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BIOMEDICAL ENGINEERING: QUO VADIS?

In the field of biomedical engineering scientists are valiantly
cobbling away on all sides, often with great individual dedication
and all too frequently with excessive confidence, but - do we really
know what we want to achieve?
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ISPRA’'S CONTRIBUTION TO REACTOR SAFETY

Far too many people, especially the man in the street, think that
reactors are a great technical and scientific achievement, but much
too dangerous to live with. '

This article shows how many exacting studies are continuously
carried on to make sure that even the remotest accident will never
have a chance to occur or, should such an event present itself,
that it can be totally controlled. -
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An analysis of the potential uses of hydrogen shows that practi-

cally the whole of the energy market can be served by this
“clean” energy medium.
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present, therefore, other substitute
access paths to the body must be
sought.

So far, however, only very unsatis-
factory results have been obtained in
attempts to provide feedback, e.g. by
mechanical or electrical stimulation of
the sense of touch in areas of healthy
skin which are less essential for it. In
the case of prostheses or aids intended
to compensate for the loss of senses
such as sight or hearing, the task
becomes even more difficult owing to

the greater flow of information in-

volved.

The frequently attempted method of
enabling the blind to “see” by hearing
and the deaf to “hear” by sight can
help the afflicted person only when he
can concentrate entirely on using the
substitute sense for picking up the
converted information coming from the
realm of the defective sense (e.g. when
a blind person is engaged in “reading”
a book or when a deaf person is
“listening” to a concert). In everyday
life, on the other hand, he is more
than ever dependent on his remaining
senses so that he is unable to accept—
and is sometimes more hindered than
helped by—any narrowing of these still
serviceable channels for the commu-

nication of information from his sur- .

roundings for the purpose of per-
forming tasks arising from the realm
of another sense. These are typical
examples of how the biomedical en-
gineer, in his enthusiasm, may possibly
develop complicated appliances the
subsequent application of which is
more of a herculean task for the patient
than an alleviation of this troubles. The
direct feedback of signals ro the nerv-
ous system and the drawing of signals
directly from it, in both cases in long-
term use for rehabilitation purposes or
therapy, constitute a very important
field for application-orientated basic
research in biomedical engineering. The
difficulties involved, however, are such
that success should not be left to
chance by having this work conducted
in minor laboratories or institutes with
a “subcritical” number of staff or
inadequate interdisciplinary coverage; it
warrants a broad-based backing, par-
ticularly since the solution of this man-

machine interface problem offers the
key to success in the development of
nearly all the complex bioelectrical
devices which are in close symbiosis
with the patient for a considerable
period.

The difficulty of such signal com-
munications from and to the nervous
system will probably emerge most
clearly of all in the task of restoring
the communication channels in the
spinal cord of paraplegics, for example
by using electrical conductor systems
to bridge the site of the lesion. Since
this will probably not be accomplished
for some time, owing not least to the
vast number of such channels present
in a small space, for the time being
other solutions have to be sought.

Attempts at motor stimulation of the
extremities and certain other muscles
(e.g. sphincters) have met with some
degree of success, but there is always
the problem of opening up a sufficient
number of control sources for the
commands.

This problem becomes really acute in
desperate cases of severe quadriplegia
(due to lesions of the first cervical
vertebrae as the result, for instance, of
traffic accidents or sports injuries).
Except for being able to work their
facial muscles, these people can neither
move nor have any active contact with
the world around them, since fre-
quently they cannot even speak. Their
facial perceptions, however, are keen
and mentally they are in full possession
of their faculties, so they live in such
a state of imprisonment that anything
more distressing can hardly be imagin-
ed. These patients are a compelling
example of the justification, to which
reference has already been made, for
costly state-aided research in respect of
such cases which, although relatively
few in number, are of such gravity as
to merit a high priority on human-
itarian grounds and in which industry
may be prevented, by commercial con-
siderations, from readily taking an
interest.

With reference to these people it
can also be shown how easy it is for
the biomedical engineer, either from a
lack of alternatives or sometimes as the
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nism in a typical fuel bundle in a pres-
sure tube reactor in which the heat is
absorbed into the surrounding calandria
tube and moderator.

