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ABSTRACT 

This report has been prepared to address issues raised in a letter from D. F.  

Ross of the U. S. Nuclear Regulatory Commission to J. H. Taylor of Babcock & 

Wilcox. The letter, dated July 12, 1979, is entitled "Information Request on 

Reactor Vessel Brittle Fracture." The investigation reported herein addresses 

the possibility of exceeding the fracture mechanics acceptance criteria of the 

reactor vessel in a nuclear steam system caused by excessive cooling by high

pressure injection flow (without reactor coolant loop flow) during small breaks 

(or total loss of feedwater events where the operator opens the power-operated 

relief valve) where the reactor coolant pressure is kept relatively high owing 

to choked flow out the small break (or open PORV).  
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1. INTRODUCTION.AND DISCUSSION 

The investigations described in this report were performed to evaluate the 

concern of brittle fracture during recovery from a small LOCA with extended 

loss of feedwater in response to NRC's information request dated July 12, 1979.2 

This report describes the analyses performed and the results obtained.  

1.1. The Brittle Fracture Concern 

The concern associated with brittle fracture during a small LOCA with the re

quired assumption of extended loss of feedwater can best be understood through 

the use of simple schematics of the system. Figure 1-1 shows the reactor cool

ant flows within the reactor coolant system during normal operation.  

Figure 1-2 shows the system flows a few minutes after a small break typical of 

a stuck-open power-operated relief valve (PORV). During this phase, the re

actor coolant system (RCS) pressure and temperature are dropping and RCS flow 

is decreasing as a result of an operator requirement to trip the RC pumps on 

ESFAS actuation. The temperature in the RCS is higher than in the secondary 

side of the steam generator; thus, the generators assist in removing heat and 

cir ulating the RCS coolant. Assuming no feedwater is available, the RCS must 

be cooled by injecting coolant from the high-pressure injection (HPI) system.  

The warm RCS loop water is well mixed with the cold HPI flow as it passes the 

HPI nozzle; thus, relatively warm water enters the vessel and downcomer.  

If the transient proceeds unhindered, RCS temperature and pressure continue to 

fall and steam voids will form in the system. The rate'of temperature and 

pressure decrease and the volume of voids is primarily a function of the break 

size. At this point, natural circulation loop flow can cease. For the larger 

small breaks assuming an extended loss of feedwater and no forced RC flow, loss 

of natural circulation could occur in 8 to 15 minutes and is partly the result 

of voids at the top of the hot leg and partly the result of heat removal cap

ability by the steam generators. Loss of steam generator heat removal occurs 

when the RCS temperature falls below the secondary system temperature.  
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When loop flow ceases, the cold HPI water will begin to cool the cold leg and 

subsequently.flow into the reactor vessel (RV) downcomer. There it will mix 

with the warm vent valve return flow as shown in Figure 1-3. The system will 

stay in this condition, with the downcomer fluid temperature gradually decreas

ing as decay heat decreases, until reactor coolant loop flow is initiated.  

Reactor coolant pumps are normally restarted once 50F subcooled conditions are 

re-established around the entire loop. No credit is taken for this in the 

analysis. Instead, it is assumed that reactor.coolant pumps are not started.  

If RC pressures remain high enough and there is insufficient vent valve flow 

or mixing, the RV wall temperatures may decrease to the point where cracks in 

the RV could initiate if flaws exist in the RV metal.  

The potential for brittle fracture of the reactor vessel is dependent upon RV 

material properties, flaw size from which the brittle fracture initiates, tem

perature, and stress. The main components of stress are usually the RC pres

sure and vessel thermal gradients due to cooling.. Transients that exhibit 

high vessel stress at a low RV temperature must be evaluated to ensure that 

the fracture mechanics acceptance criteria will not be violated during the 

transient considering the vessel irradiated material properties and postulated 

flaw sizes.  

1.2. Investigations 

The analyses presented in this report can be divided into four areas: 

1. LOCA analysis.  

2. Reactor vessel downcomer mixing.  

3. Reactor vessel cooldown analysis. .  

4. Linear elastic fracture mechanics.  

The LOCA analyses provided all the information necessary for performing the 

linear elastic fracture mechanics (LEFM) analyses except the RV downcomer tem

perature next to the RV wall and the RV.wall temperature versus time. The LOCA 

analyses determined the RV downcomer temperature assuming complete mixing of 

the HPI and vent valve flows entering the downcomer. The extent to which mix

ing occurs is uncertain; therefore, various RV downcomer mixing calculations 

were made using different assumptions. Next, temperature gradients in the RV 

versus time are determined.  
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Finally, LEFM analyses were conducted for different LOCA events assuming dif

ferent amounts of downcomer mixing. The analyses performed are summarized be

low.  

The combination of LOCA, mixing, vessel cooldown, and LEFM analyses which will 

be emphasized in this report are summarized as cases 1 through 4 in Table 1-1.  

1.2.1. LOCA Analyses 

Several LOCA analyses were performed. Three breaks (0.007, 0.015, and 0.023 

ft2) were analyzed assuming no feedwater to .the steam generators. They were 

located at the top of the pressurizer. The analyses were performed both with 

and without operator action to throttle back the HPI flow. For the three cases 

with operator action (cases 2-4, Table 1-1), the assumed action was to reduce 

HPI flow when the core outlet temperature reached 10OF subcooled and then 

maintain approximately 10OF subcooling at the core outlet. The primary pur

pose of the LOCA analyses was to determine the HPI flow rate, vent valve flow 

rate and temperature, RCS pressure, and RV downcomer temperature. The 0.007

ft pressurizer break with no operator action (case 1, Table 1-1) was analyzed 

in detail using the CRAFT computer code' for 10 hours real time in response to 

the NRC-requested analysis.2  The other LOCA analyses used the CRAFT code only 

during the blowdown stage of the transient. After the RCS.refilled with water.  

a steady-state analysis was performed to determine the reactor vessel condi

tions. The steady-state analytical method was benchmarked against the CRAFT 

analysis for the 0.007-ft2 pressurizer break with no operator action. The LOCA 

analyses are described in detail in section 2 of this report.  

1.2.2. RV Downcomer Temperature Evaluation 

Fracture mechanics analyses require calculation of the RV wall temperature, 

which in turn depends on the downcomer fluid temperature. It is expected 

that there will be significant mixing, both in the cold leg piping in the area 

of HPI injection and in the downcomer, but because of the complex geometry of 

the downcomer region, quantifying this effect represents the principal uncer

tainty in the investigation. For this reason, very conservative bounding cal

culations were also performed. The analyses performed to evaluate potential 

mixing are discussed in section 3.  
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1.2.3. RV Cooldown Analyses 

Once the downcomer fluid temperature at the vessel wall is determined, the tem

perature gradients.versus time through the wall must be determined. The reac

tor vessel cooldown analyses are described in detail in section 4.  

1.2.4. Linear Elastic Fracture 
Mechanics Analyses 

Linear elastic fracture mechanics analyses were performed for each of the 

break cases and for a range of mixing assumptions. These analyses are described 

in section 5.  

1.3. Assumptions and Conservatisms 

Assumptions are used throughout this report as necessary to address the items 

contained in the Staff's July 12, 1979 information request. Three fundamental 

assumptions which have been made to address the requested information are (1) 

an extended loss of all feedwater, (2) subsequent extended loss of both forced 

and natural circulation, and (3) combining worst case plant parameters in order 

to perform a generic analysis which conservatively envelops the operating B&W 

plants.  

Since the issuance of the Staff request, programs have been undertaken or com

pleted which significantly reduce the potential of these situations occurring.  

Extensive upgrades underway to increase the reliability of the emergency feed

water systems decrease the probability of ever experiencing an extended loss 

of feedwater and the need to cool the core via the HPI system.  

In addition, as mentioned above, current instructions to plant operators call 

for restarting reactor coolant pumps once 50F subcooled fluid conditions are 

re-established throughout the system. This is also ignored in the analysis.  

The main conservatisms and assumptions used throughout this report are sum

marized below.  

1. All feedwater is lost for an extended period of time.  

2. All reactor coolant pump forced flow is lost for an extended period of 

time.  

3. Core flow into the downcomer is assumed to pass through four vent valves 

rather than the eight valves existing on all but one plant. This reduces 

the amount of warm water entering the downcomer.  
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4. A hypothetical maximum HPI flow capacity is assumed over the entire RCS 

pressure range analyzed. No single plant can achieve this hypothetical 

capacity over the entire pressure range.  

This assumption affects all the analyses, including those which assume 

operator action to throttle HPI, since the initial reactor vessel cool

down prior to achieving 10OF subcooling at the core outlet is maximized, 

resulting in increased thermal stresses during the transient.  

5. The MIX2 mixing analyses (section 3) assume little HPI-vent valve flow mix

ing in the downcomer. The HPI flow was assumed to enter the downcomer 

and essentially stream down the RV wall and mix with the vent valve flow, 

which is assumed to be circumferentially distributed.  

6. In addition to HPI flow mixing with the hot water coming from the vent 

valves, several other mechanisms are available for heating the HPI flow 

a. Upstream mixing in the cold leg piping.  

b. Heating by the reactor vessel walls.  

c. HPI pump energy.  

d. Heating by the cold leg piping.  

These effects, however, were conservatively ignored in all the analyses.  

The heat available from items a and b above is expected to be significant.  

The hotter fluid from the vent valves is expected to travel into the cold 

leg piping beyond the 2 feet which were modeled. The vent valve flow will 

mix with and heat the HPI fluid in the cold leg before it enters the down

comer. This is the gravity effect discussed in section 3. The reactor 

vessel wall also will provide heat to the downcomer fluid. However, a 

more important feature of this heating is the inherent tendency to reduce 

the wall to fluid heat transfer. This is because the fluid next to the 

vessel wall is heated up locally. The buoyancy force due to the density 

gradient tends to oppose the downward flow and as a result, the velocity 

of the fluid near the vessel wall could be slowed or even reversed. This 

mixed convection phenomenon would tend to reduce heat transfer from the 

vessel wall into the fluid and maintain the vessel wall temperature higher 

than predicted by these calculations.  
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7. A worst-case HPI fluid temperature of 40F is assumed.  

