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SUMMARY

An analysis on boron dilution events during small break Loss of Coolant

Accident (LOCA) for Korean Next Generation Reactor (KNGR) was

performed using Computational Fluid Dynamics (CFD) computer program

FLUENT code. Unborated water has been postulated to collect in the reactor

coolant pump suction pipes following a small break loss of coolant accident

as a result of boiling in the core and condensing in the steam generator (SG)

tubes and later may be pushed into the core by restarting of a reactor

coolant pump (RCP), where it could lead to an increase in reactivity.

However, the diluted water slug is supposed to mixing in the downcomer and

low plenum during the transport into the core. Since the mixing serves as an

inherent protection mechanism of the recriticality, an analysis was performed

to investigate the mixing effects on the minimum boron concentration in the

core as the unborated water slug transported into the core.

The maximum size of the water slug was determined based on the source

of unborated water slug and the possible flow paths. Axi symmetric

computational fluid dynamic analysis model is applied for conservative scoping

analysis of unborated water slug mixing with recirculation water of the

reactor system following small break LOCA assuming one Reactor Coolant

Pump (RCP) restart. The computation grid was determined through the

sensitivity study on the grid size, which calculates the most conservative

results, and the preliminary calculation for boron mixing was performed using

this grid.

The minimum boron concentration of 381 ppm was predicted for KNGR

through the boron mixing analysis. The predicted minimum boron

concentration in the core thus meets the recritically criteria for core cooling.

However, the critical boron concentration of KNGR for post LOCA condition

is 311 ppm at 350°F[18], the predicted minimum boron concentration may not

have sufficient margin to ensure the subcritical condition for core cooling. In

addition, the SYSTEM 80+, reference plant of KNGR, has been used critical
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boron concentration of 550 ppm at 300°F[16] which much greater than that of

KNGR, even higher than the predicted value. The predicted minimum boron

concentration of SYSTEM 80+ was 1350 ppm. These facts require the

detailed evaluation using qualified design data to ensure the adequate core

cooling and thus to address the boron dilution issue for KNGR. In addition,

a 3-dimensional analysis is recommended to increase the margin by

eliminating the conservative assumptions adopted in the 2-dimensional

analysis and including the three dimensional mixing effects in downcomer.
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Chapter 1. Introduction

The postulated small break LOCA scenario results in the accumulation of

deborated water in each of the reactor coolant system (RCS) cold-leg loop

seals as a result of boiling in the core and condensing in steam generator

(SG) tubes. Emergency Operating Guideline (EOG) procedures dictate that

natural circulation flow must exist for at least 20 minutes before one RCP

restarted. This operational procedure has been shown to be acceptable for

SYSTEM 80+, reference plant of KNGR. The supporting analysis assumes an

unlimited volume of unborated water moving at natural circulation flow rate

is forced through the core without crediting any mixing with the borated

water in the RCS that is expected to occur. The results of the analysis

demonstrated that the core remains adequately cooled.

With disregard of the EOG, a premature restart of an RCP following the

collection of the unborated water in the RCP suction pipes could occur before

natural circulation mixed the unborated water with the highly borated water

in the reactor vessel and remaining parts of the RCS. In addition to the

procedural restriction, these conditions are highly unlikely to occur because of

the continuous natural circulation currents generated by the system thermal

gradients and the boric acid concentration gradients.

The purpose of this study is to determine the computational grid that is

used for the SBLOCA boron dilution analysis of KNGR using computational

fluid dynamic techniques to predict the mixing of an unborated slug in the

reactor vessel as the deborated water accumulated in the RCP suction pipings

is forced through the reactor vessel by the restart of one RCP. Also, a

preliminary scoping analysis on boron mixing in the reactor vessel was

performed using the selected grid to evaluate the minimum boron

concentration in the core.
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Chapter 2. Small Break LOCA Scenarios

The postulated small break LOCA scenario results in the accumulation of

deborated water in each of the RCS cold-leg loop seals. The accumulation of

deborated water in the loop seals is caused by steam condensation (reflux

cooling) following drainage from SG tubes. During reflux cooling, the

condensate on the cold-leg side of the SG tubes drains into the loop seals.

