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POVZETEK - Poleti 1991 se je jedrska elektrarna Krško v Sloveniji znašla 
v področju vojnih operacij. Verjetno je bila to prva komercialna jedrska 
elektrarna, kateri so grozili z letalskimi napadi. Upravljale! elektrarne so 
v tistih razmerah morali odgovoriti na vrsto nikoli prej zastavljenih 
vprašanj. Vtem referatu so opisani nekateri vidiki jedrske varnosti v vojnih 
razmerah: izbira najboljšega obratovalnega stanja elektrarne pred napadom, 
in ugotavljanje ranljivosti elektrarne. Ugotovili smo, da je stanje hladne 
ustavitve najboljše obratovalno stanje, v katero naj bi pripeljali elektrarno 
pred napadom. Problem varnosti jedrskih elektrarn v vojnih razmerah bi 
morali v bodočnosti podrobneje preučiti. 

ABSTRACT - In the summer 1991 the Nuclear Power Plant Krško in 
Slovenia found itself in the area of military operations. This was probably 
the first commercial nuclear power plant, to which it was threatened with 
the air jet attack. A number of never before asked questions had to be 
answered by the operating staff and supporting organizations. In this paper 
some assets of the nuclear power plant safety in war condition are 
described: the selection of the best plant operating state before the attack 
and the determination of plant system vulnerability. It was concluded, thdt 
the best operating mode, into which the plant should he brought before the 
attack, is the cold shutdown mode. The problem of Nuclear Power Plant 
safety in war conditions should be addressed in more detail in the future. 

INTRODUCTION 
The Nuclear Power Plant Safety in war conditions is practically a completely new 
area, which is seldom addressed in the literature. Although the physical protection 
of the plant in such a condition is the task of military, police and civil defense 
forces, it is the responsibility of nuclear professionals to investigate possible 
scenarios and their consequences from the nuclear safety point of view. Everybody 
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involved with the Nuclear Power Plant operation in Slovenia, found himself in a 
situation, that was hardly encountered before. Our Nuclear Power Plant was 
probably the first commercial PWR in the world, that found itself in the middle of 
the war area. The Iraqi research reactors in a Gulf war 1991 were maybe in the 
similar situation. Very little guidance about the appropriate preventive measures for 
such a situation could be found in the literature. Number of preventive steps were 
performed on the site by the plant personnel, while this paper describes some of 
related activities of the Reactor Engineering Division of "Jožef Stefan" Institute at 
that time. 

ANALYSIS OF THE EXPOSURE OF PLANT VITAL SYSTEMS 
No Nuclear Power Plant anywhere in the world is designed against an air attack by 
military bombs or missiles! Provisions are only taken against the terrorist attack 
from the ground by the light weapons. Some nuclear power plants are designed to 
withstand the crash of an aircraft, but without any explosive materials. It was clear 
at the beginning of the crisis in Slovenia, that there is no way to completely prevent 
damage to the equipment in the case of an attack. All our efforts were therefore 
directed into the minimization of the possible public radiological consequences during 
such an event. 

The critical safety functions in such conditions were checked: 

a) Subcriticality, 
b) Core cooling, 
c) Heat sink, 
d) Integrity, 
e) Containment, 
0 Inventory. 

Subcriticality is not a problem, if the plant is shut down and the primary water 
properly borated. All other functions are endangered: Containment is directly 
exposed to missile attacks and may be considered as the most endangered one. Next 
is heat sink, since the water intake structures and pump stations at the river are also 
completely exposed. Integrity of the primary system is endangered in the case of 
heavier bombing. Inventory may be endangered as a consequence of the loss of 
integrity, while the core cooling is primarily vulnerable through the loss of off-site 
power. Fortunately, if the plant is shut down, it is much easier to maintain or replace 
ail degraded critical safety functions. 

In order to get an estimate about the vulnerability of different plant system to the 
missile attack, die exposure of each system was evaluated and the "rose of 
vulnerability" similar to the example in Figure 1 was constructed. The vulnerability 
of each system after the attack from different sides may be seen from it. This kind 
of diagram is helpful in preparation of preventive measures and determination of 
most vulnerable systems. 

The rose was constructed with the help of 3D computer plant layout model. The 
assumption was, that the system is completely destroyed, if it is located on the side, 
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from which the attack 
is coming from, that it 
is damaged, if it is in 
the shade of one buil
ding and that it is not 
damaged, if it is 
located on the opposite 
side of die site. 

Our main concern was 
further devoted to 
maintenance of the core 
cooling in the core and 
to integrity of the spent 
fuel pit. 

