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Abstract

The scenarios of pressure variation following a loss of coolant
accident (LOCA) inside the containment of pressurized water reactor
(PWR) have been investigated. Critical mass flow rushing out from high
pressure leg through pipe break is used to calculate the rate of coolant.
The energy added to the containment atmosphere is determined to
specify the rate of growth of pressure and temperature. The senarios of
small, medium and large LOCA at 2%, 15%, and 25% flow released are
investigated. Safety water spray system is initiated as the pressure
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reaches the containment design safety limit at about 3 bar to
depressurise and to cooldown the system and thereby to reduce the
concentration of radioactivity release in the containment atomosphere.
The pressure response before and after operation of safety spray system
is predicted in each size of LOCA using a typical design of
Westinghouse PWR system. The heat removal from the containment
environment is rejected into the sump by drop-wise condensation
mechanism. The effect of initial droplets diameters injected from the
nozzles of the spray system is investigated. The results show that the
droplet diameter of 3 mm gives best performance.

Introduction

The safety systems of a nuclear power plant are designed to protect
the system in case of abnormal occurrences and to minimize
radioactivity release particulary in case of an accident. Therefore, it has
become nearly universal practice that the primary coolant system
boundary is enclosed in a cantainment structure. This containment is a
leak-tight barrier designed to trap the radioactive materials, (1). The
pressure in the containment at normal operation is less than the
atmospheric pressure to prevent any leakage of radioactive gases, (2,3).

Power reactors are operated at high pressures. If the primary system
boundary is breached and a substantial loss of coolant incurred, this is
called loss-of-coolant accident (LOCA). The initial phase of the
accidents is subcooled blowdown during that time, the primary cooling
system pressure drops from greater than 2000 psi to the saturation
pressure of about 1000 psi. For a large break, the subcooled blowdown
lasts less than 0.1 second and is dominated by sonic decompression
waves that propagate through the primary system. These waves can
create large transient pressure diffrentials across the fuel elements, core
barrel and other structural components. In such case, the high pressure
and temperature coolant flashes to steam during the blowdown (4,5).
The containment is subjected to different stresses as the pressure and
temperature increase rapidly. In the design of a containment system, it is
essential to determine the safety limits of the structure. The response of
the safety systems acts at these limits to keep the system in safe
condition. A safety water spray system is initiated to reduce the pressure,
to cooldown the system and thereby to decrease the release of
radioactivity in the containment atmosphere. Heat and mass transfer in a
containment following a LOCA still represent the subject of interest to
many research workers. Small pipe break leads to loss of coolant
accident and takes high probability of occurrences. The containment
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integrity was investigated through the probability of its failure during
the accident. (6-10).

In the present work, the pressure and temperature variations in the
containment atmosphere following a LOCA are investigated. The cases
of small, medium and large LOCA at 2%, 15% and 25% flow released as
a loss of coolant are investigated. Effect of safety injection systems are
studied.

Scenario of the proposed model

A thermodynamic model is developed to describe physically the
scenarios of pressure variations inside the containment atmosphere due
to loss of coolant accident. In the first stage, the containment pressure
increases rapidly due to coolant release rushing from the high pressure
leg pipe break at a very high speed and flashes vigorously to steam. The
reactor vessel is instantaneously reflooded by passive system followed
by the Emergency Core Cooling System (ECCS) within 15 seconds. In
The second stage, the safety injection water spray system and air
recirculation fans start operation at the design safety limit of the
containment system causing decrease in pressure up to its initial value
approximately. Fig (1) shows the Engineering Safety Features (ESF) of
PWR and containment systems.

Pressure build-up stage

The containment pressure is calculated as it varies with time taking
into consideration the original pressure of the noncondensable gases-air
inside the containment. The resulting total pressure Pt is the sum of the
steam pressure, Ps, and the air pressure, Pa.

