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DUKE POWER COMPANY

Catawba Nuclear Station

Phase I Submittal for the Plan to Resolve Issues Concerning

Control of Combustible Gases in Containment as Outlined by
10CFR50,44,



The first phase in the plan to resolve issues concerning equipment survivability
during deliberate ignition of hydrogen in containment is the selection of
specific accident sequences to be analyzed, A spectrum of accident sequences
that envelope the range of hydrogen and steam release rates have been studied.
Since steam flow through the core is the limiting factor for clad oxidation,
primary system pressure is the parameter of importance due to its effect on
steam avallability, Therefore, ('e following sequences were analyzed:

SID (low primary system pressure)
§,D0 (intermediate primary system pressure)

TﬁLU (high primary system pressure)

As a result of NRC Staff interest over sequences involving ECCS failure in the
recirculation mode, S, H will also be investigated. These accident sequences
euvelope the possible”primary system pressure conditions under which hydrogen
could be developed in the primary system, the release rates of that hydrogen to
containment, and conditions in containment at the time of hydrogen release. For
each sequence, FCCS was not recovered until hydrogen production had reached its
peak value for the case of simply boiling away the remaining water inventory in
the core region (an unmitigated case)., cousistent with the HCOG mechodology.
Primary system breaks were assumed to occur in the hot leg in order to allow
minimum holdup time of hydrogen as it's produced in the core. It was assumed
that oxidation could take place on both sides of the Zircaloy fuel cladding to
account for steam ingression after clad rupture,

MAAP, Version 3.0B, was used to analyze the four degraded core sequences. MAAP
is a computer code developed by the Industry Degraded Core Rulemaking (IDCOR)
Program, It is designed to provide realistic thermal-hydraulic assessments for
snvere core damage accident sequences.

The model div!'es the primary system into fifteen nodes as shown in Figure 1!,
Nodes exist for the core region, upper plenum, reactor "dome" (upper head),
downcomer and lower head, pressurizer, and five nodes in each modeled coolant
loop. Two coolant loops are represented and are denoted the "broken" and
"unbroken" loops. The unbroken loop consists of all the coolant loops except
one. This primary system nodalization permits a detailed accounting of the
water/steam which is available for cooling the core and for reacting with the
Zircaloy fuel cladding. In addition, this arrangement allows the user to track
hydrogen through the primary system and thereby calculate release rates to the
containment., The core is further divided into a user selected number of
subnodes; a 4 radial X 17 axial nodalization is used for the Catawba analysis.

The safety systems considered in this analysis include the charging pumps (NV),
safety injection pumps (NI), low pressure injection pumps (ND), cold leg
accumulators, auxiliary feedwater, and containment sprays. These are shown in
Figure 2 along with other systemc {mportant to accident progression, such as the
pressurizer and steam generator safety and power cperated relief valves, In
order to mode! individual accident sequences, all of these systems can be
enabled or disabled by the user through the use of MAAP "event codes." For a
complete description of the relevant MAAP models used in this calculation refer
to Appendix 5.



The four sequences anulyzed are discussed below:

S D SEQUENCE

1
The S,D sequence was modeled as a 6~inch diameter break on the hot leg, followed
by fallure of the emergency core cooling system (ECCS). The auxiliary feedwater
system was assumed to function properly and provided secondary side heat
removal, Within 6 minutes the primary system pressure had dropped below the
cold leg accumulator(s) initial discharge setpoint (646 psia), resulting in
rapid depletion of accumulator(s) inventory. The loss of primary system
inventory through the f-inch diameter break on the hot leg eventually led to
cere uncovery and a loss of decay heat removal (0.51 hrs.).

The cove continued to heat up, and subsequent oxidation of the Zircaloy cladding
began at 0.64 hours. By 0.73 hours the hottest core node had reached the
U0,~2r-Zr0, utectic melting temperature of 2500 ¢K, ECCS was recovered at 1,22
hotirs with“all NI and NV pumps available. The majority of the hydrogen gas was
expelled through the break by 1.92 hours,

The total fraction of the clad oxidized was 25.5Z. Appendix 1 contains relevant
plots for the S D sequence, which consists of the following parameters as a
function of time:

FIGURE NUMBER DESCRIPTION

1.01 H, Flow Out of Hot Leg Break (kg/s)

1.02 Hgter/Steam Flow Out of Hot Leg Break (kg/s)
1,03 Integrated Mass of H, Generated in the Core (1b)
1.04 Mass of H, in the Prznary System (1b)

1.05 Mass of H, in the Pressurizer (1b)

1.06 Water Temperature in the Core (°F)

1.07 Primary System Pressure (psia)

1.08 ECCS Flow to Cold Legs (lb/hr)

1.09 Accum:lator(s) Flow to Culd Legs (1b/hr)
1.10 Reactor Vessel Water Level (ft)

1.11 Accumulator(s) Pressure (psia)

As previously stated, the core is divided into 4 radial X 17 axial nodes.
Rather than submit core node temperatures for all 68 nodes, 3 representative
axial cross-sections will be presented as follows:

1.12 Top of Active Fuel Axial Node X 4 Top Radial Nodes (°F)
1.13 Middle of Active Fuel Axial Node X 4 Middle Radial Nodes(°F)
1.14 Bottom of Active Fuel Axial Node X 4 Bottom Radial Nodes( °F)



SZD SEQUENCE

The S,D sequenc? was modeled as a 2-inch diameter break on the hot leg, followed
by fazlure of ECCS injection, Auxiliary feedwater was assumed to operate during
this sequence. The core uncovered at 0.61 hours, and subsequent oxidation of
the Zircaloy cladding began at 0,72 hours. By 0,90 hours the hottest core node
had reached the UO,-Zr-Zr0, utectic melting temperature, The primary system
pressure dropped bélow the“cold leg accumulator(s) initial discharge setpoint at
1.03 hours, thereby introducing a discontinuous reflood source to the reactor
vessel, FECCS was recovered at 1,20 hours with all NI and NV pumps available,
The majority of the hydrogen gas was expelled through the break by 2.08 hours.

