 
the melt at the initial temperature instantaneously fills 
the relatively small penetration depth. The earlier stud
ies [Chavez, 19941, [Epstein, 19761, [Ostensen, 1973], 
indicate that the critical (highest) temperatures of the 
tube occur relatively close to the vessel compared to the 
penetration depth. Thus the heat conduction in the criti
cal place occurs mainly in the radial direction. In the 
present analysis only the heat conduction in the radial 
'direction was considered - I-D conduction equation is 
solved. 
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3.3. Thermal Analysis 

3.3.1. Model Description 

A simplified I·D conduction model is used to ana
lyze all cases. The conduction model was solved numer
ically using the MELCOR code [Summers, 1994]. It 
mould be noted however that for this analysis the de
fault MELCOR model of the penetration tubes was not 
used. Instead the HS (Heat Structure) Package, and the 
CVH (Control Volume Hydrodynamics) Package were 
used to . model the behavior of penetration tubes below 
the reactor vessel, filled by hot molten debris. Penetra
tion tubes were modelled using heat structures composed 
of two different materials; steel and debris. Heat trans
fer from tube surface to the dry well atmosphere (or 
water pool) was modelled using standard MELCOR heat 
transfer package. Both convection and radiation were 
taken into account. 

3.3.2. Geometry Data 
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The three types of penetrations tubes: Instrument tube, 
CRD drive, and drain line are modelled. Geometry data 
was taken from GKN drawings [GKN]. Instrument tube, 
and drain line, are modelled as steel tubes with empty 
space into which debris can flow. The CRD tube geom
etry is more complex, with several internal tubes. To 
avoid complexity of the computational model, the model 
of this tube was simplified. The CRD guide tube (exter
nal) and one internal tube are modelled, with two cylin
drical empty spaces into which debris can flow (figure 
3.1). Figure 3.1. Geometry of penetration tubes. 

Table 3.1. Material thefDl31 properties 

Density Specific Thermal Heat of 
Material heat conductivity fusion 

kg/m3 J/kg/K W/mIK J/kg 

Carbon steel 8000 450 35.0 -
Oxidic debris 8544 967 5.5 3.2·10s 

Metallic debris 7640 676 31.8 2.3·lOs 

Table 3.2. Initial conditions for thennal analysis 

Case Debris Debris Crusting Tube initial External Coolant 
type temperature temperature temperature coolant temperature 

K K K K 

1 metallic 1850 1800 703 steam 453 
2 metallic 1850 1800 453 steam 453 
3 oxidic 2657 2627 703 steam 453 
4 oxidic 2657 2627 453 steam 453 
5 metallic 1850 1800 453 water 400 
6 oxidic 2657 2627 453 water 400 
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The CRD internal structures are not taken into account. 
For conservatism heat transfer from the inside debris 
layer to the internal structures is not modelled. Geomet
rical dimensions of all tubes are shown in figure 3.1. 

3.3.3. Material Data 

Three types of materials are included in the calcula
tions: steel, metallic debris, oxidic debris. The thermal 
properties (density, thermal conductivity, specific heat) 
of those materials were assumed following reference 
[Leonard, 1992], and are shown in table 3.1. For aU 
calculations the debris is assumed to be initially molten. 
During calculation it solidifies, releasing the heat of 
fusion. The heat of fusion was included in the calcu
lations by specifying the material heat capacity in the 
melting temperature region as equal to the heat of fusion 
divided by the temperature difference between liquidus 
and solidus. This approach leads to a sharp change of 
the heat capacity function. Bec.ause of that sharp change 
small time step must be applied when solving the con
duction equation by MELCOR. 

3.3.4. Initial Conditions 

Initial temperatures of the debris and the penetration 
tubes, as well as the temperatures of surrounding cool
ant (atmosphere or water) were selected based on the 
values that are expected to be encountered in the course 
of a severe accident. The values assumed for the analy
sis are discussed below, and summarized in table 3.2. 

Initial conditions in the containment. 
By the time the reactor core is degraded and starts 

slumping into the lower plenum the containment pres
sure is typically 3-4 bar. Atmosphere -temperatures, 
obtained in an analysis made with an integrated severe 
accident code - MELCOR [McClure, 1992], were, at 
the time of the vessel failure, below 450 K. Two cases 
are considered in the analysis. 

The drywell is ftlIed with steam at 453 K, 4 bar. 
Penetration tubes are cooled in this case by the follow
ing mechanisms: natural convection and thermal radia
tion. 
- The drywell is fUled with water at 400 K, which is 
slightly below the saturation temperature for the applied 
4 bar pressure. Penetration tubes are cooled in this case 
by convection to the water pool. 

Initial temperatures of penetration tubes. 
Temperatures of the penetration tubes outside the 

vessel is expected to be close to the drywell atmosphere 
temperature. The upper part of the tubes, near the ves
sel lower head, may have higher temperature, close to 
the vessel head temperature. Therefore two cases are 
considered. The case with low initial temperature ·of the 
penetration tubes: initial temperature equal to 453 K. 
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The case with high initial temperature of the penetration 
tubes: initial temperature equal to 703 K. 

