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Good  afternoon  students.  This  morning's  lecture  I  talked  to  you  about  the  different  safety
principles which we follow right from the beginning of site selection. Then we moved on to the
design. Then we also touched upon the commissioning, then operation, and we also saw how
these principles are getting applied and we just saw the enunciation of the principle of defense in
depth. 

Now in this lecture we will get into more depth. Of course, the more deep and deep we go our
knowledge base will improve and will understand better. 
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So here just to recollect the same. The defense approach, depth approach really means good
design  that  means  you  good  high  quality  of  engineering  in  the  design,  construction,  and
operation. How this you can achieve? You assure quality assurance. You assure quality assurance
in the design. The design is vetted. The design is validated based on sound testing. So the design
is good. Then you provide adequate safety margins in the design so that from what you predict
and what really happens you must consider those good safety margins. Another thing if you give
too much of a safety margin your design becomes conservative and then your whole plant will
become costly. You cannot give too much margin. For example, suppose you expect let us say it
is  a  sodium reactor  cooled by sodium and the boiling  point  of  sodium is  about  900 degree
centigrade. Now let us say you are going to operate the plant such that your clad temperature
should not cross 700. okay you can say that okay you will aim it operate – design you may say at
680 or 650 but suppose you say I will only aim at 600 it is too much of a margin. It is not good.
It will cost – the plant will cost more. Similarly in the design you must also consider all the
intrinsic safety features. One of the features is thermal inertia. Suppose you have a large mass
capacity of the coolant then the temperature change will be slow. So these things also need to be
very  well  taken  care  in  the  design  and allowed  otherwise  your  design  should  be  too  much
conservative. 

Another advantage of this thermal inertia is let us just take a pool type of sodium reacts, sodium
cooled fast reactor pool type we saw in the previous lectures. The sodium capacity is huge. So in
case there is a loss of flow, the temperature increase slowly because the capacity is high. So this
gives sufficient time to the operator to act in case it is needed to be. Then last but not the least
training to the personnel involved in all facets of the nuclear is essential before putting them on
the job. 
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Normally we have the licensing of the operation and maintenance people who are working on the
job basically in the nuclear installations. We will come to the depth of the first level, first level of
defense in  depth.  Now let  us look at  the  first  level  or defense in  depth.  So it  is  to  prevent
abnormal  operations  and  failures.  So  abnormal  operations  what  do  you  mean  by  abnormal
operations? Those operations which you are not foreseen it can happen. For example, if there is a
switch meant for starting up or shutting down the motor maybe somebody could indolently put
off the switch or something so let us say it is unsafe to put on a switch when it is in off condition.
Then I have to prevent this failure. So what I have to do? I have to have a mechanism by which
even if  he is puts on the switch the container  operation will  not happen without some other
condition being fulfilled. So there is a need to build in intrinsic features in the design to see that
abnormal operations do not happen, but should they happen then you have to see how to take
care of it. But here in the first level we find out all the operating conditions, normal, low power,
high power, low flow, high flow, then conditions of different conditions of operation, what are
the stresses on these structures. It could be a thermal stress because of temperature changes, it
could be a pressure stress or it could be your cycling because a component may undergo some
cycles because of there is a flow oscillation, the temperature oscillations could be there and in all
such conditions the operating transients as we call them should be considered in this level. So in
this level the normal operating transients, the shutdown, start up, all are going to be faced by the
plant. So the components installation, components installation need to be designed considering
clear-cut defined rules so that the prevention of abnormal operation is there and failures are not
there. So first level is what is this. 
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So here how do we say that things site selection. We choose a site such that the seismic level is
not, such that it cannot cause a very large earthquake to the plant. So we choose a site which is
having a lower seismic level. Then the meteorological conditions like tsunami, flooding should
not be there. If it is a very cold country snow, weight of snow, weight of snow itself you might
have heard recently in Kashmir in the month of February there are very heavy fall of snow. Some
of the houseboats with the weight of snow they've got into the Dal Lake. Then what is the in case
they are going to see a pressure wave. So all these conditions are going to be seen during the site
selection. And in the design we have to follow the rules, design rules for example the ASME
codes and the ASTM standards for the different materials so that we can define the specifications
for design specifications,  the manufacturing  specifications,  the testing specifications,  and the
operating specifications of each and every equipment. The selection of appropriate manpower or
appropriate staff to deal at every stage, their training, etcetera. again is one which can minimize
the failure. 
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Now the second level, what is it, control of abnormal operation and detection of failures. So if
you are able to detect the failure you might be able to see that the system does not get into a bad
situation. So how do you do? You have proper control and protection systems which must be in-
built into the design so that you do not take the plant to an abnormal operating conditions. For
example, you have temperature control systems means if the temperature rises you increase the
coolant  flow so  that  the  temperature  is  maintained.  In  case  there  is  a  steam pressure raises
beyond a limit  your safety valves open and releases,  or the nuclear power, the power of the
reactor control all such systems put in the plant will prevent any excessive rise of the parameters
which can interfere with the plant operation. And you must have a stable core. Stable core in the
sense that any change in the neutrons should not lead the core to a higher power and good
thermal inertia. 

