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This tesﬁimony consists of a report on the emergency core
cooling systeﬁ-performance.of Indian Point Unit No. 2,.with
~emphasis on the manner in which the AEC interim policy
statement concerning emergency core cooling systems, pub-
lished on June 29, 1971, are complied with. This report

also contains the information requested by the Division of

Reactor Licensing (DRL) in a letter of July 7, 19?lfgwx§§éﬂdi§ﬁnﬁ;

C provides references to the body of the report where responses

to specific items are found and provides additional informa-

tion requested by DRI not covered in the body of the report.
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INDIAN POINT UNIT NO. 2 , . -~

FMFPGFNCY CORE COOLING PFRFORMANCE

This report covers the ana]ytical techniques described in the topical
'\report "Nestinghouse PWR Core Behavior.Fo1iowing a Loss-of-Coolant
‘Accident,“ WCAP-7422-L, January 1970 (ProprietarY)g the supplementary
proprietary Westinghouse report "Emergency Core Cooling Performance,"
dated June 1, 1971; and includes the additional assumptions identified °
| in Appendix A of the AEC Interim Policy Statement, “Criteria for

| Emergency Core Cooling Systems for Light Water Power Reactors,"

published in the Federal Register June 29, 1971, Vol. 36, pL;12247Q‘

*The acceptance criteria found in the Inter1m Policy Statement

are addressed on page 2 of the attached report and results showing ‘
compliance with these limits are given on page 18.” The additional
assumptions identified in Appendix A are 1ncorpofated'in the text
describing the calculational procedure. These assumpt1ons are repeated

below and the pages noted where each is discussed.

1. The break discharge coefficient' (C ), used with the Moody d1scharge
flow model should be equal to 1. O for all break sizes. Page 8

2. The decay heat curve described in the proposed ANS Standard,
“with a 20% allowance for uncertainty, should be used. The
fraction df decay heat_generated in the hot rod may be considered

to be 95% of this value. Page 34
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3. For ]arée breaks in the range 0.6 to 1.0 times the total area of the
doub]e—gnded break of ihe largest c61d-1eg pipe, two break models
_should be used. The first model should be the double-ended
~ severance ("Guillotine"), which assumes>that there is break flow
from both ends of the broken pipe, but no communication between
the broken ends. The second model should assume discharge from a
;-wsingle node ("split"). Page 18 o | SRR

4. The time after the break for the onset of departure nucleate

.. ... boiling at the hot spot should be equal to 0.1 second;-*Page*Z¢*f?'%“ AR

5. For cold leg breaks, all of the water injected by the accumulators
~ prior tb end-of-blowdown shal]'be assumed to be Iost._ In thf;:»'

context the-end-of-blowdown shall be specified as the tﬁmexat which
zevo nreak flow is first computed. The containmént back pressure

a;;umed Tor the blowdown analysis should not be higher than the

iTicial pre-break pressure plus 90% of the increase in pressure
.j;' 3 .

f'c;fixiaied for the accident under considerétion. Page 9, 10
6.  Th;‘;ump resistance,-K; used for analysis should be fully justified.
The effect of pump speed upon K should be considered. The more
conservative of two assumptions (locked or running) should be used
forvthe pump during the blowdown calculation. Page 18
7. A ca]cu]atibn for the reflooding heat transfer should be performed.
The containment back pressure assuhed for the analysis should not
be higher than the initial pre-break pressure plus 80%.of .the
" increase in pressure calculated for the accident under consideration.

Page 13




a.

- taken into account in ca]cu]at1ng steam flow as a- funct1on

- iii -

The fo]]owing.items should be constraints on the calculation:

No steam flow should be p@rm1tted in intact loops during the
time per1od that accumulators are injecting. Page 11

Core exit qua]ity shou]d be calculated from entering mass fTow:'
rate and nominal FLECHT heat transfer. Page 13

Pump resistance should be calculated on the basis of a locked

rotor. Page»]Z

. The effects of the nitrogen gas in the accumulator, which is

of t1me Page 14 o _

. . The pressure drop 1n the steam generator should be calculated

with the existing fluid cond1t1ons and assoc1ated Toss coefficients. Page 11

A1l effects of co]d injection water, in either a hot or co]d

leg, on steam flow (and AP) should be included in the calculation.

The heat. transfer coefficient during-reflood should be derived

from FLECHT data. Page 30

.. discharged following accumulator Water discharge, -should-be - S

R U R
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« -+ - The charging pumps have the capab1]1ty to make up for 1eakages resu]t1ng

General

A LOCA would result from a rupture of the Reactor Coo]ant System (RCS) -

or of any 11ne connected to that system up to the first c]osed valve.

TR '
-y M Dnxkr

from ruptures of a small cross section, thus perm1tt1ng an orderﬂy“ S

» -

- shutdown. A small quant1ty of the coolant containing f1ss1on

s'products present in the coolant would be. released to the- containment.

| For. a postu]ated large break reactor tr1p is initiated when the ;f;;'db}
pressur1zer Tow pressure set point - is reached while the Safety In3ect1on
System (SIS) s1gna] is actuated by co1nc1dent pressurlzer Tow pressure
and Tow level. The reactor trip and SIS actuat1on are also 1n1t1ated by -
a high conta]nment pressure signal. The consequences of the»acc1dent.are

Timited in two ways:

A

1. Reactor tr1p and borated water 1nJect1on supp]ement void fbrmatlon
in caus1ng rapid reduct1on of the nuclTear power to a residual . 1eve1 o

G Correspondlng to the de]ayed f1551on and flss1on product decay. -+ 2d fission ?r‘

2. Injection of borated water ensures sufficient flooding of the-core -~ ~ ¢

to prevent excessive temperatures.