The experiments are performed with
a full scale model cluster of 37 rods
made of 11.9 mm outer diameter Zirc-
alloy tubes located by means of
spacers in a Zircalloy calandria tube of
110 mm inner diameter. The outer side
of the calandria tube is surrounded by
an insulating gap bounded by a water
cooled Zircalloy foil. The decay heat

of the reactor is simulated by an .

electrical heating device in 36 of the
rods, the central rod being unheated
because of its role as a mechanical
support.

Two different test series are made.
In the first, the temperature of the
heated rods is kept constant and the
different heating powers in three zones
(inner 6 rods; middle 12 rods; outer
18 rods) are measured. In the second
test series the heating power to each
rod is kept constant and the different
rod temperatures in the zones are
measured. All the tests are made both
in an air atmosphere of 1 bar and a
vapour atmosphere of about 2 bars, the
calandria tibe cooling water tem-

perature being in the range 30 to

60° C.

The situation is typified by the
results for the first test series in which,
for a uniform rod temperature of
about 800° C, the mean heat flux from
the rod surfaces is about 0.9 Watts/cm?
in air and 1.2 Watts/cm? in the vapour
atmosphere. These measured heat
fluxes are not sufficient to extract the
decay heat from the fuel element rod
cluster, which gives about 5 Watts/cm?.
The only way to increase the heat flux
by radiation up to this requested value
would be to increase the rod tem-
peratures up to about 1 300° C. This,
however, is not possible because of the
Zirconium/water reaction. Even at the
lower temperature (800° C) of the tests
using the vapour atmosphere in the
cluster, the Zr/H,O reaction (Zr +
2H,0 ~» ZrO, + 2H) produced, dur-
ing less than 5 hours of operation,
enough hydrogen to cause (if ignited)
extensive damage.

It seems, therefore, in the event of
a primary circuit rupture accompanied
by a failure of the emergency cooling
system, that very little benefit can be
expected from radiative cooling of the
fuel.

Thermal stresses caused in the wall
of a reactor pressure vessel due to the
onset of emergency cooling. The prob-
lem of the transient temperature distri-
bution and the resulting thermal stresses
in the thick wall of a reactor pressure
vessel is of great importance when the
vessel, at its usual temperature of about
300° C, is flooded with water at about
60° C from the emergency cooling
system. The resulting thermal stresses
in the wall should not exceed the
limits required to guarantee the inte-
grity of the pressure vessel.

To measure the varying temperature
distribution in the wall and thereby
compute the stresses and heat transfer
coefficient (which it is thought will
provide a basis for a more general
stress calculation method), the follow-
ing experimental facility is used. A
mild steel block of 2 meters height,
30 cm width and 20 cm thickness
plated with stainless steel of 0.6 cm
thickness, is mounted in a flooding
chamber in such a way that only the

_ stainless steel plate is wetted, the other

side of the block being always dry.
This block, representing a part of the
reactor pressure vessel (the wetted
stainless steel plate being the inside), is
provided at different places on the
wetted side by four tight fitting plugs
of 3 c¢m diameter and 5 cm length (of
which 4.4 cm is mild steel and 0.6 cm
stainless steel to correspond exactly
with the rest of the block). Ten thermo-
couples are embedded at various dis-
tances along the axis of each plug and
from these the transient temperature
distribution in the block during flood-
ing is obtained. A radiation heating
plate in the centre of the flooding
chamber enables the pre-heating of the
block to 300° C before the ingress of
the flooding water, which can either
submerge the block from below or be
run in from above.

The temperature distribution is meas-
ured during flooding under various
initial conditions, namely, initial block



temperatures T, (before flooding) in
the range 150 to 300°C and water
inlet temperatures T, in the range 30
to 90°. The temperature transients
obtained from the four sets of ten
thermocouples are displayed visually by
means of a fast response light beam
recorder. As might be expected, the
temperature in the first few millimeters
of the plated block decreases very
rapidly, especially if T,-T, is large
(when rates of 20000°C/sec are
typical), while the temperature further
inside the block changes much more
slowly. Detailed analysis of the tem-
perature traces yields not only the
information required for a direct com-
putation of the stresses, but also a good
estimate of the heat flux and heat
transfer coefficient at the block/water
interface. This extra information serves
to check more generally applicable
stress calculation methods than that
based directly on the temperature
measurements.