8. Linear elastic fracture mechanics (LEFM) methods were used in the brittle 

fracture analysis. No credit was taken for warm prestressing.  
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Table 1-1. Analysis Summary - Cases 1 Through 4 

Case 1 Case 2 Case 3 Case 4 

LOCA analysis 0.007-ft2 pressur- 0.007-ft 2 pressur- 0.023-ft3 pressur- 0.023-ft2 pressur
izer break, no HPI izer break with HPI izer break with HPI izer break with HPI 
throttling throttling throttling throttling 

Mixing analysis Complete, perfect Distributed vent Distributed vent No mixing 
mixing (CRAFT) valve flow, stream- valve flow, stream

ing HPI flow (MIX2) ing HPI flow (MIX2) 

Reactor vessel Constant heat trans- More detailed anal- More detailed anal- More detailed anal
cooldown anal- fer (BEFRAM) ysis (see section ysis (see section ysis (see section 
ysis 4) 4) 4) 

LEFK (fracture LEFM at 6 EFPY LEFM at 3.8 EFPY LEFM at 3.8 and LEFM at 3.8 EFPY 
analysis) 4.8 EFPY 
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Figure 1-1. RCS Flow During Normal System Operation 
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Figure 1-2. RCS Flow During Total Loss of Feedwater 
Event With a Small Break 
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Figure 1-3. Reactor Vessel Flow During Small Break 
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2. SMALL BREAK ANALYSIS 

In order to bound the brittle fracture concern, a number of evaluations and 

small-break LOCA analyses were performed; these included (1) evaluating worst

case inputs for the analyses, (2) running one break size out 10 hours, (3) 

analyzing a spectrum of breaks using worst-case HPI flow to help define the 

worst-case break size, and (4) analyzing the spectrum of breaks assuming op

erator action to throttle HPI based on subcooling at the core outlet.  

2.1. Evaluation of Worst-Case Parameters 

The most limiting transient is considered to be the one that produces a system 

pressure coming closest to the maximum allowable pressure as determined by a 

linear elastic fracture mechanics analysis (LEFM). The maximum allowable pres

sure is a function of three parameters - temperature, rate of temperature change, 

and material properties. Of these three parameters, only temperature and rate 

of temperature change are affected by the transient variables of HPI flow, 

break location, and break size. Therefore, an investigation was undertaken to 

define the worst-case parameters (HPI flow, break location, and break size) for 

use in ECCS/brittle fracture analyses. The results of the investigations are 

provided below.  

2.1.1. HPI Flow Effect 

HPI flow rate has a significant impact on RCS pressure and downcomer tempera

ture. When HPI flow increases, the RV downcomer water temperature decreases 

and the RCS pressure increases. Both of these changes increase the potential 

for reactor vessel brittle failure. Therefore, the worst condition from the 

standpoint of brittle fracture mechanics is the condition of maximum HPI flow 

into the RCS. Except where operator action is explicitly modeled, the analyses 

assumed the maximum HPI system flow allowed by the piping configuration with 

three HPI pumps operating at pressures above 1500 psig and the flow from two 

HPI pumps and two makeup pumps (as on Davis-Besse) for RCS pressures below 

"4500 psig (see Figure 2-1 for the pump head curves used in the analyses).  
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This means that the unthrottled analysis (case 1, Table 1-1) encompasses the 

maximum HPI flow injection capability of all 177-FA plants. This also means 

that for the throttled analyses (cases 2-4, Table 1-1) the initial cooldown 

prior to achieving lOOF subcooling at the core outlet and beginning to throttle 

HPI is maximized. This is conservative with respect to the thermal shock con

cern.  

2.1.2. Break Location Effect .  

A small unmitigated LOCA with prolonged total loss of feedwater and RC pump 

trip will eventually result in a loss of primary loop circulation. Under this 

condition, mixing of cold HPI water with the water in the RV downcomer is pri

marily dependent on the capability of the vent valves to provide circulation 

of hot water into the downcomer.  

For cold leg breaks, the hot water leaving the core flows (1) through the hot 

leg, steam generator, and broken cold leg to the break, and (2) through the 

vent valve, downcomer, and broken cold leg to the break. The latter path has 

the least flow resistance and thus allows a large portion of the hot water to 

enter the downcomer for mixing. Furthermore, the diversion of HPI water to 

the break reduces the total amount of HPI water .entering the downcomer.. For, 

hot leg or pressurizer breaks, more HPI water is available to enter the down

comer. In addition, less vent valve flow occurs in a hot leg or pressurizer 

break, thus decreasing the amount of hot water available for downcomer mixing.  

As a result, the most severe downcomer conditions will result from a break in 

the hot leg or pressurizer. The analyses that follow use a pressurizer break 

to evaluate system conditions.  

2.1.3. Break Size Effect 

Because of the combination of parameters that influence brittle fracture sus

ceptibility, the worst break size cannot be determined a priori. As the break 

size increases, the downcomer temperature decreases due to a lower system pres

sure and increased HPI flow. However, the lower system pressure tends to off

set the effect of the lower temperature. In addition, the initial cooldown 

rate increases as the break size increases. Because these effects tend to off

set each other, a spectrum of breaks was analyzed to show the effect of the 

break size. Three pressurizer break sizes - 0.007, 0.015, and 0.023 ft2 

were analyzed. The 0.007-ft2 corresponds to the PORV orifice area, the 
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0.023-ft 2 break corresponds to that of the safety valve, and 0.015-ft is an 

intermediate-size break. The bounding break sizes were chosen by the follow-.  

ing logic: 

1. The 0.007-ft2 break was the smallest break size considered for this in

vestigation because the operator is instructed by procedures to open the 

PORV during a loss-of-feedwater event.  

2. Break sizes larger than 0.023 ft
2 result in more rapid depressurization to 

pressures at which the LPI system provides makeup (with little or no re

pressurization). The transient response of these larger breaks is similar 

to that of the large break LOCA being considered under NRC Task Action Plan 

A-11. Therefore, 0.023-ft is the largest break size that was considered 

in this investigation. * 

While the discussion above indicates that break sizes can be adequately bounded, 

the worst break with respect to thermal shock cannot be defined a priori because 

of the interation of. HPI flow, pressure, and temperature on the brittle failure, 

concern. Therefore, the PORV case was chosen for the detailed 10-hour CRAFT 

run since it represents the most probable event.  

2.2.. LOCA Analyses Without Operator 

Action to Throttle HPI Flow 

2.2.1. 0.007-ft2 Pressurizer Break (Case 1, Table 1-1) 

A 10-hour CRAFT analysis was conducted to determine the system response for an 

extended total-loss-of-feedwater accident.' The break size chosen was 0.007 

ft at the top of the pressurizer. This corresponds to an open PORV, which is 

the most likely small break to accompany an assumed total-loss-of-feedwater 

event.  

2.2.1.1. Model Development 

In response to the NRC request to provide an analysis of the thermal-mechanical 

conditions in the vessel for 10 hours, an eight-node CRAFT model, as shown in 

Figure 2-2, was developed to determine the thermal-hydraulic conditions 
in the 

vessel. This model was compared with the 22-node model developed for the small 

break LOCA analysis. A comparison of the results from both models (as shown in 

Figures 2-3 and 2-4) showsthat the simplified model can adequately 
predict the 

thermal-hydraulic conditions in the vessel. A sudden drop in the downcomer 

temperature is caused by the initiation of HPI. The system noding is described 

below.  
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Node 1: Reactor vessel downcomer and lower plenum.  

Node 2: Reactor core and upper plenum.  

Node 3: Cold legs between RC pumps and reactor vessel. .  

Node 4: Hot legs.  

Node 5: Primary side of steam generators and cold legs between steam 
generators and RC pumps.  

Node 6: Secondary side of steam generators.  

Node 7: Pressurizer.  

Node 8: Containment.  

The CRAFT code assumes homogeneous mixing of the liquids in a node and deter

mines its thermodynamic conditions based on the thermal equilibrium between 

the steam and liquid phases. This assumption will result in complete mixing 

of the cold and hot fluids entering the downcomer region from the cold legs 

and vent valves, so the downcomer node temperatures calculated by CRAFT are 

mixed mean temperatures.  

2.2.1.2. Assumptions Used for 0.007-ft2 Break 

The 0.007-ft pressurizer break size (PORV throat area), without operator ac

tion to throttle HPI flow, was chosen for the 10-hour CRAFT analysis since op

erator guidelines call for opening the PORV and HPI injection if all feedwater 

is lost. The following key assumptions were made in this analysis: 

1. Reactor and RC pumps trip at time zero. Mixing of cold HPI water with the 

hot fluid in the RCS is minimized when no flow circulation around the pri

mary loop is assumed, i.e., RC pump trip and loss of.steam generator heat 

removal capability.  

2. Loss of main and emergency feedwater is assumed to occur simultaneously at 

time zero.  

3. PORV is opened at 20 minutes by operator action.  

4. HPI is actuated at 20 minutes - HPI system flow without operator action is.  

assumed as described in section 2.1.1. This HPI flow and the coldest.BWST 

temperature (40F) will promote a colder downcomer temperature.  

5. Four vent valves are modeled. The vent valve flow enhances mixing. The 

most severe case would be no vent valve flow since this produces lower 

downcomer temperatures. However, the system is self-compensating with 
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respect to vent valve flow; decreasing the vent valve flow promotes a 

higher AP across the vent valve, which will increase flow through the 

valve. Four vent valves were modeled although all plants except Davis

Besse have eight.  

6. A Moody discharge model with a discharge coefficient of 0.75 was used to 

calculate flow through the open PORV. This valve is based on the normali

zation of the Moody choked flow to the design steam flow through the PORV.  

7. Initial operating power level is 102% of 2772 MWt.  

8. Decay heat is based on 1.2 times the ANS standard.  

Modeling of the piping and quench tank downstream of the PORV was treated as 

a part of the containment since flow choking always occurs at the PORV.  

For purposes of this analysis, the HPI has been injected directly into the 

downcomer at the inlet elevation. HPI flow into the cold leg pipe volume (node 

3) between the reactor vessel and the RC pumps will reduce the node temperature 

below the lower bound of the steam table used in CRAFT. In order to avoid this 

difficulty, the HPI flow was injected directly into the downcomer.  

The vent valve flow area is based on four vent valves in a fully open position.  

As the differential pressure across the vent valve falls below 0.25 psi, the 

valve opening angle decreases. The flow reduction due to the partial opening 

of the vent valve is accomplished by increasing the flow resistance in accor

dance with the AP across the vent valve as shown in Table 2-2.  

2.2.1.3. PORV Relief Line Choking Evaluation 

An evaluation was performed to determine whether choking flow ever occurs 

downstream of the PORV. If choked flow occurs in the downstream piping, mass 

accumulation and pressure buildup in the pipe will result. This may create an 

unchoking condition of the PORV. The upper and lower boundary conditions in 

the pressurizer were used to examine the flow characteristics in the downstream 

piping to demonstrate that downstream choking will not occur. The calculations 

are provided below.  

1. Upper Bound Condition 

The Moody choked flow through the PORV is calculated for an upstream condition 

of P = 2500 psia and h - 731.7 Btu/lbm as follows: 
0 0 

3 ~2-5 Babcock &Wilcox



Mass flux GMd = 11,369 lbm/ft 2 -s, 

Throat pressure Pt = 1500 psia, 

Exit quality x = 15%, 

Flow through PORV W = AxCId = 0.007 x 11,369 = 97.6 lbm/s.  