Before the reactor trip occurs, the plant is in an equilibrium condition,
i.e., the heat generated in the core is being removed via the secondary

system After reactor trip and turbine trip, core heat, heat from hot internals
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and the vessel is transferred to the RCS fluid, and then to the seeendary
system. The secondary system'preSSUre increases until steam dump to the

condenser occurs. Without offsite power,condenser cooling is lost and

~the power operated atmospheric relief valves and the safety valves open

to the dump steam to the atmosphere. ‘Make-up to the secondary‘side is

automatica]]y provided by the auxi]iary feedwater pumps.. The SIS s1gna1

- stops normal feedwater f]ow by closing the main feedwater iine 1so]at1on

valves and initiates auxiliary feedwater flow by starting the motor

;.drlven auxiliary feedwater pumps’.* : The- secondary Flow aids i the‘f*tzé?’V

reduct1on of RCS pressure. When the RCS pressure falls be]ow 600 psia, .

LY}

the accumulators begin to-inject borated water.

‘Acceptance Criteria

The reactor is designed to withstand thermal effects caused by a LOCA
including the double ended severance of the largest RCS pipe. The reactor
core and internals together with the ECCS are designed S0 that the reactor

can. be safe]y shut down and the essent1a] heat transfer geometny of the

* core preserved following the accident. . . - . J'?idebi~"' B

_-The ECCS, even when operating at partial effectiveness' due to loss of one

vital power bus (limiting case without off-site power), is designed to-

il
1Ly
.




-

Timit the cladding temperature to»we]f_be1ow the melting temperature of
Zircaloy-4 and below the temperature at which gross core geometry dis-
tortion, including clad fraémentation,'can‘be-expected. In additibn,

the core metal-water reaction is limited to 1ess than 1% of the available

Zircaloy.

In order to assure effective cooling of the:core, Timits ‘on peak “clad™ > % °
temperature and local metal-water reaction have been established. It ‘has”

. . been demonstrated in the s1ng]e rod: burst. test phase- of the‘WestTnghouse

Rod Burst Program,( ) that for- cond1t1ons within the area of safe
operation, as shown in Figure 1, fuel rod integrity is maintained.
Additjoha] experTmental data could further increase this area of safe
operation. Resu]te of the multi-rod burst test phase of the Westinghouse
Rod Burst Program(z) show that peak clad temperature ca]culated during

the accident increases less than 100°F due to geometry distortion; thus

~ peak clad temperatures determined on the basis of no geometry distortion

should be Timited to 100°F below the limits presented in Figure 1.
However, in order to increase the safety margin, the peak clad temperature

calculated without geometry distortion will be limited to 2300°F.

Environmental consequences of the ruptures are‘well within the limits of

10CFR100 guidelines.

ab ol S

T s Ty S S 4 100

L

R A AT S i e s g e O <

oo ey,

A L L e




THERMAL ANALYSIS

Method of Analysis

This analysis is performed by considering the following aspects of the

accident: bloWdown-hydrau]ics, reactor kinetics, and the. coreicoolingzi- . . =

a)- Blowdown Hydraulics. This calculation provides a descriptioﬁ~of~the“;

hydrau]ic'response to a rupture of the RCS'throUgh comp]etioﬁfof '

- depressurization and the operatlon of the safety 1n3ect1on systems. :
The b;s1c information concerning the dynamic behav1or of the reactor
_core environment is thus provided for usein reactor kinetics and

, coré cdo]iﬁéiana1yses. The code used in this part of the analysis

is SATAN-V.

b)  Reactor Kinetics. The core power transient is forced by the blowdown

dynamics which in turn affects the blowdown. The kinetic calculation
determines the ehergy added to the core which forms an essential input
to the core cooling ana]ysis. The SATAN-V code includes reactor

kinetics caTcu]ation.

c) Core Cooling. Based on the above information, a detailed analysis

of reactor core cooling is performed. The code used in this pért of
the analysis is LOCTA-R2 for fuel pellet temperature, cladding tem-

perature, and metal-water reaction evaluations.

B e T TS
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Blowdown Hydraulics (SATAN-V)

The blowdown hydraulic analysis forllarge size ruptures is required to
provide the basic information concerning the dynamic behavior_of the
reactor core environment for the reactor-kinetics and core cooling analysis.

This requires the ability to. predict the flow, quality, and pressure of

the fluid passing through the core region. The SATAN-V code was deye}oped;_

with a capability to provide this information;

In a SATAN-Y ana1y515 the RCS is divided into a finite number of contro]
volumes. The contro] volumes in the loop are divided into broken and...
unbro«en loops and two contro] volumes are used to describe the coo]ant in
the core region. This‘ana]ysis replaces the FLASH-R ana]y51s which had a
limitation in that only three control volumes Were>ava11ab]e. The current

nulti-control volume analysis, particularly with two control volumes in

the core, permits execution of a detailed parametric survey of the

important phenomena affecting the blowdown process.

The adequacy of the SATAN code to predict the hydraulic behavior of the .
reactor coolant system during a 1oss—of—coolant accident has been verified _
by comparing the SATAN results of loss-of-coolant accidents of various

sizes and locations performed at the LOFT and CSE fac111t1es (12)

In selecting the control volumes for the SATAN code, stability requirements

dictate control volume selection of equal volume and Tength. In order to

provide detail of the core region two core control volumes were selected.

R
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This enables the flow at the top, middle, and bottom of the cofe to be
calculated simultaneously. A total of'71 control vb]umes overall were:
selected for this analysis. Studies were performed to determine the
effect of us1ng more and less contro1 vo]umes The studies for less -

contro] volumes (15-20) showed that in add1t1on to not nav1ng ava11ab1e

the detail'necessary to assess .the f]ow regimes in the reactar vessel .. ... . .

and core regions, significént changes in the answers resulted from small

modeling changes. On the other hand a‘study'was performed using 10 rather
than 2 control volumes in the core resulted in on]y’an insign@figanpﬁqhange
in the results. The current control volume selection is therefore felt.to

be adequate. .