The total fraction of the clad oxidized was 23,1%Z, Appendix 2 contains relevant
plots for the S,D sequence, which consists of the following parameters as a
function of time:

FIGURE NUMBER DESCRIPTION

H, Flow Out of Hot Leg Break (kg/s)

wgter/Steam Flow Out of Hot Leg Break (kg/s)

Integrated Mass of H, Generated in the Core (1b)

Mass of H, in the Prgnnry System (1b)

Mass of H, in the Pressurizer (1b)

Water Temperature in the Core (°F)

Primary System Pressure (psia)

ECCS Flow to Cold Legs (1b/hr)

Accumulator(s) Flow to Cold Legs (1b/hr)

Reactor Vessel Water Level (ft)

Accumulator(s) Pressure (psia)

Top of Active Fuel Axial Node X 4 Tep Radial Nodes (°F)
Middle of Active Fuel Axial Node X 4 Middle Radial Nodes(°F)
Bottom of Active Fuel Axial Node X 4 Bottom Radial Nodes(°F)
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TMLU SEQUENCE

The TMLU sequence was modeled as a station blackout., As a result of loss of
power, main feedwater failed, ECCS failed, and the MSIVs closed. It was also
assumed that the auxiliary feedwater system failed and the pressurizer PORVs
failed to open,

Initially, ''e decay heat from the core was removed by boiling the water
remaining in the steam generators. However, as the secondary side inventory was
depleted, heat transfer from the primary system to the secondary svstem
decreased, and at 0.98 hours the pressurizer safety valves lifted relieving
pressure to the Pressurizer Relief Tank (PRT). At 1.42 hours the PRT rupture
disk blew out and began the release of steam to containment, By 1,45 hours the
stean generators had boiled completely dry.



At approximately 1.88 hours, the core began to uncover, and at 2.41 hours the
hottest core node had reached the U0, -Zr-2r0, utectic melting temperature, At
2,80 hours the E{ ' was restored vitﬁ the NV pumps providing .ooling water by
pumping against the high primary system pressure. Because primary system
pressure remains el.vated, thc cold leg accumulator(s) never discharge during
this sequence. The release cf hydrogen gas was controlled by the pressvrizer
safety valves and the pressurizer PORVs (after power restoration) by relieving
pressure to the PRT and, therefore, the majority of hydrogen gas escaped slowly
from the primarv system over a five hour period. Auxiliary feedwater was not
restored when power became available in order to expedite the discharge of
hydrogen gas from *the primary system to containment.

The total fraction of the clad oxidized was 31.6%, Appendix 3 contains relevant
plots for the TMLU sequence, which consists of the following parameters as a
function of time:

FIGURE NUMBER DESCRIPTION

3.01 H, Flow Out of the PRT (kg/s)

3.02 Water/Steam Flow Out of the PRT (kg/s)

%03 Integrated Mass of H, Generated in the Core (1b)

3.04 Mass of H, in the Przmary System (1b)

3.05 Mass of H, in the Pressurizer (1b)

3.06 Water Temperature in the Core (°F)

3.07 Primary System Pressure (psia)

3.08 ECCS Flow to Cold Legs (1b/hr)

3.09 Downcomer Water Level in the Steam Generator(s) (ft)

3.10 Reactor Vessel Water Level (ft)

a1 Top of Active Fuel Axial Node X 4 Top Radial Nodes (°F)

3.12 Middle of Active Fuel Axial Node X 4 Middle Radial Nodes( °F)
3.13 Bottom of Active Fuel Axial Node X 4 Bottom Radial Nodes( °F)
S,H SEQUENCE

The S H sequence was modeled as a 2-inch diameter break on the hot leg with
successful ECCS injection but failure ot ECCS to operate in the recirculation
mode.

The sequence began with a 2-inch diameter break on the hot leg. By 64,3 secorus
the primary system pressure had dropped to the ECCS set point of 1860 psia, .nd
all high head pumps tegan injection of cooling water into the primary system.
Containment sprays were initiated automatically at 85,0 seconds causing ‘apid
depletion of Fueling Water Storage Tank (FWST) inventory. At 0.67 hours the
FWST was empty, and ECCS failed to switch over to the recirculation moue of core
corling.

The loss of primary inventory resulted in the core being uncovered at 1.10
hours. Hydrogen production from Zircaloy oxidation began at 1.22 hours, By
1,43 houre the hottest core node had reached the U0, -Zr-2r0, utectic melting
temperature. The primary system pressuvre dropped bglow the cold leg



accumulator(s) initial discharge setpoint at 1.51 hours, thereby introducing a
discontinuous reflood source to the reactor vessel. ECCS was restored at 1.79
hours with all NI and NV pumps operating in the recirculation mode. The
majority of the hydrogen gas was expelled through the break by 2.80 hours.

The total fraction of the clad oxidized was 25.2%, Appendix 4 contains relevant
plots for the S H sequence, which consists of the following parameters as a
function of tingt

FIGURE NUMBFR DESCRIPTION

H, Flow Out of Hot Leg Break (kg/s)

wzter/Stcam Flow Out of Hot Leg Break (kg/s)

Integrated Mass of H, Generated in the Core (1b)

Mass of H_, in the Przmary System (1b)

Mass of H, in the Pressurizer (1b)

Water Temperature in the Core (°F)

Primary System Pressure (psia)

ECCS Flow to Cold Legs (1b/hr)

Accumulator(s) Flow to Cold Legs (1b/hr)

Reactor Vessel Water Level (ft)

FWST Water Level [7*)

Ac.uulator(s) Pressure (psia)

Top of Active Fuel Axial Node X 4 Top Radial Nodes (°F)
Middle of Active Fuel Axial Node X 4 Middle Radial Nodes(°F)
Bottom of Active Fuel Axial Node X 4 Bottom Radial Nodes(°F)
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AltF_ugh injection of ECCS into the vessel should rapidly quench the core and
t.rminite hydrogen production, the improbable case which results in continued
oxidation equivalent to 757 MWR has been considered. Since a completely
mechanistic model is not capable of predicting hydrogen production equivalent to
the amount mandated by 10CFR50,44, a non-mechanistic model similar to the HCOG
methodologv has been utilized.

The non-mechaniscic mndel tha: is being used to predict hydrogen production is
based upon an energy balarc: in a severely damaged core which no longer retains
an intact geometry. The core {s ass'med to have deformed intc a debris bed
which is postulated to form following injection of ECCS into a severely
overheated core. To assure that the damaged core is coolable it is necessary
that energy losses from the damaged core are at least adequate to remove decay
energy in the core; plus energy produced by continued oxidation of Zircaloy in
the core; plus excess stored energy in the core. It is additionally assumed
that termination of the Zircaloy oxidation at 757 MWR requires a quenched core
at that time.

