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Summary

The Isolation Condensers (IC) of a conceptual design of Simplified Boiling Water

Reactor (1,2) (SBWR) have been modeled to study the performance under various operating

conditions. There are two types of ICs ; the system ICs are designed to passively limit the

reactor pressure under accident conditions and the containment ICs are to remove the decay heat

after a LOCA.

A stand-alone computer code has been developed for simulating the system IC to be

utilized in the SBWR. This type of IC is used to control the reactor pressure by condensing

incoming steam to return the condensate directly into the reactor pressure vessel preserving the

total liquid inventory in the system. Since the amount of dissolved gases is limited by the

solubility of noncondensibles in the reactor coolant, this type of IC is being modeled without

considering the degradation due to the presence of noncondensibles. The alternate type receives

steam and gas mixture from the containment, which results in higher concentration of

noncondensibles inside the IC.

The variations of the boundary conditions considered here are (a) change in the initial

liquid level in the IC, (b) change in initial line pressure loss, (c) Change in the cooling capacity

of the IC pool , (d) variation of pressure in the steam line.

A consistent set of analyses has been performed utilizing the code for the above

mentioned variations. A set of differential equations arising from the mass and energy balance

of the Isolation Condenser has been solved numerically in order to obtain the transient pressure

and enthalpy variations following the initiation of the IC activation. The boundary conditions are

imposed by specifying the RPV steam line pressure and the condensate return pressure.

However, momentum equations applied to the steam inlet line and condensate return line

determine the rate of steam inflow and liquid outflow from the IC. Adequate control of pressure

has been observed for the different boundary conditions investigated. The passively controlled

flow behaviors are significantly influenced by the gravity induced flow of steam and condensate.



System Description :

The function of the Isolation Condensers is to passively remove heat from the reactor.

Under off-normal operating conditions this will serve to control the pressure inside the Reactor

Pressure Vessel (RPV) while it prevents the opening of the Safety Relief Valve. The long term

decay heat removal from the reactor will also be achieved by the active usage of the ICs. The

physical locations of the ICs are above the RPV , Suppression Pools and Gravity Driven Cooling

System (GDCS) in order to utilize the gravity induced return flow of the condensate from the

ICs to the respective ports.

Steam flows into the system ICs from the RPV in the event of partial closure of the

MSIV, while the ICs in the Passive Core Cooling System (PCCS) system receive steam from

the containment vessel. The intention is that the ICs are to remove up to 4% of the rated reactor

power which results from decay heat. Condensate from the ICs is returned to the RPV by drain

lines or through GDCS. Small size venting pipes are used to remove the noncondensible gases

from the IC to the suppression pool at certain intervals. For the PCCS ICs the condensate is

returned to the GDCS pool while the noncondensible gases are vented into the suppression pool.

Although partial closure of the MSIV and excessive pressures in the RPV are two

conditions initiating the necessary isolation of the reactor, activation of the ICs is still a topic

for discussion.

Model Development:

In this study a system Isolation Condenser has been modeled as aHxingle control volume

enclosing the condenser tubes with an upper and a lower plenum. The boundary conditions to

this control volume are implemented through specification of RPV pressure at the steam line and

at the condensate return line. The conditions in the lines are assumed to be at a quasi steady

state. Therefore they are decoupled from the transient mass and energy balance of the IC.

Momentum equations applied to the inlet steam line and the condensate return line determine the

rate of steam inflow and condensate outflow from the IC. These are realistically the operating

conditions of the reactor and the GDCS pools. In addition, the noncondensible gas vent paths

impose the transient boundary condition. Heat removal from the system is dependent on the IC

pool condition and the heat transfer characteristics of the IC tubes in response to the variable



thermal conditions inside the tubes. The system IC, operating directly with the RPV is being

modeled in this study. Figure 1 shows a simplified sketch of the IC system and the associated

flow paths. The geometry of the model used in this analysis has been presented in Figure 2 .

The assumptions behind the geometric and thermodynamic modeling of the ICs are as follows:

IC Modeling Assumptions:

1. The IC is modeled as a single control volume with necessary boundary conditions.

2. Transient mass and e <srgy balance equations can be used to solve for pressure and

enthalpy within the control volume. Momentum change in the IC is negligible .

3. The steam flow rate is solved for using of the momentum equation applied to the steam

supply line, with pressure boundary condition satisfying the IC and the RPV.

4. The condensate flow rate is given by a solution of the momentum equation applied to the

condensate return line connected to the IC and the RPV.