Later in this section a discussion is presented which shows the methods
used to establish a conservative use of all the main assumptions used in
the analysis. _This study was performed to establish the conservative upper

limit of the “confidence band" and forms the basis for this analysis.

Description of SATAN-V Code

The SATAN- V(4) (System Accident and Transient Analysis of Nuclear p]ants)
computer code performs a comprehensive space-time dependent analysis of a

LOCA and is designed to treat all phases of the accident. The three major

phases are:

a) A subcooled phase where the rapidly changing pressure gradients in

the subcooled fluid exert an influence upon the RCS internals and

support structures.

g e e 42 e e
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b) A two-phase depressurization phase.

c) A refill-phase where the system préssure approaches the containment

pressure.

The code employs a one-dimensioné] Tumped parameter approach-in which the.

entire reactor coolant Toop system is divided into control volumes. The

fluid properties are considered uniform and thermodynamic equilibrium is -
assumed in each element. Pump characteristics, pump coast-down' and =+ i

cavitation, core and stcam generator heat transfer including the W-3.DNB - -

correlation in addition to the reactor kinetics are incorporated in the

code.

The reactor kinetics considered in the code is a point kinetics model
identical to the CHIC-KIN<9) model. The reaétor,kinetics'equations are
the point kinetics equations with appropriately weighted feedback effects.
The major reactivity feedback mechanisms incorporated in the kinetics
equations are the moderator density'change, moderator temperature‘cﬁange,
Doppler broadening as well as the control rod motion. Thesevreactivity
forcing functions are inputs in tabular form;as functions of time. A

block diagram of this continuous feedback model is shown in Figure 2.

Fundamental Equations

The fundamental equations of conservation of mass, energy, and momentum
are applied for single and two phase system in order to determine the

nain dependent variables: density and internal energy. A set of
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auxiliary dependent variables is defined by the system gove#ning algebraic
equations. A critical flow calculation for subcooled, two Qhase, or

superheated break flow is incorporated in-the aha]yses;

‘The subcooled break flow is calculated using a modified-vef;TOn’bfithé:' |
Zaloudek corre]ation.(5)"The results are consistent with test results and
do not produce a discontinuity between the subcoo]ed and two- phéée"bréak"
flows. The two-phase break flow is calculated by using the Moody(s) two

. phase correlation. Comparison of these corre]at1ons w1th exper1ments -
indicate that the break area must be reduced py a d1scharge coefficient to
match the experimental break flow and depressurization rates. However, in

all the design cé]cu]ations, a break discharge coefficientjof 1.0 is used.

Geometry

Tne SATAN-V Code is equipped to analyze a maximum of two 1gops plus "specia]"-
elements such as the reactor core, pressurizer and accumuTators. This means
that there is allowance for no more than two reactor coolant pumps and two
steam generators. The unbroken loops are grouped together:with proper

scaling.

Method of Solution

The RCS 1is divided into a finite number of elements depending on the
resolution desired and the computer is provided with the folliwng infor-

mation:

a) Description of the way in which the elements are intérconnected. Fach
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element can have as many as two flows out and up to five flows in,

plus a break flow out.

b) Initial thermodynamic data for each element: enthalpy, pressure,

mass flow rates and heat transfer tharacteristics.

.C)  Physical data for each element: " dimensions and flow-area, heat

transfer area, length, volumes and friction characteristics.

Starting from a set of initial condifiohé the program evaluates the updated
values of the dependent variables for ai] system-e]ements-ugihg1an
integration routtne based on the Taylor series. The computed updated
values are then subsiituted as the initial conditions for the next inte-

gration cycle and the procedure repeated until the final prob]em'time is

‘reached.

Description of the Core Reflooding Model

The SATAN calculations ére performéd until the completion of blowdown. .
In this contéxt the end of blowdown is.defined as the time at which zero
break flow is first computed. The containment break pressure assﬁmed for
the blowdown analyses is eduai‘to the initial pre-break préssure plus 90%
of the increase in pressure calculated for the aécident analyzed. At this
time, the normal blowdown transient calculations are terminated and the
ref]oodfng calculations are performéd. The reflooding model consist$ of
three reference volumes which represent the downcomer region, the lower

plenum region, and the active core region. The core and the downcomer

Tt v
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volumes both communicate with the lower plenum volume via non-resistive

flow paths. An input containment back-pressure is assumed to act

directly on the top of the downcomer volume, and any steam generated in

the core region is vented to the. conta1nment via a flow path whose
res1stance simulates the flow path to the break. The model s shown

in Figure 3.

At the end of B]owdown, the Tower plenum volume is assumed to contain
all the water remaining in the downcomer reg1on below the nozz]e and

in the lower p1enum The water injected by the accumulator pr1or to B
the end of blowdown is conservatively assumed to be 1ost No cred1t

is taken for water remaining in any other control vo]ume. The lost
accumulator water delays the reflooding, extends the period of core
recovery and results in a longer adiebatic core heat-up. vAccumu]ator
flow and co]d leg safety injection flow are continuously ca]cu]ated as
they were during the blowdown transient and are added to the downcomer
region. Until the water reaches the bottom bf the core, the water
Tevels in the downcomer and in the region below the core are equal.
When the water level in the downcomer region reaches the bottom of the |
inlet nozzle, water from the injection flow 1s assumed to spill through
the break into the containment sump. Prov1s1ons for heat transfer from
vessel walls and reactor inferna]s to 1nJectjon vater are also included

in this model.