Now in this way if we are able to do we can keep the plant operating within the limits. Also we
must in the – as we are talking about the plant we must also monitor continuously the different
barriers of to radioactivity release which we discuss some time back. So to see that they are
effective that means you monitor the radiation at every, after every barrier and see that things are
nothing much is moving out. 
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So what this leads to the sensing by the monitoring system. So good monitoring system, good
instrumentation and then alarms in the control room so that the operator is well warned about any
situation that is going to develop later, and finally the protection system. In case things are going
fast it must shut down the reactor. So what we call as emergency shut down system or sometimes
the  word scram is  used.  Scram the  control  rods.  So  the  reactor  is  scarmed we say, or  as  I
mentioned in the case of pressure some safety valves which can release the pressure so that the
pressure is brought down. 

Then periodic equipment surveillance so that you can find out before the real development of
any abnormal situation. For example, it could be a weld which is periodically inspected. It could
be a walk around the plant to see if any where any high temperatures are existing or high activity
is existing from time to time. In fact the surveillance program is well made in the beginning itself
before the start of operation. There are some areas surveillance every week, some surveillance
every day, some surveillance every fortnight, some surveillance every month and once in six
months like that. All things are very clearly drawn up and followed scrupulously. 
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Then what is the third level of defense in depth? Control of the accidents within the design basis.
See in the first  level we saw how to prevent the reactor crossing the authorized limits,  high
degree of reliability we design so that failure should not happen. We then started monitoring the
thing so that and protecting but in spite of all that there could be a failure such as a pipe break,
your  main  pipe  break.  Instantaneous  pipe  break.  Normally  instantaneous  pipe  breaks  do not
happen. Any material has got slowly development of a crack, then a leak, growth of the crack.
Nevertheless you can just assume a heavy weight falling and then a pipe breaks. You cannot say
no but the probability  is very very less. Of course we do prevent.  Take enough measures to
prevent such failure. Nevertheless, this can happen and this could cause you know a concern to
the safety of the establishment. So here we have to design such that the effect of any accidents
are within the acceptable levels. That is where we bring in the engineered safeguard system, the
shutdown,  and  the  decay  heat  removal  systems.  Decay  heat  removal  is  essential  even  after
shutdown. So both these go together. 
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And start up of this surround systems or the decay heat removal system should be automatic and
we always do not take credit for any manual or human actions for about 15 to 30 minutes after it
is decided that the plant needs to be shut down. Why? See when there is an event happening in
the plant which has crossed some of the limits there are going to too many alarms in the control
room and too many signals. Operator does take certain time to really get a picture and take some
action. So we always in the spirit of 15 to 30 minutes from the instant we always say it should be
automatic. Beyond 30 minutes maybe we can consider some operational actions. Now the correct
operation of these systems is required and so that any release of activity to the environment
should be limited. So the operator has to do things with a cool mind so that is why the it is called
the grace period. 

