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ABSTRACT 

The COPO 11 experiments are confirmatory experiments and a continuation project to the earlier COPO I 
experiments. As in COPO I, a molten corium pool on the lower head of a RPV is simulated by a two
dimensional slice of it in linear scale 1:2. The corium is simulated by water-zincsulJate solution with 
volumetric Joule heating. The heat flux distribution on the boundaries and the temperature distribution in 
the pool are measured. The major new feature in COPO 11 is the cooling arrangement which is based on 
circulation of liquid nitrogen on the outside of the pool boundaries. The use of liquid nitrogen leads to 
formation of ice on the inside of boundaries. Two geometrically different versions of the COPO 11 facility 
have been constructed: one with a torispherical bottom shape, simulating the RPV of a VVER-440 reactor 
as COPO 1, and another one with semicircular bottom simulating a western PWR such as AP600. The 
modified Rayleigh number in the COPO II experiments corresponds to the one in a prototypic corium pool 
(-10') 

This paper reports results from the COPO II-Lo and COPO II-AP experiments with homogenous pool. 
Results indicate that the upward heat fluxes are in agreement with the results of the COPO I experiments. 
Also, as expected, the time averaged upward heat flux profile was relatively flat. On the other hand, the 
heat fluxes at the side and bottom boundaries of the pool were slightly higher in COPO II-Lo than in 
COPO 1. In COPO II-AP, the average heat transfer coefficients to the curved boundary were higher than 
predicted by Jahn 's and Mayinger 's correlation, but slightly lower than in BALI experiments. 

INTRODUCTION 

COPO II experiments are continuation of the 
COPO I experiments [1], which were a crucial 
part of the' demonstration of In-Vessel Retention 
(JVR) concept for IVO's Loviisa NPP [2]. The 
basic idea in both experiments is to simulate the 
molten corium on the lower head of a reactor 
pressure vessel (RPV) in a large-scale two
dimensional slice geometry, using water as the 
simulant material and using volumetric Joule 
heating. The main difference between COPO I 
and II is the fact that in COPO II the boundaries 
of the pool are cooled till freezing so that a 
significantly higher temperature difference 
between the pool maximum and the boundaries is 
achieved as well as ideally isothermal boundary 
temperatures. The large temperature difference 
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improves the accuracy and also allows to observe 
the potential effect of temperature dependent fluid 
properties. 

In the IVR study carried out for Loviisa [2], the 
margins to RPV failure were found to be wide, so 
the refinement of the knowledge base of the heat 
flux distribution due to new experiments is not 
expected to have an impact on the overall 
conclusion for the Loviisa NPP. However, if the 
IVR is to be applied for reactors with higher 
power densities, further refinement of the 
experimental database of the corium pool 
behavior is deemed desirable. 

Specific questions to be addressed in the COPO II 
-experiments are the heat flux distribution on the 
upper boundary (the detailed distribution was not 
measured in COPO I), effect of bottom geometry, 



effect of non-constant fluid properties, effect of 

crust boundary, and heat transfer phenomena in 

stratified pools. 

THE FACILITIES 

Two geometrically different versions of the 

COPO II facility have been constructed: a version 

called COPO II-Lo, which follows the shape of 

the lower head of the RPV of a VVER-440 

reactor (torispherical bottom) as COPO I, and a 

versioij called COPO II-AP having a semicircular 

shape and thus modeling the RPV bottom of a 

western PWR, for example AP600. A schematic 

of the COPO II-Lo facility is shown in Fig. 1 and 

a schematic of the COPO II-AP in Fig. 2. 

In both facilities the molten corium pool on 

the lower head of a RPV is simulated by a 

two-dimensional slice of it in linear scale 1 :2. 

The width of the slice is 94 mm. The pool is 

bounded at its periphery and at the top by 

aluminum cooling units, and at the lateral sides by 

insulated, parallel plywood walls, which are 

clamped tightly against the sidelbottom cooler. 