This can be presented in equation form as:
(D Qloss 2 th * Qox * Qa

where:




Qlo.. = Energy loss rate from the damaged core to surrounding water;

th « Rate of core decay heat;

Qox = Rate of exothermic energy produced by oxidation of Zircaloy in the
damaged core;

Q. = Release of excess energy stored in the damaged core =
Ecor‘(r) - Ecoro(rlat) over some time period;

Bcorc = Energy stored in the core and associated structures as a function of

temperature,

If the losses from the aebris bed do not exceed the sum of the decay heat, the
oxidation energy and the excess stored energy, then the debris will continue to
overheat and will eventually challenge the integrity of the lower vessel head.
The limiting case would, therefore, be a severly defsrmed core in which the
long-term sum of the decay energy, the oxidation energy, and the excess stored
energy approaches the maximum heat loss from the debris bed.

Hydrogen production would occur over the extended period of time:

i PR

f12" = 4y

where:
tz = time when 75% MWR is achieved and the core is quenched;

t, = time when the mechanistically produced hydrogen has been released to
containment,

(The sequence dependent parameters referenced in the following discussion apply
to the S,D sequence.)

The decay heat can be expressed as:

(2) th = 349.6 t
which 18 a curve fit to the decay heat history for Catawba reload cycles of 390
days, using 3.8 w/o enrichment Westinghouse Optimized Fuel Assemblies (See
Attachment 6). This curve fit is accurate to +1.6%, -2,8% over the required
time span (approximately 6912 to 16068 seconds following scram).

The total amount of energy of each term in Equation (1) can be determined for
the problem time span (tlz). Equation (2) can be integrated to find the total
decay heat:

t
2
(3) thlz = St th(t) dt
or i
. 747
(%) Qupya = 468.0 [fzo Wy :10 4 :] (MW-sec).



For the Zircaloy oxidation energy term, Q 120 Ve know that 777 MWR = 1496,6
1bs. of hydrogen, and that the ECCS refloS3 fase produced 508 1bs. (25.5% MWR)
of hydrogen. Therefore, the remaining mass of hydrogen to be generated, Hﬂlz’
is:

(5) MHIZ = |496,6 - 508 = 988.6 1bs, of Hz

From the NRC-sponsored thermal properties package MATPRO-11, we have:

(6) Q,
Combining Equations (5) and (6) yields:

- 66.68 MW-sec/1b of H2 produced.

(7 Quyyp = 659 X 10° Mu-sec.
The energy storage term can be stated as:
T
1
(8) &5 ¥ S Q (1) dT
T
sat

When the average temperature of the debris bed exceeds 2173 °K, the Zircaloy in
the debris bed will exceed the Zircaloy melting temperature, and the existence
of a debris bed is no longer assured. The energy stored in the core will be
maximized if the average debris bed temperature is assumed to equal 2173 °K,

For the S D sequence, the equilibrium primary system pressure is approximately
60 psia after core recovery. Assuming that the core will quench to
approximately T for 60 psia system pressure ( & 418 °K) we have the following
aquation for th"‘norsy storage fterm:

2173
(9) 0, * saxa Q (T dr

The energy storage term in the fuel, cladding, baffles, and formers can be
readily calculated based upon known masses of the core components, and their
corresponding specific heuts as a function of temperature. The total stored
energy which must be removed in t), as the core cools from 2173 °K to 418 °K {s:

(10) - 7.03 X 10* Mi-sec

Q112
The maximum heat loss which can occur from the severly deformed cors is
controlled by the size of the assumed debris bed, and the heat transfer assumed
to occur. The model which has been used assumes that the deformed core occupies
the entire core region of the inside of the core barrel, The model
conservatively evaluates heat losses from the top, bottom and sides of the
debris bed. Heat loss from the top of the bed is assumed to be linitcd by the
pocl boiling critical heat flux which is calculated to be 2,13 MW/m“ for the SID
sequence., Heat loss from the bottom surface of the core is conservatively
assumed to be controlled by horizontal upward plate film boiling, This
represents a conservative maximized treatment of heat transfer from the lower
surface, since downward heat transfer into a pool of water is likely to be much
smaller than the maximum heat transfer which would ¢ cur due to film boiling, ?
The downward heat transfer for the SID sequence is calculated to be 0,223 MW/m",



Heat transfer through the side of the debris bed is assumed to be controlled by
conduction through the stainless steel core barrel, For the S.D sequgnce, heat
transfer through the sides of the core is calculated to be 0.567 MW/m“, The
total amount of heat which can be removed from the core is:

(an Qlola . Qtop b Qbotto- +Q

Based upon the assumed size of the debris bed (i.e., the entire core region area
inside the core barrel), the maximum heat loss from the severely deformed core
is calculated to be:

sides

(12) Qloan = 48.0 MW

The full energy balance will now be expressed as an equality by incorporating
the production time span, tyo into Equation (1) and substituting Equations (4),
(7), (10) and (12) into the ;eaulting equation:

(13) Qoss t12 = Uni2 * Lxi12 * %12
or
(14) 48,0 (t2 - tl) MW-gec = 468.0 [;t20'747 - t10'7a7 MW-gec

+ 6.59 X 10% MW-sec + 7.03 X 10% MW-sec

Combining like terms, and since t1 occurs when the majority of the hydrogen gas
was expelled through the break (1,92 hours (6912 seconds) for t“e SID saquence)
gives the following equation:

(15) 0.102564 ¢, = c2°'7‘7

which, when solved iteratively, yieids:

+ 261.7

t2 = 16068 seconds

Therefore, for the S D sequence, the average rate of hydrogen production over
the time span of ty, to reach a total hydrogen production equal to 75% MWR {s:

“12 _ 988.6 1bs

t 16068-6912 secs

M2 =
12
or
My, = 0.108 1bm/sec
for a period of 16068-6912 secs = 9156 egecs (2,54 hrs.)