Then the choice of the events, events could be incidents or accidents and at all stages of the plant
from design phase have to be integrated perfectly with the overall design so that any changes,
any major changes are not required after the construction of the plant. So you must for see as
many events, as many incidents as possible right at the design stage. 
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Then the fourth level is control of severe plant conditions. Okay we did all, still we assume that
okay a condition has happened which we are not forcing. Then what happens the activity will
come out of the reactor. Now this is what happened in the Three Mile accident wherein there was
a core meltdown. Then there was release of the activity and efficient products into the reactor
building but it didn't get into the environment because of the fact that there was a containment,
concrete containment structure around the reactor which prevented the activity from going out.
In fact there was no evacuation in the case of the Three Mile Island. However, in the case of the
Chernobyl the containment structure was absent. So and in the case of Fukushima there is a
breach of the containment. So here if you see containment plays the role of the fourth level of
defense in depth. 
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Okay we now take Fukushima,  the containment  failed and we have gone.  Now we have to
mitigate the radiological consequences. So what are the mitigation measures? Evacuation. People
are who are in the path of the plume of radioactive particles which you can assess by knowing
the weather conditions then we need to evacuate that area first. For all these purposes softwares
have been developed and validated from time to time, integrated with the weather satellites data
and today we have got a very good picture at any moment we can tell which direction, in case the
accident happens, which direction the radioactive plume will go. So evacuation needs to be done.
Then confinement. Confinement indoors one of the ways suppose a person is within a house,
best way would be for him to stay indoors and maybe close his nose with a handkerchief that
would be sufficient. Then the other measures like distribution of stable iodine tablets wherein the
iodine is given to the people who are supposed to have had some exposure. These iodine tablets
will go into the thyroid. The reason is once this iodine is in thyroid the radioactive iodine which
is coming out from the radioactive plume will not be able to get into the person thyroid, already
thyroid  saturated  with  iron.  And  this  evacuation  and then  confinement  all  these  need to  be
decided very well. There is also may need to see the contamination of the footsteps. Footsteps
which are being sold in the market but that is a later stage, but all these things are included in
emergency plans and the emergency drills are conducted very regularly so that the people are
aware what they should do in case of an emergency. 
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So  if  you  look  at  the  essential  objectives  of  the  accident  management  is  monitoring  first.
Monitoring the state of the plant. Next, control the cores of criticality means the core should be
in a controllable state. You should be able to shut it down and shut down the fission reaction.
That is the third. Second. Then, third one is you must be able to provide cooling to the core not



only  short-term,  long-term.  Then  next  one  to  protect  the  containment  integrity.  In  fact,
containment does not only the as a barrier to radioactivity to the amount of heat. So it is very
essential that the containment be kept cool so that the concrete does not fail. Finally, having the
accident has happened we have to see how to regain control of the plant so that we can avoid any
further damage. 
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Now I mentioned something about providing more than one equipment. That is we consider a
single failure in any system or plant should not give rise to a safety issue. I used about three
words; redundancy, diversity, independence. Now why we are thinking as I said a single failure
should not cause a safety problem. The problem could be your design deficiency because of
which the failure, single failure can happen. It could be a manufacturing failure. Manufacturing
deficiency, not properly manufactured. The weld may not have been properly done, or could be
an operator error, or it could be a man induced event due to human. Then there is other type that
there  could  be  common  mode  or  common  cause  failures,  let  us  say  cause  of  fire,  or  an
earthquake, or a tsunami. All such things may lead to failure of all these redundant systems. So
minimizing the effects  of failures  if  you follow the redundancy, diversity, and independence
principles we can bring down the failures or the effects of these failures to a very large extent. 
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Let us look at redundancy. It is very simple as I mentioned. It is the use of more than minimum
number of equipments required to fulfill a given function. As I said if one pump is sufficient you
provide two pumps. If one pump fails other pump will take over automatically or you can say
both the pumps are running and if one pump fails other pump can still supply you 50% of the
flow. If you need one thermocouple if it fails you provide two or three. So safety functions will
still or will be able to have in case the flow comes down the temperature will be monitored and
the plant actions will be taken, and this I am explaining at every stage this redundancy we will
have to maintain. When it goes to the shutdown again redundant. Redundant control rods. If to
control  rods  are  sufficient  you provide  four  control  rods  or  six  control  rods.  Now thus  the
redundancy enables the unavailability to be minimal. So our unavailability is tolerated without
any loss of the safety function. 
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This  is  just  to  reinforce  to  full  capacity  pumps  provision  of  two  or  more  instruments  for
measurement of flow, temperature, reactor power and as I said provision of many control rods
even though few may be sufficient for shutting down the reactor. 
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Then diversity. Now diversity is basically diverse as the name says it diverse. Let me take up --
let us take I have a motor supplied by company A. I require only one motor. I provide, let us say,
three pumps are operating I put three pump with motors of company A. should there be your
design deficiency under certain conditions of operation all the three may come off. It may fail.
So what we call as a common mode. Then we have the common cause where multiple failures
can happen from a single cause that is a flooding, or a fire. So we need to take care of this. So
how do we do it? We have to do it through two approaches. 
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We try  to  have  equipment  from  different  manufactures.  Manufacturer  A,  manufacturer  B,
manufacture C. So sure they won't fail in the same time. Then I can also have diversity in the
materials, material choice I can have different materials not of the same material but both the
materials maybe good. Then diversity let us say I apply in the case of a flow decrease in the
reactor. When the flow decreases in the reactor the flow measure can tell you whether the flow
has decreased or temperature increase can tell  you whether the temperatures  of the flow has
decreased. So these are diverse methods of knowing the malfunction. So this way we are able to
provide additional information that is additionally we are trying to reduce the chance of failures,
common mode or common cause, common mode failures. Of course, when you have diverse
equipment it does lead to difficulties in your spares inventory and maintenance. You have got
keep spares for all types of motors but that is the price you have to pay. 



