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  2. I am familiar with the criteria applied by FANP to determine whether certain 
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  4. This Document contain information of a proprietary and confidential nature 
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contained in this Document as proprietary and confidential. 
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  7. In accordance with FANP’s policies governing the protection and control of 

information, proprietary information contained in this Document have been made available, on a 

limited basis, to others outside FANP only as required and under suitable agreement providing 

for nondisclosure and limited use of the information. 

  8. FANP policy requires that proprietary information be kept in a secured file or 

area and distributed on a need-to-know basis. 
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Attachment A 
Evaluation of Mixing during a Boron Dilution Event 

 

Introduction and Summary 

The analysis of a boron dilution event depends on the rate of dilution and the plant design.  The plant 
layout dictates whether the dilution can be treated symmetrically or asymmetrically.  In an 
asymmetric boron dilution event, the dilution takes place in only one of the cold legs of a PWR.  If the 
charging line for residual heat removal flow is not in the same cold leg as the dilution flow, or if the 
RHR flow is distributed across the other cold legs, the boron dilution event is asymmetrical.  

Treatment of the asymmetric behavior of boron dilution becomes a consideration only when the 
reactor coolant system flow rate becomes small enough that the instantaneous mixing model can no 
longer be applied.  For conditions where the dilution front model applies, the behavior of asymmetric 
boron dilution is no different than the symmetric boron dilution event if the diluted sector is 
adequately mixed with the undiluted sectors at the core inlet. 

The purpose of this analysis is to demonstrate that sufficient mixing exists to permit the symmetric 
dilution front model to be applied under asymmetric boron dilution conditions.  The criterion used to 
demonstrate adequate mixing is to show that at least 85 percent mixing of the diluted flow with the 
remainder of the reactor coolant has occurred at the core inlet using a computational fluid dynamics 
code.   

Analysis Results 

Computational fluid dynamics (CFD) has been used to determine the degree of steady-state mixing 
during an inadvertent initiation of a charging pump resulting in a boron dilution event.  CFD has been 
shown to adequately predict dilution and STAR-CD has been benchmarked by Framatome ANP 
against an International Standard Problem, ISP-43 (discussed later), to confirm the applicability of 
the model to boron dilution. 

A simple model is built of a typical PWR that does not include any of the internals.  A cross sectional 
view of a typical model is shown in Figure 1.  All cells are fluid cells and the model is extended past 
the lower plenum to allow the use of a pressure boundary at the exit.   

The STAR-CD default turbulence model is used and the fluid properties are held constant with no 
buoyancy effects.  The dilution of borated water is simulated by thermal mixing.  Thus, the property of 
interest is the temperature of the region.  That is to say, the boron concentration is not modeled, only 
the fluid enthalpy as mixing takes place.  This approach is consistent with ISP-43.  The analysis is 
performed as a steady-state analysis where cold water is introduced into one leg of the plant with 
RHR cooling flow equally distributed in all cold legs. 

The result of importance is the temperature profile at the exit of the lower plenum.  An example of the 
temperature distribution is shown in Figure 2.  For a 4-loop plant the region is divided into quadrants, 
for a 3-loop plant it is divided into thirds.  The average temperature is calculated for each region and 
the percent mixing is determined based on the ratio of the worst case sector temperature to the 
perfectly mixed temperature; i.e., 
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The results of the mixing calculations are summarized in Table 1. 

The use of the 85 percent value to show satisfactory mixing is based on the following considerations. 
The CFD model used to analyze the mixing is conservative.  It does not account for mixing caused 
by buoyancy effects that result from density differences as a function of boron concentration and 
temperature.  The modeling of ISP-43 showed that buoyancy effects enhanced the mixing, and 
inclusion of these effects was necessary to obtain good agreement with the experiment.  The model 
also does not account for mixing caused by wake turbulence and jets from support structures in the 
lower plenum, or the mixing that results from flow interaction with the lower tie plate and core support 
plate below the core.  Finally, in the LOFT boron dilution experiments, L6-6, the experimentalists 
went to considerable lengths to set up the experiment to be as isothermal as possible, and to 
eliminate loop flow effects that would enhance mixing by conducting the experiment with the reactor 
coolant system drained so that the surface of the water was at the level of the tube sheet.  Despite 
these measures, the estimate of the time to criticality was significantly underestimated – by 30% – as 
a consequence of unanticipated mixing.  Because of the inherent conservatisms in the CFD boron 
dilution model and calculation, it is reasonable to assume that complete mixing has taken place at 
the core inlet if the sector average mixing from the CFD simulation exceeds 85 percent. 
 
Benchmark Results 
 
The nuclear industry routinely uses standard problems to demonstrate the adequacy of computer 
codes for predicting plant transients.  The Committee on the Safety of Nuclear Installations within the 
Organization for Economic Cooperation and Development (OECD) sponsors these International 
Standard Problems and they are based on tests performed in research facilities around the world. 
One of these International Standard Problems, ISP-43, was used to demonstrate the ability of 
computational fluid dynamics (CFD) techniques to predict the boron mixing in the downcomer of a 
reactor vessel. 
 
The ISP-43 test was performed at the University of Maryland 2x4 Thermal-Hydraulic Loop.  This loop 
is a scale model of the Three Mile Island Unit 2 pressurized water nuclear reactor.  The test was 
performed by holding the reactor coolant in the reactor vessel at 347 K and injecting water into one 
cold leg at a colder temperature and then using thermocouples to determine the mixing.  Note that no 
boron was injected into the vessel; mixing was determined strictly by the change in temperature.  The 
measure of success was the ability to predict the transient average temperature as measured at the 
exit of the downcomer, labeled in the test as Level 4. 
 