At the beginning of the cooling pro-
cess, heat transfer occurs by film boil-
ing because the block surface is more
than 100° C above the boiling point of
water. After about one or two seconds,
the surface temperature is low enough
to allow the much better heat transfer
conditions of nucleate boiling. By this
time, however, the rate of change of
temperature in the block is not so
large. As the block cools further, boil-
ing ceases and the remainder of the
heat transfer occurs by natural con-
vection.

Using the experimental results, the
first rough calculations show that
whereas the thermal stresses in the
mild steel wall of the vessel do not
exceed the elastic limit of the material,
those occurring in the stainless steel
plating are likely to cause plastic de-
formation and to bring about a failure
of the mild steel/stainless steel junc-
tion.

Research on general aspects
of reactor safety

This article has so far dealt with
research arising entirely from the prob-
lems posed by specific reactor types.
Now we shall present research whose

methodology is more widely applicable
to the analysis or prevention of reactor
accident conditions or to the improve-
ment of operational reliability.

Reactor dynamics

For some years now, large high
power reactors have been under de-
velopment and are planned for integra-
tion into the European electricity grid
during the 1970’s and 80’s. To be sure
that no costly failures will occur in
these systems, the dynamic analysis of
their response to all possible distur-
bances must be suitably thorough. In
large cores, detailed spatial effects can
occur which have a strong influence on
such safety factors as the margin
against fuel element burn-out. Hence
in order to reliably exclude all damage
in large cores as a result of power
transients, and at the same time to
operate them at the high specific
powers demanded by economics, the
analysis of the transients must include
a reasonable allowance for all the im-
portant space dependent phenomena.

Basically, there are two aspects to
spatial reactor dynamics. On the one
hand, there is the problem of evaluat-
ing the time dependent distribution of
power in the core from the equations
of neutron diffusion, when the coeffi-
cients of these equations are in general
functions of:

1) the local temperatures;

2) the local coolant void fraction (if
boiling occurs);

3) the local Xenon concentration;

4) the local absorber rod positions.

On the other hand, there is the
problem of relating these four physical
variables—themselves space dependent
quantities—to the power, using a sui-
table mathematical representation of:
a) the thermo-hydrodynamic laws of

the system [for the evaluation of 1)

and 2)];

b) the laws of formation and decay

of Xenon [for 3)];
¢) the laws of absorber rod movement

engineered into the control system

[for 4)].

The first of these aspects, dealing
with power variations, is often referred

to as the “neutronic” part. The second
aspect, which deals with the changes
in the system caused by power varia-
tions and the effect these changes have
on the neutronics, is generally called
the “feedback” part.

To a large extent, the “neutronic”
and “feedback” aspects can be sepa-
rated for purposes of mathematical
analysis and computer programming.
The result is then a set of “neutronic”
and “feedback” programme modules
which can be coupled via the tem-
perature /void / Xenon/ absorber-rod-po-
sition dependence of the coefficients of
the neutron diffusion equations to make
a “spatial reactor dynamics model”. In
constructing such a model, one is
rarely interested in calculating the in-
fluence of all four of the above men-
tioned feedback mechanisms simultane-
ously but, depending on the particular
reactor and problem under study, only
one or two at a time. For example,
the calculation of the self-regulation of
rapid power transients (1-10 sec time-
scale) in a boiling water reactor would
need to incorporate only the tem-
perature (fuel and coolant) and steam
void feedbacks. The same problem for
a gas cooled reactor would require even
less—the temperature feedback. On the
other hand, the problem of the reaction
of the control system and power distri-
bution to variations of Xenon poison-
ing (timescale of some hours) would
require essentially Xenon and absorber-
rod-position feedbacks. Thus, it is very
important to develop spatial reactor
dynamics calculation methods in the
form of a “computer programme
series” in which the neutronics part is
coupled with various subroutines em-
bodying the different combinations of
feedback effects corresponding to the
different reactors and reactor transients
of interest.

Several groups around the world are
engaged in this large area of activity
and effort at Ispra has lead to the
COSTANZA series of computer pro-
grams. The development of this series
was originally started for the analysis
of power transients in light water re-
actors. For this purpose a general one
dimensional (axial) neutronic code was
written and coupled, as described
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above, to a code giving the time de-
pendent temperature and steam void
distributions along a typical water
cooled fuel channel. This code, called
FRANCESCA, is based on a currently
accepted simplified theory of two phase
flow which it is hoped to check experi-
mentally in the future Ispra research
programme.