1. Break Sizes of Concern

In order to accumulate the unborated condensate in the cold side of the

RCS during a small break LOCA, the liquid circulation loop across the tops

of the steam generators must be broken and temperature of the SG

secondary side must be lower than that of the primary coolant. This forces

the core to boil and produces the steam. This steam condensed back to liquid

in the steam generators and a portion of the condensate flows into the cold

side of the SG.

The break sizes of concern of KNGR are in the range from 0.05 ft2

(0.00464 m2) to 0.0055 ft2 ( 0.00051 m2). For break sizes smaller than 0.0055

ft2 the liquid loop in the RCS is generally intact, the RCS refills very quickly

and very little condensate is formed.

For break size larger than 0.05 ft2 the RCS is may not refill and

condensation is minimized by removing much more energy through the break.

This will minimize the condensate available to be delivered to the core if the

RCP is restarted.

2. Sequence of Events

The transport of large amounts of steam generator condensate from the

loop seals to the core during a small break LOCA occurs several hours after

the start of accident. Because of long time involved, this transients spans the

times for both the small break LOCA and for the post LOCA long term
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cooling behavior. A representative sequence of events for this transient is

given Table 1.

3. Mixing Process

The mixing of unborated water slug during the transport into the core

occurs by convection, that is by the combined process of advection and

diffusion. The conservation equation for boron in a flow field can be written

as

dpC i rr dpC d / r*. dpC \ , ,-
dt +Ui dx{ ^ ^ { D dXi

) + S (1)

where D is the diffusion coefficient, S the source term and subscript i refers

to cartesian coordinate direction. In turbulent flows the local concentration

gradients are smoothened out by turbulence and finally by molecular diffusion.

In typical downcomer flow conditions the molecular effects are negligible from

the large scale mixing point of view.
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Chapter 3. Analytical Methods and Procedures

The Computational Fluid Dynamics (CFD) code FLUENT version 4.47 was

used to determine the minimum boron concentration during the small break

LOCA. The modeling capabilities, the qualifications of the program and the

validation of the application are briefly discussed.

Two dimensional axisymmetric model was generated for FLUENT

calculations. Analytical assumptions, initial and boundary conditions were

established based on the KNGR and reference plant SYSTEM 80+. The

maximum size of the unborated water accumulated in the suction leg of the

RCP was conservatively estimated based on the reference[16]. The

computational procedure was also established to calculate the time dependent

minimum boron concentration in the core as the unborated slug forced into

the reactor vessel by the start-up of one RCP.

1. FLUENT Program

FLUENT code is a general purpose CFD computer program for the

modeling of fluid flow, heat transfer, and chemical reaction[2, 5, 12].

FLUENT can model a wide range of physical phenomena of fluid flow

including :

• 2-D/3-D geometries in cartesian, cylindrical, or generalized curvilinear

coordinates.

• Steady state or transient flow;

• Incompressible or compressible flow;

• Laminar or turbulent flow;

• Mixing of chemical species, including optional multicomponent diffusion

models;

• Coupled conduction/convection heat transfer;

• Flow through porous media, including thermal effects of the solid media;

The modeling capabilities listed above enable to apply FLUENT to the
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boron mixing analysis in the reactor vessel. The FLUENT code could display

the data for the boric acid mass fraction or water mass fraction. Since the

addition of these two mass fractions must equal unity, one can be easily

obtained from the other.

The coupled conservation equations for mass, momentum, energy and

chemical species are solved using a control volume based finite difference

method. The governing equations are discretized on a curvilinear grid to

enable computations in complex/irregular geometries. Interpolation is

accomplished using a first order, the power law scheme or higher order

upwind schemes. The pressure-velocity coupling is made using the SIMPLEC

algorithm, and the resulting set of discrete algebraic equations are solved

using line-iterative procedures. This solution technique has been the basis for

incompressible CFD programs, including the TEMPEST[3] and C0MMIX[4]

sponsored by the USNRC and DOE. It is also the basis for other

contemporary CFD programs such as PHOENICS and CFX.

There are three turbulence models available including the standard k- e

model. The others are a renormalization-group based k- e model (RNG) and

the higher-order Reynolds Stress Model (RSM). The standard k- e model has

been most widely used for turbulence modeling although k- e model is known

to be some weakness. The simple structure of k- e model compared to other

advanced models make its usage more attractive. The most severe

uncertainties of k- e model in mixing studies come from the behavior in

rapidly accelerating flows and from the well known difficulties in modeling

buoyancy induced turbulence.