When the bottom of the core is ref]ooqed by the accumulator water,

steam is generated by the hot fuel rods, causing a pressure build-up

in the core region. This retards the core reflooding process. The steam
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generated must be vented from the system through the break, andithe )
flooding rate is ]1m1ted by the resistance of the loop to the steam
and water flow. There are two paths available for the steam and
entralned water to f]ow to the break. The first path is directly to
the break through the broken loop. The other path is through'the fntactl
Toops, back into the inlet annulus, and f1na1]y to the break through the v
inlet nozzle in the broken leg These f]ow paths are 11]ustrated in o

- Figure 4 and 5. The sketches in F]gures 4 and 5 show the path the steam
‘must follow for the co]d leg break (Note that f1gure 5 shuls one 1ntact
Toop and one broken loop for the purpose of 111ustrat1on ) The pressure
dropsalong these two paths are calculated with the ex1st1ng f1u1d cond1t1ons
and associated less coefficients. The pressure drop. across the pump 1s
maximized by assuming that the rotor is locked. In addition, it is
postulated that the accumu]ator water 1nJected in the co]d leg pipe
’comp1ete]y fills the pipe, thus. forming a plug that prevents venting of
the steam generated in the core during reflooding. These assumptions “tend

to reduce the core flooding rate and the fuel rod heat transfer, thus

~resulting in increased peak clad temperature.

The amount of mass evaporized and entrained as a function of core flooding
rate and time after reflooding is obtained from an analysis of the |
FLECHT(7)(8) resu]tse These . results indicate that several flow regimes

are present in the rod bundle during reflooding, For the first.few'seconds'
of the reflooding transient, until the core floods to approximately 20
inches, most of the heat transferred from the rod to the coolant goes to

increase the liquid enthalpy. During this period almost no steam generation
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takes place and the'core'flooding rate equals the vessel cold f]doding
rate. Fo]lohing this initie] period the steam velocity increases above
the value required for entrainment and a dispersed flow regime begins.

- This flow pattern is character1zed by a continuous vapor phase w1th

d1spersed droplets and by a fast increase in rod heat transfer coeff1c1ent

It is dur1ng this phase of the reflooding trans1ent that the f]oodlng |

rate into the core is reduced by the resistance of the f]ow paths from

e v Wy ks

Athe core to the break.. The core f]ood1ng rate trans1ent dur1ng th1s per1od ;

is a function of the core and ]oop reSIStance, the fraction: of coolant
evaporized and entrained, and the difference in water: ]eve] between the
downcomer and the core. The fraction of coolant evaporized, entrained

end leaving the core is not censtant during the transient, but,increases »
from zero at the beginning to 0.7 - 0.8 several seconds after initiation
of reflooding depending on the core flooding rate. At the same time, due
“to the reduction in core flow, the water level in the downcemeh'regiohwv'.

increases at a faster rate thus providing the water head requ1red to d]S-

cnarge the increased exit core f]ow to the break.

In the ref]odding calculations 1in addition to assuming a locked rotor pump
and the cold leg pipe plugged during accumulator injection, the fol]owing
assumptions are made. Each of these assumptions is conservative because
they result in increased venting path pressure drop and therefore lower

flooding rate.
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‘The fraction of coo]ant evaporize& and leaving the core is assumed
to be equa] to 0. 8 for flood1ng rates up to 2 1n/sec and increases

to 0.85 for f]ood1ng rates higher than 4 1n/sec

No transient effects are considered in the transition,betweennhighé e

to ]ow flooding rates, but, even during this period of time, the core

f]ooding rate is calculated by‘assumiﬁg'that the*fraction'oficcféwi3wfn o o

inlet flow that has to be vented to the break is equal to the equnlh e

. . -ibrium values spec1f1ed in No.: 1 above.. o fiznin TR

-

"No water-steam separatidh is assumed to occur in the upper’plenum‘:
and the quality of the mixture entering the loops is calculated from
the core mass flow rate and nominal FLECHT heat transfer.

A1l the coolant -is assumed to be superheated to 500°F in the steam

14 . ’ ' .
_ generators. The superheating of the steam is conservatively-assumed— -
to take place instantaneously at the-steam generator inlet.
The containment back pressure is equal to the initial pre-break
pressure plus 80% of the calculated pressure increase for the

accident.

For the steam velocities occurring in the cold leg pipe and ﬁasé flow
rate of the safety injection system, the acceleration pressure loss

Qf accelerating'a11 the water to the steam velocity is balanced |

by a small reduction in the steam temperature. ThGFEfOFé, the injection

of SIS water in the cold leg does.not'increase the—loop pressuke losses

~ during ref]boding.
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7. The beneficial effects of nitrogen discharging after the end of Blowdown
| are not taken into account during the reflooding time périod. Since
the nftrogén discharges into the cold leg, the downcomer will be

pressurizéd a very short time period before the hot leg. This will

result in an additional amount of downcomer water entering the core” -

“that is not accounted for in the reflood analysis.

Core Cooling - LOCTA-R2 Code

The LOCTA-R2 transient digital computer program was developed for evaluation

of fuel _pellet and cladding temperature during a LOCA. It.éfsd'dététﬁ§hés'
the extent of the Zircaloy-steam reaction and magnitude of-the‘resu1ting -

energy release in Zircaloy clad cores.

Thé trans{eht heat conduction equation is solved by meéns of finite

- differences conSidefing only heat flow in the radial direction. A

1umbéd parameter mgthod is used; the fuel containing three radial nodes

and the cladding one node with a specified resistance simulating the pellet

to clad gap.

Internal heat generation can be specified as é function of time. The
decay heat is based on the heat generated from:

.a) fission products;

b) capture productsg:and

c) residual fissions.

It is assumed that the core has been irradfated for an infinite‘period
of_time; The method used to ca]cuiate the total decay heat is presented

in Appendix B.
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In addition to decay heat the code calculates the heat generated due to
the Zircaloy-stéam reaction. The Ir- H 0 reaction is governed by the

parabo]ic_faté équation(]3)(]4)

'available, then a “"steam ]imited" evaluation is made. In the design |
.'calcu]ations the parabolic rate equation is assumed for the fu]] trans1ent
-even when the fuel rod is assumed adiabatic. The bu1ldup of the erca]oy-
- oxide film is calculated as a function of time, and its effect on heat ',
transfer is considered. An isothermal c]éd melt is considered based.onj

the heat of fusion'of Zircaloy.