The simulant fluid for corium is water with small 

amount of zincsulfate added to it. The volumetric 

heat generation is produced by louIe heating, i.e. 

by conducting electric current through the fluid 

itself. Maximum continuous heating power is 

25kW. 

An important new feature in the COPO II 

facilities is the cooling arrangement in which 

liquid nitrogen is circulated on the backside of the 

aluminum walls of the pooL The use of liquid 

nitrogen leads to formation of ice on the inside of 

boundaries. Because of the ice, the boundary 

conditions of the pool are now ideally isothermal 

and, also, the temperature difference in the pool 

can be made sufficiently large to allow possible 

effects of temperature dependent fluid properties 

to become visible. 

Heat fluxes are obtained by measuring the 

temperature gradients in the cooling units. The 

upper cooler is divided into 25 cooling units in 

COPO II-Lo and into 26 cooling units in 

COPO II-AP. The sidelbottom cooler consists of 

63 cooling units in COPO n-Lo and the curved 

boundary consists of 47 cooling units in 

COPO ll-AP. The spatial resolution is thus 
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50 - 75 mm. The upper cooler is .set between the 

lateral walls. The vertical position of the upper 

cooler can be varied in COPO II-Lo. 

The plywood walls of the pool are equipped with 

quartz glass windows , which are used for 

monitoring the thickness of the ice at the 

boundaries, to record inside scenes with a video 

camera and for possible velocity measurements 

with a laser-doppler anemometer (LDA). The 

temperature distribution in the pool is measured 

with T -type thermocouples which. are installed 

through small holes in the plywood walls. 

Each experiment is started by cooling down the 

aluminum walls of the empty test section with 

liquid nitrogen in order to bring the heat transfer 

mode at the nitrogen-aluminum boundary from 

film boiling into nucleate boiling. After the walls 

are cooled close to the temperature of liquid 

nitrogen, the preheated salt water is pumped into 

the test section and the electrical heating is turned 

on. Due to thermal contraction of aluminum, at 

this stage of the experiments, the clamps have to 

be retightened. The thermal insulation is 

finalized and the water is allowed to circulate in 

the pool without the upper cooler in place in order 

to allow dissolved gases to escape for at least 

about 15 minutes. The upper cooler (precooled 

by liquid nitrogen) is lowered in its place and the 

temperature of the pool is kept at the selected 

temperature by adjusting the electrical power 

input. A steady state is reached typically within 

approximately an hour. The completeness of the 

steady state is judged from the evolving of the 

thermocouple (and heat flux) readings and the 

thickness of the ice. 
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. Fig. 1: A schematic of the COPO II-Lo facility 



UPPER COOLER 

2000 
NITROGEN 
GAS OUTLET 

NITROGEN 
SOURCE 

Fig. 2: A schematic of the capo II-AP facility 

EXPERIMENTS AND RESULTS 

Eight tests with homogeneous (nonstratified) pool 
have been carried out with the capo II-Lo [3]. 
With COPO II-AP four tests with homogeneous 
pool have been carried out [4]. The main test 
parameters are shown in Table 1, Land P denote 
capo II-Lo and COPO II-AP, respectively. The 
boundary conditions for the experiments shown in 
the Table were isothermal (frozen boundaries) in 
all other experiments except for L13ad, in which 
the upper surface was insulated (but had a solid 
boundary). Values which are believed to be 
somewhat unreliable (e.g. due to unsatisfactory 
steady state, or leakages of gas) are shown in 
parentheses. For calculating the dimensionless 
numbers, the fluid properties were evaluated at 
the average temperature between the boundary 
(melting temperature of the water zincsulfate 
solution, about -0.2°C) and the fluid maximum 
temperatures. Also, the effect of the ZnS04 
concentration was taken into account in the fluid 
properties. 

