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INTRODUCTION

On April 26, 1986, an accident occurred at the Chernobyl-4 Nuclear Power Plant
in the Soviet Union. A post accident meeting was held in Vienna during the week
of August 25, 1986. In mid-July 1986, the DOE formed a team to analyze the
accident, including experts from the national laboratories such as Argonne
National Laboratory, Brookhaven National Laboratory, Oak Ridge National Labor-
atory, and Pacific Northwest Laboratory. The goal was to assess the informa-
tion's plausibility, provided analytical support to the U.S. delegation during
the post-accident review meeting and obtain a technical understanding of the
accident. Detailed analyses of the team work are given in Ref. 1 (DOE, 1986).

The accident at Chernobyl-4 occurred during the running of a test to determine a
turbogenerator's ability to provide in-house emergency power after shutting off
its steam supply. The accident was the result of a large, destructive power
excursion. The major design related factor in the accident was the large
positive void coefficient of reactivity. This feature, not present in the U.S.
reactors, means that an increase in power is likely to lead to an increase in
reactivity which will further increase power, and finally result in the destruc-
tive accident.

Briefly, the team work is divided into two parts, dealing with: (1) accident
initiation and (2) accident energetics. The first part investigated phenomena
that occurred at the earlier portion of the accident such as the initial power
increase, rapid power excursion, and the thermal hydraulics in the fuel channel
pressure tubes. The second part covered the period during which failure of the
fuel and destruction of the reactor occurred. Detailed events considered in-
cluded fuel pin failure, fuel coolant interaction (FCI), fluid-structure inter-
action (FSI) and subsequent structural response. The analytical tools involved
are described below.

The energetic events associated with the fuel failures, fuel-coolant thermal
interactions (FCIs), and the fluid/structure interaction were evaluated for the
Chernobyl-4 transient overpower (TOP) event using accident analysis codes
developed at ANL. The codes had originally been developed to perform safety
analyses pertaining to liquid metal reactors (LMRs). Specifically, the codes
were developed to mechanistically describe the phenomena occurring during a
severe TOP accident such as rapid energy release and heatup of the fuel, fuel
melting, internal fuel pin pressurization, cladding failures, ejection of fuel
into the coolant channels, fuel-coolant thermal interactions that cause rapid
steam generation in the channels, channel pressurization, coolant slug expul-
sion, and the response of the piping system to the transient pressurization and
coolant dynamics. The codes used in the present analysis of these phenomena
included:
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FPIN-2  (fuel element mechanics)
EPIC (fuel-coolant thermal interaction)
ALICE-2 (fluid-structure interaction)

These codes were modified to depict the Chernobyl-4 reactor configuration. The
model used for the code calculations depicts a single representative channel of
the Chernobyl-U4 1,661 channel core configuration. The channel modeled in the
calculations is considered to be an average channel; that is, the values used
for coolant flow and reactor power are the core-wide average values. These
values are used in the calculations of thermal hydraulics to determine channel
conditions necessary for the FPIN analyses which will affect the subsequent EPIC
and ALICE calculations.

The results of the FPIN calculations are presented in Ref. [1] (DOE, 1986).
Here, we briefly describe the EPIC analysis of pressure source term generated
from fuel-coolant-thermal interaction. Results of ALICE-2 analyses will be
presented in detail.

FUEL-COOLANT INTERACTION

The EPIC computer code (Pizzica et al, 1980) was used to calculate the fuel-
coolant thermal interactions and the fuel and coolant motion using the fuel
conditions predicted by FPIN2 at the cladding failure time of Ul.2 seconds. The
EPIC model is generally based on the physical picture that there is a molten
fuel cavity in the pin; the cladding breach allows ejection of molten fuel,
unmelted fuel, and fission gas into the coolant channel, liquid coolant is
present flowing through the channel at the breach elevation, and that the fuel
pin structure remains nominally intact during the time scale of the fuel-coolant
interaction. EPIC models the fuel bundle as a single, representative pin with
its associated coolant. The results of base case calculations plus parametric
variations of key parameters are presented in this section.

EPIC, shown schematically in Fig. 1, performs a one-dimensional Eulerian calcu-
lation of the hydrodynamics inside a molten-fuel cavity in the fuel pin, coupled
explicitly to a one-dimensional Eulerian calculation in the coolant channel by
means of a fuel ejection model. This ejection model is used in the Eulerian
cell or cells in the fuel pin which delineate the cladding failure length and in
the corresponding Eulerian cell or cells in the coolant channel directly in
front of the pin failure cells. EPIC uses a full donor cell spatial differ-
encing scheme with cell-centered densities, pressures and temperatures, and with
cell-edge velocities. A combination of explicit, semi-implicit, and fully-
implicit differencing in time is used.

