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I INTRODUCTION

One of the scenarios to be considered in the safety analyses of liquid 
metal fast breeder reactors (LMFBR) is the consequence of a partial or 
total melt-down of the core. In particular, it is necessary to know if 
the molten fuel will penetrate structures such as the core catcher, 
the main reactor vessel, and in the extreme case, the safety vessel. 
The out-of-pile FARO test facility at JRC Ispra has been developed to 
investigate such accidents. For one set of experiments, the BLOKKER 
perforation tests, the erosion and possible penetration caused by a 
jet of liquid uranium dioxide impinging vertically onto a steel plate 
inclined at specific angles will be investigated. Other similar per­
foration experiments have been performed at KfK, Karlsruhe, but using 
a jet of molten iron.

Theoretical analysis of the erosion of a solid structure caused by 
the oblique impingement of a jet of hot liquid metal is very complex 
because the situation is fully 3-dimensional, two materials in two dif­
ferent phases are involved and the geometry of the impinged surface is 
continuously changing. In principle, a complete set of Navier-Stokes 
equations with initial and boundary conditions could be used but this 
would be computationally prohibitive due to stability timestep limita­
tions imposed by the extremely thin ablated layer. Surface tension ef­
fects required at the boundary of two liquid materials are also dif­
ficult to compute. For these reasons a more simplified model was rea­
lized and this will be described in section 2.

A brief description of the perforation experiments will be given in 
section 3- Some computer code predictions will also be 
presented and compared with available experimental results.

2 THE MATHEMATICAL MODEL

The analysis is based on a simplified model where three different re­
gions are defined, see Fig. 1:
1) an inviscid potential region where spreading of the jet occurs;
2) a viscous boundary layer mixture of liquid jet and molten structure;
3) the solid structure.
Depending on the temperature range, a solid crust can form between the 
molten structure material and the jet material.
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This simplified model is based on the following hypotheses:
- region 1 is assumed irrotational because entrainment and gravity ef­

fects are negligible if the jet length is small;
- the strong acceleration in the stagnation zone ensures that the flow 

regime in the viscous boundary layer is laminar;
- when no stable crust exists, the molten structural material is en­

trained in the viscous region and completely mixes with the jet ma­
terial .

The computational procedure is outlined in the following steps:
a) the flow within region 1, the jet, is solved numerically using a 

finite element method (code JET3D);
b) fluid velocities along the structure obtained in step a) are inter­

polated and an analytic form of the inviscid flow is obtained;
c) the boundary layer equations with the external flow given by step b) 

are solved numerically (code BOUNDY). Assuming the structure to be 
semi-infinite and having constant thermophysical properties, this 
step also provides the flux applied to it;

d) the energy equations are solved numerically (code MELT) and the 
melting front propagation in the real finite structure is determined.

The results from steps a) to c) are obtained under quasi steady-state 
conditions, whereas step d) provides a description of erosion in time. 
Hence, 'to take into account the deformation of the impinged surface 
due to melting and ablation, steps a) to c) can be repeated after any 
selected time interval.

2.1 Hydrodynamics of the potential region

With reference to Fig. 2, the equations to be solved are

V = yo (1)

v24 = 0 (2)

Vo.n = 0 everywhere on the free surface FS (3)

Vo.n = Vj everywhere on the efflux surface ES (4)

d = const, everywhere on the influx plane IP (5)

v = V— everywhere on the free surface FS (6)

where V is the velocity vector, VJ the initial jet velocity, d the po­
tential, and n the unit vector normal to the boundary indicated.

The numerical procedure may be summarized as follows:
a) a first guess of the location of the free surface is made;
b) solve Eqs.(2) to (5) in the domain bounded by the free surface;
c) the local velocities on the free surface are evaluated using (1);
d) an adjustment to the position of the free stream-lines proportional

to the value of the difference

(|v|/Vj)2 - 1 = e (7)

is locally performed;
e) the steps b) to d) are repeated until the condition

(yl - VJ)/VJ < Ev (8)
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is satisfied.