In capo II-Lo, the measured local heat fluxes 
were averaged over the pool top boundary, 
vertical boundary and bottom (or lower) 
boundary. The division between the vertical 
boundary and the bottom boundary was assumed 
between the cooling units 13 and 14 and between 
50 and 51, similarly as in the published analyses 
of the COPO I results [1]. In capo II-AP, the 
local heat fluxes were averaged over the pool top 
boundary and curved boundary. 

Fig. 3 shows the measured average upward 
Nusseltnumbers compared to the capo I results 
[1] and to a correlation by Steinberner and 
Reineke [5]: 
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N = 0345.R ,0.233 uup. a . (1) 

Also a correlation based on the first ACOPO ex
periments [6] is shown in Fig. 3: 

Nu
up 

= 1.95. Ra' 0.18 • (2) 

The measured upward heat transfer coefficients 
are higher than predicted by the correlations but 
rather consistent with the capo I results, and 
also with BALI results [7]. More specifically, the 
present results actually seem to follow a trend 
which is slightly higher than the results measured 
in COPO I with 60 cm deep pool (Ra' < 7.1014) 
but possibly somewhat below the results with the 
80 cm deep capo I (Ra' > 7.1014) [1]. All the 
capo II result seem to fall on the same line inde
pendent of the height of the pool. 

In Fig. 4, the measured average sideward Nusselt 
numbers in capo II-La are compared to the 
capo I results and to a correlation by Stein
berner and Reineke [8]: 

NU
sd 

= 0.85. Ra' 0.19. (3) 

The Steinberner and Reineke correlation has been 
obtained from experiments with rectangular test 
section with Ra' up to 3.1013

• The present results 
seem to be clearly higher than the Steinberner
Reineke correlation and the capo I results. 

The measured average downward Nusselt 
numbers in capo II-La are compared to the 
capo I results in Fig. 5. At the side and bottom 
boundaries the measured heat transfer coefficients 
are higher than expected and exceed the values 
measured with capo I. 

When the upper surface of the pool was insulated, 
the average downward Nusselt number was 
remarkably lower than in the other capo II-Lo 
runs with cooled upper surface. Similar decrease 
of the downward Nusselt numbers in pools with 
insulated upper surfaces was noticed also in 
capo I experiments [9]. 

The measured average heat transfer coefficients to 
the curved boundary in capo II-AP are 
compared to a correlation by Jahn and Mayinger 
[10]: 



Nu = 0.54· Ra,o.18. - , (
H)O.26 

dn R' 
(4) 

which is based on experiments in a 2D-slice 

geometry with 107 < Ra' < 1011. It is emphasiz~d 

that the correlation in now extended beyond Its 

original data base. The COPO ll-AP results are 

higher than predicted by the correlation, but 

slightly lower than in BALI experiments [7]. The 

depence of the average downward Nusselt 

numbers on the modified Rayleigh number seems 

to be weaker in COPO II than in BALI. However, 

no firm conclusions on this item can be drawn due 

to the limited number of data points and the 

uncertainty band of the results. 

The measured heat' flux profiles at the upper 

boundary are shown in Fig. 7. As expected, the 

profiles are rather flat, the deviation from the 

average value is about 10%. The hea~ fl~x 

profiles at the vertical boundary are shown m FIg. 

S. Unlike in COPO I, the sideward heat flux 

seems to be slightly peaked just below the upper 

I t Table 1: MainRarameters of the COPO I expenmen s 

PinpUl " q "sd Run q up 

(kWl (kW/mJ (kW/m2) 

L5 11.8 (40.9) 44.5 

L6 13.7 (34.1 ) 53.8 

L7 18.9 57.7 (47.5) 

LS 15.5 62.0 38.9 

LIO 9.7 36.7 37.1 

LI2 15.0 57.4 39.6 

LI3 14.5 55.1 31.1 

L13ad. 5.8 - 39.8 

P4a 20.5 6S.3 -

P4b 9.5 32.1 -

P6a 16.4 47.S -
P6b 8.7 24.0 -
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surface of the pool. However, this apparent 

finding should be interpreted very cautiously, 

since possible inaccuracies in the location of the 

upper surface - vertical surface joint as well local 

heat losses may have disturbed the results. 