Using the throat pressure and the exit quality, the enthalpy of the mixture is 

695.4 Btu/lbm. The choked flow in the downstream pipe is calculated using the 

PORV exit condition, i.e., P = 1500 psia and h = 695.4 Btu/lbm: 
o 0 

Mass flux GMoody = 7543 lbm/s-ft 2 

Throat pressure P = 885 psia, 
t 

Flow rate W pipe = AxQ. = 0.051 x 7543 384.7 lbm/s.  

2. Lower Bound Condition 

With pressurizer pressure P = 1400 psia and enthalpy h = 598.8 Btu/1bm, the 
O O 

choked flows through the PORV and the downstream pipe are determined similarly: 

W por = 0.007 x 9064 = 63.4 lbm/s, 

P= 830 psia, 

x = 5%, 

h = 549.2 Btu/lbm.  
0 

The choked flow in the downstream pipe for P.= 280 psia and h = 549.2 Btu/lbm 

is 

W . = 0.051 x 6383.1 = 325 lbm/s.  

The Moody discharge model was used to calculate steam and saturated water flow 

through the PORV. The orifice equation was used to calculate subcooled water 

flow. The pressure in the quench tank was assumed to reach equilibrium with 

the containment within 20 minutes; the maximum pressure drop between the PORV 

and the quench tank will be 200 psi.  

The calculations above indicate that the flow in the downstream pipe is always 

greater than that through the PORV. Therefore, choked flow will occur only 

through the PORV during the transient.  
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2.2.1.4. Results 

The sequence of events for the 0.007-ft case is tabulated in Table 2-1. The 

main events can be.summarized as follows: 

Sequence of events Time, s 

* Reactor trip, RC pump trip, turbine trip, and loss of all 
feedwater. 0.0 

* Secondary side boils dry. 420.0 

* RCS repressurizes and exceeds safety valve setpoint pressure 
of 2515 psia, and safety valves open. 780.0 

* PORV is open and HPI is initiated (operator action). 1,201.0 

Loop flow essentially stops. 2,300.0 

* HPI flow matches leak flow, and system reaches a subcooled 5,300.0 
state at approximately 1500 psia.  

* End of~analysis. 36,000.0 

Following reactor trip, the steam generator provided sufficient cooling and 

the system depressurized. The system repressurized and exceeded the safety 

valve setpoint pressure after steam generator cooling was lost at 420 seconds.  

The loop flow continued until approximately 2300 seconds into the transient.  

Loop flow was maintained because both the hot and cold legs were filled with 

water during this period and the density gradient between the cold and hot 

legs was enough to maintain the loop circulation. Figures 2-5 through 2-8 

show the liquid levels in cold legs, hot legs, pressurizer, and reactor vessel.  

The fluid temperature plots, shown in Figures 2-9 through 2-11, indicate that 

the primary system reached a subcooled state at approximately 5300 seconds.  

The flow rates and qualities as a function of time for the core exit, PORV, 

vent valve, and HPI are provided in Figures 2-12 through 2-18. Limited steam 

flows were observed during the early part of the transient. The water inven

tory in the primary system is presented in Figure 2-19, and the pressure in 

the core as a function of time is shown in Figure 2-20. The system pressure 

stabilized at 1500 psia. The vent valve flow continued for the entire 10 hours.  

Pressurizer fluid/metal temperature, upper head metal temperature, and cold leg 

water temperature as a function of time are presented in Figures 2-21 through 

2-23.  
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2.2.1.5. Conservatisms 

1. Because this analysis is generic, maximum achievable HPI flow was consid

ered. As indicated in section 2.2,. this involved the combination of two .  

different HPI systems.  

2. No operator action was assumed to reduce the HPI flow.  

3. HPI flow was assumed to be directly and totally injected into the downcomer.  

If the actual piping configuration were modeled whereby the HPI is directed 

into the cold, leg pipe, a fraction of the total HPI flow injected tends to 

flow backward through the steam generator resulting in less HPI flow into 

the downcomer and a less severe temperature degradation.  

4. Four vent valves are also used in the analysis to envelop the Davis-Besse 

raised-loop plant. The lowered-loop plant with eight vent valves will have 

vent valve flow equal toor greater than that of the raised-loop plant.  

One of the key factors affecting downcomer temperature is the amount of hot 

water flowing through the vent valves. Greater vent valve flow results in, 

a warmer downcomer temperature.  

2.2.2. 0.015- and 0.023-ft2 Pressurizer Breaks 

In addition to the 0.007-ft2 pressurizer break, 0.015- and 0.023-ft2 breaks 

were analyzed to determine the effect of break size on the reactor vessel down

comer temperature and system pressure. These additional analyses were not as 

comprehensive as the 0.007-ft2 analysis. They used simpler calculational meth

ods and only determined the RV conditions.  

2.2.2.1. Analytical Method 

The eight-node CRAFT model described in section 3.1 was used for the initial 

blowdown analysis. The 0.015- and 0.023-ft2 breaks were run for 20 and 45 

minutes, respectively. The subsequent transient calculations, performed using 

a 'steady-state code, are provided below.  

Under the steady-state assumption, the rate of change of mass (M RCS) and en

ergy (ERCS) in the RCS is 'zero: 

RCS dE RCS =0. (1) 
dt dt 
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Then the core outlet enthalpy is calculated: 

h h -W + h HPI (2) 1 HPI 

where hh = core outlet enthalpy, Btu/lbm, 

hHPI = enthalpy of HPI water, Btu/lbm, 

WHPI = HPI flow, lbm/s, 

q = decay heat, Btu/s.  

The vent valve flow is determined by performing an energy balance in the down

comer region: 

h - h 1 W c HPI (3) 
vv HPI h - h 

h c 

'where h = core inlet enthalpy, Btu/lbm, 
c 

W = vent valve flow, lbm/s.  

The vent valve flow, which can also be calculated from the elevation pressure 

drop across the vent valve, is given by 

288 x gp A2AP hA2__P 

w = =96.26 A PhX 
vv K vv K (4)' 

vv vv 

where Ph = core outlet density, lbm/ft3 , 

A = vent valve flow area, ft , 

K = loss coefficient, 

AP = elevation pressure drop, psi 

= Hx(pc -h 

. = core inlet density, lbm/ft 3 , 

H = elevation head, ft.  

Assuming a system pressure and a downcomer water temperature Tc, the vent valve 

flow W can be calculated using equations 3 and 4. The downcomer water tem
VV 

perature is determined by iterating on the assumed T until equations 3 and 4 

predict the same vent valve flow. A benchmark study was performed for the 

stuck-open PORV case (0.007-ft break) assuming a system pressure of 1500 psia.  

The results indicate that the steady-state code predicts the downcomer tempera

ture approximately 9% above the CRAFT prediction, as shown in Figure 2-24. The 
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9% deviation in the downcomer temperature was used as an adjustment factor for 

the two breaks analyzed.  

2.2.2.2. Assumptions Used for 0.015- and 
0.023-ft2 Breaks 

The assumptions used in the CRAFT model are the same as those described in sec

tion 2.2.1 except for the following: 

1. The break was initiated at time zero. The 0.015- and 0.023-ft2 small 

break transients assumed that a break occurred simultaneously with the 

loss of feedwater. The 0.007-ft2 break transient assumed that the break 

occurred 20 minutes after losing feedwater flow by opening the PORV.  

2. HPI was initiated by an ESFAS setpoint of 1365 psia with a 35-second de

lay. The 0.007-ft2 break transient did not assume an initiating break as 

do the 0.015- and 0.023-ft small break transients, and HPI was assumed to 

be operator-initiated at 20 minutes for the 0.007-ft break.  

3. A discharge coefficient of 1.0 was applied to the Moody discharge model 

instead of 0.75 because these are considered simple breaks that do not 

have the complex flow geometry of the PORV. The Moody correlation was-

used for both saturated and subcooled water.  

The steady-state analysis was performed using a constant system pressure based 

on HPI flow equal to leak flow for a given break size. The steady-state sys

tem pressures were calculated as 1000 and 600 psia.for the 0.015- and 0.023

ft2 breaks, respectively.  

2.2.2.3. Results 

Table 2-1 provides the sequence of events for the 0.015- and 0.023-ft2 breaks.  

The downcomer temperature transients predicted by CRAFT and steady-state codes 

for these breaks are provided in Figure 2-25. The loop circulation ceased 

early in the transient as shown in Figure 2-26 because of the loss of steam 

generator cooling and the RCS voiding.  

2.2.2.4. Conservatisms 

The maximum HPI flow indicated above was used for both the CRAFT and steady

state calculations. No operator action was taken to reduce the HPI flow. The 

HPI water temperature was assumed to be 40F.  
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2.3. LOCA Analyses With Operator Action 
to Throttle HPI Flow (Cases 2-4, 
Table 1-1) 

Fracture mechanics analyses performed on the data from the breaks without op

erator action to throttle HPI flow analyzed above using the techniques of sec

tion 5 of this report produce undesirable results after several hours when HPI 

is not throttled. As a result, the 0.007-, 0.015-, and 0.023-ft2 breaks were 

analyzed again, now assuming that the operator started throttling back the 

HPI flow rate when the core outlet temperature reached 10OF subcooled. (HPI 

flow under these conditions is independent of the number of HPI pumps operat

ing.) The operator then maintained the core outlet temperature at 10OF sub

cooled for the remainder of the transient. Maintaining this subcooling margin 

results in higher downcomer temperatures due to the reduced HPI flow rates.  

Throttling also results in reduced downcomer pressures. Both of these effects 

of throttling are beneficial with respect to the thermal shock concern.  

2.3.1. Assumptions Used 

The 10OF subcooled conditions were used as the basis for a steady-state calcu

lation to determine the downcomer pressure and temperature. The following as

sumptions were made: 

1. The HPI water temperature is 40F.  

2. The system is in a steady-state condition; i.e., HPI flow is equal to4' 

leak flow.  
3. Leak flow is based on the Moody correlation with a discharge coefficient 

of 1.0.  

