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UNMITIGATED BORON DILUTION EVENTS IN A PWR* -

by

R. J. Henninger and S. B. Woodruff

Energy Division

Los Alamos National Laboratory

Los Alamos, New Mexico

March 1982

ABSTRACT

Dissclved boron is required for control of reactivity ‘in a

pressurized water reactor that is shut down. 7RAC-PF1

calculations for a typical PWR for vessel-clo$ed and vessel-open

configurations show that a high-po~r excursion (approaching 20~

of nominal operating poher) is possible if dilutio~ of the boron

solution occurs. The calculations also show that sufficient

heat capacity exists in the primary system to prevent a large

temperature increase and that natural circulation flow of fligh

concentration boron solution from the primary system into the

core region will terminate the excursion.

Wor~~fFfinerfunik_F the auspices of the US Nuclear Regulatory Commission.
---.-L-
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I. INTRODUCTION AND SUl&iARY

Control of reactivity in a pressurized water reactor (PWR) is

accomplished by control rods and by boron dissolved in the reatto~ coolant.

Inadvertent addition of unborated water to the reactor coolant system

decreases the boron concentration and increases reactivity. In the event that

the boron solution is diluted during power operation, the reactivity insertion

will cause the powr to increase and automatic safety systems (reactor scram)

will act to shut down the reactor. When a plant is shut down and control rods

are inserted, boron still is required to maintain the necessary shutdown

margin. A dilution event during shutdown is not stopped by any automatic

safety system and will result

take the proper

of unmitigated

corrective act

boron-dilution

n recictor criticality if tha operator does not

on. In this Faper, TRAC-PF1 (Ref. 1) analyses

events in a PWR *en it is shut down are

presented and discussed.

The dis~ussjon of bOron dilution events in a Final Safety Analysis

Report (FSAR)2 points out the difficulty of initiating a dilution event.

The FSAR notes that for unborated water to enter the reactor Coolant sYstem,

three independent events must occur. These events are:

1) opening the primary water makeup control valve,

2) starting tl~e

3) starting the

Jt is ar:~ued

primary water supply pump(s), and

charging purrIp(s).

that it is unlikely for these events to occur

simultaneously. Licensee Event Reports, hovmver, indicate that

boron-concentration-change events have occurred with sufficient frequency thiit

they must be considered ar] anticipated operational occurrence. A simple

clilut.+onmcd~l is used in the FSAR to estimate the time available bctwcn

in~tiatl,~n and incipient criticality. The maximum addition rate of unhorated
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water is 10 kg/s (175 gpm) with both primary supply pumps running. The

initial boron concentration is 2000 ppm boric ai:id by weight and the initial

reacti #ity of the system is -.08 Ak. The volume of water to & diluted is

assumed to be 135 m3 (4780 ft3). This corresponds to the liquid volume of

the primary system filled to the level of the vessel head flange. The time to

reduce the boron concentration in this volume to 1200 ppm (the concentration

required fcr criticality) is estimated to be !?1 min. In this period, the

operator has a prompt and definite indication of the boron dilution from the

audible count-rate instrumentation. High count rate, which occurs as powr

increases, results in an alarm In both the cont?iinment and control room. The

FSAR states tha~ 91 min i s ample time for the operator t.orespond to the alarm

Dy closing the misaligned valves and stopping the primary water supply and

charging pumps. In the analysis presented here, it was assumed that the

operator does not respond.

Two configurations of the shutdown reactor s,ystem verc calculated with

TRAC-FF1 , In the closed-vessel configuration the system was filled to the

normal operating level and was at atmospheric pressure. In the ~pen-vessel

configuration the system was filled to the level of the head flange.

Availability of a boron-concentration tracker in TRAC-PF1 that was coupled to

the reactor kinetics allowd a direct calculation of the ~ffect of unborated

water entering the system at the maximl!m possible rete (10 kg/s). In the

closed -ves~l!l case a critical system was obtiined in 80 m+n, in ~eascnable

agreement with the simple model used in the FSAR. In fdct, if it is assumed

in the simple model that the volume being dllutcd is that of the vessel filled

to the head flange (118 m3 or 416/ ft3), then the time to criticality is

reduced to 75 mill. For approximately lLO s after the system was critical, the

power increased. Feedback from increasing fuel and coolant temperatures
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limited the power excursion to 516 MW. Heating of the liquid in the core

region resulted in natural circulation flow in the primary loop. This, in

turn, resulted in undiluted boron solution entering the core regiun and

terminating the excursion. The dilution process was ~llowd to continue, and

this produced a second excursion. Once again this excursion was limited by

temperature feedback and was terminated by inf”low of higher-concentration

boron Solutlon. The peak powr for the second excursion was 400 MW.