2.2 Thermo-hydrodynamic equations for the viscous boundary layer

The velocity components (ug,V2,W2) on the lower boundary of re­
gion l in the neighbourhood of the stagnation point can be repre­
sented as a power series truncated to the second order (Lesin, 1976)

u, = ax + cx^; v£ = ay; we = -2ax - 2cxz (10)

where the constants a and c are computed from the potential solution 
along the common surface between the jet and the plate, the coordinate 
axes being indicated in Fig. 2. Velocities and coordinates are made 
dimensionless using the jet velocity VJ, and jet diameter DJ, respec­
tively.

In the boundary layer near the stagnation point, the corresponding 
velocity components can be written in the following form

2u = axd’(n) + ex S1 (n)

v = ayd ‘ (n) (11)

w = -2 va 4 (n) - 2 -CX_ C(n)
Re VaRe

where n = VaRe.z; Re = pVjDj/p; p is the jet density and u is the 
jet dynamic viscosity.

Assuming there is no stable crust formation between the jet and 
plate, the temperature is represented by the expression

T = Tms+ (Tj-T^JO^n) + ^- 02(n)) (12)

where Tj is the jet temperature and Tms is the plate melting tempera­
ture. Substituting expressions (11) and (12) into the boundary layer 
equations, the following system of ordinary differential equations is 
obtained

where
The

where

d’’ + 200" - $‘2 + 1
+ 205" - 30‘E‘ +

61+ 2Prpe} = 0

62 + 2Pr902 - Pr‘02

20"8 + 3 = 0

+ Pr60] = 0

Pr is the Prandtl number.
boundary conditions associated with Eqs.(13)-(16) are

d‘ (0) = 5' (0) = 01 (0) = 62(0) = 0

-2V *(0) - 2 -X_ 5(0) = wo
“ VaRe

$‘(0) = C(oo) = 6^00) = 1

02(00) = 0

(13)

(14)

(15)

(16)

(17)

wo is the velocity of the material coming into the boundary layer

= 0

109



from the melting plate and is obtained from Eq.(18) assuming:
- the plate is semi-infinite in the z-direction;
- the plate physical properties do not vary with temperature;
- the geometry is locally one-dimensional and quasi steady-state;

,-------  T -T
k/aRe J ms

o PDJVJL+Cs(Tms-Tin)
(0,(0) +- euo)) 1 az (18)

where k, p, L, Cs, Tin are thermal conductivity, density, latent heat, 
specific heat and initial temperature of the metal plate, respectively.

The heat flux applied to the structure in the region of the stagna­
tion point can be computed using the expression

ks9z
k/aRe

DJ
2cx(To-Tms)(61(0) 02(0)) (19)

To determine the heat flux outside the stagnation region, an inte­
gral method adapted by Lipsett-Gilpin (1978) is employed thus obtain­
ing the expression

2 A kVRe(To-Tms)
1+YPr = 3 ---------

D-V2A — - x + 6 — + bJ LPr(l+yPr) 'J Dj

where A is the dimensionless thickness of the layer and Y is given by 
the expression

•1+4Ste - 1
2Pr where Ste

C(TT ) s j ms
L+cs (Ts-Tin)

The constant b in Eq.(20) is determined in such a way that the two ex­
pressions become equal at the boundary of the stagnation region.

2.3 Melting of the structure

To determine the melting front propagation in the plate, the energy 
equation is solved using a body-fitted coordinates method (Thompson 
et al., 1974), which has the advantage of performing computations on a 
fixed rectangular grid. The energy equation in the transformed plane 
(n,6) is written

(Y11Tgg*¥22”nn2Y12”gn) + PTg+IT,

+ “s
d in k .______s 1

dT j2
2 2(z T,-zT ) + (x^T -X T )

n 6 8 n Snns

+ 1 (z T_-zT ) x. + (x,T -X T)Z
J n 5 S n t Snn6

(21)

where J is the Jacobian transform and as and ks are the plate diffusi­
vity and conductivity, respectively. P and Q are the functions which 
control the spacings between the grid lines (Thomas & Middlecoff, 1980).

110



P(Srn)

Q(E,n)

2 2 2 2= -(x x +z z )/(x +z )(? +5 ) 
% 6% 6 6% 66 X z

2 2 2 2= -(x x +z z )/(x +z ) (n +n ) nnnnnn n n X z

The melting front propagation is described by the boundary condition

‘s -g
*t5‘x+3Zgn/Psti zt“ <qz-—\Tn)/psL (23)

where q, and q, are the heat flux components corresponding to the x 
and z directions, respectively, as defined in Eqs.(19) and (20).