4. The core outlet temperature is maintained at 10OF subcooled.  

5. Decay heat is based on 1.2 times ANS standard.  

6. Pressurizer water temperature is equal to core outlet temperature.  

2.3.2. Analytical Methods 

The results of the eight-node CRAFT analyses, as described in section 2.2.2.1, 

were used to determine the RCS conditions until the core outlet became 10OF 

subcooled. Operator action to reduce HPI flow to maintain 100F subcooling is 

assumed at this time. The remainder of the transient conditions are calcu

lated using a steady-state analysis as described belok 

In a steady-state condition, the relationship of HPI flow to leak flow is 

defined as 
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W =W HPI (5) 
L HPI vL 

where L= leak flow, lbm/s, 

= HPI flow, lbm/s, 

V HPI specific volume of HPI, ft'/lbm, 

v = specific volume of core outlet water, ft'/lbm.  
L 

Assuming a system pressure and 10OF subcooling, the leak flow can be calculated 

by the Moody correlation. Equation 6 is used to determine the HPI flow (WHPI 
required to maintain 10OF subcooling. Equation 5 is used as a convergence 

criterion for determining the system pressure. If WHPI and WL fail to satisfy 

the equation, the system pressure is readjusted until the criterion is satis

fied. Once the system pressure is determined, then the equations (3 and 4) 

in 2.2.2.1 are used in the same manner to determine the vent valve flow.  

q =W (hh - hHPI) (6) 

where q = decay heat rate, Btu/s, 

hh = enthalpy of core outlet water based on the 10OF subcooled 
state, Btu/lbm, 

hHPI = enthalpy of HPI water, Btu/lbm, 

W = HPI flow rate, lbm/s.  
HPI 

2.3.3. Results 

The mixed downcomer temperature was calculated to be equal to the saturation 

temperature minus 150F. This value is based on the assumption of lOOF sub

cooled at the core outlet plus 50F core AT. The downcomer temperature and 

pressure plots are shown in Figures 2-27 and 2-28 for the 0.007-, 0.015-, and 

0.023-ft2 breaks. The vent valve and HPI flows and vent valve fluid tempera

ture versus time (to 3 hours) for the 0.007- and 0.023-ft 2 breaks are shown 

in Figures 2-29 through 2-31. The HPI flow and the vent valve flow and tem

perature are used for the mixing and reactor vessel temperature analyses as 

described in sections 3 and 4. Fracture mechanics analyses performed on this 

data are discussed in section 5 of this report.  
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Table 2-1. Transient Sequence of Events 

0.007 ft' 0.023 ft2 

(cases 1, 2), 0.015 ft , (cases 3, 4), 
time-minutes time-minutes time-minutes 

Reactor, turbine, and 
feedwater trip 0 0 0 

Reactor coolant pump trip 0 0 0 

LOCA initiated 20 0 0 

Reach saturation at core 
outlet Never 2 2 

HPI initiated 20 3 3 

Regain subcooled state at 
core outlet NA 7 9 

Loss of natural circulation 40 13 9 

Achieve 50F subcooled at 
core outlet 55 19 17 

Achieve 10OF subcooled at 
core out)let 77 -- 30 

Table 2-2. Vent Valve Opening Vs Resistance 

Resistance 
AP across vent Avg opening factor,(a) 
valve, psi angle, degrees K 

z 0.25 21 4.2 

0.25 > AP 2: 0.2 17.5 5.0 

0.20 > AP E 0.16 12.0 8.8 

0.16 > AP 0.12 8.13 16.0 

0.12 > AP 0.08 4.13 46.0 

0.08 > AP 0 m 
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Figure 2-2. CRAFT Noding Scheme, Eight-Node Model of RCS 
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Figure 2-3. Downcomer Temperature Vs Time, Comparison of 
Multinode and Eight-Node CRAFT Models, Stuck

Open PORV, Two HPT Pumps, AFW ( 40 s 
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Figure 2-4. Downcomer Pressure Vs Time - Comparison of Multi

node and Eight-Node CRAFT Models, Stuck-Open 
PORV, Two HPI Pumps, AFW @ 40 s 
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Figure 2-5. Cold Leg Level 0.007-ft Pressurizer Break 
Without HPI Throttling, Node 3 

9.000 

8.000 

7.000 

-. j 

Cold Leg Full of Liquid 00 6.000

5.000 

0 5000 10000 15000 20000 25000 30000 35000 

Time, sec 

mM 

x 

00 0001O a s IMS00 00 M ,6 0 M s I oG



Figure 2-6. Hot Leg Level, 0.007-ft2 Break Without 
HPI Throttling, Node 4 
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Figure 2-7. Pressurizer Level 0.007-ft2 Pressurizer Break 
Without HPI Throttling, Node 7 
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Figure 2-8. RV Liquid Level 0.007-ft Pressurizer 
Break Without HPI Throttling 
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Figure 2-9. Core Outlet Temperature Vs Time, 0.007-ft
2 Pressurizer 

Break Without HPI Throttling, Node 2 
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Figure 2-10. Downcomer Temperature Vs Time, 0.007-ft 2 Pressurizer Break 
Without HPI Throttling, Node 1 
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Figure 2-11. Hot Leg Temperature Vs Time, 0.007-ft 2 Pressurizer 

Break Without HPI Throttling, Node 4 
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Figure 2-12. Core Exit Flow Vs Time - 0.007-ft2 Pressurizer 
Break Without HPI Throttling, Path 2 
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Figure 2-13. Leak Path Flow Vs Time, 0.007-ft 2 Pressurizer 
Break Without HPI Throttling, Path 7 
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Figure 2-14. Vent Valve Flow Vs Time, 0.007-ft2 Pressurizer 
Break Without HPI Throttling, Path 8 
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Figure 2-15. HPI Flow Vs Time, 0.007-ft2 Pressurizer Break 
Without HPI Throttling, Path 9 
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Figure 2-16. Core Outlet Quality, 0.007-ft
2 

Pressurizer Break Without HPI 
Throttling, Path 2 
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Figure 2-17. Leak Path Quality (PORV), 0.007-ft 2 

Pressurizer Break Without HPI 
Throttling, Path 7 
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Figure 2-18. Vent Valve Quality, 0.007-ft2 Pressurizer 
Break Without HPI Throttling, Path 8 
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Figure 2-19. Primary System Inventory, 0.007-ft2 Pressurizer 
Break Without HPI Throttling 
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Figure 2-20. Core Pressure Vs Time, 0.007-ft2 Pressurizer 
Break Without HPI Throttling, Node 2 
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Figure 2-21. Pressurizer Fluid and Metal Temperature Vs Time, 
0.007-ft Break Without HPI Throttling 
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Figure 2-22. Upper Head Metal Temperature Vs Time, 0.007-ft
2 

Pressurizer Break Without HPI Throttling 
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Figure 2-23. Cold Leg Water Temperature Vs Time, 0.007-ft
2 

Pressurizer Break Without HPI Throttling 
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Figure 2-24. Downcomer Temperature Vs Time at 1500 psia, Comparison of 
Eight-Node CRAFT to Semi-Steady-State Analysis Method 

600 

500 

400 

I 

S300 -STEADY STATE 1500 PSIA, 
E 

30 

CRAFT 

200 

100 

oII I I. I IIII 
x 0 1 2 3 4 5 6 7 8 9 10 

Time, Hrs



Figure 2-25. Downcomer Temperature Vs Time, 0.015- and 0.023-ft2 Pressurizer 
Breaks Without HPI Throttling - CRAFT Semi-Steady-State Analysis 
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Figure 2-26. RC Loop Flow Vs Time, 0.015- and 0.023-ft 2 Pressurizer 
Breaks Without HPI Throttling, Flow Path 3 
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Figure 2-27. Downcomer Temperature Vs Time, 0.007-, 0.015-, and 0.023-ft2 Pressurizer 
Breaks With HPI Throttling at 100F Subcooled Core Outlet Assuming Moody 
Discharge Flow for 100F Subcooled Water 
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Figure 2-28. RV Pressure Vs Time, 0.007-, 0.015-, and 0.023-ft 2 Pressurizer Breaks 
With HPI Throttling at IOF Subcooled Core Outlet Assuming Moody 
Discharge Flow for 10OF Subcooled Water 
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Figure 2-29. HPI Flow Vs Time, 0.007- and 0.023-f t 2 Pressurizer 
Break With Operator Action 
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Figure 2-30. Vent Valve Flow Vs Time, 0.007- and 0.023-ft2 Pressurizer 
Break With Operator Action 
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Figure 2-31. Vent Valve Fluid Temperature Vs Time, 0.007- and 0.023-ft2 

Pressurizer Break With Operator Action 
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3. REACTOR VESSEL DOWNCOMER MIXING 

The fracture toughness of the RV is a function of the temperature of the down

comer fluid next to the RV wall. Therefore,. to derive the RV fracture tough

ness, the downcomer fluid mixing must be evaluated to determine the fluid 

temperature next to the RV wall. The various mixing models used in the analy

ses are presented below.  

3.1. CRAFT Mixing (Case 1, Table 1-1) 

The LOCA analyses.described in section 2 determine mixed mean downcomer tem

perature. One node (node 1 in Figure 2-2) is used in the CRAFT model for the 

RV downcomer; it calculates the RV downcomer temperature assuming complete 

mixing of all fluids in the downcomer. For the extended loss-of-feedwater 

transients, the fluids entering the downcomer are the cold leg loop flow (only 

at the very beginning of the event), the HPI flow, and the vent valve flow.  

After the loop flow stops, only the HPI and vent valve flows remain. The 

velocities of the flows are very low (less than 1 fps in the cold leg and 

downcomer); consequently, complete mixing in.the downcomer as determined by 

CRAFT may not occur.  

3.2. MIX2 Mixing (Cases 2 and 3, Table 1-1) 

Because the vent valve flow offers the most benefit with regard to downcomer 

water heatup, an effort was made to analytically predict the mixing. MIX2, 

a two-dimensional code under development at B&W, was used to model the region 

of the downcomer where mixing takes place. MIX2 solves the continuity, momen

tum., and energy equations in both space and time for single-phase, compressible 

water flow. The solution method employed is the implicit-continuous-Eulerian 

technique. The gravity effect is also included in the analysis to handle nat

ural circulation or mixed convection problems. The inputs to MIX2 are the 

system pressure, inlet flow velocities, and temperatures. The turbulence ex

change is modeled by an effective viscosity model. The outputs of MIX2 are 

the local velocity and temperature fields of the domain being analyzed.  
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3.2.1. Analysis Assumptions 

Breaks of various sizes, both with and without operator action, were analyzed.  

The 0.023-ft 2 break with operator action to throttle the HPI to maintain the 

core outlet 10OF subcooled (case 3) is given herein as an example case because 

loss of natural circulation occurs faster for this break than for the 0.007

or 0.015-ft2 breaks (n540 seconds). As such, it would be the controlling 

break for minimum cooldown times for small breaks, which require heating of 

the HPI flow by hotter vent valve water.  

The downcomer and part of the cold leg are modeled by a 18x12 grid system.  

HPI flow is modeled by a uniform stream going from right to left, and the-vent 

valve flow is modeled by the stream coming from the top (as shown in Figure 

3-1). The two streams of different temperatures are mixed in the downcomer 

region. It must be pointed out that MIX2 is a two-dimensional code, so assump

tions must be made to account for the flow distribution in the circumferential 

direction, i.e., how the HPI and downcomer flows spread out in the downcomer 

annulus.  

An obvious assumption that can be made is that both the HPI water and the vent 

valve flow spread out quickly and distribute uniformly in the downcomer annulus.  

Calculational results indicated that the fluid temperature in the downcomer 

obtained from this analysis is generally quite high,.and it provides an opti

mistic estimate for the vessel wall temperature. Actual conditions may or 

may not approach this model. On the other hand, we can assume that the HPI 

water does not spread around the annulus, while the vent valve flow distri

butes uniformly. This is a much more conservative assumption, and the calcu

lational results given herein as an example and used in cases 2 and 3, Table 

1-1 use that assumption.  