A porous media approach can be applied to model the pressure loss

characteristics for which component detail is finer than the grid size. For the

purposes of this application, the approach includes an inertial resistance term

for the pressure losses.
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2. FLUENT Validation

Validation of FLUENT, or any other CFD tool, has not specifically been

conducted for this problem. However, the basic features of FLUENT

applicable to boron dilution transient were validated[5]. The basic features

of interest to this problem are the numerical solution procedure, turbulent

boundary layer flows, unsteady flows, and species transport. The validation

manual[5] contains 14 sample problems which address these concerns and the

concerns of other applications.

These sample problems exercise the basic modeling capabilities of

FLUENT needed to model reactor flow problems. In particular, they yield

sufficient confidence in FLUENT's ability to model mixing of boron in a

reactor vessel.

3. Generation of 2 - D Axisymmetric Model

A two-dimensional axisymmetric model (radial plane) of the reactor vessel

from the top of the fuel alignment plate to the bottom of lower head was

generated to calculate the turbulent chemical species mixing of the unborated

water slug with the RCS borated water as shown in Figure 1. Geometric

data and RCS volume used for FLUENT modeling were taken from the

reactor vessel elevation drawing for System 80+ which is the reference plant

of KNGR as shown in Figure 8 [16].

This axisymmetric approach is a simplified model of very complex

3-dimensional mixing hydraulics (Figure 9, 10). However, the approach is

representative of the flow physics, and there are number of reasons to judge

this simplified analysis of mixing in the downcomer annulus and lower head

to lead to a conservative approximation to the prediction of a minimum boron

concentration in the active core. Details of the model justification are

described in the Reference 16.

The inlet of this model begins at an elevation just below the inlet nozzles.

The exit of this model ends at an elevation just below about 25 inch (0.635
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m) upper point from the active core. The radial grid of the downcomer

annulus was selected to be fine enough to allow the direct simulation of the

annulus downflow pressure drop and radial mixing. In the lower head region,

the grid structure was generated also fine enough for the prediction of

turning losses and associated shear generated turbulence and mixing.

For the flow through the flow skirt, lower core support structure, and

active core, inertial resistance factors of the porous media model are applied

to represent flow resistances. The resistance factors used for analysis are

summarized in Table 2.

4. Analytical Assumptions, Initial and Boundary Conditions

The fluid is assumed isothermal and incompressible, and gravity forces are

ignored. Since the boric acid is a small fraction of the fluid, the physical

properties of the fluid was assumed as those of water. In addition, the flow

is assumed to be constant density and the heat transfer was not calculated,

because buoyancy forces generated by variations in the boron concentration

and temperature variations in consideration are expected to be small relative

to the inertia forces,

The initial condition of the reactor coolant is assumed stagnant (0 ft/s)

with a uniform 4000ppm boron concentration and temperature of 350°F(176.

7°C). The inlet boundary condition for the accelerating coolant with delayed

entry of the unborated slug is shown in Figure 11. Nominal full flow

operation for one pump is assigned 120,000 gpm, which is the best estimate

pump flow rate with four pumps operating [15].

A uniform downward velocity is specified on the core barrel side of the

annulus to represent the lower portion of the planar jet caused by the inlet

nozzle. This inlet velocity is time dependent to reflect the acceleration of

pump flow rate. By using conservative pump speed acceleration and ignoring

reactor coolant inertia effects, the maximum pump flow rate was assumed is

to be reached in 15 seconds. The mixing analysis in the reactor vessel was
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conducted with an inlet velocity boundary condition for both 98 and 150

percent pump flow rate based on the Reference [16]. Figure 5 shows a

schematic of the RCS flow diagram illustrating the distribution of flow with

one RCP operating.

The unborated water slug in RCP suction pipe must first pass through the

RCP and the RCP discharge pipe before entering the reactor vessel. These

volumes (RCP and RCP discharge volume) are considered as a delay of the

injection, and the delay is take account in the time dependence of the inlet

velocity.