3 PREDICTIONS FOR THE KfK EXPERIMENTS

KfK has performed a series of perforation experiments (Jochim et al.) 
in which a jet of molten iron falls onto a stainless steel plate which 
can be inclined at various angles, see the schematic illustration in 
Fig. 3. 100 kg of thermite powder are ignited in a specially designed 
reaction crucible. Some seconds after the completed reaction two dis­
tinct strata are formed, the lower layer contains about 55 kg of pure 
iron and the upper layer contains a mixture of the oxides of aluminium 
iron and magnesium.

A rupturing of the seal at the base of the reaction crucible allows 
the melt to fall freely after passing through an orifice of known dia­
meter. Until a uniform jet flow is established the melt falls onto a 
deflector tube which guides it into a magnesium oxide receptacle con­
taining sand. Moving the deflector tube quickly out of the path of the 
jet allows it to impinge directly onto the steel specimen under test.

During the KfK investigations, several experiments were performed. 
In one experiment, presented here, the mean velocity and diameter of 
the jet were predicted to be 5.3 m/s and 12.8 mm, respectively, as it 
impinged onto a 4 cm thick stainless steel plate specimen inclined at 
an angle of 45 degrees to the vertical axis of the jet. Pyrometer mea­
surements of the molten iron jet during free fall revealed that its 
temperature was approximately 2223 K. Although the time required to 
release the whole thermite melt was about 50 s, in fact the specimen 
was perforated in only 3 sec.

In Fig. 4 is seen a cross-section of the jet model which impinges 
the plate at 45°, there being 140 20-node 3-D solid elements in the 
whole mesh. From the solution of this potential problem the constants 
a and c in Eq.(11) were derived (a=1.3, c = -0.5) and fed into the 
code BOUNDY with the appropriate temperature data and physical con­
stants in order to derive the heat flux relationships to be used by 
the code MELT. The program MELT cannot handle.a plate perforation and 
for this reason the numerical mesh was extended to a depth of 4.5 cm. 
In this way a reasonable perforation time can be estimated by exami­
ning when the melting front reaches the depth of 4 cm.

Using the above mentioned experimental data, and assuming that the 
vertical heat flux distribution remains constant, the code predicts 
the plate penetration time to be 2.24 sec. In Fig. 5 one can see the 
melting line propagation in the x-z plane every 0.2 sec up to 2.2 sec, 
and in Fig. 6 a complete mesh configuration at 2.2 sec is shown. Of 
course, it must be noted that this is the time for the initial pene­
tration, further time would be required to establish a hole of suffi­
cient size to be detected experimentally.
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The predicted penetration time calculated by the code MELT is basi­
cally a function of the normal heat flux applied to the upper surface 
of the plate specimen. On the other hand, the heat flux supplied by the 
code BOUNDY is a function of the jet characteristics, that is its velo­
city, diameter and temperature. In order to examine the heat flux va­
riations due to uncertainties in these quantities, further BOUNDY 
calculations were executed. The jet velocity was varied from 4.3 to 
6.3 mm, the jet diameter was varied from 11.5 to 14.1 mm, and finally 
the jet temperature was varied from 2123 to 2323 K. The heat flux dis­
tributions for these three sets of calculations are shown in Figs. 7, 
8 and 9, respectively. It can be seen that the heat flux distributions 
are more sensitive to variations in the jet temperature. MELT calcula­
tions for the three temperatures were executed and Fig. 10 shows how 
the penetration time varies as a function of temperature.

4 CONCLUSIONS

Considering all the simplified assumptions and numerical steps made 
during the use of the codes JET3D, BOUNDY and MELT, the final result 
is in good agreement with experiment. It remains to be seen if the 
agreement will also be good for other KfK experiments in which the 
angle of impingement is different. As the original scope of using the 
codes was to predict results for the BLOKKER perforation tests, it 
will be interesting to make comparisons when results become available, 
since crust formation could play a more important role than in the 
KfK experiments using a thermite mixture.
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