These calculations were performed with and without accounting for gravity ef

fects. It is also noted that because of modeling limitations, the mixing 

boundary condition.used 40F water in the cold leg approximately 2 feet from 

the downcomer. If the length of cold leg pipe from the downcomer to the HPI 

injection point had been modeled, additional mixing would probably occur. The 

locations of the HPI nozzles on the cold leg pipes and their distance from the 

downcomer are shown for lowered- and raised-loop plants in Figures 3-2 and 3-3, 

respectively.  
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3.2.2. Analysis Performed 

The following parameters were used for the mixing analysis: 

Number of cells in X-direction 18 

Number of cells in Y-direction 12 

6X, ft 0.139 

6Y, ft 0.467 

Turbulent diffusivity vT, 10- ft2/s 1.0 

HPI temperature, F 40 

System pressure, HPI and vent valve flow velocities and temperatures were ob

tained from the analysis described in section 2.  

The results of the MIX2 calculations are fluid temperature profiles in the 

downcomer immediately below the nozzle. Figure 3-4 illustrates typical down

comer fluid temperature profiles both with and without gravity effects. It can 

be seen that the case with the gravity effect has a more moderate temperature 

gradient in the downcomer. This is because the gravity effect tends to cause 

the HPI flow to settle and flow along the bottom of the cold leg, creating 

space for the hotter vent valve flow to come in to the upper part of the cold 

leg pipes. This phenomenon can be illustrated by the two schematic flow maps 

appearing as Figures 3-5 and 3-6. As a result of the gravity effect, consid

erable mixing takes place in the cold leg and the stratification effect is less 

pronounced.  

The resulting downcomer fluid temperature at the vessel wall directly beneath 

the cold leg nozzle for the 0.023-ft break with operator action (case 3, 

Table 1-1) is shown in Figure 3-7.  

3.2.3. Summary 

Based on the results of the mixing analysis, it is concluded that mixing will 

occur and that the HPI water will be heated by the hotter vent valve water.  

Quantification of the mixing benefit is more difficult. If the circumferential 

distribution assumptions of the previous section are accepted (uniform vent 

valve flow distribution, concentrated HPI), then the analyses show the mixing 

phenomenon could provide as much as 150F of heatup based upon 540F vent valve 

water. In addition, the heatup could be greater than 150F if the existing 17 

feet of cold leg between the HPI injection point and the downcomer were used 
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in the analysis rather than 2 feet. However, the uncertainty in the circum

ferential distribution of flow and in the analytical predictions (both com

putational and modeling) makes the exact benefit difficult to determine.  

3.3. Bounding Analyses (Case 4, Table 1-1) 

Because of the uncertainty in the degree of HPI-vent valve fluid mixing actual

ly taking place in the downcomer bounding analyses were performed. These anal

yses assumed essentially no mixing. They are discussed more fully in sections 

4 and 5.  
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Figure 3-1. Numerical Model of.MIX2 Analysis 
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Figure 3-2. Locations of HPI Nozzles (One on Each Cold Leg 
Pipe) - Lowered-Loop 177-FA Plants 
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Figure 3-3. Locations of HPI Nozzles (One on Each Cold Leg 
Pipe) Raised-Loop 177-FA Plants 
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Figure 3-4. Downcomer Fluid Temperature 
Profiles - HPI Temperature 
40F, VV Temperature 540F, 

(MH1PI/MVV) 1.5 
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Figure 3-5. Downcomer/Cold Leg Velocities 
Without Deisity Effects 
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Figure 3-6. Downcomer/Cold Leg Velocities 
With Density Effects 
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Figure 3-7. Downcomer Fluid Temperature at the RV Wall, 
0.023-ft2 Pressurizer Break With Operator 

60 
Action, MIX2 

Results 

1 500

400 

300 

U 

200 

U 100 

0 I I I 
02 4 6 8 10 

TRANSIENT TIME, SECONDS (X10 3) 

3-11 Babcock & Wilcox



4. REACTOR VESSEL COOLDOWN ANALYSES 

Once the downcomer fluid temperature next to the reactor vessel wall is deter

mined using the methods described in section 3, the temperature profile in the 

reactor vessel versus time must be calculated. These reactor vessel cooldown 

analyses are described in this section.  

4.1. 0.007-ft Pressurizer Break Without HPI 
Throttling (Case 1, Table 1-1) 

The initial analysis performed to evaluate the thermal shock concern was the 

0.007-ft pressurizer break without HPI throttling (case 1). The downcomer 

fluid temperature used in this analysis was the CRAFT determined mixed mean 

temperature, as described in section 3.1. The reactor vessel cooldown analy

sis performed for case 1 employed the BEFRAN3 computer code. This analysis 

uses a one-dimensional, cylindrical heat transfer calculation which assumes 

a constant film coefficient. Subsequent reactor cooldown analyses (cases 2-4) 

used a more detailed calculation, as described below.  

4.2. 0.007- and 0.023-ft2 Pressurizer Breaks 
With Operator Action to Throttle HPI 
Flow (Cases 2-4, Table 1-1) 

As mentioned in section 2.3 and described in detail in section 5, fracture 

mechanics analyses performed on the 0.007-ft2 break without operator action 

to,throttle HPI flow produce unacceptable results after several hours. As a 

result, analyses which included operator action were performed (cases 2-4, 

Table 1-1). The reactor vessel cooldown analyses performed on these cases is 

described herein. The downcomer fluid temperatures versus time used as input.  

to cases 2 and 3 were the MIX2 results described in section .3.2. The down

comer fluid temperature versus time used in case 4 represents an extremely 

conservative bounding analysis. Except for the differences in the downcomer 

fluid temperature used as input, the reactor vessel cooldown analyses performed 

for cases 2-4 employ the same techniques., The bounding analysis (case'4) is 

described in detail in this section.  
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4.2.1. Bounding Reactor Vessel Cooldown 
Analyses (Case 4, Table 1-1) 

As previously discussed, uncertainties exist in determining the extent of 

water mixing in the reactor vessel downcomer; therefore, to bound the overall 

concern, some conservative analyses were conducted. Four analyses assuming 

no HPI-vent valve flow mixing were performed to determine the RV thermal gra

dients versus time. These situations could be perceived as HPI flowing into 

the RV downcomer and then streaming down along the RV wall with no mixing with 

vent valve flow. For these analyses complete mixing was assumed in the RV 

downcomer while RC loop flow existed. Once the RC loop flow stopped, the RV 

downcomer temperature was rapidly dropped over 50 seconds to the assumed HPI 

temperature and then sustained there (Figure 4-1).. In one analysis, the final 

downcomer temperature was assumed to be 40F, which corresponds to the minimum 

BWST temperature. In the other three analyses, the final downcomer tempera

tures were 90, 120, and 150F, which reflect various amounts of mixing.  

Reactor vessel temperatures during a 0.023-ft 2break with operator action were 

calculated. Fluid conditions were taken from the analyses described in sec

tion 2.3. Wall surface heat transfer is obtained from the larger of (turbu

lent) forced and free convection heat transfer. The transient one-dimensional 

wall energy transfer problem was solved using the explicit Euler technique.  

Wall temperatures and temperature gradients are obtained for nominal conditions, 

for varying injection temperatures, and (by separate analysis) with allowances 

for azimuthal conduction in the wall.  

4.2.1.1. Assumptions 

1. Fluid Heating - After loop flow stagnates, the downcomer bulk fluid tem

perature is set arbitrarily to temperatures of 40, 90, 120, or 150F.  

2. Initial Temperatures - Gamma and neutron flux attenuation in the wall are 

used to set the initial temperature distribution in the reactor vessel.  

3. Vessel Outer Surface - The outer surface of the RV is assumed to be 

perfectly insulated.  

4. Film Heat Transfer - Film heat transfer variations in opposing mixed con

vection are ignored. The film heat transfer coefficient (HTC) is set to 

the larger of the (pure, turbulent) forced and free HTCs.  
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4.2.1.2. Conditions 

1 Geometry - The vessel wall is 8.4375-inch-SA-508 class 2 steel, clad on 

the inner face with 0.1875-inch stainless steel;' the inside diameter is 

170.625 inches. The inner boundary of the downcomer is the thermal shield, 

with a 151-inch outer diameter. The heated length is 15 feet (but is of 

no consequence here, without fluid heating).  

2. Initial Conditions'-- Initial conditions are those of an operating 177-FA 

plant at full power. Coolant flow is 131 mlbm/h at 555.4F and 2200 psia.  

Flux .attenuation in the vessel walls.generates 24 kBtu/h-ft4 at the inner 

surface, attenuating approximately exponentially with wall depth (with a 

linear attenuation coefficient of 8.4/ft). Film heat transfer is by 

forced convection, and the total temperature rise across the vessel wall 

is 17F.  

4.2.1.3. Analyses 

1. :Fluid Conditions - Fluid conditions are used as input except that loop 

flow from CRAFT is added to injection flow after HPI initiation at 140 

seconds, and HPI flow is multiplied by 4.5 to account for fluid streaming 

after loop flow stagnates at T=540 seconds (the ratio of downcomer circum

ference to inlet.nozzle diameter is 4.5).  

2. Film Heat Transfer - In opposing flow, with forced convection downward 

along a vertical heated wall, heat transfer may differ from either pure 

forced or pure free convection. In laminar flow, opposing heat transfer 

is usually degraded from pure (forced or free) convection, but this in

fluence in turbulent flow is unknown. Thus, the film.heat transfer herein 

is estimated by evaluating the pure forced convection HTC and selecting 

the larger of the two, Figure 4-2. The forced convection HTC is as fol

lows : 

3H forced = 0.023 K/D Reos Pro .41 (Btu/h-ft2 -F) 

where K = fluid thermal conductivity, Btu/h-ft-F, 

D = hydraulic diameter, ft (D 2W where W = downcomer 

width), 

Re Reynolds number, the ratio of inertial to viscous 
forces, Re = VD/v.  
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V = fluid velocity, fps, 

v = kinematic viscosity, ft 2/S, 

Pr = Prandtl number, the ratio of storage to conduction 
energy transfer, Pr = C Ii/K, 

p 
C = specific heat, Btu/lbm-F, 

V = dynamic viscosity, lbm/h-ft.  

Because Hforced is proportional to Vo.8, it decreases abruptly as loop.  

flow stagnates (Figure 4-2).  

The free (or natural) convective HTC is5 

H free 0.094 K/L (Gr Pr)13 

where L = heated length, ft, 

Gr = Grashof number, the ratio of buoyant to inertial force, 
Gr = gOATL /v , 

g = gravitational acceleration, 32 ft/s 2 , 

= fluid thermal expansivity, a = 1/p ap/aT (1/F), 

AT = governing temperature difference, wall to fluid, F.  