A simple incompressible liquid slug model using a pressure gradient across the
slug to accelerate it is used for the single phase liquid above and below the
interaction zone where there is fuel in the coolant channel. To a large extent,
EPIC is a parametric code. Our lack of knowledge of the precise physical
processes requires this approach, particularly when coupled to the uncertainties
that exist during an accident. For example, initial cladding rip length and
fuel particle size are specified as input.

Three cases of FCI are examined by the EPIC program corresponding to the fuel
particles radius of 100, 300, and 600 um, respectively. In each case studied
the cladding bgeach length are assumed to be 8 cm, and the retained fission gas
was 1.15 x 1072 gm f-g/gm fuel which corresponds to 100 percent retention in the
fuel of fission gas produced at 1 atm percent burnup.

The calculated FCI pressures are presented in Fig. 2. Since Case 1 deals with
the smallest particle size (100 millimeter radius) and therefore the most rapid
and efficient heat transfer, it produced the highest FCI pressure in the chan-
nel. Cases 2 and 3 vary in a predictable fashion as the particle size was
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increased. However, the peak FCI pressure was nearly the same for 300 milli-
meter particles as for 100 millimeter particles. In case 3, the heat transfer
to the water was so inefficient due to the large particle size that the channel
pressure never exceeded 87 bar despite much more fuel ejected than in the other
cases (due to less back pressure in the coolant channel).

STRUCTURAL RESPONSE EVALUATION

To provide a systematic analysis, responses of the Chernobyl-4 fuel-channel
pressure tubes to three different FCI cases calculated by EPIC are analyzed with
the ALICE-II fluid-structure interaction code. The ALICE-II code, Chernobyl-4
model, and other results of the analyses are presented here. The analysis is
used to evaluate likely failure modes and locations of the pressure tube piping
systems leaded by the fuel-failure-induced energetic fuel-coolant interactions.

The ALICE-II (Wang, 1988) code was developed at Argonne National Laboratory for
calculating the response of reactor structures in hypothetical core disruptive
accidents. It is used to treat reactor vessels with complex internals such as
internal thin shells, upper internal structures, perforated plates, core-support
structure, shield baffles, and deflector plates.

The ALICE-II code uses ‘a two-dimensional, hybrid Lagrangian-Eulerian finite-
difference technique to calculate the compressible hydrodynamies and fluid-
structure interactions, together with a purely Eulerian finite-difference
approach to analyze the free-surface and material interface motions.

The structural response is computed by two non-linear, elastic-plastic, finite-
element modules formulated in corotational coordinates. The first employs two-
dimensional, thin-shell and quadrilateral continuum elements to model the reac-
tor vessel and axisymmetric elastic-plastic solids. The second module utilizes
a three-dimensional pipe element to calculate the response of the support
columns that connect the internal structure to the reactor vessel or head. All
elements are capable of treating both material and geometric nonlinearities.
The ALICE-II code has been validated against the SIR complex vessel experiments
(Wang et al, 1986).

Pressure Tube Structural Model

The fuel channel pressure tube was considered to be a thin shell in the calcu-
lations. The tube has an inside diameter of 80 mm and a wall thickness of 4.0
mm. The top closure head is located 6.5 m above the top of the core. It was
modeled simply as a closed end of the thin-walled tube. In the core the tube
material is a Zr2.5 Nb alloy; above and below the core, in the regions of the
steel shield blocks, there are Zr-to-steel transitions. The tube was allowed to
deform radially under internal pressurization without constraint imposed by the
graphite heat transfer rings or moderator blocks. At the top, the end cap can
move axially under impact loading. The internal hardware was omitted in the
model. The presence of internals would reduce somewhat the velocity of the
water slug. Thus strains in the wall near the closure head may be somewhat
overestimated in the present analysis. Details of the configuration of the
closure head region are not known. Failure of the tube wall may thus be con-
servative if the actual weak point were in the closure itself.

The response of the pressure tube was analyzed by a finite-element structural
dynamic routine in which the tube wall was discretized into 20 elements. The
nonlinear temperature-dependent elastic-plastic characteristic of the tube wall
was simulated by several piece-wise straight line segments, based on the mate-
rial data at approximately 600K. More specifically, for the Zr alloy, the
stress (o) and strain (e) relationship was approximated by four straight 1line
segments. In the plane, the stress and strain corresponding to the higher
valued end point of each straight segment are:



64 = 220 MPa €q = 0.28 percent,
oy = 292 MPa €5 = 1.92 percent,
o3 = 350 MPa €3 = 6.93 percent,
oy = 418 MPa €y = 40 percent,

For the stainless steel, the stress-strain relationship was simulated by two
straight line segments. The corresponding higher valued end points are:

oy = 129.7 MPa €q = 0.074 percent,
o, = 453.3 MPa €5 = 28 percent,

The stress and strain of the last end point represent the ultimate values of the
material. Thus, the ultimate stresses of the Zr alloy and steel are 418 and 453
MPa, respectively. The ultimate strains of zircaloy and steel are 40 percent
and 28 percent, respectively. For convenience, both ultimate stresses and
strains are used as the failure criteria. If the predicted stress and/or strain
exceeds the respective ultimate values, failure is assumed to occur.