Since the non-mechanistic model description given for the $,D sequence also
applies to the S, D, TMLU, and S, H sequences, the results for the remaining three
sequences will hé presented in zn abbreviated format,



szn Sequence

(D Qlosl : th M Qox ¥ Qs

0,253

(2) th = 349.6 ¢t (MW)

This curve fit is accurate to +1.6%, -2.8% over the required time span
(approximately 7488 to 13192 seconds following scram).

t

(3 Qn12 * S " Qgn(t) dt

%

2.747 0.747

(4) thlZ 469.0[:2 - tl } (MW-gec).
(5) HHIZ = 1496,6 - 460 = 1036.6 1bs., of Hz
(6) Q, * 66.68 MW-sec/1b of H, produced.
(7) Qoxlz = 6,91 X 104 MW-gec,

T
(8) Qs ST Q (1) dr

sat

For the §,D sequence, the equilibrium primary system pressure is approximately
210 psia after core recovery, Assuming that the core will quench to
approximately T for 210 psia system pressure (= 470 °K) we have the
following oqult!SS for the energy storage term:

2173
(9) Q = S Q (T) dT
sl2 470 s
(10) Q ), = 6.86 X 10° M-sec
an Qlocl - Qtop * Qbotton ' Qlidel
Upward heat loss = 3,02 Hw/nz 2
Downward heat loss = 0,314 !U/-
Side heat loss = 0,487 MW/m
12) Qloos = 58,1 MW
(13) Qoss ®12 ® %Un12 * %x12 * %12
(14) 58.1 (t2 - tl) MW-sec = 468.0 [t20'7“ - t10.747 MW-sec +
6.91 X 10‘ MW-gsec + 6.86 ¥ (0" MW-sec
tl occurs at 2,08 hours (7488 seconds)
(15) 0.124145 ¢, = :20'7“7 + 440.1




which, when solved iteratively, yields:
tz = 13171 seconds

Therefore, for the S,D sequence, the average rate of hydrogen producticn aver
the time span of t, to reach a total hydrogen production equal to 75% MWR is:

ey o "M12 _ 1036.6 1bs
1 13171-7488 secs

12

ur
HHIZ = 0.182 1bm/sec

for a period of 13171-7488 secs = 5683 secs (1,58 hrs,)

TMLU Sequence

(0 Qlocl : th ¢ ch ' Qa

0,257

(2) R * 366.1 ¢t (MW)

This curve fit is accurate to +0.005% over the required time span (approximately
24480 to 28501 seconds following scram).

t

(3) Qn1z gz Quy (0 dt

-

1
0.743 0.743

(4) thlz - 492.7 [t2 » ¥ ] (MW-sec) .
(5) HHIZ = 1496.6 - 630 = 866,.6 1bs, of Hz
(&) Q. 66.68 MW-sec/1b of H2 produced.

T
(® Qs = ST Q,(1) 4t

sat

For the TMLU sequence, the equilibrium primary system pressure is approximately
2335 psia after coie recovery, Assuming that the core will quench to
approximately T for 2335 puia system pressure (= 621 °K) we have the
following oquat!%ﬁ for the energy storage term:

2173
(9 Q.12 - 5621 Q.(T) daT

10



(10) Qyyp = 6.35 X 10* Mu-sec

(11) Qlool % ngp " QbottOI o Qoidol

Upward heat loss = 2,95 Hﬂllz 2
Downward heat loss = 0,504 !U/n
§1de heat loss = (,429 MW/m

(12) Q)pgq = 56-9 MW
(13) Qoss £12 * Un12 * W12 * %12
(14) 56.9 (t, = *,) Mi-sec = 492,7 Il:2°'7‘3 " :1°°7‘3:1 MW-sec +
5,78 X 10* Mi-sec + 6.35 X 10% MW-sec
t, occurs at 6.8 hours or 24480 seconds
(15) 0.115486 ¢, = ¢,97%3 4 1249.9

2 2
which, when solved iteratively, yields:

tz = 28501 seconds

Thex.‘ore, for th« TMLU sequence, the average rate of hydrogen production over
the time span of typ to reach a total hydrogen production equal to 757 MWR is:

X "2 _ 866.6 1bs
. 78501-24480 secs

42

or
Myps = 0.216 1bm/sec

for a period of 28501~24480 secs = 4021 secs (1,12 hrs,)

sza fequence

(1 Q10ll 2 th * Qox v Ql

(2) Qqp = 224.0 ¢~0-206 )

This curve fit is accurate to +2,1%Z, -1.1X over the required time span
(approximately 10080 to 15339 seconds following scram).

t
2 .

3 Qniz2 = f: Qg+ dt
1

0.794 0.794
(4) thxz - 282.1 [}2 - tl :} (MW-sec).

11



(5) "Hl2 = 1496.6 - 502 = 994.6 1bs, of H

2
(6) Qox = 66,68 MW-sec/1b of 82 produced.
N Quyys = 6:63 X 10° Mi-sec
T
® N ST Q (™) 41
sat

For the S H sequence, the equilibrium primary system pressure is approximately
200 psia iftcr core recovery. Assuming that the core will quench to
approximately T for 200 psia system pressure ( & 467 °K) we have the
following oquatlsﬁ for the energy storage term:

2173
(9) Q = Q (T) d7T
sl2 Sb67 8
4
(10) Q.12 = 6,87 X 10" MW-sec
(1) Qloau = Qtop * Qbotton ” Qaidcl
Upward heat loss = 2,99 HH/nz
Downward heat loss = 0,310 » :
Side heat loss = 0,488 MW/m"
(12) Qlo.. = 57,7 MW
(13) ®rloss t12 ® QUn1z * Yxi2 * %12
(14) 57.7 (t, = t;) Mi=sec = 282.1 [f20.796 - :10'79“:] MW-sec +
6.63 X 10* Mi-sec + 6.87 X 10% MW-sec
tl occurs at 2,80 hours (10080 seconds)
(15) 0.204537 ¢, = t2°'79‘ + 10311

which, when solved iteratively, yields:

tz = 15339 seconds

Therefore, for the S, H sequence, the average rate of hydrogen production over
the time span of '12 to reach a total hydrogen production equal to 75% MWR is:

- "M12 _ 994.6 1be
12—
ty 15339-10080 secs
or
HE]Z = 0,189 1bm/sec
for a period of 15339-10080 secs = 5259 secs (1,46 hrs.)

12
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APPENDIX 5

The following documentation describes the models HEATUP and ACCUM which are
currently incorporated within the MAAP 3,0B computer code. Complete
documentation for the remaining MAAP models can be found in JDCOR Technical

Report 16,2~3, MAAP (3,0) Modular Accident Analysis Program User's Manual - Vol,
I1, February 1987,
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CORE-COOLANT INTERACTIONS

1.0 INTRODUCTION

The HEATUF subroutine predicts the behaviar of the reactor core
during and after uncovery, as it s heated by fission product decay and by
Zirca'oy oxidati - The HEATUP subroutine includes models for calculating the
steaming rate from the core, hydrogen formation rates, fuel melting, natura)
circulation flows, and upper head injection cooling from externa) accumyla-
tors.