Continumi dilution produced a third excursion. The flllid motions induced by

the first tw excursions left the entire primary system at a more uniform

concentration that was below the level required to maintain the reactor

subcritical . Higl~er-concentration boron solution was therefore no longer

available to terminate the third excursion. The powr approached 5000 MW

before temperature feedback started reducing the po~r at 233 min. This hig~,

power increased the system pressure to the safety valve setpoint. This

represents a serious temperature and pressure excursion; boiling in the core

region and its associated negative feedback, muld be required to ierminate

this excursion. It must be pointed out that almost 4 h have elapsed since the

accident was initiated, affording t+e operator ample time to stop the SOUI1Ce

of unborated water. It is thus extremely unlikely that the accident wjuld

proceed to this serious stage.

In the open-vessel case, the first (and only excursion calcl~lated)

occurred a+ 125 min. The peak powr was limited by n~gative tempe:-ature

feedback to 650 MW. Increased liquid temperatures in the core region did not

produce the coolant flows in the primary system that wre observed in the

closed-vessel case. The reason for this is that the loops, in particular the

tops of the steam generator U-tube’, wre net filled with liquid, and the

incomplete flow path interrupted the flow. The powr therefore remaiwd high
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until boiling

system liquid

concentration

occurred in the core region. The agitation of the primary

caused by the boiling was sufficient to bring nigher

boron solution into the core region and tbrminate the

excursion. Thus the outcome of the first excursion for the open-vessel case

was similar to that of the closed-vessel case.

Although high po~r (approaching 20% of nominal operating poher) was

attained in the first excursion for both cases, sufficient

existeal in the primary system to prevent a 1arge temperature

passive shutdown mechanism was available to terminats the first

view of

unlikely

the alarms that vmuld be induced by this

that the accident viouldproceed beyond the

II. ASSUMPTIONS AND MCDEL DESCRIPTION

TRAC-PF1 (Ref. 1) was used for the analysis

a four-loop Westinghouse PWR. The calculations

heat capacity

increase and a

excursion. In

excursion, it would appear

first excursion.

of boron dilution events in

wre made for the system

shortly after refuellng; the reactor was at a beginni rig-of-equilibrium-cycle

(BOEC) state and all of the control rods ~re inse~ted. The noding diagram of

the TRAC model is shown in Fig. 1. Information For this model was Gbt~ined

from the FSAR.2

Three of the four loops (Loops A, 2, and 0) were combined for

computational efficiency. The remaining loop (Loop B) contained the

pressurizer. Included in the model ~re the hot and cold leg~, loop seals,

vessel, pressurizer, U-tubes of the steam generator, inlets and outlet for the

residual heat removal (RHR) system and the main coolant pumps (~?though the

pumps Mre never operating). TW configurations of the system wre considered.

In the closed vessel configuration the system was filled to the normal

operating level, but the system was still at atmospheric pressure. In the



open-vessel configuration (Fig. 1) the vessel was filled to the level of the

head flange. Additionally, it was assumed that:

1) Unborated water entered the system at the maximum rate for both

primary water supply pumps (175 gpm, 10.2 kg/s).

2) The boron mrth was -10
-4

~k per change in boron concentration

[measured as wight of boric acid pcr wight of solution in units of

parts per million (ppm)l.

3) Reactivity coefficient: for the poir~t kinetics model for fuel and

coolant terrperature and void formation wre those of a BOEC core.

Note that fur the boron concentrations of interest, the moderator

coefficient is always negative.

4) The boron concentration was initially 2000 ppm throughout the system.

5) The reactor was critical when the average conc~ntration in the core

rsgion was reduced to ‘:200ppm.