The FLUENT computation predicts the distribution of boric acid through

the reactor vessel model. The molecular weights of boron (B) and boric acid

(H3BO3) are 10.81 and 61.83 lbm/mole, respectively. Thus, the mass fraction

of boron in boric acid is 0.1748. Therefore, the wt-ppm-B in the coolant

may be related to the mass fraction of H3BO3 in the coolant by the ratio : 1

wt. % boric acid = 1748.34 ppm boron
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Chapter 4. Sensitivity Studies

The numerical solution on boron concentration is influenced by the number

of grid points (grid size) in computational domain because of the numerical

diffusion introduced by the discretization method for the advection term of the

governing fluid flow equation. The FLUENT code has options of higher order

of discretisation scheme to reduce this artificial numerical damping. The use

of higher order discretisation scheme, however, does not completely solve the

problem of numerical diffusion. The numerical diffusion have to be small or

insignificant to prevent false conclusions about the efficacy of mixing. Since

the CFD computations may be sensitive to the grid density (number of grid

cells in computation domain) and time step size, the computational grid for

the boron mixing analysis of KNGR must be determined through the

sensitivity studies on these parameters. Also, the sensitivity studies on flow

parameters such as volume of the unborated water slug and inlet velocity,

need to be performed to investigate the influences of these parameters on the

minimum boron concentration in reactor vessel. Table 3 summarized the cases

performed in this study.

1. Grid Size

The FLUENT model is consisted of a two dimensional axis-symmetric

model which included the reactor vessel downcomer, flow skirt, core, and

other internals. Due to the geometric complexities of the reactor core and

other flow obstructions, a simplified model containing areas of averaged flow

resistance were used in place of modelling the actual structures. These

resistances were calculated from forward flow pressure losses obtained from

the system 80+ Parameter list[17].

Since the CFD computations are sensitive to the time step size and grid

resolutions, reducing the time step size by half and doubling the grid in each

direction, is a general means of testing the accuracy of the prediction.

The axisymmetric computational grid used for sensitivity study are shown
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in Figures 1 through 4. Actual control volume locations within the

computational grid are shown in these figures. The grid was highly refined in

the area corresponding to the downcomer to provide greater accuracy in

calculating the initial mixing stages of the transient. The lower head region

was also refined to improve the accuracy in the curved surface and

modeled using body fitted grid.

Four cases were run for the sensitivity analysis of the grid for the boron

dilution events during SBLOCA. Cases 1 through 4 in Table 3 shows the

summary of the parameters used in grid sensitivity study. The number of

grid cells in axial and radial direction were increased, while the fixed value of

time step size, inlet velocity and unborated water volume were used. The

unborated water volume of 631 ft3 was assumed to be injected by the

starting of a single reactor pump.

Figure 12 shows the time variation of calculated boron concentration at the

core inlet and the predicted minimum boron concentration with respect to the

grid size (number of grid cells). For base case (case 1, 44x30), the minimum

boron concentration of 0.012 or 2098 ppm was predicted at 15.2 seconds after

the transient start. By doubling the number of grid cells in both directions

(case 2, 86x58), the predicted minimum boron concentration in the core was

reduced to 0.003 or 524 ppm at the time of 15.2 seconds. By doubling the

grid cells in axial direction (case 3, 170x58), the minimum boron concentration

of 0.02 or 350 ppm was predicted at 15 seconds after transient starts, which

is slightly decreased compared with the case 2. Further increase of the grid

cells by doubling the grid cells in radial direction of case 3, the minimum

boron concentration of 0.0042 or 734 ppm was obtained at 16.5 seconds. The

predicted minimum boron concentration and its reaching time of case 4

increased slightly compared with those of case 3. After the time which

occurred the minimum boron concentration at the core entrance, the boron

concentration in whole flow field were greater than the minimum boron

concentration at the core entrance because of the mixing in the core,

As shown in this figure, the minimum boron concentration in the reactor
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vessel is very sensitive to the grid size and the case 3 (grid : 170x58)

predicts the most conservative approximation in the view point of the

minimum boron concentration. Therefore, case 3 is recommended to be used

in boron dilution analysis during SBLOCA.

Figures 13 and 14 shows the distribution of relative mass fraction of boric

acid for case 1 through 4 at 15 seconds and at 20 seconds, respectively.