The HEATUP subroutine was originally intended to substitute for the
detailed PWR heatup code (EPRI PWRCHC) while that program and the MAAP code
were under development. Another reason for developing this MEATUP subroutine
was to provide a .ore heatup mode! with an execution time commensurate witn
the main PWR MAAP code. This has baen achieved through several simplifica-
tions and assumptions described in detail in the model cescriptions. The main
simplifications are:

1. The core is divides into a maximum total of 70 nodes.

2. Only the heatup of the fuel rods fs considered. Other struc-
tural materials such as grids and contro] roas ‘e 1gnored.

3.  The boiled-up water level fs assumed to be uniform GCross the
core.

4. Radial temperature gradients in the fuel rods are usually
neglected.

5. Axfal radiation heat transfer 1s neglected.

6. The melting mode! for the fucl rods is simplified in its
representation of material interactions and finternal heat
transfer processes.
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These simplifications reduce the computational complexity while still pro-
viding a realistic overall description of the core behavior.

In accordance with the computaticnal procedure of the main MAAP
program, the HEATUP subroutine calculates rates of change of the core state
variables. These rates are determined from mass and energy balances and are
integrated extarnally to provide updated values of the state varfables at the
next time step. The main core state variables include the nodal masces of
UOZ' Ir, and Zroz. the internal energies-of the core nodes, the cladding
strains (ballooning model), and the fractiocn of the decay energy in each node
which is not associated with fission products tracked by the fission product
routines. The rates of steam and hydrogen production and the rate at which
molten corium leaves the core boundaries, which drive many of the processes
modeled in the rest of the MAAP code, are the most significant outputs of the
subroutine.

2.0 MODEL DESCRIPTION

2l General Core Model

The reactor core is assumed to consist only of fuel rods and coolant
flow channels as shown in Fig. 1. The fuel rods contain UO2 pellets, which
generate decay heat, clad in Zircaloy. The coolant channels may be partially
covered by a water pool. Steam generated in the pool boils up the pool and
flows in the uncovered part axially along the coolant channels and radially
between them. S{nce there are no barriers for radial flow in the core, and
the stean flow velocities are small, a uaiform boiled-up water level is
assumed across the core.

When the cold leg nozzles are empty, the core and the downcomer are
hydraulfcally disconnected from the rest of the primary system. In this case,
water may flow from the downcomer to the core, or vice versa, to equalize the
static 11quid heads in both regfons. Thus, during core uncovery the water
level in the downcomer essentially equals the collapsed water level of the
core,
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Fig. 1 Schematic description of a PWR core during uncovery.
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Ouring "normal" boildown of the core, the heat generated in the
covered part of the core is transferred into sensible and latent heat of the
water pool. Hence, the temperature of this part is limited to the noo!
saturation temperature. In the uncovered part of the core, on the other hand,
heat can be removed by convection to the gas stream, and by pin-to-pin radia-
tion across the core. This heat removal rate is generaily less than the decay
heat generation and thus the temperature in the uncovered region increases.

As the uncovered core heats up, differences in gas density across
the core can cause natural circulation fiows to be set up between the core and
the upper plenum. Eventually, the Zircaloy reacts with steam in the flow
channel to form ZrO2 and hydrogen. This reaction is exothermic and results in
further heating of the uncovered part. Ballooning and clad rupture may
further contribute to the oxidation rate as the surface area increases and as
the inner clad surface becomes exposed to steam. When the temperature at any
Tocation in the core reaches the Zircaloy melting point (2100 K) or a higher
temperature {f the Zircaloy reacts with oxygen or UOZ' Zircaloy may melt and
refreeze as 1t slumps or drains on the outer cladding surface. The flow
channels thus may become blocked, and the steam and hydrogen mixture flowing
below the blockage are then diverted to all the remaining unblocked channels.
hnen the temperature in the uncovered core reaches the melting temperature
(e.g. 2500K for typical U-Zr-0 eutectics), the molten core comgonents, namely
UOZ’ Ir, and ZrO2 (corium) leave the original node boundary.

When water frem an external accumulator is injected into the upper
part of the reactor pressure vessel it may quench the core by entering from
the top or it may bypass the fuel rods to mix directly with the water pool.
Both processes will cool the core.

Some accident sequences may involve very rapid injection of water
into the core through the downcomer after the core has been uncovered for an
extensive period (such as in TMI-2). In this case inverted annular flow can
result where a film of steam would cover the not fuel rods while water would
be present in the central part of the flow channels. In this case, the
covered part of the core can be at substantially higher temperatures than the
water pool and may therefore oxid{ize.
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A detailed description of the models used to calculate these pro-
cesses are described in the following subsections.

2.2 Calculational Structure

The HEATUP subroutine primarily calculates the rate of change of the
mass and energy of the major components of the core. These components are
UOZ' i ZrOZ. water (and steam), and hydrogen. The first tiree components
are the major constituents of the "core material” while the other components
are present in the flow channels.

The mass and energy rate of change of the core materfal components
are calculated for each node in the core. Nodal temperatures are determined
by subroutine TNODE from the core material masses and energy in the node. The
masses of all the solid components are summed up to a total core mass. The
water pool {s treated as a lumped mass and energy control volume. The overal)
pool rates of change are determined by all the inlet and outlet flows and by
the overall poo! energy source terms. Similarly, water energy and mass
balances are computed for the downcomer.

Steam and hydrogen are assumed to flow along the uncovered (and
unblocked) fisw channels, and the mass flow rates and enthalpies in each
channel are calculated by tracking the generation and consumption of each
component at each axial Tevel. The channel exit values are summed to form a
total steam and hydrogen flow from the core and an overall gas enthalpy,

When subroutine HEATUP 1s called for the first time i~ PWR-MAAP the
following major user-specifiad definitions are made:

1. Number of radial rings and axial rows. A1l nodal variables are
dimensicned to a total maximum of 70 nodes. The maximum number
of rings is 7 and the maximum number of rows 1s 20. Any
combination of the number of rings and rows which (a) does not
exceed the corresponding maximum 1imits of 7 and 20, and (b)
yield an overall number of nodes not exceeding 70, {s accept-
able. For example, 7 rings x 10 rows or 3 rings x 20 rows are
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acceptable; 5 rings x 16 rows (more than 70 nodes) or 8 rings x
8 rows (more than 7 rings) are unacceptable. The top node in
each ring represents the unfueled upper fission gas plena.