CORE COOLING 
Immediately after the 
shutdown of the reac
tor, it had to be 
decided, in what 
operational state the 
plant should be brought 
to. The following 
proposals were con
sidered: 

1. Removal of the fuel from the core, 
2. Refuelling mode, 
3. Normal cold shutdown. 
The analysis had to be performed fast, therefore there was no time for any extensive 
analytical work using sophisticated computer codes. It was mainly based on 
engineering judgment and expert opinion. Following are main results of the analysis: 

1. Removal of the fuel from the core would certainly assure, that there would 
be no big danger for the exposure of the population in the case of the major 
damage of the containment building. But the only possibility for the 
immediate removal is into the spent fuel pit on site. Spent fuel pit is, like in 
most similar NPPs, located outside the containment building and is even 
more exposed, than the structures inside it. In addition, the sole process of 
fuel removal is increasing risk and is also requiring considerable time. The 
reactor vessel and the core are located so deep in the containment and 
shielded by various structures (containment building, steel containment, 
concrete structures, steam generators, pressurizer etc.), that very strong or 
concentrated repetitive missile deployment would be needed to achieve it's 
destruction. The idea about fuel removal was therefore rejected. 

DAMAGE 

VERY 
PROBABLE 

Figure 1: Rose of vulnerability 

PROBABLE 

LESS 
PROBABLE 
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2. Refuelling mode was considered as the only normal operational mode, in 
which the primary system may be opened. The reactor vessel is covered with 
the few meters high layer of water, which would certainly represent some 
protection against falling structures or missiles. On the other hand there is a 
high probability, that missile impacts would cause displacements of some 
structures in the containment and deformation of the seal ring around the 
reactor vessel. The refuelling water would leak into the reactor cavity and be 
lost as a protection of the core. If the reactor vessel head happens to be 
removed from the top of the core in such a case, there would be an 
immediate release of the radioactivity into the containment. This option was 
also rejected. 

3. Cold shutdown mode was found to be the most appropriate option. The 
primary system is at the atmospheric pressure, therefore there is no problem, 
even if part of the system gets damaged. The core cooling is provided by the 
residual heat removal system, the heat is transported via the essential service 
water system into the river. The core is protected by all the structures above 
the reactor vessel and by the reactor vessel itself. There are also no 
complicated manoeuvres necessary to bring the plant into that state. 

After selecting the cold shutdown mode as a most suitable operational state of the 
plant, further studies of the vulnerability were done. Besides the possibility of the 
direct damage to structures, that would cause release of the radioactivity, were are 
two important subjects, that have to be considered: 

a. AC and DC power supply, 
b. ultimate heat sink. 

In the coW shutdown mode the residual heat from the core is removed by the 
Residual Heat Removal system via Essential Service Watei> system to the river. RHR 
pumps are electrically driven. To prevent heat-up of the core the long term power 
supply and ultimate heat sink have to be assured. But, since the residual power of 
the core is relatively low, it is possible for the plant to withstand even a certain 
period without it. In order to get an approximate answer about the time, during 
which the plant may loose the power and heat sink without a damage, the following 
scenario was analyzed by a simple hand calculation. 

LOSS OF AC POWER AND HEAT SINK IN COLD SHUTDOWN 
It was assumed, that prior to the loss of heat removal capabilities (AC power and/or 
beat sink), the power plant was in cold shutdown for several days, producing about 
5 MW of constant heat, which is about 2.6% of full power (in reality the power 
level is decreasing with time). The heat had been removed via RHR system. There 
was only about 25% of water in the pressurizer, the rest was filled with the 
Nitrogen. Both Steam Generators were tilled with water. At the beginning of the 
transient the heat removal from the primary system via RHR is completely lost. 

The heat, generated in the core, would cause the primary system to heat up. Since 
we have assumed, that the Power Operated Relief Valve at the top of the Pressurizer 
is closed, the primary pressure would rise. The natural circulation would establish 
in both primary loops, transferring heat from the core to the secondary side of Steam 
Generators. Secondary side would also heat up, but with some delay. PORVs at the 
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secondary side were assumed to be opened, therefore the highest temperature, that 
the secondary water could reach, is the boiling temperature at atmospheric pressure, 
i.e. around 373 K. It may be expected, that because of the increased pressure the 
subcooling in the primary system would not be lost. Therefore the natural circulation 
would be sustained and the heat from the core could be transferred to the secondary 
side. 

The equation (1) has been used for calculation of the time needed for the whole 
primary and secondary system to reach boiling temperature at atmospheric pressure, 
373 K (100 °C). The initial temperature of 323 K (50 °C) was assumed. 

h - <mpr+mSQ1+mSQ1) - ^ U> 

t, Time to heat up primary and secondary water to 373 K, 
mpr Mass of liquid in primary system, 
mSG Mass of liquid in secondary side of the Steam Generator, 
hs Liquid saturation specific enthalpy at atmospheric pressure, 
hpr Initial specific enthalpy of primary liquid, 
Qt Core power. 

By inserting data for the NPP Krško into the equation (1) gives approximately 4 
hours before the entire water in the primary and the secondary side reaches boiling 
temperature. 