Initial temperature and composition of debris. 
The analyses were performed for two types of de

bris: 
Metallic debris, crusting temperature of 1800 K, 

initial temperature 50 K above the crusting temperature. 
Oxidic debris, crusting temperature 2627 K, initial 

temperature 70 K above crusting temperature. 
These debris compositions were selected to envelope 

possible debris bed compositions during severe acci
dents. 

In the numerical calculations the initial node temper
atures were set to the debris temperatures in case of all 
debris nodes, as well as the interfacial nodes. For exam
ple, in case of the drain line, the initial node temper
atures are equal to the debris temperat~res for nodes 1 
through 9, inclusive (figure 3.1). Other nodes are as
sumed to be initially at the temperature equal to the 
"initial tube temperature", discussed above. 

3.3.5. Boundary conditions. 

At the outer surface of the penetration tubes heat is 
lost by convection and r~diation. Heat transfer from the 
tube surface to the drywell atmosphere (or water pool) 
was modelled using standard MELCOR heat transfer 
package. This resulted in natural convection and radia
tion heat transfer, in cases of the steam cooling, and 
pool boiling heat transfer, in cases of the water cooling. 

The decay heat was taken into account. Because the 
volume of the debris inside the tubes is very small, the 
decay heat power source in the debris has rather sman 
influence on the results and need not to be known with 
great accuracy. Based on [Leonard, 1992] the power 
density is 0.29 - 0.44 MW/m3• The value of 0.5 
MW/m3 was assumed as a conservative estimation. 

3:3.6. Results of Thermal Analysis 

Results of the thermal analysis are presented for the 
six cases shown in table 3.3. In each case the results for 
three different penetration tubes are presented - the 
instrument tube, the CRD tube, and the drain line. 
Typical temperature history plots are shown in figures 
3.2 - 3.4. Figures 3.2 - 3.4 show drain line temperature 
histories for cases 1 (metallic debris), 3 (oxidic debris), 
and 5 (metallic debris, water cooled). Each of these 
figures shows four temperatures: 

center debris temperature (node no. 1), 
outer debris temperature (node no. 8), 
inner tube temperature, (node no. 10), 
outer tube temperature, (node no. 13). 
The general behavior is very similar in all cases. 

The outside debris node temperature quickly decreases, 
while the inside node remains hot (above the melting 
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point) for a longer period of time. For example in the 
calculations shown in figure 3.3 the debris is totally 
frozen after more than 100 s. Temperatures of the pene
tration tubes increase, pass a maximum at 10 - 30 s, and 
then slowly decrease. The maximum temperatures are 
very different for different cases. The most severe cases 
are those when tubes are fllied with oxidic debris, and 
cooled by steam. Temperatures of the drain line and the 
instrument tube reach, or even exceed, steel melting 
temperature. 

~n the cases in which drywell is filled with water the 
penetration tubes temperatures are lower. After an initial 
rise the temperatures of the tubes are quickly reduced 
because of relatively efficient external cooling. Temper
ature rise is very sharp and a peak value is reached 
relatively early (figure 3.4). 
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Figure 3.2. Drain line temperatures, Case 1. 
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Figure 3.3. Drain line temperatures, Case 3. 
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Figure 3.4. Drain line temperatures, Case 5. 

Table 3.3. Maximum temperatures of penetration tubes (inner steel node). 

Maximum temperature, K 

Case Instrument CRD drive Drain 
tube line 

1 (Metallic, high temperature) 1500 1250 1600 
2 (Metallic, low temperature) 1450 1100 1500 
3 (Oxidic, high temperature) 1800 1700 1900 
4 (Oxidic, low temperature) 1750 1600 1850 
5 (Metallic, water cooled) 1150 1000 1200 
6 (Oxidic, water cooled) 1300 1250 1400 
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3.4. Failure ADalysis 

To estimate whether the penetration tubes· fail or not 
a simplified method was used. Three failure modes were 
considered: ultimate strength failure, melt down, and 
creep failure. Temperature histories were obtained from 
thermal analysis (tube inner node temperatures were 
used). The value of stress was assumed to be constant 
and was calculated using the formula [young, 1989]: 

where: a 
p 
R 
o 

a=pR 
8 

equivalent stress, Pa, 
pressure, Pa 
mean tube radius, m, 
tube thickness,m. 

Total pressure inside the tubes was estimated taking 
into account hydrostatic heat of molten debris and water 
in the RPV, as well as the pressure difference between 
RPV and containment. Two cases were considered: 
depressurized vessel (no RPV-containment pressure 
difference) and high pressure vessel. The values of 
stress for those cases are shown in table 3.4. 

3.4.1. Failure Modes 

Three failure modes were considered: ultimate 
strength failure, melt down, and creep rupture. The data 
was taken from [Rempe, 1993]. 

UlJimate strength 
The data on ultimate strength (reproduced from 

[Rempe, 1993]) is shown in table 3.5. Failure is as
sumed to occur if the value of stress exceeds the ulti
mate strength for the current temperature. 