2. Fuel rod and channel geometry.

3. Power and flow area fractions are normalized, {f not already
done so by the user.

2.3 Physical Proresses Modeled

The major models used by the HEATUP subroutine are:

Heatup and steam generation in the water pool,
Zircaloy oxidation and hydrogen formation,
Core-upper plenum natural circulation,

Radial radiation model,

Heatup of an uncovered node,

Corium melt model,

Upper head injection,

Ciac ballooning,

W v OO 0w N —

The models are formulated with the primary concern of providing a realistic
overal]l description of the dominant physical processes while minimizing the
computational complexity. lumped control volume approach is used for all
mass and energy balances. The model is quasi-steady in the sense that the
exit flows are determined by the inlet flows and steaming, i.e. changes in
internal core flow rates due to pressure changes are neglected.

2.3.1 Heatup of ths Water Pool and Covered Nodes

The covered part of the core extends from the bottom of the core to
the location of the boiled-up level. Since the bofled-up water level is
assumed to be uniform across the core, 1ts location 1s determined by relating
the boiled-up water volume ty the free volume in the reacter vessel. This
boiled-up volume is obtained from the water mass, density and the average void
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fraction in the pool. The boiled-up water level is calculated externally to
HEATUP (in PRYSIS) by subroutine VLEVEL by specifying the water mass in the
ccre, the water and steam specific volumes, the height at which the inlet
flows became saturated in the last time step, and the steam flow rates below
and in the core. These flow rates determine the average void fractions in the
lower plenum and in the core.

In the Tower plenum, steam is generated by interaction of water with
the molten corium. This steam flow, Hsf;cm’ fs calculated by subroutine
PLSTM, and the resulting vcid fraction 1s applied to the entire Tower plenum.

In the covered part of the core, steam can be formed by boiling and
also by flashing (f the pressure in the RPY changes with time. Steam genera-
tion by boiling 1s assumed to take place only when the pool is saturated. The
boiling steam f'-, rate, wst;b' is determined from the heat transferred to the

water pool, Qw;pool' hy:

= e \
“stib * (Quipoor™ dsub)/Meg (1)

where hfg is the latent heat and Q is subcooling of the inlet flow.

sub

The time scale for the heat transfer from the fuel rods to the pool
during “normal" core boildown, is much smaller than the core heatup time
scale. Thus, Q is evaluated in this case by:

wipool
U . Upool
Q. . _cover cover ¢ 0 (2)
wipool Tho0] ¢ “DCN
pool
where Ucover fs the internal energy of all the covered nodes, Ucover is the

fnternal energy of all covered nodes if they were at the poc) temperature,
"hool fs the relaxatfon time set to the maximum time step allowed, fc is the
fraction of the node which is covered, and QDCN fs the decay heat in the node.
For partially uncovered nodes, if the water level is decreasing, Qw;p001 is
Timited to the last term since including the other term would artificially

couple the covered and uncovered parts of the node; this algorithm improves
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the accuracy of the code when relatively few axial nodes are used by not
delaying the onset of node heatup unti] the node is fully uncovered. When the
pool 1s subcooled, Qw;pool fs applied to increase the sensible energy of the

pool.

However, immediately following a scram, the fuel 1s still ho*t =nd
covered with water. In this case, the heat transferred into the pool is
determined by the overall fuel-to-coolant heat transfer resistance rather than
the {internal heat generation. This resistance is the sum of an effective
conduction heat resistance in the fuel and a convective heat resistance in the
coolant:

In Eq. (3) kf is the fuel thermal conductivity, hC is calculated using Dittus-
Boelter correlation and x is an effective conduction thickness. Some side
calculations of the fuel-tuv-coolant heat transfer rates using an effective
thickness and A detailed heat conduction model through the fuel pin, showed
good agreement for x = 0.3 rpelIet’ where rpe11et is the radius of the fuel
pellets. The heat transfer to the water pool is calculated as the sum of all
the individual covered node heat transfer rates:

Toanl! (4)

Qn = " Aen (Ten = Tpoo!

where A {s the heat transfer area and subscript CN denotes covered nodes.

The actual heat transfer to the water pool is taken as the minimum
of Qw;poo1 (Eq. 2) and ZQCN (Eq. 4).

[n the case where the core is recovered from below after an exten-
sive period of being uncovered, the heat transfer rate from the hot fuel nin
into the pool {s 1imited by two-phase hydrodynamic stability considerations.
A maximum gas superficial velocity exists beyond which 11quid droplets would
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be entrained in the gas stream and be carried out of the pool. This maximum
velc ity is (]]

where o 1s the surface tension, g is the acceleration due to gravity, ¢, and
°g are the liquid and gas densities respectively, and K is the Kutateladze
number. This number is taken as 3.0 when the original geometry is intact, and
a user-specified number (default: 0.3) when the core has collapsed. The
resulting maximum steam flow rate is

A

= 9

Hst;max Jg ¢ F

where Af is the total area inside the core barrel. The maximum heat that can
be transferred to the pool is

here hw is the enthalpy of saturated water and bo is the enthalpy of the
water pool. The second term in the parenthesis of Eq. (7) is a ccrrection for

the case where the pool is subcooled ihp < nﬂ)‘ when the pool is saturated -

Lol

= h_and this term i . T 0 is larger than if the total
5 this te S zero “wipoo] 'S large tha “wimax °" e tota
steam flow from the covered core exceeds Hst'~ax’ the heat transferred from
:

h covered nod he pool is reduced by Q v/ Q that Q y is
eac overe ode to the poo s reduced by “wipool’ Yw:imax sO that Q . .. g
4 “ au ' ﬁ: 0

always less than or just equal t Y imax

Steam genera
POOL and RATES, (cal)
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where U, fs the energy of the water, hw;sat and hfg fs the water saturation
enthalpy and latent heat corresponding to the current system pressure, respec-
tively and T¢ 1s the flashing time scale.

The void fractfon in the covered poo! {s determined from the total
steam flow out of the pool by functions VFSPAR and VFVOL (in subroutine
VLEVEL). However, in the case of core recovery from the bottom, large amounts
of steam could be generated from the top of the pool due to the quenching
process. This would Tead to high average void fractions and numerical oscil-
latfons in the bofled-up level. To avoid this unrealistic average void
fractions, the steam generation from the Just-recovered nodes 1s not accounted
for in the void fraction calculation during recovery,

The steam flow rates described above contribute to the pool mass and
energy balances and determine the void fractions in the pool.

The pool mass rate of change, ﬂw is:

fos -

W

0

+ W

”st;cm st;b . Hst.f> ¥ ww;dc . Nw;ps * Nw;up

where Hw-ps fs the sum of water flow rates from the rest of the primary
system, ww-dc fs the water flow rate from the downcomer, and Nw is the flew
’

yup
rate from the core upper plate due to UHI flows.