Notice that (turbulent) Hfree is apparently independent of heated length, 

Also, as Hforced decreases, the wall-to-fluid temperature difference in

creases, as does H (Figure 4-2).  
free 

3. Vessel Wall Heat Transfer - The energy equation in the wall: 

pC -- = K 0T+ , I 
p at Br2+r r s 

with 

T = T(r,t) and boundary conditions (inner surface convection), 
K aT/ar (r = ri) = H[T(r = ri) - Tbulk], and (insulated 
outer surface) aT/ar (r = ro) = 0, 

is solved by discretization in, space and application of the Euler explicit 

method to solve the approximate system of ordinary differential equations.  

Temperature-dependent properties are employed," as are the HTC modeling 

techniques previously described.  
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The solution of the energy equation is verified by comparing it to the 

slab apprbximation (valid for large inner radius): 

pG T 82 pC DT K@2 
p at DX2 

The adequacy of the temporal incrementation is verified by doubling the 

number of time steps and comparing the standard and refined solutions.  

ISpatial and temporal increments of Ar =1/8 inch and AT = 1/10 second 

are used.  

4.2.1.4. Results 

The resultant film HTC changes from forced to free at 7 minutes into the tran

sient (Figure 4-2). Thus, free convection governs the bulk of the transient 

and ranges from h 200 Btu/h-ft -F at t=10 minutes to h = 100 at t=1 hour, 

decreasing with wall surface temperature. Wall temperature profiles respond 

to downcomer temperatures (Figure 4-3); as loop flow stagnates, the downcomer 

temperature approazhes the injection temperature, and wall surface heat trans

fer increases markedly. By t=10 minutes, the inner surface temperature ap

proaches that of the injected fluid, but the outer wall temperatures ,have 

barely changed.  

The assumed downcomer temperature was varied to assess its impact. As expected, 

the resultant wall temperature profiles are less sloped with raised downcomer 

temperatures, especially at later transient times (Figure 4-3).  

Tangential conduction was investigated using FELCON, a transient, two-dimen

sional, finite element conduction code.8  The wall.temperature response with

out tangential conduction was obtained by setting the entire inner surface to 

40F at t > 0. Tangential conduction effects were then introduced by setting 

2 feet of the inner surface to 40F, while retaining the remaining 8 feet at 

550F, and extracting the wall temperature profiles in the cooled region. As 

with increased HPI temperatures, tangential conduction decreases the wall 

temperature gradient, particularly at later transient times (Figure 4-4).  

As discussed earlier, these results are very conservative and present a bound

ing case to the thermal shock question. The results of the fracture mechanics 

analysis for these cases are discussed in section 5.  
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Figure 4-1. Downcomer Fluid Temperature,
0.023-ft2 Break 

(Typical Case 4, Table 1-1) 
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Figure 4-2. Heat Transfer Coefficient Vs Time 
(Typical Case 4, Table 1-1) 
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Figure 4-3. Transient Wall Temperature Profiles, 0.023-ft
2 

Pressurizer Break (Typical Case 4, Table 1-1) 
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Figure 4-4. Tangential Conduction 
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5. FRACTURE MECHANICS ANALYSES 

The transient cases summarized in Table 1-1 have been evaluated to determine 

whether crack initiation is predicted. Subsequent crack arrest and the pos

siblity of warm prestressing are also evaluated.  

5.1. Methodology 

The linear elastic fracture mechanics (LEFM) analytical technique has been 

used to evaluate both types of transients discussed above. The validity of 

LEFM for predicting crack initiation and arrest has been demonstrated by the 

thermal shock experiments conducted in the HSST Program at the Oak Ridge Na

tional Laboratory.  

5.1.1. Thermal Stress Intensity Factors 

The thermal stresses due to the temperature gradient through the thickness of 

the vessel are computed from the following general relationship: 

E 1 r2 a2 a r 

atE 1 r - a_ 

a = Trdr - Trdrr, 
r 1 -v r2 b2 -aZ 

aE 1 r 

a = Trdr + Trdr -Tr 

z 1-v b2 - 82 

where .a = coefficient of thermal expansion, 

E = elastic modulus, 

v = Poisson's ratio, 

,a ,a = stress components, 

r, 6, z = reactor vessel axes.  
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The temperature distribution through the wall can be assumed to be approxi

mately parabolic. The stress equations are evaluated by assuming the follow

ing general representation of the temperature distribution through the vessel.  

T = A(b - )2 

where T = temperature, 

r = vessel radial direction.  

A,b = constants.  

The stress intensity factors are then computed by the following generalized 

relationship : 

= +--rN N F + NF +3NF +4 NF 
I0 1 IT 1 2 2 2 3 3 7 3 4 

where c = crack depth, radially, 

NoN 1,N2 N 3 = coefficients of crack opening stress polynomial, 

F1,F 2,F3,F4 = geometry magnification factors depending on crack 
depth.  

5.1.2. Pressure Stress Intensity Factors 

The components of stress in the RV beltline region due to pressure are computed 

as follows: 

r = Pi at r = a, 

a Pi 
z b2 -a 2' 

e a2Pi + b2 
e b2 -- a r2 

where a ,aa 0 = radial, axial, and hoop stresses, 

r, z, 0 = reactor vessel coordinate axes.  

The stress intensity factors are computed from the same generalized relation

ship presented in section 5.1.1.  

5.1.3. Welding Residual Stress Intensity Factors 

The residual stresses due to welding are computed on the basis of the evalua

tion of residual stresses in heavy weldments conducted by Feril, Juhl, and 
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Miller.9 The residual stress distribution through the vessel thickness is 

given below for three types of weld geometry shown in Figure 5-1.  

Longitudinal welds: a(x)/S = 0.12 - 0.36x + 0.18x2 
y 

Circumferential welds: 

Type 1: a(x)/S = -0.06 + 0.18x2  (Single V) 

Type 2: a(x)/S = 0.12 - 0.72x + 0.72x2 

where a(x) = residual stress distribution with directions as shown in 
Figure 5-1, 

S = yield stress, 
x = a/t (t - thickness), o s a s t.  

The stress intensity factors are computed from the generalized relationship 

presented in section 5.1.1.  

5.1.4. Material Fracture Toughness Data 

The material fracture toughness data were obtained from the reference curves 

of the ASME Boiler & Pressure Vessel Code, Section XI, Appendix A.10 Figure 

A-4200-1 gives lower bound static crack initiation toughness, KIC, and crack 

arrest toughness, KIA, as functions of metal temperature and material refer

ence temperature, RTNDT* 

The material reference temperature, RTNDT, is adjusted to account for irradia

tion embrittlement effects. The amount of adjustment to be added to the ini

tial reference temperature is computed from USNRC Regulatory Guide 1.99. The 

adjustment is a function of the material's weight percent of copper and phos

phorus and the accumulated neutron fluence, n/cm . The peak neutron fluence 

for the beltline region on the vessel inner surface is adjusted to account for 

specific weld locations axially and circumferentially. The neutron fluence 

attenuation through the vessel thickness is also taken into account.  

Taking these factors into consideration, the controlling material was found 

to be the longitudinal weld seam, WF-70, in the lower shell of the Rancho Seco 

vessel. The properties of this material have been used as the base case for 

which all results have been quantified. The applicability of the results to 

reactor vessels other than that of the Rancho Seco plant and with lower irradi

ation levels is discussed in section 5.4.  
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Case 1 presented below (section 5.3.2.1) was analyzed using base material 

properties (Rancho Seco) and an accumulated neutron fluence corresponding to 

6.0 EFPY* as a basis. (As of November 3, 1980, Oconee 1, the lead B&W plant, 

had accumulated 4.5 EFPY. Rancho Seco had accumulated 3.2 EFPY as of the same 

date.) The peak neutron fluence for the beltline region on the vessel inner 

surface corresponding to 6.0 EFPY is 4.0 x 1018 n/cm 2 . The computed adjusted 

reference temperature on the inner surface was 246F.  

Cases 2 (section 5.3.2.2) and 4 (section 5.3.2.3) presented below were per

formed using base material properties (Rancho Seco) at an accumulated neutron 

fluence corresponding to 3.8 EFPY. The corresponding vessel beltline inner 

surface peak neutron fluence and computed adjusted reference temperature were 

2.5 x 1018 n/cm2 and 200F, respectively.  

Case 3 (section 5.3.2.2) presented below was analyzed using base material prop

erties at both the 3.8 EFPY irradiation values of Cases 2 and 4 and using val

ues corresponding to 4.8 EFPY. The vessel beltline inner surface peak neutron 

fluence and computed adjusted reference temperature corresponding to 4.8 EFPY 

were 3.1 x 1018 n/cm 2 and 220F, respectively.  

5.2. Flaw Parameter Assumptions 

The reactor vessels in question have not operated long enough to have been sub

jected to an inservice inspection. Based on the shop inspections and the ASME 

Section XI baseline inspections, there is no evidence of flaws in -any of these 

vessels. However, in order to perform the fracture mechanics analysis, the ex

istence, location, orientation, and size of flaws were assumed. Surface flaws 

with the major axis oriented longitudinally and the minor axis oriented radially 

were postulated in the controlling weld metal. While the critical flaw size in 

the radial direction was a product of the fracture mechanics analysis, the as

pect ratio for the initial flaw was assumed to be 6:1 as recommended by Sec

tion III, Appendix G of the ASME Code, and the aspect ratio for arrest and 

subsequent initiations was assumed to be infinitely long. This assumption is 

consistent with the crack propagation results from the thermal shock experi

ments conducted in the HSST Program.  

*EFPY: effective full-power year.  
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Since the "critical" flaw size was unknown, a spectrum of sizes ranging from 

0.21 to 3.0 inches with several aspect ratios were evaluated. Results showed 

that for the slower temperature changes (lesser degree of thermal shock - case 

1, Table 1-1) deep flaws were critical but did not become limiting until sev

eral hours into the transient. However, for the fast transients (severe ther

mal shock - cases 2-4, Table 1-1) the shallow flaws were critical because they 

became "cold" at much higher stresses early in the transient. For the specific 

transients shown in Figures 5-2, 5-3, and 5-4 the 0.5-inch flaw provided the 

smallest pressure margins between allowable and actual transient pressure.  

5.3. Results 

5.3.1. Fracture Mechanics Evaluation 
Criteria 

The transients evaluated here are considered to be accident conditions. There

fore, vessel integrity must be maintained to facilitate safe reactor shutdown.  

Crack initiation can be allowed provided the cracks can be arrested. The cri

terion for precluding crack initiation is as follows: 

K IT + K P + K IW< KIC at flaw size al, 

and cracks are arrested provided 

KKIT + K P K < KIA at flaw size a 

where KI = applied stress intensity factor due to thermals, 

K I= applied stress intensity factor due to pressure, 

KIW = applied stress intensity factor due to residual stresses, 

KC = static crack initiation toughness, 

KIA = crack arrest toughness.  