5. Steam entering the IC is at a saturated vapor condition at the inlet pressure.

6. Liquid leaving the IC is at a subcooled or saturated condition depending on the heat

removal capacity.

7. The initial level of liquid in the IC is a variable depending on the existing two phase

mixture state.

8. For steady boundary conditions the steam supply and condensate return pressures are

assumed to remain constant.

IC Pool Assumptions:

1. The initial pool temperature is at 32 C.

2. Pool Energy balance is used to calculate the increase in pool temperature.

Heat Transfer Assumptions:

There are three significant heat transfer mechanisms of importance in this analysis, these

are as illustrated in Figure 3 :

1. Turbulent film condensation heat transfer inside the IC tubes occur in n parallel tubes.

2. Conduction heat transfer occurs through the tube wall thickness.

3. Natural Convection and pool boiling heat transfer occur between the tube external

surfaces and the pool liquid.



4. Any noncondensible gas is assumed to be in thermal equilibrium with steam at all times.

5. Condensed steam is assumed to be at a saturated liquid state in thermal equilibrium with

the residual liquid.



Theoretical Modeling:

Transient mass and energy balance equations are being solved for the IC which has been

modeled as a single control volume. The governing equations for transient solution of enthalpy

and pressure are as follows:

Mass Balance Equation:

*.£5. - h. <*
dt 9kVc Ph dt

Energy Balance Equation:
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Boundary Conditions:



Steam Inlet Flow:

Steam inlet flow rate is calculated from the momentum balance applied to the steam inlet

line connecting the RPV to the 1C: Flow dependent coefficient of pressure loss are to be

implemented for a more accurate calculation of the flow loss coefficients. In this analysis the

loss factor in steam line has been assumed to be constant. The steam flow rate is obtained from

equation 3 :

Steam Flow Rate ; Wseegm = As pg(F) Vv

Condensate Return Flow:

The condensate return flow rate is obtained from the momentum balance applied to the

condensate return line connected between the RPV and the IC, such that,

Liquid Flow Rate ; W^ = A, p/A) V,

Gravity induced flow is therefore balanced by the pressure differential under the influence of

wall friction. In case of vapor or gas entrainment in the liquid return line this equation needs to

be modified with appropriate two phase flow considerations. A two fluid model or a mixture

model may be utilized in that case. The effect of variation of the loss factor k in equation 4 has

been demonstrated in this study.



The modes of heat transfer considered in this analysis consists of (a) condensation heat

transfer between steam and the tube wall, (b) conduction through the tube wall and (c) natural

convection or pool boiling heat transfer between the tube outer surface and the pool liquid. It

should be noted that the radial temperature distribution in the liquid outside the tube bundle has

not been accounted for in this analysis. A local temperature rise and therefore, a reduction in

the rate of heat transfer is anticipated in addition to local pool boiling condition. The different

models used for heat transfer coefficient and corresponding resistances are as follows:

1. Correlation for turbulent film condensation inside the tubes is given by equation 5 :

0.943 j r

L (TTJ (5)
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2. Roshenow Correlation for nucleate pool boiling is used for the pool side heat transfer between

the tube surfaces and pool liquid as shown by equation 6.
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An implicit relation for the pool heat transfer coefficient has been used. Heat flux from the

previous time step is used in order to estimate the heat transfer coefficient at the current time

step.
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3. Conduction heat transfer through condenser tubes is calculated for multiple parallel tubes

placed in between the upper and lower plenum of the IC. The total surface area and the tube

volume have been preserved in calculations, such that the resistance to heat transfer is calculated

as

D - . - W - K (7)
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Using equations 5, 6 and 7, an equivalent heat transfer correlation is formed such that-

E*

The energy balance for the pool liquid level is used to obtain the pool temperature, while the

steam

temperature is assumed to be saturated at the existing pressure.