Now as I said a common cause like fire. I may have redundant equipment. I may have diverse
equipment but if all are there in the same area location they will be subjected to the fire and they
won't conk off. They won't work. 
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So in providing this redundant and diverse system we need to see that they are independent
trains. For example your diverse motor maybe get a supply but the supply routing of that line
should be different from the supply routing of the other motors. All the motor should not get
supply  from  the  same  power,  what  you  call,  the  same  circuit  breaker.  So  by  keeping
independence then only we can achieve and many cases the layout of the plant at the layout stage
this  needs  to  be  very  much  looked  into  that  all  my  redundant  and  drivers  channels  or  is
independence is  also being satisfied.  So you must have different diversity  in power sources.
Many of you may if you go to any power station, any nuclear power station or nuclear station,
normally they are connected to the grid through many lines; not one line alone is not put. They
have got many lines so that even if the possession power link with one the grid is lost in one
direction the other thing will still be able to give you power in case there is no power generation
in the plant. 
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So  how  do  you  achieve  independence?  Two  ways;  functional  isolation  and  the  physical
separation.  So  functionally  you  isolate  the  components  so  that  interaction  between  the
components is reduced and also the failure of one will not affect the failure of the other. Then the
physical separation which as I mentioned needs to be done in the layout. 
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So how do you do the physical separation? By geometry, by putting barriers. Let us say there
could be a wall. There be a fire barrier between two pumps or motors and this will depend upon
whether you are postulating a fire, you are postulating a chemical act or a flooding; all these
things needs to be kept in mind. Now surely most in all cases there are some areas which are
very important to safety. They are basically the cable rooms, motor control centers, the control
rooms, containment penetration, etc. here is where the separation is very much needed so that
there need not be a common cause failure. 
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Okay. Having done the  redundancy, diversity, and independence  having implemented  to  the
maximum extent we need to do an analysis of the plant under different events what will happen;
is there a chance for the fuel to clad to melt or fuel clad to fail. So when should I actuate the
automatically the protection system, at what -- up to what could be the threshold at which I
should set so that the production system can act and if required the reactor trip may be acted
upon. 
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Here we have to consider in this analysis that any action for example let us say you measure a
temperature. There is a time constant of the measuring instrument, may be four seconds, five
seconds, depending on this has to be considered even at the design stage itself. Suppose I want
something to happen, action to be done very fast I must have an instrument with a very low
response time. For example, in sodium systems even we have a thermovalve but we also have a
fast response thermocouple which is without a thermovalve so that extreme cases that can act as
a act to give a signal to trip the reactor. Then next step is the electronics delay, delays in the
electronics that need to be considered and even though you might have given the trip signal there
is a certain time which it takes for the control rods to drop into the core. You have to consider
that.  So all  these time delays  need to be considered.  Then you have to  give allowances  for
variations and uncertainties in the data. For example you might be measuring a temperature, let
us  say 500 degree  centigrade  when it  could  be  5 not  495 because  there  is  the  error  of  the
instrument. This also needs to be considered while fixing the thresholds. 

So this process has to be repeated for all the operating conditions and then you have to come to a
common threshold for the plant at which your protective action should be actuated and all these
safety analysis is done by computer codes which are again licensed by the regulatory authorities. 
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This radionuclides which will come out in the case of any accident and we say we have to protect
the public. So effectively it depends upon how much of fuel you have put into the core. If you
have a small reactor the fuel inventory would be small and it's, in case of an accident the amount
of  fissile  material  coming  out  also  will  be  small.  In  fact  this  sort  of  approach  has  been
promulgated by many people saying that let us go for small reactors so that even if an accident
happens the chances of any radioactive or the amount of radioactive material coming out is less
but you know if you make smaller and smaller components or smaller plants the cost goes up. So
this we have to keep in the mind because nobody is going to accept electricity from you it is very
costly. 