2. Time Step Size

The computational grid and parameters used in sensitivity study on time

step size was summarized from case 5 to case 8 in Table 3. The results of

the sensitivity analysis on time step size also presented in Figure 15. The

minimum boron concentration was decreased by reducing the computational

time step size up to 0.01 seconds as shown in Figure 15(A). Further

reducing of the time step size however increases the minimum boron

concentration slightly as shown in Figure 15(b). By reducing time step size

from 0.1 seconds to 0.01 seconds, the calculated minimum boron concentration

was decreased from 699 ppm to 490 ppm. Therefore, time step size of 0.01

which gives most conservative results is recommended to be used for boron

dilution analysis of KNGR.

Figures 16 and 17 show the contours of the boric acid mass fraction at

the time of 14.0 seconds and 20.0 seconds after unborated water injection,

respectively.

3. Volume of Unborated Water Slug and Flow Velocity

The unborated water slug accumulated in the RCS injected immediately

into the reactor vessel with the start-up of one RCP. The volume of 262 ft3

below the centerline of the entire cold leg from the reactor vessel nozzle to

the steam generator outlet plenum was used for the calculation (Figure 7).

Since there are two RCP's connected to one steam generator, there may be a

second unborated slug which could be drawn into the RCP. However, this

second slug must first pass through the steam generator outlet plenum.
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The boron dilution analysis was conducted for two volumes of the

unborated slug, 262 ft3 and 524 ft3, respectively. The latter volume exceeds

the maximum amount of condensate per loop that can occur[9].

The variation of the minimum boron concentration in the core for the

diluted water slug mass of 262 ft3 and 524 ft3 are shown in Figure 18. The

different value of maximum inlet velocity were used for each of the

unborated water slug volume. These cases are summarized in case 9 through

case 12 in Table 3. Comparison of these cases indicates that the volume of

the unborated slug is much more important than the annulus flow rate (flow

velocity at the inlet). For either annulus flow rate, a doubling of the initial

slug volume reduces the minimum boron concentration in the core more than

two times. Increasing the annulus flow rate slightly increases the minimum

boron concentration. Since species diffusion is both a function of turbulent

diffusion and time, the increased turbulence due to the higher annulus

Reynolds number at the higher flow rate is slightly more important to the

mixing process than the time available for mixing. Detail boron concentration

variation for these cases are presented in Figures 19 and 20.

4. Inlet Size

A uniform downward velocity is specified on the core barrel side of the

annulus to represent the lower portion of the planar jet caused by the inlet

nozzle. Since the nominal full flow operation for one pump is assigned 120,000

gpm, the inlet velocity is varied with the inlet flow boundary sizes and thus

influences the mixing in the reactor vessel.

Cases 13 through 16 in Table 3 are the cases for the variations of inlet

size. Time traces of the minimum boron concentration and the minimum

boron concentration at the core inlet cell for these cases are shown in Figure

21. The predicted minimum boron concentration was decreased by increasing

inlet size and varied from 942 ppm for the area of downcomer annulus to 324

ppm for the 1/4 of downcomer area. This difference is caused by 1) the

difference of the interfacial area between the unborated water slug and the
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reactor coolant which occurs the mixing and, 2) the difference of the inlet

velocity of the unborated water slug which is decreases with the increase of

the inlet size. The mixing effects increased with the increase of interface area

and the higher turbulence level. These indicate that the minimum boron

concentration of KNGR calculated using 2-D model is highly dependent on

the interfacial area between the injected water slug and reactor coolant, and

the inlet flow boundary size (i.e. inlet velocity). Therefore, the proper

estimation of the inlet size is essentially important in 2-D axisymmetric

modeling of KNGR in order to account for the boron mixing effects in

downcomer. In addition, it may raise the questions on the validity of the 2-D

modeling and the inlet velocity boundary condition used in the analysis. The

application of 3-D reactor vessel modeling in boron dilution analysis of

KNGR may avoid these issues.

Figures 22 and 23 show the contours of the boric acid mass fraction at

time 8 seconds and at time 15 seconds, respectively.
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Chapter 5. Preliminary Analysis of Reactor

Vessel Boron Distribution

Preliminary scoping analysis of boron dilution during SBLOCA was

performed using FLUENT version 4.47. The analysis was performed using

computational grid of 170x58 (case 3), unborated water slug volume of 542

ft3, and time step size of 0.01 seconds which were selected based on the

sensitivity studies as described in the previous sections. In the reactor vessel

annulus 98% of the nominal pumping flow rate was assumed to be pass

through into the core.