Obviously, when the upper surface is insulated, 

peaking is very strong (Fig. 10) due to strong 

temperature stratification of the pool. This is also 

consistent e.g. with the results by Asfia and Dhir 

[11]. 

At the very bottom of the pool, the heat fluxes 

measured in COPO ll-Lo are somewhat higher 

than in COPO I (Fig. 9). This could be, at least 

partly, explained by the fact that in COPO ll, the 

boundary temperatures are strictly isothermal, 

which, for the bottom part of the pool, was not 

exactly the case in COPO I. Another potential 

reason is the thick ice layer (-5 cm) in which the 

heat can be conducted also in the direction 

parallel to the wall. 

q "dn Tpoo/. max H Ra' 
(kW/m2) _eCl imm) 

14.9 58.4 664 6.4'10 14 

(19.5) 63.7 639 6.3'1014 

( 12.4) 54.6 730 9.5'10 14 

14.5 55.4 708 8.6'10,4 

11.6 43.6 (685) 3.7'1014 

13.2 55.7 702 8.0'1014 

11.0 51.3 847 1.4'101) 

7.9 64.3 864 8.8'10 14 

25.1 57.7 932 3.8'1015 

(14.7) 37.8 912 (1.0'101,) 

21.2 49.3 960 2.6'10 1
) 

13.3 33.6 940 7.5'10 14 
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Fig. 3: Average upward Nusselt numbers compared to the COPO I results and to ACOPO and 
Steinbemer-Reineke correlations 
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Fig. 4: Average sideward Nusselt numbers in COPO II-Lo compared to the COPO I results and to 
Steinberner-Reineke correlation 
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Fig. 5: Average downward Nusselt numbers in COPO IT-Lo compared to the COPO I results 
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Fig. 6: Average downward Nusselt numbers in COPO II-AP compared to the BALI results and to Jahn's 

and Mayinger's correlation 
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Fig. 7: Distribution of heat flux on the upper boundary of CO PO ll-Lo for three typical runs 
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DISCUSSION 

In general, the average heat transfer coefficients 
measured in the COPO IT tests seem to deviate 
somewhat from what might have been expected 
based on earlier experiments such as Stein berner 
and Reineke, COPO I and ACOPO. 

As for the upper surface, the measured average 
heat transfer coefficients were found to be rather 
consistent with the COPO I and BALI results. 
However, they were higher than predicted by the 
widely used correlation by Stein berner and 
Reineke, and also higher than measured in the 
ACOPO experiments [6]. Reason for the 
discrepancy between COPO II and ACOPO has 
been searched, but no definite answer exists 
today. However, some of the potential 
explanations are: 

• Roughness of the ice surface which is not 
present in the non-crust experiments 
(ACOPO). In COPO II the ice at the 
boundaries was found not to be smooth, but 
to exhibit bumps, or irregular waves, which 
at the upper boundary had height of 
typically several millimeters or even close 
to one centimeter. The distance between the 
bumps was typically several centimeters. 
However, this explanation does not seem to 
be supported by the COPO I results. 

• 2D (COPO II) vs 3D (ACOPO) effects. It 
could be speculated that in a 2D case the 
flow patterns below the upper surface could 
be more structured and regular thus 
enhancing the heat transfer. 

• Effect of the temperature dependent fluid 
properties. If the fluid properties were 
evaluated at the temperature of the bulk of 
the fluid (instead of the film temperature, 
which is assumed to be the average between 
the pool maximum and the boundary 
temperature), the results would match with 
the Steinberner and Reineke correlation. 
For the Steinberner-Reineke and for 
COPO I the difference between the bulk and 
film temperatures is small, and therefore, 
the results from them are not sensitive to the 
definition of the reference temperature. 
However, in ACOPO, the temperature 
difference is similar or even larger than in 
COPO n. This hypothesis would, thus, not 
explain the discrepancy to ACOPO, as the 

181 

2000 

ACOPO results shown in Fig. 3 are 
evaluated also at the film temperature. The 
effect of the reference temperature used for 
evaluating the fluid properties IS 

demonstrated in Fig. 11. 