Operating Conditions:

The present analysis is aimed at the performance characteristics study of the IC. Therefore, a

base case has been defined for analysis from which the controlling parameters are varied in a

systematic manner in order to verify the IC performance. The base case has been defined as

follows:

IC System Pressure = 6.96 MPa

Initial Quality = .4

Steam Line Pressure = 7.0 MPa

Condensate Return Pressure = 6.92 MPa

Geometric Parameters:

The geometric parameters which are used to define the IC and its peripheral components

were obtained from General Electric. The present analysis depends on the specific magnitudes



of these variables.
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ANALYSIS

Case Study :

Several cases of interest have been analyzed in this study. As discussed earlier, the base

case has been modified to vary the operating conditions and the limiting conditions in order to

study the performance characteristics of the IC. Due to the unavailability of appropriate data,

comparison with measurements is beyond the scope of present paper. However, physical

response of the system can be assessed by verifying the'initial and boundary conditions. The

expected qualitative trend of the calculated parameters are to be observed with variation of the

control parameters. The base case for the present analysis has been modified by variation of the

following parameters:

Variation of Initial Liquid Level:

The initial liquid level in the IC is representative of the initial liquid inventory, which

can affect the duration of draining of the IC. This has been achieved by changing initial mixture

quality between from 40% to 85%.

Variation of Cooling Capacity:

The cooling capacity of the IC pool is ideally a function of the temperature gradient

between the pool fluid and the condensing steam inside the tubes. It is evident that the pool

temperature must be below the dew point temperature of the steam in the tube in order for the

process to continue. The liquid inventory in the IC pool and reservoir is found to be sufficient

such that the temperature rise is limited to a few degrees. Therefore the process of condensation

is expected to continue for the entire period of active operation of the IC. However, local pool

boiling on the tube surfaces is expected to occur, causing local temperature rise and consequent

reduction in the rate of heat transfer to the pool. A demonstration of variation of heat transfer

has been presented with a simulated transient profile of the pool cooling capacity.

Variation of Initial Line Pressures Loss:
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Under abnormal operating conditions, the steam line pressure and the condensate return

line pressures are expected to vary with time. Such transient boundary conditions have not been

addressed in the present analysis. However, in order to observe the effect of such variations,

a single step change of steam line and liquid return line pressures are considered. An equilibrium

pressure is attained by the IC which reflects the mass inventory. The time constant associated

with attainment of this equilibrium pressure is a function of the boundary pressures.

The initial calculation begins with a given condition of the steam line pressure PRPV > and

the liquid return pressure P ^ . Steam line connected to the RPV controls the steam flow rate

into the IC. Similarly, the condensate return pressure is a specified boundary condition. The

differential pressures APRPV or A P ^ thereby are defined such that:

where P(t) represents instantaneous pressure within the IC. Equation 5 and 6 control the initial

momentum in the steam and liquid flow lines. The calculation begins with the given initial value

and calculates values of the variables at following time steps. For steady flow boundary

conditions these remain constant. The pressure boundary conditions are changed by changing

PRCT from 5 MPa to 6.92 MPa.

Results obtained from the above analyses are presented in the next section.
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RESULTS AND DISCUSSION

The calculation begins with a given boundary condition of pressure to solve for the

momentum equations applied to the steam line and liquid return line, as shown by equations 3

and 4. Subsequent solutions of the governing equations at each time step provides the required

parameters characterizing the IC performance. The calculated IC pressure determines the

following flow boundary conditions. At constant IC pressure, the liquid flow remains fixed at

the equilibrium flow rate. On the other hand, with a decrease of IC pressure (relative to RPV

return line pressure), the liquid flow rate will decrease. This situation appears since the negative

static pressure head opposes the available gravity head in equation 4.

Figures 4a to 4d represent the results for the base-case calculation. Steam flow rate to

the IC, liquid level, steam quality and IC pressure are presented. In order to observe the effect

of liquid return line loss factor on each of these parameters, the loss coefficient factor k in

equation 4 has been varied from 2 to 20 (indicated by AKL in the figures). Confirming to the

expectation, lower loss coefficients are associated with higher liquid flow rates, with lower

pressures and higher rates of liquid depletion.

Variation of Initial Liquid level:

Variation of the initial liquid level in the IC reflects the liquid inventory distribution in

the reactor. If the valve connect ig the condensate return to the RPV remains closed, the liquid

return path will then be filled. The level of liquid inside the IC will determine the available

space for steam entry to the IC and consequent condensation. The time required for draining of

the initial liquid will be controlled by the pressure in the downstream direction. The condensate

return line is connected to the RPV at a location near the feedwater inlet. The pressure in this

region will determine the liquid flow rate into the RPV. A negative pressure head will therefore

oppose the gravity assisted liquid flow return.

Lowering of the liquid level below the bottom of the IC tubes results in a sudden drop

in level due to the change in the tube diameter. During the draining of the IC, the level is a

balance between the rate of condensation and flow rate through the return pipe.