So now fission you have to protect not only from the radioactive material which you can come
out the fission products which can come out. So the fission products we saw on the fuel is
contained  by  the  fuel,  the  clad,  then  your  primary  vessel  and  the  containment.  Of  course
shielding is provided within the plant so that you do not have radiation during normal operation.
Then how do you calculate the activity which can come to the public? It is not only due to the
fuel. It is also as I said due to the fission products and the structural material which will get
activated because of the radioactivity. So that is additional. So they also can give you activity if
you come in very close to that. So we need to consider all these aspects when we say how much
of activity is going to come out. 
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So when we want to reduce or mitigate this this is what we talked the -- we have got on site
emergency plants and off-site emergency plants. In case the plant as a case of Three Mile Island
we had only on-site emergency because the whole containment was there. Nothing came out.
There was no much consequence outside. so on-site emergency plants were implemented. Then
if it goes to outside you have the off-site emergency plants as in the case of Chernobyl. It was
very nicely implemented. 
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What is  the on-site emergence response? What we should do? So first  and foremost is your
decision making process, that is people have to be there who are responsible to take the decision
A. I declare on-site emergency. So there must be authority which is able to decide and he must be
given the criteria he must be well aware of the criteria, how to decide emergency situation. Then
how to notify because the communication must go to the different people, the local area, the
state, the national level. So all – so in case of a disaster what sort of things should do because
you require  support  from all  areas.  So that  is  one.  Then there needs  to  be a control  center,
suppose something has happened in the plant that there needs to be a place from which all these
activities need to be communicated and all. So you require a communication or control center
and also public communication so that you keep the public informed of what is happening so that
it is in a transparent way things are known to the public and you take them into confidence. 
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Then habitability of the control room. When you many choose the emergency control room you
must choose it away, not very much away from the normal control room. So you must have a
remote control room from where you can operate the reactor. Similarly a control center which is
going to be that it has to be away from the reactor. It can't be very close to the reactor. Then first
and foremost the non-essential personnel who are not directly involved in the reactor they are
shifted out. Then the – so the on-site emergency response needs to have the data of people, how
many people are there etcetera. All those things are planned well. Again I repeat there is not need
to act very fast. There are some few hours between the time the incident happens and the effect is
felt outside. 
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Off-site emergency response as I mentioned to remain indoors. So we call it the sheltering so that
the plume of radionuclide once it has dispersed then maybe you can come out. This is a very very
minimal way of protecting the public.  Then other one is likelihood of taking the radioactive
iodine which is released from the fission gases so you have to have a measure or means to supply
iodine tablets the people and this needs to be so the off-site emergency organization needs to
consider this. 
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Then evacuation. As I mentioned some time back in the case of Three Mile Island evacuation
was considered but they found it is not very much necessary. Of course for the Chernobyl and
Fukushima evacuation was done. So in fact, when you locate a site right in the beginning we
consider whether there are sufficient evacuation routes, multiple evacuation routes so that in case
of any calamity on one route, the people could be taken by some other route away so that they
can be sent to safer places. So the routes, the traffic control in those areas when these people are
being evacuated; all these are part of the emergency planning. And in fact, I can tell you having
lived at Kalpakkam for 40 years I have seen many exercises, emergency exercises both on-site
and off-site.  Things  have been able to  move.  The central,  the state  government,  the district
authorities all are able to come in a very very cohesive manner and all this is possible only if the
drills are being done regularly. It does not mean that okay it may happen once in a while but we
have to be prepared. I can tell you it is fortunate that we have such drills for nuclear situations.
Unfortunately it is not so. Do you have a chemical emergency plan. I do not know. It is not so it
is  a  very  very  well  thought  of  program of  emergency  planning  which  is  there  right  in  the
beginning because we are worried about ourselves and the public as a whole. 
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In  summary  I  can  only  tell  that  safety  objectives  for  any  nuclear  installation  we  apply  the
principles of the defense in depth right from design, construction, commissioning, operation. At
every state we try to see, avoid the happening of events and should they happen how to protect
the plant and in case the plant failure happens to the plant there is a breach of the barrier, still we
would like to see that the activity does not come out and mitigate and in case it comes out after
breaching the barriers, what I should do in a case of an emergency to protect the people from the
effects of radioactivity. 



So in brief I can only tell you or reinforce that the safety thing is built into our approach in all
nuclear installations, and it is being regulated by the Atomic Energy Regulatory Authority. 
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Just small bibliography which you can have a look. Most of them are from IAEA. There is also a
book by Libmann of France which gives very nicely the elements of nuclear safety which is
followed in France. And on defense in depth there are some manuals of the IAEA which you can
see. 
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And the effect of any understanding can be really felt only if you can able to answer certain
questions. So some certain basic questions which i have put which if you could answer okay, you
know that the lecture has been well taken. Thank you. 
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