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SUMMARY

The demonstration of the accomodation of the mechanical consequences of a hypo-
thetic core disruptive accident (HCDA) within the primary system is an essential objective
in the safety assessment for SNR-300. For this purpose a mathematical model has been
developed, in which the pressure pulse propagation in fluid-filled piping systems is cal-
culated. This model takes into account the compressibility of the fluid as well as the elas-
tic-plastic deformation of the pipe walls. It is the special aim of this work to estimate the
attenuation of pressure peaks by elastic-plastic response of the pipe walls and to calculate
the remaining strains.

The basic system of partial differential equations includes the conservation laws for
mass and momentum and the equations of state for the fluid and the pipe wall material.
Additionally, the equation of motion for the pipe wall is provided, which considers the
inertia of structure response after the pressure loading. The stress is described in a one-
dimensional way. Axial stresses and strains are neglected. The numerical solution of the
differential equations is carried out by an explicit extended Lax-Wendroff difference-
scheme with the help of an intermediate step.

The accuracy of the implemented calculation models is examined usmg the results of
experiments. First of all, pressure wave experiments are taken, where the rising pressure
pulse is so chosen, that the response of the pipe wall material lies exclusively within the
elastic region of the o(¢)-diagram. These investigations have been carried out by INTER-
ATOM. The comparison between measured and calculated values shows an excellent
agreement of experiment and calculation.

Cavitation effects are treated in the calculation model using an appropriate equation
of state for the fluid. In this one has to regard the finite time-lag of the fluid for reaching
the thermodynamic state of equilibrium. Also in this case a close agreement of theoretical
and experimental pressure wave curves is yielded.

In addition to the verification of the basic hydrodynamic equations, a calculation of
plastic effects has been carried out using experimental investigations from Stanford Rese-
arch Institute. The comparison of measurement and experiment for the pressure pulse
propagation shows again very good results, while the strains are over-estimated. Now it
is supposed that the influence of the strain rate on the stress is not negligible. This de-
pendency is not known. In order to determine its influence at least in a qualitative man-
ner, a simple linear relationship between stress and strain rate is assumed. A corresponding
calculation now predicts a remarkable reduction in strains and thereby leads to a better
agreement of calculated and measured strains.

All the comparisons between theoretical and experimental results show that the pres-
sure pulse propagation can be well predicted with the model presented here.
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1. Introduction

For an LMFBR a maximum accident is conceivable uvhich consists of an ex-
plosive increase in the core output until the reactor is shutdown by
decrease of rcactivity caused by the Doppler-feedback and mechanical defor-
mation of the core. How this accident is extremely drnprobable since it
assumes that all shutdown-svstems fail after the initiating disturbance.
Hevertheless the demonstration of the accomodation of the mechanical conse-
quences of this hypothetical core disruptive accident (HCDA) within the
reactor-vessel and the primary system is an cssential objective in the

safety assessment for SHR-300.

The high pressure pulses which are generated in the HCOA yithin the reactor
vessel can propagate through piping loons of the primary coonlant system and

may cause damage to loop components.

For an appropriate and cconomical design of the nipina lonps and their
components an exact dynamic analysis of the pressure pulse nropagation is
indispensable. For this a mathematical model had been developed, in which
the pressure pulse transmission in a fluid-filled piping-svystem is calcu-
lated. This model is implemented in the conputer program ROPLAST., It takes
into account the compressibility of the fluid as well as the elastic-
plastic deformation of the pipe-valls, It is the special aim of this work
to estimate the attenuation of pressurce peaks by clastic-plastic response
of the pipe-walls and to calculate the remaining strains.

2. Mathematical !todel

In the analysis, the differential equations are approximated by finite-
difference equations and solved numerically on the computer. For the fluid
and the pipe-walls they are expressed in Eulerian coordinates.