6) The powr-operated-rel ief..valve (PORV) setpoint was 3.0 MPa (the

setpoint when the RHR system is in operation).

These assumptions wre taken directly from the FSAR. if the unborated

water entering the system is uniformly nlixed with fixed mass M of boric acid

solution and trte mass flow out of the system equals the mass f-ow in, the

resulting reactivity P is given by

~(t) = .12 - .2 exp (- 10.2 t /M) (1)

where t Is the time since dilut~on began. In the FSAR, it was assumed that

the volume being diluted was that of the primary system filled to the vessel

he~d flange (135 m3, 4780 ft3). This results in criticality in 91 min.

Because the inlets for unborated water are in the cold legs and the outlet is



in the Loop A hot leg, the flow path for the undiluted water is mainly through

the vessel. If mixing occurs only below the head flange (118 m3) in the

vessel , criticality is attained in 75 min. Thus, the t$me avaflable to the

operator to act is reduced by 17% as compared to the FSAI? estimate. If the

remainder of the system does not participate in the mixing then the boron

concentration in all other components will be at its original value (2000 ppl,’1.

TRAC-PF1 currently tracks the movement of a solute such as boric acid.

Code modifications specific to this problem ~re made to determine the

reactivity effects of varying core-average boric acid concentration. Ten kg/s

of unborated water entered the cold legs and 10 kg/s of water at the local

concentration are removed from the ccmbinecl Loops A, C, and D hot leg. T5is

induced a flow from the cold legs through the vessel and out the hot legs. A

problem seen in the closed-vessel model, in which the primary system is full

of liquid, was that flows close to 10 kg/s (-4 kg/s

In other wrds, flows of this size were produced by

the model. This additional flow could reduce the t

wre induced by gravity.

small elevation errors in

me for unborated water to

reach the core region as it could be swpt along slightly faster by the

artificial flow. This was less of a problem in the open-vessel case Mere the

t’low path was interrupted by a vapor bubble in the steam generator U-tubes

(recall that the system was drp,ined to t;~e level of the head flange in the

open-vessel case). The conditions for the calculations are sunnmarized in

Table I.

III. RESULTS FOR CLOSED-VESSEL CASE

The sequence of events for the closed-vessel case was determined by

TRAC-PF1. The important system parameters are given in Figs. 2-7. As

unborated water entered the system, reactivity increased and criticality



occurred at 80 min (4785 s, see Figs. 2 and 3). The time to criticality

agrees reasonably well with that determined by EcI.(1) (75 rein). The dilution

reactivity given by Eq. (1) and also plotted on Fig. 2 is quite different,

ho~ver. In particular, the upturn in reactivity that is seen in the TRAC

calculation is not present. This upturn was a result of lower-concentration

boron solution entering the core region as the pover began tc increase. The

density difference when the core water heated was sufficient to induce flow

into the core region (Figs. 4 and 5). The boron concentration decreased as

one proceeded from the core to the source of unborated water. The first water

to enter the core was therefore less berated than that present in the core

region and the rate of reactivity addition therefore increased when motion was

induced. The powr peaked at 516 MM (Fig. 6) following the introduction of

approximately -.009 Ak of fuel temperature !Doppler) reactivity. Lo91 ant

reactivity also contributed to the powr turnover. In an auxiliary

calcul ~tion with no coolant temperature feedback, the poher was 20% highel”.

The limiting reactivity was thus largely Doppler feedback. The induced flow

eventually sk~pt higher-concentration boron sol~’tion upstreanl of the source of

unborated water into the core. This higher concentration solution terminated

the first exc~rsion. The average boron concentration in the core region and

the resulting reactivity was similar to that present at the stat’t of the

dilution e\lent (1920 ppm and -9.074 Ak, respectively). In the course of the

first excursion the core average pressure went from 0.26 M~a to 0.75 Mpa

briefly and then back to 0.34 MPa as cooler liquid from the rest of the system

entered the core region. The e~act time of the first excursion depends upon

the flow to the vessel from the unborated water source. Figure 5 shows that

the primary flow increased at 2000 s because of small elevatiorl changes in the

geometric model that wre described in Section II. This artificial flow may
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have reduced the timE to criticality by moving unborated water into the core.