····r-J······· .... [ 
I---+--j---+.'.r--+----i-+--- --

O.OE+oo 1.0E+15 2.0E+15 
Ra' 

3.0E+15 4.0E+15 

Fig. 11: Effect of reference temperature on the 
average Nu at the upper surface. "Hot" 
refers to the fluid properties being 
evaluated at the bulk temperature 
instead of film temperature 

At the side and bottom boundaries the measured 
heat transfer coefficients in COPO II-Lo are 
clearly higher than measured in COPO I and 
predicted by the Steinberner and Reineke 
correlation. Comparing COPO I and II, it may be 
noted that the only major difference is the fact 
that the boundaries in COPO II are frozen and that 
the temperature difference from the bulk of the 
fluid to the boundary is several times larger than 
in COPO I. Similarly as at the upper boundary, 
the ice at the side and bottom boundaries was also 
not smooth, but showed bumps, which at the 
sidelbottom boundaries were partly even larger 
than at the top boundary, Particularly, at the 
bottom of the pool, the surface of the ice was very 
bumpy, with amplitude exceeding one centimeter. 
(This was also enhanced by additional blocks of 
teflon used at the bottom as a thermal resistance 
to reduce the thickness of the ice). It is 
conceivable that the downward flowing thin 
boundary layer could be affected by the structure 
of the ice surface and that the heat transfer 
coefficient would therefore be increased. 

Regarding heat flux profiles at the side and 
bottom boundary, it was found that in 
COPO II-Lo the heat fluxes at the very bottom of 
the pool are somewhat higher than in COPO I. 
This could be, at least partly, explained by the 
fact that in COPO n, the boundary temperatures 
are strictly isothermal, which, for the bottom part 



of the pool, was not exactly the case in COPO 1. 

Another potential reason is the thick ice layer at 

the very bottom in which the heat can be 

conducted also in direction parallel to the wall. 

CONCLUSIONS 

The COPO II experiments with a homogenous 2-

dimensional pool with the modified Rayleigh 

number up to 4'1015 have been discussed in this 

paper. In the experiments, crust (ice) was formed 

at all boundaries. 

The upward heat transfer coefficients measured 

seem to be in accordance with the earlier COPO I 

experiments but exceed the heat transfer 

coefficients predicted by the well-known 

correlation by Steinberner and Reineke and also 

those measured in the three-dimensional ACOPO 

experiment. 

On the other hand, the heat transfer coefficients at 

the sidelbottom boundaries were found to be 

higher in COPO II-Lo than in COPO I, in which 

no ice on the boundaries existed. 

Future tests with COPO II, in which large 

temperature without frozen upper boundary is 

employed is expected to clarify reason of the 

discrepancy between the results from different 

facilities. 
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NOMENCLATURE 

a 

j3 

r 
fJT 

n 
A 
v 
p 

c 
H 
p 
Q 
q 
R 
T 

Nu 

Pr 

Ra' 

thermal diffusivity (m2/s), = _-3:. 
cp 

thermal expansion coefficient (IlK) 

slope of the boundary (deg) 

difference between the maximum 

temperature of the pool and the boundary 

temperature (0e) 

dynamic viscosity (Pa·s) 

thermal conductivity (W/(m·K») 

kinematic viscosity (m2/s), = nip 
density (kg/m3

) . 

specific heat (J/(kg'K» 

height of the pool (m) 
power (W) 
volumetric heat generation (W/m3) 

heat fl~x (W 1m2) 
radius of curvature (m) 
temperature (0e) 

Nusselt number, = !L H 
/)"TA 

Prandtl number, = vi a 

d"fi d Ra I . h b g Q f3 H
5 

rno 1 Ie yelg num er, = -~~-
aVA 
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