For the problem sketched above, the follouing simplifying assumptions are

made:

a) the flow in the straight pipes, elbous and loop components is considered
to be one-dimensional. The fluid is considered to hbe viscous and com-

pressible, but non-heat-conducting;

b) isentropic flow is assumed;
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c) axial stresses and strains as well as radial shear stresses are neglec-
ted, Following this model, the pipe-ualls are divided into rings bet-
veen which no interaction is considered. This simplification is con-
servative in the sense that the predicted strains will be greater than

the actual ones;

the pipe-vall material is treated as incompressible, i.e. the product

(=
~—

of pipe radius and wall thickness is constant,

Considering all these assumptions, the following system of equations is

required:

Difterential equations
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Eq. (1) represents the conservation equation of mass, in vhich r and x
denote the Lulerian coordinates, p is the density, u denotes the axial
velocity, t is the time, p is the pressure and A a viscosity coefficient,
In the form presented above, it also contains variatjons of the flow cross-
sectional arca. Eq. (2) describes the conservation equation of momentum,
Pressurce force, gravitation and friction-terms are considered as external
forces. The cquation of motion for the pipe-wall is specified in eq. (3).
Here, inertia of the pipe-wall is not neglected. This is supposed to ge-
nerate a more realistic prediction of structure response to internal
pressure loading.

For a complete description of the present problem, the equation of state
for the fluid and the pipe-wall material are needed. Eq. (4) concerns the
isentropic change of state of the fluid., It describes the relationship bet-
ween the pressure p and the density p . Here, the spced of sound a is a
further variable of state of the fluid.
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The relationship between the stress g and the strain g of the pipe-wall
imaterial is needed for the equation of motion (eq.(3)). The experimentaljy
deduced O(E)-relationship is represcented by a piece-wise linear approxi-
mation. .This is divided into an elastic part and several plastic regions.
It is to be noticed, that in the case of plastic deformations, the O(E)—
relationship is also a function of the pipe's load-history.

The solution of the complete system of partial differential equations is
carried out with an extended Lax-Wendroff /1/ procedure. This procedure is
an explicit difference scheme which integrates the differential equations
with the help of an intermediate step. This method is well known. A docu-
mentation can be found in the ANL-report ANL-75-5 from Youngdahl and Kot /2/

The piping system is divided into a network of one-dimensional uniform
sections, Each section is characterised by constant values for the material,
such as density of the pipe wall and geometric data, such as the diameter

of the pipes. Branchings and parallel paths can be handled.

The time step At in ROPLAST is fixed by the cycle time T, of the high
natural frequency of the pipe-wall material. It has to satisfy the condi-

tion Ate< T,,.

3. Examination of the calculation methods aaainst exnerimental data

The accuracy of the implemented calculation models for the program
ROPLAST is examined using the results of experiments,

3.1 First of all pressurc wave cxperiments are taken, in which the rising
pressure pulse is of such size, that the response of the material of the
pipe wall lies exclusively within the elastic region of the O(E)-diagram.
This allows the verification of the basic hydrodynamic equations. The ex-
nerimental data come from investigations which have been carried out by
LHTERATOI,

The experimental arrangement is shown schematically in fig, 2, The set-up
contains a pressure vave gencerator and a water-filled test-pipe. A gas mix=-
ture is introduced into the pressure vave generator and 1it by a sparking-
plug. The dynamic pressure profile is mecasured as a function of the time t
in the cross-section 0 using tuo diametrically opposite pressure trans-
ducers. Further, the dynamic pressure in the water-filled pipe is recorded
at the pressure transducers 1-4.
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The pressure history in cross-section 0 is shown in the lower part of

fig. 2. The data can be very easily read from the experimental oscilogram;
the inaccuracy of these values is in the order of only a few percent. A
comparison of the two measured pressurc transients in the cross-section 0
shows such a good agreement, that the pressure wave which reaches the water
surface can be regarded, to a good approximation, as a plane wvave.