Time traces of the minimum boron concentration at the core inlet cell for

this case are shown in Figure 24 (case 17). Figure 25 shows the distribution

of predicted boron concentration. The predicted minimum boron concentration

are gradually increased as the unborated water slug progresses through the

reactor vessel due to the mixing and expansion of the slug. As the mixing

slug enters the core, boron concentration first decreased at the base and outer

radius of the core and, the minimum boron concentration occurred at this

location. For this case, the minimum boron concentration in the core occurred

at the time of 13.6 seconds after transient starts. The center of the water

slug which has .lowest boron concentration slug exists at the bottom of the

downcomer at 10.0 seconds. At 13.6 seconds, the water slug migrated into the

core with the minimum boron concentration of 381 ppm. Afterward, the

minimum boron concentration sweeps radially inward and then upward

through the core as the highly borated water which follows flushes the

mixing slug out of the core.

Figures 26 shows the development of the velocity field in the reactor

vessel during the transient for the same elapsed times of Figure 25. Full

pump flow rate is achieved in 15 seconds. The similarity of the velocity

distributions suggests the velocity field develops faster than the pump flow

rate[16].
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Chapter 6. Conclusions

A numerical study was performed using FLUENT version 4.47 to

investigate mixing of the unborated water slug during SBLOCA of KNGR.

The computational grid which calculates the most conservative results was

determined through the sensitivity studies on grid density (number of grid

cells). The influence of the time step size, slug volume of unborated water

and inlet size (velocity) also was investigated.

In addition, a preliminary analysis on boron dilution event during SBLOCA

was performed using the selected computational grid (case 3 : 170x58) by

applying the conservative initial and boundary conditions. The predicted

minimum boron concentration in the core was 381ppm at 13.6 second for one

pump restart after a SBLOCA. Since the critical boron concentration of

KNGR for post-LOCA conditions is 311 ppm at 350°F[18], predicted minimum

boron concentration meets the recriticality criteria for core cooling. However,

the margin may not be enough to ensure the stable core cooling for the

post-LOCA conditions. The critical boron concentration in the core of

SYSTEM 80+, a reference plant of KNGR, is 550 ppm at 300°F for post

LOCA condition and the predicted minimum boron concentration in the core

was 1350 ppm [16]. These may raise the questions on the recriticality criteria

used in the analysis and uncertainties included in the analysis, and thus faces

the difficulties to address the SBLOCA boron dilution issues of KNGR.

Three dimensional analysis may increase the margin for minimum boron

concentration by including the 3-dimensional effects in downcomer and by

eliminating the conservative assumptions adopted in the two dimensional

analysis.
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Table 1. SBLOCA Representative sequence of Events[9]

1. A small break occurs in the cold side of the RCS. Typically, the break

size is less than about 0.05 ft2(0.00464 m2). A much larger size break will

not allow the RCS to refill. For such larger break sizes a natural

circulation flow will not develop to drive any condensate from the loop

seals to the core

2. The RCS loses through the break and the tops for the steam generators

rubes uncover. This breaks the liquid loop in the RCS. Thus, the natural

circulation of liquid flow from the core to the SGs ends.

3. As the RCS pressure drops the HPSI pump(s) deliver borated safety

water(minimum of 4000 ppm) through the DVI line(s) to the vessel

annulus.

4. The core is cooled by boiling liquid. The liquid consists of initial borated

inventory, incoming borated HPSI liquid(minimum of 4000 ppm) and

unborated liquid that has refluxed from the steam generator(hot side)

condensate.

5. The steam evolved in the core has a very low boric acid concentration.

6. The steam condenses in the steam generators so long as the primary side

temperature exceeds that of the secondary side. The condensate has a

very low boric acid concentration.

7. Approximately, half of the condensate refluxes to the core and remainder

collects in the cold legs. The condensate is at the saturation temperature.

8. The operator initiates a secondary side cooldown after it has been

established that a small break LOCA has occurred. This maintains the

secondary side temperatures below the primary side temperature and

causes continued condensation in the RCS.