The code has been developed to stack axial sectibns_and‘théreby“descrfbe’““

the behgvior of a fu]].length region as a funétion_of time. A mass and
energy balance is used to evaluate a temperature rise in the steam as it'
"flows through the core. Each radial region is considered 1ndependent1y
and a numoer of axial sections which may be ana]yzed is essent1a]1y

unlimited. ' S o -

The initial conditions for the fuel rod are specified as a function of

‘pover. The fo]low1ng core cond1t1ons—ara a]so 1ntroduced as a function
of time: B

- L -
s

a) mass flow rate through the core;-

- e ——
———
C -

b) Coo]ant quality;

c) pressure.

un]ess there is an insufficient supply ofvsteam;
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To a"sure the conservatism of the hot channel temperature calculations the

following procedure is usedrfor the hot spotdtemperature calculation:

1. | The higher‘of.the two SATAN core control volume quantities is used

in hot spot temperature»ca}cu]ations.

2. The flow used in the hot channel temperature calculations is the core

mldp]ane SATAN flow reduced by 20%.

;'B]owdown and.reflooding heat transfer processes in the core are evaluated

by‘meanS’of using correlations summarized in Appendix A which have been~~“
val1dated with several West1nghouse Research and- Deve]opment Programs

From the -end of blowdown until core reflood the core is assumed adiabatic

even though steam cooling is expected because of the ]oca] depressurlzat1on
' caused by the accumu]ators and by c1rcu]at1on promoted by the core and other
heat sources. In summary, information generated by LOCTA-R2 as a function

of time includes:

a)  fuel temperature;

" b)  clad temperature;

| c) steam temperature;

d)» amount of.meta]—water reaction, if any;

e)  volume of core melt, if any;

- e e
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f)  total heat released to coolant.

A more detailed exp]anatidn“of the models and correlations used in LOCTA-R2

is presented in WcAP-7437-L(10),

s
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Results .
The detailed description of the Reactor too1ant System that can be ob-
tained 1in the multi-control volunes SATAN-V code has been used to ana]yze
important phenomena affecting the blowdown process, such as:
1. Heat transfer from core to the coolant during blowdown
- Reactor Coolant Pump Characteristics
Steam Generator Heat Transfer Characteristics

Loop Resistances and Break Location

(3, B O R N

ACcumu]ator Performance

A pa;ahetr1c survey study was performed for the Ind1an P01nt‘Un1t No.. 2
Final Safety Ana]y51s Report, (1) Supp]ements 12 and 13 w1th the purpose
of determ1n1ng the most conservative combination of the above assumpt1ons
as inpdt to the SATAN-V code. Additional parametric studies performed
for Turkey Point Unit No. 2 and Indian Point Unit No. 2 are pfesehted ‘
in the 6/1/71 AEC submittal "Emergency Core Cooling Performance"(3)
The resu]ts presented in th1s sect1on are based on the conservat1ve
assumptions determined in that study These conservative assumptions
were,'for the limiting break condition (Cold Leg Double- éhdedj6u111ot1ne o
Break) that the pump was assumed to trip at the time of the break and -
continued to coast down until cavitation conditions were reached (at
this time the pump was assumed fo hot Tock but continued to 'develop e

conservative head). The pump speed is continually ca]cuiatedﬂasia-* e

function of prevai]ing conditions and the pump characteristics.
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~

The analysis of the LOCA was performed at 102% of the maximum calculated
power of 2758 MWt and at -a peak linear power of 17.4 kw/ft. This value

of peak linear power includes a 5% allowance for nuclear uncertainties.

Table 1 presents the results of the.1oss of coolant accident ana]ysés

for a range of break sizes.

. Table 2 presents the hot spot metal water reaction for each brgak '~ 7 "

Figures 6 through 9 present the results of the SATAN-V analysis in terms

of core flow, quality, and‘preSSUre as a function of time affer the .
accident. Figures 10 through 13 present clad temperature transfents.
Figures 14 through 17 present core pressure drop. - Figures']S-throughfZ]
present Bot spot fluid temperature;: Figures‘22 through 25 present flow
in the broken and intact hot-Teg and cold-leg piping and figuré5p26-'“
through 29 present flow in the upper plenum, lower plenum and f]ow.out

of the break.

The peak clad temperature occurred following the double-ended cold Teg
break and did not exceed a value of 2300°F. The hot spot metal water
reaction is 7.5% which meets the design criteria. In addition, the total

core metal water reaction is less than 1%.

Conclusions - Thermal Analysis

For breaks up to and including the doub]e-ended severance of a reactor
| coolant pipe, the ECCS with partial effectiveness will Timit tﬁe clad
temperature to 2300°F and assure that the core will remain in place
and substantially intact with its essential heat transfer geometry
preserved. The ECCS design meets the core dquing criteria as previously

stated.

o e e e o
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TABLE 1

PEAK CLAD TEMPERATURES FOR
INDIAN POINT UNIT #2

Break Peak Temperature
Double Ended - 2300 oF |
0.8 Double Ended - 2280 °F
4.5 Ft? ' 2160 °F
320 Ft? , 715 oF




Double Ended
0.8 Double Ended
4.5 Ft

3.0 Ft
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TAGLE 2

INDIAN POINT UNIT #2

HOT SPOT CLAD METAL - WATER REACTION

BREAK

2
2

PERCENT ZIRC REACTED

7.5
7.2
5.1
0.0

e pawrr ey
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. APPENDIX A
HEAT TRANSFER COEFFICIENTS USED IN THE LOCTA-R2
CORE THERMAL ANALYSES

The heat transfer correlations used in the LOCA analyses are presented

below in order of application during the accident.