Fig. 3 shows, for cross-sections 1-4, the comparison between measurcd and

ROPLAST-calculated values. Here the solid lines represent the theoretical

results. For all four cross-sections exists an excellent aareement between
experiment and calculation.
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Cavitation effects are treated in the calculation odel usinag an appro-
priate equation of state for the fluid. Uith this one has to regard the
finite time-lag of the fluid for reachino the thernodvnanic state of equi-
Tivrium, Fig. 4 shous the clase ayrcenent betveen theoretical and experi-
nental pressure wvave curves, in which cavitation effects occur. Thoe exneri-
mental set-up is as in fiq, 2. A steeper rise in input pressure (cownared

with the previous above mentioned input nressure) is nou applied.

®
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The cavitation causes a decrease in speed of sound and a change of the
pressure pulse profile. In this wvay, the rise of the pressure pulse pro-
file gets steeper and the amplitude is reduced.

For all four cross-sections there exists also a closc agreement betuaen
experinent (dashed lines in fig. 4) and calculation (solid ljines). Therc-
fore the basic hydrodynamic equations in the program ROPLAST are verified

3.2 In addition to the verification of the basic hydrodvnamic cquations a
calculation of plastic effects had been carried out using experimental in-
vestigations of Florence and Abrahamson at Stanford Pesearch Institute /3/
The exp
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The set-up is constructed out of a "pulse gun" and a water-filled test-
pipe. The explosion of a THT-charge sends a pressure vave through the test-
pipe. The measured pressure history at the cross-section 0 fiqures in the
Jower part of this picture. Turther, the pressure histories at the cross-
sections 1,. 2 and 3 are measured as a function of the time t as is the
strain of the pipe wall in the cross-section A. The test-pipe with a dia-
meter of 7.6 cm and a wall thickness of 0,1 cm is made of nickel, The
relationship betuecen stress and strain of nickel has been taken from the
above mentioned reference of Youngdahl and Kot (AL-75-5).
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The experimental pressurc histories can be taken from the test-oscillo-
grams only with great uncertainty. The region of the measurement uncer-
tainty is characterised by the hatched lines. The solid curve is chosen
as the approximate experimental pressure and assumed ROPLAST=-input.
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Fig. © shous the conparison of measured and calculated pressure for the
cross-sections 1, 2 and 3. Here the measurements are again denoted by the
hatched region of uncertainty. The solid curves represent the caiculated
results. In all three cross-sections there exists a very good agreement
between measurement and calculation. Remaining deviations could be reduced
by an improvenent in the partly defined input-pulse,

The results of a new calculation (mentioned in mure detail beluw) are

characterised by the dashed Tines. These theoretical results also agree
very well with the measured ones.

Shown in fig., 7 s the comparison of the measurcd and theoretical strains
for the cross-section A. It can be seen in the picture, that the calcula-
tion predicts too large strains. It should he mentioned, that because of
the flat part of the stress-strain-relationship in the plastic region a
small increase in pressure leads to a greater increase in strains, than
tt would in the elastic region, This causes of course a greater uncer-
tainty in the calculation of the strains.
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On the other hand, the spoed of strain is in the order of 3500 %/s. There-
fore it is supposed, that the influence of the speed of strain on the
stress is not neqgliqible. This dependence is not known. In order to fix
their influence on.the theoretical values at least in a qualitativ manner,
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a simple lincar relationship between stress and speed of strain is assumed.
A corresponding calculation nou predicts a remarkable reduction in strain
(the dashed line in fig., 7) and thereby leads to a better agreement of cal-
culated and measured strains without materially affecting the pressure
calculation (see the dashed Tine in fig., 6).

Conclusions

A1l the comparisons Betueen theoretical and experimental results show that
the pressure pulse propagation can be well predicted with the above models.
With high pressure loadings which lead to a plastic deformation of the

pipe wall, the methods here predict realistic results for the pressure

in each cross-section. The strain can also be calculated by these mnndels,
but is not so reliable as in the case for the pressure calculation.
Possible deviations are however conservative as the real strains will be
smaller than the calculated ones.
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