The equation (2) could be used to estimate the time rlb before the whole water on the 
secondary side of both steam generators is boiled dry. 

where h, is saturated steam specific enthalpy. Specific plant data gave about 27 
hours. 

If we also consider boiling water in the primary system (in which case the PORV on 
the pressurizer should be opened), we get some 47 hours available, before the whole 
primary system completely dries out. 

In order to remove the residual heat by steaming secondary water while maintaining 
the water level in Steam Generators, the following amount of water has to be added 
from the river: 

4b 
K-K 

(3) 

where hr is the river water specific enthalpy. For the conservatively assumed core 
residual power of 5 MW the water flow rate q amounts to less than 2 kg/s. 
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There is one further concern connected with the heat removal by natural circulation 
from the core to the secondary side of the steam generator. If the primary water 
starts to boil, the natural circulation flow in primary loops may be interrupted 
because of the formation of steam in upper parts of steam generator U tubes. If the 
PORV on the pressurizer is left closed, the pressurization of the primary system may 
be expected. That would prevent primary coolant from boiling. The following 
calculation checks the amount of the primary pressure increase. 

With the next equation we can calculate the level change in the pressurizer after the 
heat-up of the whole primary system from 323 to 373 K (50 to 100 °C). 

A/ „ ^V ( J L ) (4) 
Apr P100 P SO 

where 

Apr pressurizer cross section, 
p50 primary coolant specific density at 323 K, 
pm primary coolant specific density at 373 K. 

For the amount of primary coolant in our NPP and the cross section of it's 
pressurizer, we got an estimate of the level increase to be 1.3 m. 

In the cold shutdown there is a nitrogen in the upper part of the pressurizer. If we 
assume it to be an ideal gas, we can get an estimate of the pressure increase after 
above calculated level change in the pressurizer. The compressibility of the primary 
coolant is of course neglected. 

i'lOO = ^50 

T V 

^O^lOO 

(5) 

where 
Pso> T$o» V50 pressure, temperature and nitrogen volume at 323 K (50 °C), 
Pia» T](X» VJOO pressure, temperature and nitrogen volume at 373 K. 

The piessure in the plant would rise from atmospheric pressure to 1.57 bar. That 
would prevent primary coolant from boiling, provided the heat is transferred to the 
secondary water at 373 K. 
Results are summarized in the table 1. These results give the operator ample time for 
mitigating actions. More then a whole day is available to provide required amount 
of water for heat removal. This amount is raljier small (less than 2 kg/s) and can be 
easily supplied even by a mobile pump ie. fire engine. This supply of the water even 
doesn't have to be constant and continuous. The level in the secondary side of steam 
generators may be recovered in batches every several hours if necessary. 

The described scenario has assumed a closed primary system. But even if it is 
opened or damaged, one can expect, that reflux boiling in steam generator U tubes 
would provide enough heat transfer for successful cooling of the core. This 
phenomenon, however, couldn't be easily calculated by hand. More thorough system 
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analysis code cal
culations would be 
needed. 

All the calculations in 
equations (1) to (4) 
have been done under 
the assumption, that 
there is no heat loss 
from the primary and 
secondary system into 
the containment and 
environment. But since 
this is not true and heat 
losses at that power 
level are expected to be 
relatively high, even 
longer time before the complete dry-out and even less water for the successful heat 
removal would be needed. In that respect our assumption is conservative. 

CONCLUSIONS 
Quick analysis during the crisis has shown, that consequences of a military attack to 
the plant by jet fighters could be serious, but with the proper preventive measures 
and preparedness the environmental consequences could be minimized. The plant in 
the cold shutdown condition can sustain toss of all off-site power and cooling for a 
period long enough for establishing a variety of possible emergency solutions. 

There should be more attention addressed to this subject by national and international 
bodies responsible for nuclear safety all over the world. In addition to purely 
political measures by international community, that would minimize the probability 
of an military attack to the nuclear power plants, detailed studies covering all 
different aspects of nuclear safety in war conditions should be initiated and included 
in emergency plans for each nuclear power plant. The help in a form of expert 
advice should be available and provided to any reactor operator, whose power plant 
would be found in an area of military activity. 

It appears, that in the future the efforts of the international research community 
should nevertheless be devoted to gaining better understanding of true vulnerabilities 
and to enhancing measures for protecting nuclear power plants in the event of 
military attack. 

Table I: Important times and parameters after the 
loss of all off-site power in cold shutdown 

Time to heat up primary and secondary system 
to boiling temperature 4 hours 

Time to boil dry both steam generators 

Time to boiled dry both SGs and 
primary system 

Amount of feedwater needed to remove 
heat by boiling 

Primary pressure during heat removal 
by boiling secondary water 

27 hours 

48 hours 

1.9 kg/s 

1.57 bar 
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Is rose of vulnerability specific for this object? 

The presented rose of vulnerability is only an example and does not contain specific 
information of this NPP. Similar type of the diagram for the NPP has not been 
recorded in the literature yet. 
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