© Time ofubreak‘unti1 eccurrence of DNB

"The time of the break unt11 occurrence of DNB is taken conservatively

:The heat transfer regime: durlng this period .of, the acc1dent

1s forced “convection turbulent heat transfer or fully deve]oped nucleate

bo111ng. The correlation for nucleate boiling is that by Jens and thtes.

>

-

T, - T, =aT

- -p/900 , ,,0.25
W sat sat 1.9e ‘(q )

In the nucleate boiling regime the wall temperature is a function of the

heat flux and pressure, not coolant velocity. The Jens and Lottes correl-

ation is independent of geometry, %.e., valid for tubes, plates or rod.

bund]es It is also used for both 1oca1 and bulk boiling. The correla-

‘ t1on has been compared to subcoo]ed water data obtained from_single

heated tubes. having 1nterna1 diameters from 0. 143“ to 0.288" 1ength‘ff0mh'

3" to 24.6" and pressure ranging from 500 to 2000 psia. The Dittus-

K'LBQe]ter correlation is used for forced convection turbulent-heat‘transfer;‘

From DNB until time of uncovering (steam coo]ing-period); .

In the large break des1gn calculations DNB is assumed to occur at 0.1 sec.
After DNB occurs, the mode of heat transfer is unstable with both nucleate
boiling and film boiling existing from times ofvshort duration. The heat
transfer correlation used in the transition to'fi]ﬁ_boi]ing period is

« described in WCAP-9005¢2) and ‘the 6/1/71 AEC submittal, "Emergency Core

)

YA e
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Cooling Performance." The verification of the use of this correlation for

post DNB heat transfer during a transient blowdown is also presented(
The initial operating cenditions prior to blowdown are:

1. Pressure 2250 psia

2. Mass Velocity 1,000,000 to 2,500,000 1b/hr. ft°
3. Inlet Temperature ] I . 480 to 560°F
4. Heat Flux | 635,000 to 1,100,000 Bty/hr Ft0

Blowdown conditions were:

200 to ]O!QOO Tp:sif;/f_s_qcé;?if;a;r

250,000 to 1,150,000, 1b/hr’ f£2 sec

1. Initial blowdown rate

2. Average flow decay rate

The test section consisted of a 1/2 inch inéide diameter cifcu]ar tube
3 feet long. The 3 foot ]ength js sufficient to establish fully developed

flow at the exit of the test section (L/D = 72).

A total of 50 transient blowdown runs were performed. To determine the
effect of flow decay 20 runs were performed during which fhevflow rate
was maintained as close as possible to the initial value. Thirty runs
were performed in which the flow to the test section was allowed to
decay in addition to the depreséurization. This.]atték condition more
nearly resembles the predicted conditiohs in”p_PwR core during the large

break LOCA. For this reason the majority of the runs were performed

with flow decay.

The comparison of predicted heat transfer coefficient with the measured
data is shown in Figure A-1 for all data points. It is readily apparent

that the correlation is conservative with respect to the results of this

e e e,
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test since the measured value is greater than predicted for 95% of the data.

The degree of conservatism contained in the correlation increases with

increasing values of the heat transfer coefficient.

During uncovering (steam cooling period)

B LR P,

This period of the loss-of-coolant accident considers either turbulent or

laminar forced convection to steam combined with radiatiom from-the fuel’ = = = - ;-

rod surface to the steam. Radiation between fuel rods is not considered.

a) For turbulent forced convection to steam a Dittus-Boelter type equation,
modified by McE]igot(3) (4) to account for the variation in f]Uid

properties near the wall due to a large temperature %;&d1en¢, is! u.eﬂ

. ‘.,.\,.
e

N, = 0.020 (Re)

The (Iﬂ) term is independent of geometry. The DittdseB:
equation was developed from flow inside tubes with valni
We1sman( ) has. shown that C is higher for rod bundle da

A lower value of C as shown in the above correlation is pre%;nthy use;f;,w

in the loss-of-coolant analyses.

. . ' C i
The McETligot correlation was compared to data with hydraulic equivalent

diameter values of 0.125" and 0.25" and L/D greater than 150. Additional

coolant conditions are described below.

Coolant Reynolds Number Maximum Wall Température, °F | Tw/Tb
Air 1450-15000 1520 . | . 2.17
Helium 7570-13400 1050 1.5

Nitorgen 18200-45000 1620 . ' 4.78




c)
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The'Prandt1 number of steam is similar to those optained with théAabgye

coolants.

For laminar forced convection to steam, the heat transfer correlation

“used is based on theoretical calculations of laminar flow in tubes

made by Hausen(B) and_Kays(7).
hDe : | :
073_) iso 3.66
O 25
1so ( _

..These calculations indicate that?the‘Wocal Nusselt number ig"highest vy

near thie inlet and drops until it reaches a Timit correspondfhg“td

fully-ceveloped thermal conditions. For the case of constant wall
temperature, the limiting Nusselt number is 3.66. For constant heat

flux at the wall, the asymptote is 4.36.

Furthermore, these calculations indicate that the asymptotic values
are reached for all practical purposes when L/D/RePf.> 0.05. For

the Reynolds numbers ranging from 100 to 1000 and a Pr = 1.0 for

steam, the developing length is from 2.5" to 25".

The correlation was compared to data from laminar air flow in circular

tubes where the L/D ranged from 42 to 80 and Re < 3000.