From this starting point, the CO-
STANZA code series has undergone
steady expansion. The neutronics part
can now be treated in either one or
two spatial dimensions and up to two
energy groups. With this can be coupled
subroutines giving feedback due to the
thermohydraulic processes accompany-
ing: 1) a single phase coolant (for pres-
surised water and gas cooled reactors)
and 2) a two phase coolant (for any
reactor in which coolant boiling occurs
during transients). There are also sub-
routines giving the feedback due to
Xenon poisoning and control rod

movements. The power transients driv-,

en by this feedback also evoke, as an
incidental secondary effect, certain tem-
perature (and possibly void) changes.
These changes, which in Xenon tran-
sients occur so slowly that they can be
evaluated by simple static calculations,
do not contribute essentially to the
overall process.

It is emphasised that the develop-r

ment of this series of programs was
not motivated only by academic in-
terest, but to a large degree was the
result of specific requests for practical
calculations from firms in the nuclear
business. In many cases contracts have
been arranged in which these firms
have partly paid for the work done.

On this basis, recent work on the
COSTANZA series includes the devel-
opment of versions suitable for ap-
plication to high temperature gas cooled
reactors with pebble bed cores and
cores with prismatic fuel elements.
Work is also underway to determine
the modifications needed in both the
neutronic and temperature/void feed-
back routines to treat fast reactor
dynamics which involves, on the one
hand, a hard neutron spectrum (perhaps
requiring several energy groups) and,
on the other, the peculiarities of liquid
metal cooling (perhaps requiring a dif-

ferent treatment of the boiling process
than that applied to water).

As a result of the continuing interest
from reactor designers, this work on
the COSTANZA series seems fully
justified.

Reliability: A tool for safer design
and rational hazard assessment

Man has to live with uncertainty in
all spheres, but scientific man needs to
measure his uncertainty. To this end,
the theories of probability, information
and systems analysis have been com-
bined in engineering to give birth to
“Reliability Theory”. This relatively
new discipline has the aim of evaluating
the probability that a device will per-
form its required function during a
given time in given operating condi-
tions. The device can be a simple com-
ponent or a complex system. It can
have more than one function (e.g. a
primary circuit pump serves both to
circulate the coolant and contain it).
What new element has Reliability
brought into engineering practice and
safety assessment?

Let us consider a very simple
example: a stressed structural member.
The traditional method of assessing the
safety of such a member is to assume
certain average material properties and
compute the stress L at all points within
it. If the stress which causes “failure”
(a definition of which is unnecessary
here) is, on the average, F, then the
ratio S = F/L is referred to as the
“safety factor” of the member. If
S > 1 everywhere, then the member
was said to be “safe”. In the Reliability
approach, however, it is recognised that
the material properties and failure
limit F are by nature uncertain, the
values for one specimen being slightly
different from those of another. Thus,
the quantities L. and F are treated
statistically. The question is not then:
“what is the safety factor S?”, but
“what is the probability that L > F?”.
Engineering safety design becomes a
problem of ensuring acceptably low
failure probabilities.

This is the basic spirit of the reliabil-

ity approach. When applied to com-
plex systems there are essentially two






means, control action can be taken to
avoid further deterioration and allow
repairs to be done with a minimum of
inconvenience.

The main problem obstructing this
objective is that of finding unambig-
uous signals of malfunction. Ideally,
the signals should have a unique and
well pronounced form—should be a
“fingerprint” or “signature”—for each
type of malfunction. The present state
of the art is far from this ideal,
however, and much more basic research
is necessary. Among the phenomena to
be studied as possible early failure
warning signals are:

—neutron flux variations (neutron
noise) caused by abnormal structural
vibrations or coolant vapour bubbles;

—low frequency vibrations due to the
abnormal shaking of heavy parts
(broken bearings, fuel elements etc.);

—acoustic and/or ultrasonic noise ac-

companying abnormal vapour bubble

formation and collapse, friction or
crack formation and propagation.

In addition to such emitted sponta-
neous signals, “probing” methods of
detection using ultra-sound, X-rays etc.
have to be considered.