The decrease in the initial liquid level has been achieved by increasing the quality from
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40% to 85% . The results are presented in Figures 5a to 5d. As observed from Figure 5c,

depending upon the loss factor k, the quality has reached 100% at different times. With the

attainment of this state, the IC pressure escalates to a higher equilibrium pressure as opposed

to the previous pressure. For each case of k the final equilibrium pressure is found to be the

same at 6.973 MPa, although at a two phase condition ( i.e quality < 1.0 ), the equilibrium

pressures for each case were different.

The sudden drop in the liquid level reflects the end of the draining period of the IC. The

drain period varies with the loss factors, such that the highest loss factor case, does not drain

within the time frame of the calculation. As discussed earlier, the variation of IC pressure

resulted in change in liquid flow rate and steam inflow to the IC.

Variation of Cooling Capacity:

Significant variations of the cooling capacity of the IC pool is not expected to occur

under normal operating conditions. Due to the inventory, the temperature of the liquid in the

pool will rise after a period longer than the initial transient period of interest of this paper.

However, in order to simulate the scenario of loss of liquid coolant and increase of cooling

capacity, here we demonstrate two special cases. For the first case, the cooling capacity Qc

equals to zero

after 0.1 seconds in a transient which lasts for 0.5 seconds. Therefore there is no effective

cooling during this period. According to Figures 6a to 6d , the pressure variation shows a step

change which is followed by a change in the rate of increase in quality. As discussed earlier,

the rise in IC pressure results in a decrease in the steam inlet flow rate and an increase in the

condensate return flow while draining is occurring. The liquid level decreases, with a change

in the slope due to the increased rate of liquid flow.

The above analysis is continued with closure of the liquid return flow path. This situation

is to simulate the ultimate inactive role of the IC due to loss of the cooling capacity while the

liquid flow path is closed. Figures 7a to 7d show the trends observed during this case. The

absence of condensate removal from the IC results in increased IC pressure to an equilibrium

value determined by the rate of cooling. The quality decreases in this situation with a monotonic

increase in liquid level. The process continues such that the incoming steam collects as
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condensate in the IC.

At 0.4 seconds into the transient, the cooling capacity of the pool is eliminated. An

immediate change in the parameters is then observed. A new equilibrium pressure is soon

reached by the IC. This higher pressure prevents further inflow of steam. The liquid level is

thereby found to remain fixed at this state of quality and pressure. At this stage the IC can be

considered to be in a completely inactive mode. Subsequent opening of the liquid flow path

would result in a decrease in pressure and consequent inflow of steam. However, without

effective cooling, the pressure rise would reach a different equilibrium, allowing only a low

steam flow rate, as discussed in the previous section.

Increase in the cooling capacity by 50% in absence of the liquid flow resulted in a

significant change in the equilibrium pressure and steam inlet flow rate, as shown in Figures

8a to 8d. The rate of decrease in quality has changed without any significant change in the slope

of liquid level change as observed in these figures.

Variation of Initial Line Pressure Loss:

Equations 5 and 6 show the eftect of a change in pressure boundary conditions. In the

absence of liquid flow from the IC, the &P*?V can control the steam inlet flow rate and the

consequent pressure inside the IC. As shown in Figures 9a to 9d, the change of APRPV to 1.0

MPa from .04 Mpa has resulted in a peak in the quality, while the pressure has reached an

equilibrium value. Due to the high initial steam flow rate, the quality has increased in the first

0.35 seconds. However, with a lower equilibrium steam flow rate, the quality began to decrease

in the presence of continuous condensation. The slope of liquid level increase has changed after

this initial stage. At the equilibrium state, the rate of condensation is comparable to the steam

inflow rate.
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CONCLUSION:

A systematic study of the performance of the Isolation Condenser for a conceptual design

of SBWR has been presented. The objective of the IC is to passively remove heat and control

the pressure variation in the RPV. According to the observed trends, the IC cooling capacity and

condensate flow can independently influence the ultimate performance of the IC. The transient

pressure profile for the IC reaches different equilibrium values for each of the cases analyzed.

The absolute magnitude of these values are a function of the cooling capacity and flow rates.

With appropriate control of the liquid flow loss coefficients,.the performance of the IC can be

well predicted. Due to the lack of useful data, this study is limited to the numerical simulation

ofthelC.

Further improvement of the model will include considerations of noncondensible gases

in the process of condensation, entrainment of steam in the liquid return flow rate and the

controlled venting process from the IC.
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