A better estimate of the time to criticality w(’ld require more analysis and a

more refined geometric mode! .

As dllution continued, a second excursion was induced at approximately

10000 s. As with the first excursion, the peak powr was limited by Doppler

and coolant temperature feedback and terminated by inflow of higher

concentration boron solution. The peak powr in this excursion was 400 MW.

The boron concentration reactivity follow”ng the second excursion wiis higher

(-0.02 Ak). The core- averag= temperature increased to 354 K as a result of

the second excursion. l’he expansion associated moth this temperature increase

filled the pressurizer and briefly opened the PORV.

Continued dilution resulted in a third excursion. When this excurs~on

began, the boron concentration in the primary system was at or below the level

at which the core was critical. Doppler and coolant temperature feedback and

core voiding were thus required to limit the power of this excursion. The

peak po},er reached in this exctirsion was 5000 MW. Rapid press~rization of the

system prevented boiling in the core during the excursion. Fuel heating

resulted in a net negative reactivity, leading to decreasing power (Fig. 3).

High-pressure voiding of the core wuld be required to permanently terminate

the poker burst, In view of the ~inle elapsed and the number of indications

received by the operator, it is unlikely that the event muld proceed to this

serious third excursion.

IV. RESULTS FOR OPEN-VESSEL CASE

The sequence cf events for the open-yessel case was determined by tm

methods. The first method failed shortly after peak powr was reached because

Of numerical difficulties encountered in the TRAC calculation. The second
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method provides an indication, albeit not quantitively consi stent ~“th the

first calculation, of how the accident proceeds. This description includes

the first calculation until it breaks down numerically. This is lollo~d by a

brief description of the second method and its results.

The addition of unborated water resulted in reactor criticality at

approximately 7500 s in this case. Criticality occurred 2500 s later than in

the closed-vessel case because vapor in the steam generator pr~vented the

artificial flow seen in the closed-vessel case. Because the flow of unborated

water into the system was the same for a longer period of time, the boron

concentration upstream of the core was lover. This resulted in a slightly

more severe excursion than in the c’losed-vessel case (Figs. 8 and 9). As w“th

the closed-vessel case, the power excurs:on was Iimiteo by fuel and coolant

temperature feedback. The peak powr calculated was 650 MW. With the vessel

open the saturation temper~ture was reached and violent boiling began in the

core region. Resulting numerical difficulties prevented completion of the

calculation.

For the second method, the positive reactivity associated ~“th dilution

of the coolant was computed using Eq.(1) and input in tabular form. At the

start of the calculation the reactor was critical , and the boron concentration

was 1200 ppm in the core and 2000 ppm in the ~emainder of the system.

Figs. 10-14 give the results for the transient. As was pointed out in

Section III, the reacti~lty is underestimated by Eq.(l); the peak power was

therefore lov~r (120 MW). The powsr (Fig. 11) was turned over by Doppler and

coo’lant temperature feedback (Fig. 10) and then reduced by inflow of higher

concentration boron solution (Fig. 12). Continued dilution resulted in a

second power peak that caused some boilin$ and additional heating in the core

region (Fig. 13). The agitation by the boiling and the decreased density



induced a large flow at 1000 s (Fig. 12) that brought in enough boron to

terminate the excursion. Qualitatively these results should not differ from

those obtained by fixing the method that failed. The energy generated in this

first excursion is determined only by the dilution rate and the tefiperature

feedback. A comparison OF Fig. 7 with Fig. 14, graphs of the energy generated

in the course of the respective transients, shows that the use of Eq.(1) for

the dilution reactivity results in a halving of the

first excursion. This gives an indication of the

introduced by using Ec.(I).

v. CONCLUSIONS AND RECOMMENDATIONS

energy generated in the

magnitude of the error

TRAC-PF1 calculations for a typical PWR for a vessel-closed and

vessel-open configuration have shown that a high-power (approaching 20% of

nominal operating powr) excursion is possible. Sufficient heat capacity

exists in the primary system to prevent a large temperature increase. A

passive shutdown mechanism (flow into the core region of high-concentration

boron solutiorl) is available to terminate this excursion. Further excursions

are possible, but not likely, in view of information that W-ll be received by

the operator vho probably wV1l take actions to terminate the dilution process.

