
�����,QWHUQDWLRQDO�1XFOHDU�$WODQWLF�&RQIHUHQFH���,1$&�����
6DQWRV��63��%UD]LO��$XJXVW����WR�6HSWHPEHU��������

6,08/$7,21�2)�,5,6�35(6685,=(5�287�685*(�75$16,(1786,1*�7:2�$1'�7+5((�92/80(6�6,08/$7,21�02'(/6
'DYLG�$��%RWHOKR��3DXOR�$��%��'H�6DPSDLR��DQG�0DULD�GH�/RXUGHV�0RUHLUD�,QVWLWXWR�GH�(QJHQKDULD�1XFOHDU��5LR�GH�-DQHLUR

$QW{QLR�&DUORV�GH�2��%DUURVR���,3(1� 6mR�3DXOR

$%675$&7
Numeric models of the IRIS reactor pressurizer having either two or three volumes were employed to simulate a
typical out-surge transient.  The vapor volume may contain liquid drops.  Vapor bubbles can be generated in the
liquid volume.  The mass, the energy, the constitutive, and the state equations, represent all relevant phenomena.
A pressure equation is derived by the substitution of the mass and energy equations onto the presurizer volume
constraint, assuming that the instantaneous pressure is the same in all volumes.  The pressurizer experimental
data of a loss of load transient in the Shippingport reactor is used to validate these pressurizer models.  These
models are also employed to verify the capacity of the thermal power controller to restore the pressure in the
IRIS out-surge transient.  The preliminary validation, using the Shippingport experimental data, and the close
agreement reached by all the developed software, for the IRIS out-surge transient, recommends further
validation of these models for the test evaluation and the design of scaled experiments for the IRIS pressurizer.
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The IRIS reactor, steam generator and primary pumps are contained within an integral vessel.
The pressurizer is contained within the integral vessel upper head.  It has a larger steam
volume for the reactor core power than the current PWRs.  Because of its large volume, the
IRIS pressurizer does not need a spray system of sub-cooled liquid to reduce pressure
increments due to in-surge transients, but heaters are provided in the lowest liquid volume.
The lowest liquid volume of the pressurizer is separated from the circulating reactor coolant
by a dividing steel structure that contains the surge flow path.  Part of the pressurizer test
scope is the simulation of surges in and out of the pressurizer, and the simulation of the heater
operating modes.

�� 0$66�$1'�(1(5*<�&216(59$7,21�(48$7,216
The three-volume model consists of an upper volume of vapor, an intermediate volume of
liquid situated in part of the hemispheric volume, and a fixed volume of liquid located in a
cylinder below the pressurizer hemisphere.  In the two-volume model, the liquid volumes are
collapsed in one volume that spreads from part of the liquid hemispheric volume to the liquid
in the lower cylinder.  The mass conservation equations are written in terms of the mass flow
rates crossing internal interfaces and the surge interface.  The internal energy conservation
equations are written in terms of the convective heat rate, the thermal power, and the
mechanical power [1].  The mechanical power is defined as the pressure times the volume
rates.  The mass conservation equations for the vapor, the upper liquid, and the lower liquid
of the pressurizer are:
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The energy conservation equations for the vapor, the upper liquid, and the lower liquid of the
pressurizer are:
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In the three-volume model, the lower liquid volume is fixed.  This constraint condition is
used to calculate the mass flow rate on the interface between the two liquid volumes.  The
mass flow rate equation is derived by the substitution of the mass balance equation of the
lower liquid volume into the volume constraint condition.  The final result is [2,3]
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The total volume of the pressurizer is also invariant with time.  As the lower liquid volume is
fixed, the remaining volume constraint condition is used to derive the following pressure
equation
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The substitution of the vapor and the upper liquid volume mass balance equations and energy
balance equations into Eq. (8) finalizes the derivation of the pressure differential equation.
Closure constitutive relations define the unknown mass flow rates.  Liquid and steam
thermodynamic state equations are also used for closure.
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The heat diffusion from the lower liquid volume to the middle liquid volume is neglected.
The mass exchange on the interface of the vapor volume and the middle liquid volume is
calculated using the gas kinetic theory.  The heat exchange on the interface of the vapor
volume and the middle liquid volume is calculated using a convective heat transfer
coefficient [4].