STAR-CD’s meshing program, Pro-am, was used to model the vessel.  This program permitted the 
sizing of the cells needed to model the flow phenomena through various area changes.  The model 
contains about 640,000 hexahedral cells.  A cross-sectional view is shown in Figure 3.  STAR-CD’s 
AMG solver and the RNG k-epsilon turbulence model were chosen.   
 
The benchmark transient calculation was performed using two different treatments for fluid modeling.  
In the first case, constant fluid properties (independent of temperature) were used and buoyancy was 
turned off.  (This treatment is the one used for analysis of the boron dilution event.)  The second case 
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uses temperature dependent viscosity and density, and the buoyancy is optionally turned on.  When 
comparing these modeling assumptions to the measurements of ISP-43, it is found that the first case 
conservatively underestimates the amount of mixing and the second case, with buoyancy included, 
agrees with the experimental results.  A comparison of the two cases with the benchmark test results 
at Level 4 is shown in Figure 4.  
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Table 1  Summary of Results 

 

Plant Type RHR Flow 
(gpm) 

Charging Flow 
(gpm) 

Mixing 
% 

 2800 250 88.3 

3 Loop Westinghouse 1200 132 88.4 

 1200 321 93.1 

4 Loop Westinghouse 2800 250 97.2 

 1200 132 95.1 

CE 3000 147 86.9 

 600 98 93.3 
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Figure 1  Cross Section of the Vessel Model 
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Figure 2  Temperature Distribution for the Lower Plenum 
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Figure 3  Clipped View of the ISP-43 Test Vessel Model 



 
  
 NRC:03:044 
 Page A-8 

10

20

30

40

50

60

70

0 10 20 30 40 50

Time (sec)

Te
m

pe
ra

tu
re

 (C
)

Test Data
star-cd (const prop)
star-cd (bouyancy)

 
 

 

Figure 4  Test Results Compared to Analysis 
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pressures are set at the upper end of the control band (when specified) with the measurement 

uncertainty added.  HPSI flows are set conservatively high.  Finally, decay heat is set high to 

keep the reactor coolant pressure as high as possible. ] 

5.6 CVCS Malfunction That Results in a Decrease in the Boron Concentration in the 
Reactor Coolant (Boron Dilution) 

The analysis of the boron dilution event does not use the system code S-RELAP5.  The 

methodology for performing Boron Dilution analyses is described in this section. 

Identification of Causes and Event Description 

One means of positive reactivity insertion to the core is the addition of unborated, primary grade 

coolant from the demineralized and reactor makeup coolant systems.  This coolant is introduced 

to the RCS through the reactor charging/makeup portion of the CVCS. 

The most limiting event resulting in an inadvertent boron dilution is typically a malfunction of the 

CVCS valve which causes pure coolant to be delivered to the RCS by all available 

charging/makeup pumps.  The CVCS and makeup coolant systems are designed to limit, even 

under various postulated failure modes, the potential rate of dilution to values which will allow 

sufficient time for automatic or operator response to terminate the dilution. Typically, the 

sources of dilution may be terminated by closing isolation valves in the CVCS.  The lost 

shutdown margin may be regained by the opening of isolation valves to the RWST, thus 

allowing the addition of highly borated coolant to the RCS. 

The acceptance criteria includes SRP requirements in Section 5.1 for a Condition II event.  If 

operator action is required to terminate the transient, the minimum time intervals to respond are: 

• 30 minutes (during refueling); and 

• 15 minutes (for all other modes). 

These times apply between either (a) the time when an alarm announces an unplanned 

moderator dilution, or (b) the initiation of the dilution, and the time of loss-of-shutdown margin. 

The choice of (a) or (b) is determined from the plant licensing basis. 
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In the dilution front model, the dilution is viewed as a series of ‘dilution fronts’ progressing 

through the reactor coolant system.  A dilution front tracking model is used to calculate the RCS 

boron concentration vs. time and the time to reach criticality.  The model is based on the 

following assumptions:   

• The charging flow mixes with the RCS flow and results in a reduced boron concentration at 

the mixing location; 

• The SDCS and dilution flows are fully mixed in the lower plenum prior to entrance into the 

core;  

• The diluted mixture transit time to the bottom of the core is based on the flow volume 

(between the mixing location and the bottom of the core) and the flow rates of both the 

charging and RCS flow; and, 

• If the diluted boron concentration for any front is higher than the critical concentration, the 

diluted mixture must sweep through the entire mixing volume and pass by the dilution 

location another time.  

This dilution scenario continues until the RCS boron concentration in the core is diluted below 

the critical concentration.  The time-to-criticality is the number of complete transit times required 

to achieve a core boron concentration less than the critical value plus the transit time from the 

mixing location to the bottom of the core. 

The general equations relating the Nth front boron concentration, CN, and front transit time to 

reach the bottom of the core, tN, are given by: 

N

SDCS
N 0

SDCS Charge

WC C , ppm
W W

 
= ⋅   + 

  

and 

( )CL T
N

SDCS Charge SDCS Charge

M Mt N 1 , minutes
W W W W

   
= + ⋅ −      + +   

 

where 
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