Further analysis of these transients will require more accuraci in the

geometric modeling to eliminate the artificial motions

The vessel-open case failed because of difficulties with

models. These models are currently 5eing updated, To

induced by gravity.

low-pressure boiling

follow the boiling

process bette~, additional nodes should be added to the core region.

Incorporation of these changes should not ch~nge the qualitative resu’lts

obtained in this report.
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TABLE 1

CONDITIONS FOR BORON DILUTION ACCIDENT CALCULATIONS

!?eactor Configuration

Closed-Vessel Case System filled to normal
operating level anticlosed

Open-Vessel Case System filled to hot legs and
opened to atmosphere

Initial Conditions

Reactivity -.08Ak

Coolant Temperature 320 K

System Pressure 0.1 MPa

Borcn Concentration 2000 ppm in entire system

Boron Dilution Reactivity Determined by model

Delayed Neutron Precursor O. atoms/m3*
Concentrations

Powr 10 kw

Reactivity Feedback Coefficients

Fuel Temperature -0.42 X 10-4 Ak/K

Coolant Temperature -U.36 X 10-4 Ak/K

Void Reactivity

—-—-. .—.. .—.—

*This will result in an inltlal powr decrease.

dk = 0.005 - (..20 (Ak/~(Y)**
Xk

**Acr is the change in core-average void fraction,
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List of Figures

Fig. 1.

Fig. 2.

Fig. 2a.

Fig. 2b.

Fig. 3.

Fig. 4.

;

Nodir!g diagram for TRAC-PF1 model used for bor’on dilution

transients. An additional feature not shown is an opening in the

vessel hea4 used in open-vessel calculations. RHRS is the

heat removal sys+~m.

Reactivity components for closed-vessel case. Boron

reactivity resulted in three excursions. Temperature

turned the powr over; inflow of higher-concentration boron

terminated first and second excursions. Note that

.0065 Ak.

residual

dilution

feedback

solution

b’eff 1s

Reactivity component!.

Detail of first excursion.

Reactor multiplication constant in closed-vessel case was reduced

below one by fuel and coolant temperature feedback. Inflow cf

higher-concentration boron solution then resulted in a larger

reduction, terminating first and second excursions.

Temperature in closed-vessel case increased in each excursion, then

reduced as natural rlrculation mixed fluid in primary system,
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Fig. 5. Flow in Lc~p B-hot leg in closed-vessel case followd heating of

core liquid. (Compare with Fig. 4.) The low peak at 1000 s, caused

by artificial gravity imbalances, probably reduced ‘the time to

achieve criticality.

Fig. 6. Three Dowr excursions resulted from ~oron dilution in closed-vessel

case. Each excursion was turned over by fuel and coolant

temperature feedback. The first and second excursions wre

terminated by inflow of higher concentration boron solution. The

initial decrease in powr was caused by starting with zero delayed

neutron precursor concentrations.

Fig. 7. Energy generated in closed-vessel case increased step-wise as three

excursions occurred.

Fig. 8. Boron dilution resulted in an increase in reactivity in open vessel

case. Doppler feedback turned the powr over.

Fig. 9. P~wr increased rapidly following dilution reactivity increase in

open-vessel case. This calculation failed shortly after powr

peaked at 650 Mti.

Fig. 10. Reactivity components for open-vessel case. Dilution resulted in an

increase in powr that was turned over by temperature feedback.

Agitation by boiling at 1000 s resulted in an inflow of higher

conc~ntration boron solutfon. This calculation began with the

reactor critical.
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Fig. 11. Pover in open-vessel case was reduced by temperature feedback.

Further dilution then increased the power, which resulted in boiling

and inflow of higher concentration solution. This terminated the

excursion. This calculation began with the reactor critical.

Fig. 12. Flow in open-vessel case was induced by heating and boiling in the

core region.

rig. 13. Temperature in open-vessel case increased during the excursion then

decreased as cooler liquid flowd into the core region.

Fig. 14. Energy produced in first excursion fn open vessel case was half that

seen i~ Fig. 7 giving an fndicatitin of the error caused by using

Eq. (1) to determfne dilution reactivity.
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Fig. i2.
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Fig. 13. . .
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Fig. 14. ,
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