Liquid drops are generated in the vapor volume due to bulk condensation (rainout) [5, 6].
Due to the large density of a liquid drop as compared to the density of the vapor volume, the
drops never reach speeds needed for significant drag force.  Thus the liquid drops reach the
interface with the velocity of a free falling body.  They enter the liquid volume through the
liquid interface. The rainout mass flow rate is defined in terms of the interface area, the liquid
fraction in the vapor volume, and the drop final velocity in the vapor volume.

Vapor bubbles are generated in the liquid volume due to bulk evaporation (flashing) [5, 6].
Due to the small density of the vapor bubble as compared to that of the liquid volume, the
drops can have a significant (buoyancy minus gravity) acceleration.  Thus they reach
sufficient speed for significant drag force.  The flashing mass flow rate is defined in terms of
the interface area, the vapor fraction in the liquid volume, and bubble terminal velocity in the
liquid volume, that is calculated using the Wilson formula [7].  The transient rainout and
flashing mass flow rates are calculated employing a transit time delay model [6].

The mass flow rate due to vapor condensation on the wall in the vapor volume is calculated
from the wall condensation equation derived from the mass and energy jump conditions on
this interface [1].  The heat transfer coefficient for condensation is calculated using the model
derived by Nusselt (shown in the reference [8]).  The wall temperature can be calculated
solving a wall conduction equation with a heat transfer coefficient averaged over all volumes.

��� +($7(5�6,08/$7,21�&21752/
The pressurizer heaters are simulated using a time delay equation with a typical time
constant.  Therefore, the equation for the time behavior of the pressurizer heaters is [5]
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The proportional heater bank is controlled as [3]
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The proportional heater bank power is limited to the 7RWDO
3,4� value.  The back-up heater banks

power is the design value when the pressure is within the interval of the prescribed pressure
set points, and zero, when the pressure is outside this interval.  The total electric power in the
pressurizer electric heaters is the sum of the power of the proportional heater bank and the
power of the back-up heater banks.
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This pressurizer model was compared to the experimental data of a 74 MW loss of load
transient in the Shippingport reactor [6] using its heaters, spray, and relief valve specific
controls.  As is shown in Figure 1, the results for the three-volume and the two-volume
models, using a separate solver, are almost identical.  Both results show a very little
discrepancy from results of the two-volume model using a simultaneous solver.  Despite
some uncertainty in the insurge and spray enthalpy, the numeric results from these models are
considered in good agreement with the Shippingport pressurizer experimental data.
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In IRIS, the pressurizer is located in the upper head of the integral vessel (for the reactor,
steam generators, and main pumps), above the internal control rod mechanisms.  This
placement is considered optimal for the IRIS design, since it maximizes the overall
pressurizer volume.  The IRIS pressurizer layout is shown in the Fig. 2.

The three and the two volume models were used to simulate numerically a typical out-surge
transient in the IRIS pressurizer.  The driving parameter in this transient is the mass flow rate
through the surge orifices, calculated in a primary circuit simulation [3].  The mass flow rate
curve is shown in Fig. (3).  In surge events, the pressure is controlled by the heater power.
The heater power value calculated by the heater controller is shown in the Fig. 4.  Using the
various numerical models, the pressure curves are shown in the Fig. 5.  Notice the pressure
stabilization by the heater controller.  The D-labeled results in the Fig. 4 and Fig. 5 have the
wall condensation energy terms explicitly represented in the energy equations.  In the B-
labeled results the wall condensation is contained in the heat transfer coefficient to calculate
the heat losses to the pressurizer wall.  As shown in Figure 4, all results of the three-volume
and the two-volume models are almost identical, using either a separate solver or a
simultaneous solver.  The B-labeled and the D-labeled software were developed
independently, and a preliminary “validation” was performed for the D-labeled software.
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The preliminary validation and the agreement of the curves demonstrate that the calculated
pressure curves can correctly represent the response of the IRIS pressurizer to out-surge
transients.
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As shown, the results of the three-volume and the two-volume models are almost identical,
using either a separate solver or a simultaneous solver.  The preliminary validation, using the
Shippingport experimental data, and the close agreement reached by all the developed
software, for the IRIS out-surge transient, recommends further validation of these models for
the test evaluation and the design of scaled experiments for the IRIS pressurizer.

120(1&/$785(
K = Enthalpy per unit mass         P = Mass         :P,� = Mass flow rate        S = Pressure

4� = Thermal power            W = Time           Y = Volume per unit mass             9 = Volume

Subscripts:    FL=Flashing,    RO=Rain-out,    WC=Wall condensation,     PI=Proportional-integral,
p=proportional,    i=Integral,    f=Saturated liquid    g=Saturated vapor
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