)" -0.25

The (T_ term is to account for variations in fluid properties

‘near the wall due to large temperature grad1ents

Radiation to steam is evaluated employing the emperical method of
3 .
Hotte].( )
h =0.1713 x  (4 - (TH O) ]
' & LY00 100
.Tw_- Ty
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where
S T —
LI
W ‘HZO
T
v H,0
S -727,0.45
a0 = &' H0 (=" Gy o
2 . 2"
The present value of the'correction factor, C, for €4 0 at higher
2 e
pressure than 0 or 1 atmosphere is 2.0.. RN VS SPPRAS I S N

Verifiéation of Correlations Used During Steam Cooling Period

The use of the above correlations during the steam cooling period was vewi<

fied by the work performed at.the University- of Michigan under Westinghouse

funding and direction. This was part of the Flashing Héat Transfer Pro-
gram. The results of this phase of the program have been documénted in

NCAP—7396—L(9). The primary objective'of this test was to.determine the
behavior of radiation heat transfer to steah‘at e]evatéd pressures

(up to 5 atm.).

The heat transfer test facility consisted of an open heat transfer loop.
Steam was delivered to the test section and discharged to the atmosphere

~ through the necessary piping and control apparatus.

The test sections consisted of 1/2 inch ID pibés, with an active length
of three feet. The walls of the test section were heated by electrical

resistance heating. Test sections having both uniform and non-uniform

axial heat generation were employed.

Rt T
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The range of variables were'representative of that in a PWR when the co;é

is uncovered and is as follows:

Mass Velocity = 6 =4 x10% to 4 x 10% 1b/hr-£t?
Temperature Tin = 300 to 100°F

Wall Temperature 400 to 1800°F

‘Pressure an'= 25 to 75 psia

Inlet Reynolds Number 1900 to 35000

The results of the Tow pressure heat transfer test yield theifo11owin§,cdncTusions:

1. The McEligot et. al. correlation realistically predicts the cenvective

heat transfer coefficients in turbulent flow.

2. In turbulent flow the radiant heat transfer contribution to the total

heat transfer coefficient is adequately predicted by Hottel's technidue.

3. The total heat transfer coéfficient to sfeam in turbulent flow may |
be calculated by adding the convective term determined by McEligot's
correlation and radiative term determined by Hottel's technique.
A comparison of predicted.versus measured total turbuient heat transfer

coefficient is shown in Figure A-2 and excellent agreement can be seen.

4. In Taminar flow the total heat transfer coefficient .is conservatively
predicted by using the correlation of Hausen and Kays for the convective

contribution and the method of Hottel for the radiant contribution.




..After entrainment has been initiated, heat transfer coefficiénts-obtdired = " -~
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~e

5.  The prediction of laminar heat transfer coefficient can be improved
by evaluating the steam properties at film conditions instead of bulk

conditions.

6. The effect of a non-uniform heatif]ux on the heat transfer coefficient~ =

is negligible for the conditions which exist during a LOCA.

‘Recovery phase of the accident

from the FLECHT Program(]o) are used. Detailed results of the Grb&p I and
Group II test series can be found in Reference 11 and 12, respecéfve]y,

In summary, the Eurrent test results verified the ability of a bottom
flooding SIS design to terminate the temperature increase during a LOCA.
In particular, it has been shown that the effects of a variable f]oqding
rate can be predicted, using constant f]ooding~rat¢ data'and that complete
blockage of as many as sixteen adjacent channels will not impair bottom

flooding core cooling effectiveness.

NOMENCLATURE

SYMBOLS

De - equivalent diameter

G - mass velocity

L - Jlength of heat source
N - Nusselt number

T
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p - system pressure
Py - Prandtl number

Re - Reynolds number

T - temperature.
g - gravity constant
h - heat transfer coefficient

k - thermal conductivity

q" - heat flux

¢ - effective emissivity

U - djhaﬁﬁc viscosity '
p - density

SUBSCRIPTS

b - quéntifies evaluated at bulk fluid temperature
iso - evaluation of the parameter when the temperature différénce

(Tw - Tb) is small

sat - refers to saturated condition
v - saturated vapor
L - refers to 1iqu1d’

w - wall

R aaa
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APPENDIX B

RESIDUAL DECAY HEAT

In the analysis of loss of coolant transients, the residual decay heat .

during the period immediately after shutdown is 1mportant'in'determ1ning'

- . peak clad temperatures. The decay heat data used as input to theseii wuoin s

analyses. is described in this section.

- Residual_heat in a subcritical core consists of (a) fission producti decay * : -

energy, (b) decay of neutron capture products, and (c) residual fissions .. Y

due to the effect of delayed neutrons. These constituents are discussed

i

separately in the fb]lowing paragraphs.

Fission Product Decay

For short times (<103 seconds) after shutdown, data on yields of short
half—life.isotopes is sparse. Very little experimental data is’avai]ab]é
| for the y-ray contributions and eveﬁ less for thé g-ray contribution.
Several authors have compﬁ1ed the avai]abie data into a conservative .
estimate of fission prqduct decay enerqy forfShoft‘times after shutdown,
notably Shure(]), Dudziak(z), and Teage(3). Of these three selections,
Shure's curve is the highest,and it js based on the data of Stehn and

(5)

C]ancy(4) and Obenshain and Foderaro' ’.
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The fission product contribution to decay heat which has been assumed

for the loss of coclant analyses in this application is the cufve of Shufe
dincreased by 20% for conservatism. This curve with the 20% factor in-
cluded is shown in Figure B-1. The curve of Shure coincides with the
recommendation in the proposed ANS standard on fission product'decay-heat
(unpublished). The proposed standard also recommends that 20% be added for

conservative desigm.

. +Decay of U-238 Capture Products - = -~ 0 emEOETh Snien fenlioo
Betas and gammas from the decay of U-239 (23.5 min. half-life) and
Np—239 (2.35 day Ralf-life) cohtribute significantly to the heat generatioﬁ
after shutdown. The cross—secéion for production of these isotopes and
their decay scheﬁes are relatively wg11 known. Fo} Tong irradiation times
their contribution can be written as; |

L

P/P, = %%T)Teél c(1+a) e Mt watts/watt
: E._+E |
PZ/PO = ?%%"NEVgg' c(1+a) [%%~:—KE- (e'xzt -e'k1t) + e'AZt;]watts/watt

where: P]/P0 is the energy from U-239 decay
PZ/Po is the energy from Np-239 decay
t is the time after shutdown (secs)
c(1+a) is the ratio of U-238 captufes to total fissions = 6(1+.2)

the decay constant of U-239 = 4.91 x 10°% secs”™!