The pool energy rate of change includes all the heat content of the
varfous streams described by £q. (9), and the heat transferred from the fuel.

The energy rate of change of core material in 4 covered node is

Uy * Odecay : Qw;poo1 * Qreact1on : Qmelt (10)

where Qdecay fs the decay heat generated in a node, Qreact1on fs the heat
generated in a node due to clad oxidation and Qme1t {s the energy rate carried
with the melting fuel. Oxidation and melting can occur in the covered part
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only during recovery from core degradation and is discussed in the next
sections.,

Qe d Zircaloy Oxidation and Hydrcgen Formation

Zircaloy may react with steam according to the following chemical
reaction:

where :HR is the heat of reaction per mole of Zr. This oxidation takes place
at the Zr/ZrO2 interface leading to an increase in the oxide layer thickness.
The reaction rate equation proposed by Cathcart, [2] is used for Zircaloy
temperature, T, up to 1850 K and the Baker-Just equation [3] is used for
higher temperatures. The rate of change of the oxide layer thickness, io is
thus:

. . 298 exo(- 1.65¢ . 10%/8T)
0 2,2 X
“ir 7o

400 < T < 1850 K  (12)

. . 3.33 - 10 exp(- 1.884 . 10%/RT)
0 2 2% o
“Ir "0

T > 1850K (13)

where R is the qas constant, and oo is the Zircaloy density.
Zircaloy oxidation is assumed to be terminated if either:

a. The node has less than a user-specified non-fuel fraction due
to accumulation of once-molten material from higher nodes.

b. The node is meltina,
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This logic 1s intended to represent the diversion of steam away from nodes
with 1ittle flow area and small hydraulic diamaters, and the decrease in
oxidation rates due to reductions in surface to volume ratios.

For uncovered nodes the radial temperature gradient is small and
therefore T 1n Egs. (12) and (13) is taken as the rude temperature. In the
covered part nf the core, during recovery of hot nodes, a significant radial
temperature gradient may exist. Hence, the cladding temperature, rather than
the node temperature, should be used. The cladding temperature is calculated
fteratively by

a Oreaction' QCN
N ACN kf/x

Terad = Te

where QCN is the heat transfer to the water,

Wor0.
<

Qreaction = M mW—— (15)
Zr02

MNZrOZ is the ZrO2 molecular weight and erOZ is the rate of ZrO2 generation,

This rate is calculated from Eq. (13) as

- X (16)
wZrO2 cZrO2 on *o (16)

where on fs the oxidation area of a node computed in subroutine GNODE.
Normally this area should equal the outside surface area of the cladding.
However, {f a flow channel (possibly ballooned) is ruptured, the area may be
increased by a user-specified factor.

For a covered node, oxidation may continue after the onset of
melting if the user defeats the submerqged blocking model with IEVNT(202) = 1.

The actual oxidation rate is limited by either the rate at which Ir
may oxidize, Eq. (16), or by the availability of steam. The latter limit is



- 13 - HEATUP/PWR

Jased on the channel steam flow and the stoichiometry of Eq. (11)., The rates
of hydroge~ and Zr'O2 formatfon, steam and Zircaloy consumption, as wall as the
heat generated by the reaction are all calculated from the actual oxidation
rate and the stoichiometry of Ea, (12).

2.3.3 Core-Upper Plenum Natural Circulation

Work by various investigators have shown that natural circulation
flows can be set up between the upper plenum and the core. Such flows could
alter the progression of a severe core accident by delaying the onset of core
oxidation, supplying steam to prolong the oxidation process heating the upper
plenum and revolatilizing fission products, and perhaps causing the primary
system to fail due to high temperatures prior to core slump into the lower
plenum and failure of the reactor vessel lower head. These considerations
lead to the conclusion that a model for the phenomenon shou'd be integrated
into subroutine HEATUP,

To make the problem tractable, the geometry of the flow pattern was
set a priori based on the results of available detailed hydrodynamic calcula-
tions and experiments.

Two different flow patterns are considered. In Fig. 2, the flow
pattern for Westinaghouse-type reactor vessel geometries is schematically
f1lustrated. As shown, it is assumed that the flow consists of one large
"loop" coupling the core to the upper plenum. The return leg from the upper
plenum is assumed to flow down the outer, cocler “low channels and to occupy
half the total core flow area. In Babcock and Wilcox reactors, on the other
hand, a sfgnificant flow area exists through the core baffle as shown in
Fig. 3. There {s therefore a potential for the return flow to pass down the
core barrel-baffle annulus and through the baffle into the core. Rather than
determining by detailed calculations which of the two flow patterns would be
established in such reactors, the approach taken was to allow the user to
select efther pattern and perform sensitivity calculations.

The flow rate is derived by assuming the flow patterns outlined
above. The flow rate Hj in some channel j in a nodalized core s given by
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axfal friction pressure gradient in channel j at row i,
denoted (1,j)

hydrauliz diameter at (i,j)
gas density at (1,3)
flow area at (1,j) in the x-y plane

friction fazctor for axial flow

At this point, the assumption is made that the friction pressure
gradient in all up-flowing channels and all-down flowing channels are equal in
a row. As discussed in the appendix on subroutine REMIX, this is not strictly
true. Small differences in hydrostatic head betweer channels cause “low
redistributions which lead to d‘ “ferences in the friczion. The assumption of

equality will be made here nonetlieless on the basis that it should provide a
reasonable estimate for the total flow; the distribution of the tota)l flow
among the different channels is treated by subroutine REMIX.

Under this assumption, the total up or down-flow is obtained by
summing over the appropriate channels. If the down flow is denoted W, the
up~flow will be W + Hs where ds is the total flow which arises from the

coverec nodes. Performing the summations we obtain

T 2
g 2 [ Pdown 2 D44 044 Ay
321 f

down
channels at
elevation 1
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2
dP R T
VoW “11 ZE: TV/' 4 ‘J (19)

up channels
at elevation
i

If we now solve for the pressure gradients and sum over rows we obtain

<u28
A LW
Apdown = Z 7 (20)
rows 2 Dy ped A
14 "14
f
down
channels
82 (W + W G
AP B e (21)
wp rows 2 D.. 0. A 7 \¢
13 "1 "'i4
f
cnannels

whe re Apdown fs the total pressure drop across the down channels and similariy
for APup; 4Z 1s the axial height of each node. Define the flow resistance in
row { for down flow as

Szo1 . X (22)

2
?
\/ i5 15 Ayy \
down //

channels

and similarly for the up flow resistance. Denote the sum over rows of these
terms as SD and SU respectively, e.q.