Pt=Ps + Pa (1)
The flow of hot fluid through the break is simulated as discharge of

two-phase mixture through a nozzle. The critical mass flow rate for
two-phase flow in short channels is determined by Burnell (13) as :

W - An [2 g p p Psat ( 1 - c)] °-5 (2)

where Psat (1 - c) is the pressure at exit from the nozzle, (14)

The two-phase mixture will convert to wet steam in the containment
atmosphere. The energy balance is written as :

W [ h + Cps (Th - Tm)] + M Cpa (Ta - Tm) =

(W + M) x (Cps + Cpa) / 2 x (Tm - Ta) (3)
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Figure (1) : Engineering Safety Features of PWR and Containment
System

Model Assumptions

1 - The flashed steam is considered at dry saturated condition as a first
iteration at time t = o

2 - Coolant mass flow rate through the pipe break nozzle is unchanged
due to the reflooding process of the incore safety injection system
within 10 seconds.
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3 - Pressure in the pipe break nozzle is unchanged during the period of
containment pressure build-up.

4 - The containment spray safety system is automatically injected as the
pressure reaches the design safety limit of 3 bar.

5 - The rate of water injection by spray system is unchanged dyring the
period of containment depressurization due to the infinite source of
condensate water sump in the containment which replace the spray
system intake at a certain preset height.

6 - The water enthalpy in the pipe break is unchanged during the period
of blowdown.

7 - Ideal throttling process is considered through the pipe break nozzle.
8 - Two dimensional components of water velocity at break nozzle exit,

one, is in the direction of the hot leg (uj) and the other is
perpendicular to it (U2), where

m
u,=

U = ]0.

2« <Pn - Pa>

(4)

0.5

The kinetic energy of water is calculated from equations (4). The
kinetic energy of steam is calculated from the steam mass flow rate W x
X, The steam velocity equals :

0.5
(5)

v =
(P.

• P c >

Both water and steam entering the containment has kinetic energy
and enthalpy. Therefore, equation (3) is rewritten as follows :

W (1-X) [ (K.E.)w + hw + Cpw (Th - Tc)] +

W.X [(K.E.) +h +Cp (T -T ]
s s s h e

MCp (T -T )
a a c

= (W + M) cP s - cPa)
(Tc - Ta) (6)

Equation (6) gives the new containment temperature Tc after one
second from which the new pressure is determined assuming constant
properties of air and steam during the time step of 0.1 second .

The scenario of containment pressure build-up following a loss of
coolant accident is shown in Fig. (2). The temperature Tf after certain
time is calcuted and hence the pressure in the containment is predicted,
Fig. (3).
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Containment Depressurization Stages:

The heat is removed from the containment environment during the
depressurization period by drop-wise condensation mechanism until the
containment pressure approaches its initial condition approximately.
The energy balance is derived by :

G(T -T ) Cp + M (T -T )
f w w t m f

Cp + Cp )
s a - 0 (7)

The process of containment depressurization is shown in Fig. (4).

To investigate the effect of spray droplets diameter, initial values of
spray droplet diameters are varied from 1 to 3mm and the pressure
behaviour is calculated in each case.

Input Data :

A typical design of PWR by Westinghouse Elec. Crop. (USA) is used
in the calculations of the proposed model. The design has the following
specifications :

Initial Conditions of high pressure leg pipe
Inner diameter
Initial pressure of water u

Initial temperature of water
Volumetric flow rate of water
Initial water volume

Containment Initial conditions
Pressure
Temperature
Steam dryness fraction at beginning of LOCA
Spray system water temperature

Boundary Conditions :
Spray system injection pressure
Rate of water injections
Volume of containment building

Calculation Procedures :

From the energy added to the containment each time step after the
accident, the containment temperature Tc is recalculated. The
containment pressure , steam quality, enthalpy of water and steam added
to the system are determined from the thermodynamic charts . The
containment pressure build-up stage terminates at the boundary
condition of spray system injection at which the depressurization stage
starts up till reaching its initial pressure approximately, Fig.(2) . The
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procedure followed to calculate the pressure in this stage is almost
opposite to that in the pressure build-up stage .