M

the decay constant of Np-239 = 3.41 x 10'6 secs']

A
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E total y-ray energy from U-239 decay = .074 MeV

vl

EY2 = total vy-ray energy from Np-239 decay = .30 MeV

Eﬁl = total g-ray energy from U-239 decay = 1/3 x 1.18 MeV
EBZ =-total g-ray energy from Np-239 decay =1/3 x .43 MeV

(Two- th1rds of the potential 8- enerqy is assumed to escape

.- by the accompanying neutrinos.) . .. . , . :u; T

.. This -expression with a margin of 10% is shown in Figure B<1¢H;Ihe,Jp%33¢Q“ e

“ margin, compared to 20% for fissioh product decay, is justifted-by ther =

ava11ab1]1ty of the basic data required for this ana]ys1s The .con- .

stants g1ven above are in agreement with the coeff1c1ents of ‘the Droposed :

ANS standard. The decay of other isotopes, produced by neutron reactions

other than fissiun, is neglected.

Residual Fissions

The time dependence of residual fission power after shutdown depends

on cdre properties throughout the transient. Spatially dependent
kinetits calculations have not been performed for these transients. It
is assumed that core average conditions afe more conservative for the
calculation of reactivity and power level than actual Tocal conditions

as they would exist in hot areas of the core. Thus, static power shapes

are assumed (with the exception of the effect discussed in the next section)

and these are factored by the time behavior of core average fission power

calculated by é point model kinetics calculation with Six delayed neutron

groups.

e gty e s e 2t e e i e
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For the purpose of illustration, only a one delayed neutron group. cal-

culation, with a constant reactivity of -4%ap, is shoun in Figure B-1.

Distribution of Decay Heat

During a loss of coolant accident the core is rapid]y shut down by void

. formation or control rods, or both, and a large fraction of the heati v o
"generation to be considered comes from fission product decay“gamma‘ray§t"f“
~ This heat is not distributed ia”the’same manner as steady*gfﬁt@if$s§ﬁdméﬂﬁi Fanrtinigs

power.’ Local peaking effects which are important for the neutron depehaent~

part of the heat generation do not apply to the gamma ray contribution.
. The steady state factor of 97.4% which répresenfs the fraction of heat
generated within the fuel, drops to 95% for the hot rod in a loss of

coolant accident.

For example, consider the transient resulting from the double ended break
of the largest primary circuit pipe; 1/2 second after the rupture about
30% of the heat generated in the fuel rods is from gamma-ray absorption.
The gamma power shape is less peaked than the‘steady state fission.power
shape, reducing the energy deposited in the hqt rod at the expense of
adjacent colder rods. A'conservative estimatéJof this effect is a
reduction: of 10% of the gamma-ray contribution of 3% of the total. Since
the water density is considerably feduced at this time, an average of 98%
of the available heat is deposited in the fuel rods, tHe remaining 2%
being absorbed by water, thimbles, sleeves and grids. The net effect is
a factor of .95 rather than .974, to be applied to the heat production‘

in the hot rod.
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A BLOCK DIAGRAM OF THE CONTINUOYS FEEDBACK MODEL CHIC-SIN CODE
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BLOCK'DIAGRAM FOR SATAN-V REFILL CALCULATION
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APDPENDIX ¢

Coznense to lebter from Division of Reactor Licensing datced
July 7, 1971

By a letter of July 7, 1971 the Division of Reactor Licensing
requested the Appliaant to provide eertain information required
for its evaluation of the emergency core cooling system for
Indian Point Unit No. ‘2. The following indicates the location
in the preceding report of specific items of information re-
quested, and in addition provides the requested information

not covered by the report.

Item 1 (a) System Pressure Transients
Figures 6, 7, 8, 9

1 (b) .Hot Spot Clad Temperature Transients
' . Figuﬁes 10, 11, 12, 13

HoL Spot Local Mass Velocity
Can be obtained by using 80 percent of the
core flow on Figures 6, 7, 8, 9

Hot Spot Fluid Temperatures
. Figures 18, 19, 20, 21

Hot Spot Heat Transfer Coefficient
Figures 6, 7, 8, 9.

1 (¢) Core Pressure Drop.
" Figures 14, 15, 16, 17

Hot Spot Quality
Figures 6, 7, 8, 9 “;f

Average Mass Ve1001ty at Core Mldplane
Figures 6 7, 8, 9 (From Core Flow) -

1 (d) Heat Flux Dlstrlbutlon in the Hot Channel was a
' 1. 79 Peak to Average COblne

1 (e) Flow Rates in Upper and Lower Plenums
Figures 22, 23, 24, 25 '




1 (f)v flow Rates ia the Broken and Intact Cold ch and
- Hot-Leg Blplng
Flgures 26, 27, 28, 29

oY (g) Flow Rate Out of the Break.
' '~ Figures 22 23, 24, 25

1 (h) Hot Spot TLocal Clad Metal—Water Reaction
Table 2 ' :

'7Item 2 Descrlptlon of the Core Reflood Model
Page 10 thru 17

Item 3 There were no dev1atlonu from Appendix A, Part 3 of the |
© interim policy statement :

The core coollng analysis was performed on the bas1s of a peak
5_power density of 17.4 kw/ft at 102 percent power. The appropriate
‘Technical Specification reference to power dlstrlbution will be
.revxscd as follows:

Page 3;10—2
" Section 3.10.2.2(b)

- The hot channel factors shall be determined and
- maximum allowable power shall be reduced one percent
- for each percent the hot channel factors exceed the
de51gn values of

FN = 23 00 or - F N =1.66
q C . CAH