The existence and applicability of warm prestressing is also evaluated. Warm 

prestressing exists provided crack initiation does not occur prior to or at 

the maximum applied load. If the load decreases continuously from the point 

of maximum load, subsequent predictions of crack initiation by LEFM are con

servative for the following reasons: 

1. The introduction of compressive residual stresses at the crack tip due to 
unloading.  

2. Work-hardening in the plastic zone around the crack tip.  

3. Blunting of the crack tip by plastic flow.  
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5.3.2. LEFM Results 

As detailed in other sections of this report, transient cases were analyzed 

for break sizes of 0.007 ft2 (stuck-open PORV), 0.015 ft , and 0.023 ft2 

(stuck-open safety relief valve). The LEEM results for the 0.007- and 0.023

ft2 cases are presented in this section. The 0.015-ft 2 results are bounded 

by these cases. These transients were analyzed using three conditions of mix

ing. The first case (case 1, Table 1-1) is complete, perfect mixing which 

uses the downcomer reactor coolant temperature transient directly from CRAFT.  

The second mixing condition (cases 2 and 3, Table 1-1) employed MIX2 results 

of vent valve/HPI mixing (section 3). This second mixing condition represents 

an intermediate model as compared to complete mixing in CRAFT and the third 

mixing condition used, no mixing (case 4).  

5.3.2.1. 0.007-ft2 Pressurizer Break Without 
HPI Throttling, Complete Mixing 
(Case 1, Table 1-1) 

These transients are considered to be acceptable because crack initiation is 

not predicted before several hours into the event. However, a warm prestress

ing situation clearly exists. The operator should take action to depressurize 

the plant (throttle HPI) since the applied K exceeding KIC cannot be tolerated 

indefinitely. Again, these results are applicable to the base case (Rancho 

Seco) at 6 EFPY.  

On the basis of this analysis, it was decided that subsequent analyses would 

be performed assuming operator action to throttle HPI (cases 2-4).  

5.3.2.2. 0.007- and 0.023-ft2 Pressurizer Break 
With HPI Throttling, MIX2 Mixing 
(Cases 2 and 3, Table 1-1) 

The allowable and actual transient pressure curves are shown in Figure 5-2 for 

the analyses corresponding to 3.8 and 4.8 EFPY. Again, these data represent 

the base case (Rancho Seco) analysis using 40F HPI temperature. Only the data 

for the 0.023-ft2 break (case 3, Table 1-1) is illustrated since it was shown 

to be the worst transient; the downcomer temperature transient being more sev

ere than that of the 0.007-ft2 break (case 2, Table 1-1). Clearly, actual 

pressures remain below allowable, indicating no brittle fracture concern exists 

since crack initiation is not predicted. Again, a warm prestressing situation 

clearly exists.  

5-6 Babcock & Wilcox



5.3.2.3. 0.023-ft2 Pressurizer Break With HPI 
Throttling, No Mixing (Case 4, 
Table 1-1) 

In order to evaluate the required amount of water mixing in the downcomer, a 

series of thermal shock transients using hypothetical, worst-case downcomer 

conditions was analyzed. These temperature transients are 550-40, 550-90, 

550-120, and 550-150F; the results of the 550-90F transient are shown, along 

with actual system pressure in Figure 5-3. Again, the results shown are for 

the base case (Rancho Seco) at 3.8 EFPY. The actual system pressure remains 

below allowable, indicating no brittle fracture concern exists since crack 

initiation is not predicted. Again, a warm prestressing condition clearly 

exists.  

The 550-40F transient resulted in actual system pressure exceeding allowable 

at about 25 minutes into the transient. Crack propagation without arrest would 

be predicted under these hypothetical conditions.  

The mixing required to heat 400 BWST water to 90aF at the RV wall in the down

comer during the critical times in the transient is slightly less than that 

predicted by the MIX2 model, which uses concentrated HPI flowing down the re

actor vessel wall as a model (section 3.2). As previously described, Figure 

3-7 shows the downcomer temperature results of the vent valve/HPI mixing pre

dicted by MIX2 for the 0.023-ft pressurizer break with HPI throttling. Fig

ure 3-7 indicates that the 40F HPI fluid is warmed to approximately 90 to 10OF 

at the RV wall by the mixing. A comparison of the allowable pressures in Fig

ure 5-2 which assumes mixing and assumes 3.8 EFPY irradiation with Figure 5-3 

which shows the results of the bounding analysis using 900 BWST fluid shows 

that there is another effect besides the no mixing assumption which results 

in lower allowable pressures for the 550-90F bounding analysis. This other 

hypothetical assumption is that the downcomer temperature is dropped from 550 

to 90F over 50 seconds in the bounding analysis whereas if mixing occurs (Fig

ure 3-7), this drop takes place over approximately 1 hour. Therefore, if the 

bounding analysis indicates 90F results are acceptable, then lesser tempera

tures (i.e., lesser mixing) would be acceptable using the mixing assumption.  

In addition, assuming 40F HPI fluid temperature in these analyses is conser

vative. Borated water storagetank temperatures must be maintained between 

40 and 90F during operation. Therefore, it may be possible to vary the BWST 

temperature within that range to assist in mitigating the thermal shock concern.  
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2I 
For breaks smaller than 0.023-ft2 , the actual transient pressures are somewhat 

higher. However, it takes longer before loop flow would completely stop.  

Therefore, the times at which the critical pressure for crack initiation with

out arrest exceeds the actual pressure are longer for breaks smaller than the 

0.023-ft2 break.  

5.4. Applicability of Base Case 
(Rancho Seco) 

The limiting welds with respect to brittle failure of the reactor vessel are 

longitudinal welds. This is true since for circumferentially oriented flaws 

in circumferential welds the allowable pressure would be twice that for a com

parable longitudinal weld due to the differences in stress normal to the flaw 

orientation. Also, for longitudinal flaws in circumferential welds the base 

metal has substantially lower RTNDT thus higher toughness which prevents the 

flaw aspect ratio from becoming large. (Allowable pressures for flaws with a 

1:1 or 2:1 aspect ratio are higher than flaws with a 6:1 aspect ratio.) Be

cause of these inherent differences between flaws oriented in longitudinal and 

circumferential welds, the base analysis is only applicable to plants with 

longitudinal weld seams. As indicated in Table 5-1, these plants are Oconee 

1, TMI-1, TMI-2, Crystal River 3, Arkansas Nuclear One (ANO-1), and Rancho 

Seco. The potential for cold water at the weld location would be most likely 

to exist only on plants with welds under or near.cold leg nozzles. The loca

tions of the longitudinal welds with respect to the cold leg nozzles are shown 

in Figures 5-5 through 5-10. In addition, the locations and dimensions of 

core flood nozzles, vent valves, and hot and cold leg pipes and nozzles are 

provided in Figures 5-11 and 5-12. As can be seen from these figures, the 

only plants with longitudinal welds under or near the cold leg nozzles are 

Oconee 1, ANO-1, and Rancho Seco. Welds for the other plants would be sub

jected to substantially higher water temperatures. Hence, the base analysis 

is very conservative for the other units.

The results of a bounding (no mixing, case 4) analysis using Oconee 1 material 

properties and .an accumulated neutron fluence corresponding to 4.9 EFPY as a 

basis (Oconee 1 irradiation as of November 3, 1980 was 4.5 EFPY) produced ac

ceptable results for all of the assumed BWST temperatures, including 40F.  

Figure 5-4 shows these results for the 550-40 and 550-90F transients.  
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Similar analyses showed even greater improvement for ANO-1. Clearly, Rancho 

Seco - which has the least irradiation - has the most restrictive allowable 

pressures.  

In summary, significant variations in weld material, weld types, and irradia

tion times exist between plants, thus making the bounding analyses very con

servative for some plants.  

5.5. Conservatisms 

It is felt that the fracture mechanics analysis described above has a number 

of inherent conservatisms. Without elaboration or quantification, these con

servatisms are listed below.  

1. Flaw size, shape, orientations, and location.  

2. KC and K IA lower bound toughness curves.  

3. Adjusted RTNDT from upper bound of Regulatory Guide 1.99.  

4. Applicability of LEFM to stresses above yield as in the case of severe 
thermal shock with pressure.  

5. No credit for warm prestressing.  
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Table 5-1. Comparison of Reactor Vessel Materials(a) 

Adjustment 

RTNDT, F 

Controlling Longitudinal Welds 

(b) 
Oconee 1 (5.998 EFPY) SA-1493 184 

Oconee 2 (5.528 EFPY) NA(c) NA 

Oconee 3 (5.393 EFPY) NA NA 

TMI-1 (5.516 EFPY) SA-1526 198 

TMI-2 SA-1493 160 

Crystal River 3 WF-18/8 144 

ANO-1 WF-18 160 

Rancho Seco WF-70 222(b) 

Davis-Besse 1 NA NA 

Midland 1 NA NA 3 
Midland 2 BAB-243 39(de) 

Controlling Circumferential Welds 

Oconee 1 SA-1229 171 

Oconee 2 WF-25 223 

Oconee 3 WF-67 173 

TMI-1 WF-25 220 

TMI-2 WF-193 158 

Crystal River 3 WF-70 184 

ANO-1 WF-112 195 

Rancho Seco WF-154 187 

Davis-Besse 1 WF-233 128 

Midland 1 WF-70 151 

Midland 2 BAB-243 39(d) 

(a)Reference: January 1, 1980 plus 2 EFPY adjust
ment to RTNDT from Regulatory Guide 1.99.  

(b)These longitudinal welds are in the upper shell 
and underneath an inlet nozzle.  

(c)NA: not applicable.  

(d)The material listed is upper shell material, which 

is controlling over the weld material.  

(e)Not a longitudinal weld.  
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Figure 5-1. Types of Weld Orientations 
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Figure 5-2. Allowable and Actual Pressures Vs Time, 0.023-ft Pressurizer Break With 

Operator Action, Rancho Seco, 40F BWST, MIX2 (Case 3, Table 1-1) 
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Figure 5-3. Allowable and Actual Pressure Vs Time, 0.023-ft2 Pressurizer Break With 
Operator Action, Rancho Seco, 550-90F Transient, Bounding Analysis, 
3.8 EPPY (Case 4, Table 1-1) 
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Figure 5-4. Allowable and Actual Pressure Vs Time, 0.023-ft Pressurizer Break With 
Operator Action, Oconee 1, 550-90 and 550-40F Transient, Bounding 
Analysis, 4.9 EFPY (Case 4, Table 1-1) 

2500 

ALLOWABLE (90F) 

2000 ALLOWABLE (40F) 

1500 

CO 1000 

'4
LU 

500 

ACTUAL 

0 
0 1 23 

TRANSIENT TIME (HRS.) 
0 

0 

so- so Om Om -M "as-oso



mM m mMmmm m - - mmMMmm 

Figure 5-5. Oconee 1 Inside Surface Reactor Vessel - Weld Locations of Interest 
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Figure 5-6. TMI-1 Inside Surface Reactor Vessel - Weld Locations of Interest 
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Figure 5-7. TMI-2 Inside Surface Reactor Vessel - Weld Locations of Interest 
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Figure 5-8. Crystal River 3 Inside Surface Reactor Vessel - Weld 
Locations of Interest 

I . a a s .. Ii 

10 FT 

0 30 60 90 120 150 180 210 240 270 300 330 360 Degrees 
I I I I I I I I I I I 

RV FLANGE 

2.7' 

CFO ' 0 0 CF 0 

5.4' 

oa 

5.4' 

31.4' 

13.6' 

36.0' 

. 44.7' 

MMMMWW-em me-m- m



Figure 5-9. ANO-1 Inside Surface Reactor Vessel - Weld Locations of Interest 
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Figure 5-10. Rancho Seco Inside Surface Reactor Vessel - Weld 
Locations of Interest 
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Figure 5-11. Reactor Vessel Nozzle Locations -Inside Surface, 
Typical 177-FA Lowered-Loop Plant 
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Figure 5-12. Reactor Vessel Nozzle Locations - Inside Surface, Typical 
177-FA Raised-Loop Plant (Davis-Besse 1) 
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6. SUMMARY AND CONCLUSIONS 

The investigations and analyses described in this report were performed to 

evaluate the concern of brittle fracture following a small LOCA, assuming an 

extended loss of feedwater and an extended loss of forced reactor coolant 

system flow. This is in response to the NRC's information request of July 

12, 1979.  