Melt down 
The melt down temperatures of the carbon and the 

stainless steel were taken from [Rempe, 1993], and are 
equal to 1789 K for carbon steel, 1671 K for stainless 
steel. Failure is assumed to occur when the current 
temperature exceeds the melting temperature. 

Creep rupture 
The creep failure is modeled using the Larson-Miller 

parameter, Pu.t. The time to rupture t,. is calculated as a 
function of the temperature T, and stress a: 

where: t,. time to rupture, s, 
T temperature, K, 
a stress, Pa, 
Pu.t Larson-Miller parameter, 
A,B,C - material dependent constants. 

The material constants A, B, C, were taken from 
[Rempe, 1993]. The equations are based on experimen
tal data obtained at INEL. The equations presented in 
[Rempe, 1993] were converted to SI units to give: 

For the carbon-steel: 

PLM 
lIKJ - 9.44 

P LM = 46130 - 4238 10g\o(a[Pa]) 

For the stainless steel: 

_ P
LM 10g\o(t,Is)) - 1tXI - 12.44 

Pat = 58770 - 5086 logJo(a[Pa]) 

Table 3.4. Values of stress assumed for the penetration tubes. 

Tube type R, em] 8, em] p, [MPa] a, [MPa] 

Instrument tube 0.0228 0.0076 0.5 1.5 
8.6 25.8 

CRD tube 0.0365 0.0130 0.5 2.4 
8.6 42.0 

Drain line 0.0215 0.0050 0.5 2.2 
8.6 37.0 

Table 3.5. Ultimate strength data. 

Carbon steel, T,K 297 500 700 800 900 1000 1050 1100 1150 
SAI06B au, MPa 550 598 467 324 169 83 74 75 60 

Stainless steel, T,K 297 977 1050 1100 1150 1200 1300 1373 
304SS au, MPa 642 285 197 147 109 73 40 30 
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Table 3.6. Summary of failure results. 

Instrument tube 
Case 

low high 
pressure pressure 

1 (Metallic, high temperature) OK Failure 
2 (Metallic, low temperature) OK Failure 
3 (Oxidic, high temperature) Failure Failure 
4 (Oxidic, low temperature) Failure Failure 
5 (Metallic, water cooled) OK OK 
6 (Oxidic, water cooled) OK OK 

Using the above equations the time to rupture, t., is 
calculated at every time step for current conditions. The 
damage function, D(t} , is defined as the inverse of t,. 
The cumulative damage, CD(t) is calculated from: 

, r 

CD(I) = f D(/) dl = f ~ 
~ ! tr(T,a) 

Failure is assumed to occur if CD(t) ;;:: 1.0. 

3.4.2. Results of Failure Analysis 

Results of the failure analysis are presented in table 
3.6. The investigation of those results lead to the fol
lowing conclusions: 

The critical penetration for GKN reactor is the drain 
line. The reason is a relatively small thickness of this 
tube (figure 3.1) compared to the other penetration 
tubes. 

In case when water is outside the tubes the failure 
was not calculated to occur except for the case of the' 
drain line at high vessel pressure. Thus external flood
ing may promote plugging of the penetration tubes and 
prevent an early vessel failure. 

3.S. Conclusions from GKN Analysis 

Thermal response of GKN Dodewaard penetration 
tubes to two types of debris: metallic and oxidic, was 
analyzed, assuming that the initial superheat of the 
debris is relatively small (below 100 K, compared to for 
example CORVIS 03/1 tests, where the superheat was 
as high as about 900 K). The main purpose was to 
estimate whether the penetration tubes can withstand the 
tirst attack of the melt and prevent an early vessel fail
ure, when the lower plenum still contains substantial 
amount of water. The obtained results lead to the fol
lowing conclusi,ons. 

The critical penetration of the GKN vessel, which is 
most likely to fail if a molten debris relocates into the 
tube, is the drain line. In case of high internal vessel 
pressure failure was calculated for all considered cases, 
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CRD drive tube Drain line 

low high low high 
pressure pressure pressure pressure 

OK OK Failure Failure 
OK OK OK Failure 

Failure Failure Failure Failure 
OK Failure Failure Failure 
OK OK OK Failure 
OK OK OK Failure 

External flooding may provide a good way to help 
the tubes to withstand the first attack of the melt. In the 
cases with the external flooding no failure was calculat
ed, except for the drain line in case of high vessel pres
sure. 

In case of metallic debris, Jow vessel pressure, and 
low initial temperature of the tubes, none of the penetra
tion tubes were calculated to fail. If a scenario leading 
to such conditions is analyzed with MELeOR, the code 
will predict an early vessel failure. This indicates that 
the modelling apP10ach taken in MELCOR may be too 
conservative. On the other hand, due to uncertainties 
involved in the melt progression one cannot be sure that 
in case 0 f a real accident an early vessel failure would 
be avoided. Therefore the MELCOR model seems to be 
a reasonable conservative approach in the situation when 
the outcome is highly uncertain. 

The general conclusions from this study, although 
obtained for the GKN Dodewaard reactor type, are also 
expected to apply to other BWR types. 
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