Results and Discussion :

Fig. (3) shows pressure traces in a containment following a loss of
coolant accident . The pressure increases rapidly to about 6 times its
initial value within 15 seconds where the ECCS starts injecting water
inside the reactor core leading to decelerating the rate of pressure
growth . Meanwhile , as the pressure reaches the containment design
safety limit at about 38 psig within 20 seconds , the containment safety
features include water spray injection system and air recirculation fans
start operation causing considerable pressure drop and steam air mixing
until the pressure decreases to its initial condition within 15 minutes
approximately, Fig.(4). The results of large LOCA showed good
agreement with Westinghouse calculations of the same design . The heat
removal from the containment environment is rejected into the sump by
drop-wise condensation mechanism . The water pool of the containment
sump can be recirculated to cooldown through heat exchangers and
then pumped to the spray system again , Fig.(l). The pressure behaviour
at different sizes of LOCA , namely , small , medium and large LOCA at
2% , 15% and 25% flow released from the pressurized leg break are
investigated. The time through which the containment pressure reaches
its maximum value at about 38 psig for different cases of LOCA and the
depressurization period are shown in Fig. (5), and given by :

r Size of LOCA

Large (25%.)

Medium (15%)

Small (2%) 20

Time of containment

pressure build-up, sec

20

35

70

Depressurization ]

period , sec.

= 2000

- 6000

= 10000

The response of the Engineering Safety Features (ESF) of PWR
system to mitigate loss of coolant accidents are summarized in the
following table :
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Engineering Safety Features

(ESF)

1 - Passive Systems

a - Boron Injection Tank

b - Accumulator

2 - Active Systems

a - Core Cooling Systems

i- High Pressure Injection

System (ECCS)

ii- Residual Heat Removal

System (RHRS)

b - Containment Systems

i- Spray Water System

ii- Air Recirculation Fans

Injection Time

after LOCA, sec

0.1

10.0

15.0

20.0

20.0

15.0

Effectiveness

Dilute Care debris

Refloodlng

Re wetting

Cooling .

Dropwise Condensation

The effect of initial droplets diameter injected from the nozzles of

the safety spray system is investigated . Three diameters of 2, 3 and 4

mm are used in the program of containment depressurization . The

results show that the droplets diameter 3 mm gives best performance ,

Fig.(6) .
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Fig. (2) : Calculations Procedures Flow-Chart.
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Tims ,
100

Fig. (3) : The Containment Pressure Behaviour Following a Small,
Medium and Large LOCA in PWR

Fig. (4) : The Effect of Safety Systems Operation on the Containment
Pressure Following a Large LOCA in PWR
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Fig. (5) : The Containment Pressure Response to the Operation of
Safety Systems for different cases of LOCA

10000

Fig. (6) : The Effect of Spray Droplets Initial Diameter on The
Containment Pressure Response Following a Large LOCA
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Conclusions :

The scenarios of presure build-up in containment during loss of
coolant accidents are investigated . The time of pressure build-up and
depressurization periods are determined depending on the type of
LOCA .The pressure increases rapidly about 6 times its initial value
within 15 seconds for large LOCA , where the pressure reaches the
containment design limit at about 40 psig ,thereby the spray system
starts injection causing considerable pressure drop . The effect of initial
droplets diameters injected from the nozzles of the spray system is
investigated . The results of 3 mm droplet diameter give satisfactory
performance

Heat removal from containment volume is absorbed by dropwise
condensation mechanism .

Nomenclature

A
C
Cp
G
g
h
K.E.
M
m
P
Psat
T
AT
t
u
V

W
P

cross sectional area,
empirical coefficient,
specific heat at constant pressure,
mass flow rate of spray system,
gravitational acceleration,
enthalpy,
kinetic energy,
total mass of gases in the containment,
mass flow rate of coolant,
pressure,
saturation pressure of coolant,
temperature,
temperature difference,
time increment,
water velocity,
vapor velocity,
mass flow through nozzle (in time increment),

water density ,

Subscripts

a
c
f
h

air .
containment
final value .
hot leg .

m2

kJ/kg. °C
m3/ sec.
m /sec2

kJ/kg
kJ/kg

kg
kg/sec.
kg/m2

kg/m2

°K
°K
sec.

m / sec.
m / sec.

kg
kg/mm3
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m mixture .
n at nozzle exit
p at pressure P .
s steam .
w water of spray system
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