9. Between 2 to 3 hrs. the HPSI flow is realigned from the DVI line(s) to

both DVI line(s) and the hot legs.
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10. The 50 percent portion of the HPSI flow into the hot legs enters the top

of the core and is heated to saturation. Some steam is evolved and flows

to the steam generators.

11. The 50 percent portion of the HPSI flow into the DVI lines enters the

upper part of the annulus. This, together with the flow from the core,

fills up the annulus.

12. when the annulus level rises above that of the cold legs there is a

backflow of borated HPSI liquid into the cold legs. This backflow should

mix the unborated condensate in the loop seals.

13. Continued HPSI liquid inflow to the RCS causes the liquid levels to rise

in both the cold and the hot sides of the steam generator tubes.

14. when the RCS is filled to the top of the shortest SG tubes there will be

an initiation of natural circulation.

15. when all of the SG tubes are filled the RCS natural circulation flow will

attain its full value based on the decay heat magnitude.

16. The natural circulation flow drives the dilute mixture of condensate and

borated liquid from the loop seals into the annulus. Because of

temperature and density differences between the condensate and the liquid

in the annulus, mixing is expected to occur between the two liquids as

they progress down the annulus, turn the lower plenum and approach the

core.

17. A mixture of highly borated water(from the HPSIs) and dilute mixture

form the RCS cold side enters the core.
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Table 2. KNGR Reactor Vessel Hydraulic Characteristics[16]

Region

Downcomer

Flowskirt
(1)

Flowskirt
(2)

Lower
support

structure

Active
core

Core
Outlet

Range

4~8

8~9

9~15

15~20

20~22

Area
Station

8

Ask

10

1718

21

Area
ft*

33.75

37.97

31.91

60.8

20.61

Specific
Volume
ftVlbm

0.02151

0.02151

0.02151

0.02265

0.02407

Pressure
Drop
Psi

1.5

9.45

5.16

18.32

8.94

K

2.94

1.14

13.9

0.73

Model
Area

ft2

116.1

82.91

123.1

123.1

123.1

Model
Length

ft

0.316

0.316

2.653

14.08

1.66

Inertia]
Resistance

Factor
ft'1

86.95

44.36

6.4

4.05

15.76

Notes Core flow rate is 160.8 x 106

1. As designed

2. Partially shaded (unintentionally) by lower support structure
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Table 3. Case Summary

(1/2)

Case

grid

time
step
size

No

1

2

3

4

5

6

7

8

Grid

44 X 30

86 X 58

170 X 58

170 X 114

86 X 58

86 X 58

86 X 58

86 X 58

Time
Step Size

(sec)

0.05

0.05

0.05

0.05

0.1

0.05

0.01

0.005

Max.
inlet

velocity
(ft/sec)

13.4

13.4

13.4

13.4

13.4

13.4

13.4

13.4

Unborated
Water

Volume
(ft3)

631

631

631

631

631

631

631

631

inlet
size

(inch)

5

5

5

5

5

5

5

5

Minimum
Boron

Concentration
(wt-ppm)

2,203

525

367

734

699

525

490

507

Time for
Minimum

(sec)

15.2

15

15

16.5

15.5

15

15

15

(2/2)

Case

sulg
volume

and
velocity

inlet
size

selected
case

No

9

10

11

12

13

14

15

16

17

Grid

86 X 58

86 X 58

86 X 58

86 X 58

170 X 58

170 X 58

170 X 58

170 X 58

170 X 58

Time
Step Size

(sec)

0.1

0.1

0.1

0.1

0.05

0.05

0.05

0.05

0.01

Annulus
Flow
Rate

0.98

1.5

0.98

1.5

0.98

0.98

0.98

0.98

0.98

Unborated
Water

Volume
(ft3)

261

261

524

524

524

524

524

524

524

inlet
size

(inch)

5

5

5

5

10

7.5

5

2.5

5

Minimum
Boron

Concentration
(wt-ppm)

1870

2198

733

1,047

324

388

581

942

381

Time for
Minimum

(sec)

13.5

11.2

14.2

11.9

14.2

14.2

14.3

14.7

13.6
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Figure 5. Flow Distribution with One RCP Operation[16]
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Figure 8. Reactor Vessel Elevation[16]
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(Time step'O.Olsec, Slug volume:524 ft3, Pump annulus flow rate:98%)
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Figure 26. Velocity Vector(5/5)
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