6.1. Analyses Performed 

LOCA analyses were performed for break sizes of 0.007-, 0.015-, and 0.023-ft2 

assuming no feedwater to the steam generators. Each break size was analyzed 

assuming (1) no operator action and (2) the operator throttles HPI flow to 

maintain approximately a 10OF subcooling margin at the core outlet. The pur

pose of the LOCA analyses was to determine the HPI flow rate, vent valve flow 

rate and temperature, and RCS pressure.  

A very conservative evaluation was developed to define the worst case bounding 

downcomer temperature conditions used for the LEFM analyses. The bounding case 

assumed the HPI flowing into the downcomer flows down along the RV wall with

out spreading out circumferentially and with no mixing with the vent valve 

fluid. Resulting downcomer fluid bulk temperatures of 40, 90, 120, and 150F 

were assumed for inputs to the worst case LEFM calculations (case 4, Table 

1-1).  

Other, more realistic downcomer analyses were performed which included gravity 

effects, circumferential distribution of the vent valve flow, and mixing with 

the concentrated HPI flow stream (cases 2 and 3, Table 1-1).  

Linear elastic fracture mechanics analyses were performed for each break size, 

with and without operator action to throttle HPI flow, for different mixing 

assumptions.  
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6.2. Conclusions 

The analyses reported in other sections of this report result in the follow

ing conclusions.  

6.2.1. General Conclusions 

1. Vent valve flow occurs for the entire duration of the small break LOCA 

transients analyzed (Figure 2-30).  

2. As long as forced flow exists (reactor coolant pumps are operating), the 

incoming HPI water will mix with water returning from the steam generators 

and no reactor vessel brittle fracture concern exists.  

3. In the case in which no loop flow is present, vessel downcomer local wall 

temperatures will depend on the interaction of many factors including the 

flow rate and temperature of the HPI water, the flow rate and temperature 

of the vent valve return flow, and the degree of mixing between them.  

4. Welds likely to experience the most rapid cooldown are those vertically 

below the cold leg nozzles into which HPI water is injected. The limiting 

welds with respect to brittle failure of the reactor vessel are longitudi

nal welds. Only in the Oconee 1, ANO-1, and Rancho Seco reactor vessels 

do longitudinal welds exist under or near the cold leg nozzles. Hence, 

the analysis of the longitudinal welds on Oconee 1, ANO-1, and Rancho 

Seco is conservative for the other welds (other operating B&W units).  

5. The controlling RV material (weld and base material) with the lowest RT NDT 
was found to be the longitudinal weld seam, WF-70 in the lower shell of 

the Rancho Seco vessel. The properties of this material are used as the 

base case for generic enveloping analyses of all reactor vessels.  

6. Throttling of HPI to reduce system pressures will be required to help 

alleviate the brittle fracture concern.  

6.2.2. Specific Conclusions 

As of November 3, 1980, Oconee 1, the lead B&W plant, had accumulated 4.5 EFPY.  

Rancho Seco had accumulated 3.2 EFPY. The following conclusions are burnup 

and mixing-model dependent. As discussed throughout this report, all of the 

analyses leading to these conclusions are performed using input assumptions 

which conservatively envelop all B&W operating plants.  
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1. Results of a base case (Rancho Seco) analysis corresponding to 6 EFPY and 

assuming complete HPI/vent valve fluid mixing (case 1, Table 1-1) are con

sidered acceptable because crack initiation is not predicted before several 

hours into the event. The operator should take action to depressurize the 

plant (throttle HPI).  

2. Base case (Rancho Seco) analyses at 3.8 and 4.8 EFPY which assume operator 

action to throttle HPI to maintain approximately 10OF subcooled.conditions 

at the core outlet and which assume HPI/vent valve fluid mixing as deter

mined using MIX2 (section 3) show acceptable results (Figure 5-2). No 

brittle fracture concern is indicated since crack initiation is not pre

dicted (cases 2 and 3, Table 1-1). The calculated margins between actual 

and allowable pressure indicate operation for some time beyond the 4.8 

EFPY actually analyzed would be acceptable. A worst-case (40F) HPI tem

perature was assumed.  

3. Base case (Rancho Seco) analyses at 3.8 EFPY which assume operator action 

to throttle 40F HPI to maintain approximately 10OF subcooled conditions 

at the core outlet and which assume no HPI/vent valve mixing following 

loss of natural circulation (case 4, Table 1-1) result in allowable pres

sures being exceeded at about 25 minutes into the transient. Crack initi

ation without arrest would be predicted for this hypothetical case. (The 

no HPI/vent valve mixing assumption means the RV downcomer fluid tempera

ture at the RV wall changed from 550 to the HPI temperature of 40F in 50 

seconds when RC loop flow (natural circulation) stopped.) Analysis of the 

same transient assuming 90F HPI water gives acceptable results (Figure 

5-3).  

The same transient using 40F HPI water (worst case) was analyzed using 

Oconee 1 data at 4.9 EFPY. Oconee 1 is the second most limiting reactor 

vessel. The results (Figure 5-4) are acceptable indicating no brittle 

fracture concern for all reactor vessels except Rancho Seco using any BWST 

temperature including the worst case (40F). Crack initiation is not pre

dicted. Similar analyses using ANO-1 data indicated even greater margins.  

Again, the calculated margins between actual and allowable pressure indi

cate operation for some time beyond the irradiation actually analyzed 

would be acceptable.  
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4. State-of-the-art methods do not presently support highly accurate analyti

cal predictions of the three-dimensional fluid mixing in the downcomer.  

Until the amount of mixing between HPI fluid and vent valve fluid is better 

defined, the exact amount of margin, the length of time that margin exists, 

or the adequacy of operation action to eliminate any brittle fracture con

cern cannot be rigorously determined. Certainly the analyses reported 

herein are in many respects conservative with what the actual situation 

is expected to be. The major arguments supporting this are 

* An extended total loss of feedwater or extended loss of loop 
flow is unrealistic.  

* Some mixing and heating of the HPI will occur.  

* Warm prestressing benefits are present.  
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TABLE .4 SYMPTOMS FOR LOCA'S THAT CAN BE LOCATED OR ISOLATED 

THIS CHART WILL AID IN LOCATING SOME BREAKS; ALL BREAKS CANNOT BE LOCATED. SOME BREAKS WHICH CAN BE LOCATED CAN ALSO BE 
ISOLATED AND THE LOCA CAN BE STOPPED. IT MAY BE DIFFICULT TO DISTINGUISH SMALL STEAM LINE LEAKS INSIDE CONTAINMENT 
FROM LOCA'S; BUILDING ENVIRONMENT WILL CHANGE FOR BOTH AND THE STEAM PRESSURE WILL NOT ALWAYS BE LOW. HOWEVER, A LOCA 
WILL CHANGE BUILDING RADIATION LEVELS; AND THE REACTOR WILL REPRESSURIZE AND REGAIN.FULL SUBCOOLING WITH A STEAM LINE BREAK.  

SYMPTOMS FOR LOCA'S THAT CAN BE ISOLATED SYMPTOMS FOR LOCA'S THAT CANNOT BE ISOLATED 

(Symptoms or alarms most likely to show location are underlined) (Symptoms or alarms most likely to show location are underlined) 

FAILURE LOCATING SYMPTOMS ISOLATING HARDWARE 

Makeup and - Low makeup tank level Letdown valve *1) Steam Generator Tube(s) - High steam line radiation 
purification - High 1CW radiation upstream of - High steam generator level 
system outside - High ICW surge tank coolers 

containment and level Pressurizer Safety Valves - Acoustic Monitor Alarm 
letdown coolers (or breaks in let- Hq quench tank level 

down cooler) ffg 

Local sump levels 
- High quench tank temperature 

-rLoadiatio aleves, (These will only be good while the 
radiation alarms quench tank rupture disk is good) 

Seal return - Low makeup tank level Seal return**l) 
line and seal - High ICW radiation isolation valve HPI Injection Line Break - Flow imbalance between injection**3) 
return cooler - High IC.I surge tank lines 
outside contain- level THigh flow will be through broken 
ment (Tfor breaks in seal line) 

return cooler) 
- Local sump levels, 

rediation alarms RC Pump Seal Failure - High seal return temperature (%3500 

- High seal return flow combined with: 

Pressurizer - Acoustic Monitor Alarm ERV isolation valve Low stage and upper stage pressures 
electromatic - High quench tank level are equal and high 
relief valve - High quench tank temp

erature 
(These will only be good RCS Instrumentation Lines 
when the quench tank - Pressurizer Level - False low level reading 
rupture disk is good) - Pressures - False low pressure 

- RCFlow- False high or low flow compared with 
Makeup-letdown . - High makeup tank level Letdown control**l) - RC Flow Falsehighopraon 

imbalance (this is - Bleed holdup tank level valve 
not.a break, but is - Makeup flow rate (+) seal 
a loss of coolant) injection flow (-) letdown 

flow **Footnotes: 1) Do not allow makeup tank to drain or operating makeup 
pump will lose suction ard fail.  

Becay heat removal - High or low decay heat Decay heat letdown**2) 
line break outside removal flow drop line valve -2) Inadequate Core Cooling Guidelines for 
containment (decay heat-Low oume suction oress. heat removal should be implemented.  
removal system in - Local sump and local 
operation-plant is radiation alarms 3) Break cannot be isolated to prevent loss of reactor cool
cooled down) ant, but HPI line can be closed to prevent loss of 

injection water 
Decay heat cooler - High ICW surge tank Cooler isolation 
tube leak (decay level valves 
heat removal sys. - High ICW radiation 
in operation- lant 
is cooled down)