At Ispra, considerable experience
relevant to these problems has been
acquired. Neutron noise analysis has
been an area of intense study for some
years and a lot of first class equipment
is now available for the work. Tech-
niques for the analysis of low frequency
(random) vibrations have been system-
atically exploited for the study of wear
in fuel element bundles and are now
being used in a more general way for
vibration analysis in water reactors.
With regard to acoustic emission pro-
cesses, the shock waves generated by
the collapse of vapour bubbles during
abnormal incipient boiling has been
investigated by both visual (Schlieren)
and ultrasonic detection techniques
and, as a result, a device for incipient
boiling detection has been patented.
Basic studies of the ultrasonic waves
emitted by friction and fracture pro-
cesses are underway. On the side of
probing techniques, practical experience
has been gained in the use of ultra-
sonic probing for fault detection in
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reactor vessels. The main concern in
this field is to provide users with infor-
mation on the effect of irradiation on
the signa! generators and detectors.

Like “reliability”, early failure de-
tection is a growing field on which
reactor safety will increasingly depend.
Thus, there is a strong motive for
Ispra to continue and expand the
above described activity, However, it
is recognised that, as new ideas for
early failure detection appear, they
have to be submitted to in-pile tests and
that the research has therefore to be
pursued in close connection with the
designers and users.

Fracture mechanics
and pipe rupture studies

During the last ten years, the relat-
ively new subject of fracture mechanics
has been intensively developed in the
United States and Britain and success-
fully applied to fracture control in
many spheres: ships, pipelines, aircraft,
pressure vessels, etc. The object of
fracture mechanics is to predict the
conditions leading to catastrophic fail-
ure of structures. This prediction is
made in a quantitative way by the ap-
plication of a tested relationship bet-
ween failure stress, defeat geometry
and material fracture ‘toughness”.
Such a relationship, an entirely new
tool provided by fracture mechanics,
constitutes a very large advance on the
traditional fracture control methods
based on toughness testing such as the
well-known Charpy test. These methods
were only qualitative or, at best, com-
parative, while the concepts of fracture
mechanics can be used to design and
check structures so as to avoid the
combinations of initial crack dimen-
sions, material toughness and stress
which would cause the cracks to be-
come unstable during the lifetime of
the system. The set of procedures to be
followed (during design and inspection)
on the basis of fracture mechanics to
guarantee this avoidance has been
called the fracture control plan (see
Fig. 4).

The work performed so far at Ispra
in this field has been concerned with
the application of the COD (crack
opening, displacement) criterion for

fracture control in Zr —25% Nb
pressure tubes in heavy water reactors.
This criterion asserts that a crack be-
comes unstable if the displacement at
its tip, i.e. its “opening”, reaches some
critical value. Hence, the failure con-
ditions of a structure in its operational
environment—in this case, subjected to
hydriding and irradiation embrittle-
ment—can be ascertained by measuring
the COD value for small hydrided
and/or irradiated samples.

It is planned now to extend such
rupture studies to the steel vessel and
primary circuit of LMFBR systems. In
such systems, because of the particular
combination of wall thickness (stress
field) and toughness (corresponding to
the grade and temperature of the steel),
the conditions are essentially those of
“plane stress”. The brittle fracture
hazard may be excluded and the chief
failure mode assumed to be fatigie and
corrosion enhanced crack growth (tak-
ing account of the liquid metal environ-
ment). As a consequence this will be
the main item in the planned studies.
Communication with reactor industry
is good and the study will be con-
ducted with the aim of specifying pos-
sible methods of design of fracture safe
structures as well as providing imme-
diately needed data.

In closing, we would like to draw
attention again to the fact that nearly
all of the research described in this
article has been stimulated by and
derives its greatest value from contacts
with reactor industries. If a significant
improvement is to be made in reactor
safety research at Ispra in the future,
such contacts will have to be expanded
and coordinated systematically.

For this purpose, it is believed that
the Commission of the European Com-
munities should sponsor the creation
of a “Consultative committee in mat-
ters of reactor safety” along the lines
already done for fast reactors, water
reactors etc. Through this committee,
the national industries and licensing
authorities could promptly make known
their feelings on the work underway at
Ispra and bring attention to new prob-
lems which they consider best attacked
on a Community basis.
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