Due to the lack of available property information regarding the zirconium alloy
and the stainless steel used in the pressure tube (08Cr18Ni10Ti steel), proper-
ties of zircaloy and stainless steel 316 were used in the analysis. Since the
stainless steel 316 may be stronger than the actual material used for the
Chernobyl-4 pressure tube, the ALICE-II predicted stress and strain near the
closure head might be underestimated. It is believed that the difference is
small.

Results of Structural Analysis

Three calculations were performed, corresponding to fuel particle diameters of
0.20, 0.60, and 1.20 mm, respectively. The FCI zone pressure and slug acceler-
ation calculated by EPIC (section 6.3.3) were used as the loading function. In
each of the three cases studied, the numerical calculation was terminated ap-
proximately at 100 ms, at which time the major event due to slug impact was
essentially terminated. Also, at this time, the tube wall has reached its
dynamic equilibrium.

To illustrate the analysis, results pertaining to reference Case 2 (fuel par-
ticle diameter = 0.60 mm, peak pressure = 14 MPa) are given here. Figure 3
shows the pressure history on the closure head generated from the impact of the
water slug. This pressure history is slightly oscillatory due to propagation of
the incident compression wave originating from the expanding interaction zone
and the waves reflected from the surrounding structures. The total force acting
on the top closure head is presented in Fig. 4. It represents the sum of the
forces in each of the hydrodynamic zones underneath the cover. The hoop stress
of the tube wall near the closure head is given in Fig. 5. The maximum stress
generated from the slug impact is about 760 mPa, which exceeds the ultimate
stress of 450 MPa. In Fig. 6, which gives the corresponding hoop strain, it can
be seen that the maximum strain is about 39 percent, as compared wit the
material ultimate strain of 28 percent. This obviously would lead to tube
failure in the circumferential direction near the closure head. Pressure his-
tory near the outlet tube for the steam-water mixture is given in Fig. 7. This
pressure pulse can be used to analyze the response of the outlet tube system.

Figures 8 and 9 provide the radial displacements at vessel nodes 2 and 5 in the
" vicinity of the FCI zone. The displacement of node 2 reaches a value of 0.015
cm immediately following the interaction, whereas a slight time delay occurs at
node 5, which is located away from the interaction zone. Since the displace-
ments of these two tube nodes are very small and their strains are within the
elastic range, tube failure caused solely by channel pressurization in the FCI
region is not predicted. However, the possible effects of fuel impingement on
the wall could still cause thermal-induced failure. Axial stress at element 15
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near the welded Junction between stainless steel and Zr alloy is given in
Fig. 10. Again, the results reveal that during the early stages of excursion,
the axial stress gradually increases due to the reflection of the strong pres-
sure wave caused by the slug impact. Figure 11 further provides the pressure at
the region of the diffusion weld. A strong pressure pulse created from the
coolant impact is quite evident. This loading, combined with the temperature
transient calculated in the joint suggests that the upper weld is also a likely
failure location.

CONCLUDING REMARK

Results of the analyses indicate that channel failure would occur for all three
cases, i.e., for fuel-particle diameters of 0.20, 0.60, and 1.20 mm, respec-
tively. However, the third case (fuel particle diameter = 1.20 mm) represents a
marginal failure case since the calculated maximum strain of 34 percent is only
about 20 percent greater than the material ultimate strain of 28 percent. Since
the effect of the outlet tube and internals were not considered in the analysis,
the predicted strain might be overestimated. It was found that channel failure
occurred near the closure head due to slug impact hammer pressure owing to the
FCI expansion. Such failure not only could lead to the missile generation of
the closure head and floor slab, but could also cause blowdown of coolant and
possible ejection of fuel and cladding material into the reactor building.
Failure of the pressure tube solely due to the FCI pressurization was not
indicated, although local failures in the core region due to fuel impingement
effects would be anticipated.
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Fig. 2. Pressures in the Fuel-Coolant Interaction Zone
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Fig. 3. Pressure Under Closure Head as a Function of Time
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Fig. 6. Hoop Strain of Tube Vessel Near the Closure Head
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Fig. 7. Pressure History Near the Outlet Tube
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Fig. 8. Radial Displacement of Tube Node 2 Adjacent to the FCI Zone
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Fig. 9. Radial Displacement of Tube Node 5 Located at 19 cm Above the FCI Zone
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