D= Z S2p (23)
rows i
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Substituting Eqs. (22) and (23) into Eqs. (20) and (21), and subtracting the
resulting two equations yields

2 2
W SU 'é
AP-E—SD+(H+~S) . o 24

In the 1imiting case of only one up-channel and one down-channel, the terms on
the right hand side of Eq. (24) are easily interpreted as the pressure drops
across the two channels induced by the flows.

Nnte that we have so far neglected the pressure drop induced by the
downward moving flow as it turns and moves across the fuel bundles. This

pressure drop can be calculated by an expression of the form [4]

A

cross flow

friction tactor for cross flow (~ .25 - .45),

number of tube rows crossed by the fluid,

minimum flow area as the fluid crosses a row of tubes,

density of the sideways-moving gas.

For the case represented by Fig. 2, the assumption of equal up- and down-flow
areas delfineates the radial boundary between the up and down portions of the
flow Toop. This 1s used to estimate the average number of rows crossed by the
fluid. By consulting published hydrodynamic calculations of the flow, the
axial extent of the horizontal portion of the loop is estimated to be approxi-
mately 0.5 m; this along with the tube pitch defines the area Ax. Jsers
wishing to investigate the sensitivities to these reasonable, but admittedly
rather rough assumptions, can vary ‘x. Thus, to account for the radial
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pressure drop, the following expression for the cross flow resistance is added
to the term SD in Eq. (2%)

=}
-
»

-

O

The total pressure difference P across the core caused by the fluid motion is
balanced by the difference in hydrostatic head between the up and down chan-
nels:

il 2: (°1.down : °1.uo) g &z (25)
rows

where g is the acceleration of gravity, Equation (25) is solved by area-
averaging the densities in the up and down channels at every row.

Equation (24) is solved in the code by substituting Eq. (25). It is
fnstructive to derive from Eq. (24) the conditions necessary for positive
natural circulation flow. Rewriting £q. (24)

R e 3 e W suy) ¢ Gz ¥~AO-0 (26)

s
For positive W, we require the last term be negative, 1i.e.

usz ;E < AP (27)

The first term in Eq. (27) is just the pressure difference across the up
channels due to the steaming flow We. Thus, Eq. (27) confirms that the
requirement for natural circulation is that the pressure gradients due to
buoyancy exceed those due to the forced flow.

The only other unknown which must be determined to solve Eq. (24) is
the row number in Figs. 2 or 3 where the flow from the down channels turns
horizonta: and enters the up channels. At present, this {s established by
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finding the row where the temperature in the downward moving fluid reaches the
temperature of the upward moving fluid in the lower nodes. This algorithm is
consistent with observations made in EPRI-sponsored natural circulation
experiments on a 1/7 scale model of a PWR at Westinghouse. For further
information on these experiments as well as a comparison of the MAAP natural
circulation model to the experimental results, the reader should consult Ref,

(4].

After reactor vessel failure, natural circulation between the upper
plenum and the core is assumed to be replaced by the overall unidirectiona)
natural circulation patterns which are set up in the primary system around the
coolant Toops. Thereafter, the fnlet flows to the core consist in part of the
downcomer to core flow rate computed in subroutine FLOW. Such flows persist
until the core has completely melted.

2.3.4 Radial Radiation Heat Transfer Model

Typical radial power profiles in LWRs exhibit a significant reduc-
tion in the power generation in the outer core region fuel assemblies.
Therefore, in an accident involving core uncovery, high temperatures may be
obtained at the central core assemblies while the temperatures of the outer
core assemblies may be much lower. This represents a large potential driving
force for radfal radiation heat transfer in the core. However, the fuel pins
in the outer assemblies will act as radiation shields between the hot inner
assemblfes and the colder core shroud and the reactor vessel. For example,
hand calculations show that in order to allow for radia’ heat losses from the
core of 1 MW with an 8 x 8 fuel assembly, the temperatures of the fuel pins in
the outer subassembly would decrease from 1200K at the inner row to 600 K at
the outside of the core. For the inner regions of the core, on the other
hand, the power generation distribution {s more uniform. Therefore as the

fuel pins in the inner assemblies become hot (say more than 1200 k), the

radiation heat transfer would .tend to further flatten the radfal temperature
profile,

This concept s incorporated in MAAP Dy an approximate radial
radfation model which compares favorably with a more detailed calculations.
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The detailed model is discussed in Ref. [4] along with a comparison of the two
models.

Consider the radial heat transfer between two nodes containing only
fuel pins as shown in Fig. 4. Node i contains NR(i) fuel pins in the axial
slice while node i + 1 contains NR(i + 1) pins. Let j indicate the fuel pin
index between the nodes as shown in Fig. 4, With this notation Tj_1 =T, and

TJ-m y T1+1'

The model assumes that a given row of fuel pins acts as a radiation
shield. Specifically, a fuel pin sees neighboring fuel rins vith a view
factor of 1 and does not see beyond the aajacent row of pins. If we further
assume an emissivity of one, the radial heat fluxes betwean the fue) pins are:

4

4
01.2 b C(Ti - T2 )

B 4

qQ = o7 - T1+'| )

m=1-4m m-1

Therefore, in view of the assumption that the heat fluxes between the oins are
equal, the heat transfer rate is

4 8
oAC1)(T," = 7,0 ")
(1) = i i+]

Q (29)

rad

where A(1) is the ou*ter surface area of node i. The number of reflective
surfaces between the centers of the two nodes, m, is

i+1)
Np(1) . Np(i+ | ian

M= 4 7 V)
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Node | Node i+
Ngli) rediation resistances Na(i+1) radiation resistances
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Tne same procedure is used for radiation between the outermost
radial ring and the core barrel. In this case the surface temperature of the
core barrel nodes (computed in subroutine PSEQPT) is used and only the radia-
tion resistance of the outermost slice enters into m.

2.3.5 Heatup of an Uncovered Node

The heatup of an uncovered node is governed by the following energy
balance:

0 - 0

N Qdecay : Qreaction convection

(31)
* Ome1t = Qradiation = Qumr

where odecay is the decay heat generated in the node, Qreaction is the net
heat gained by the oxidation reaction at the node temperature, Qconvection is
the convective heat transfer to the aas, Oradiation is the net amount of heat
lost dus to radial radiation, CUHI is the energy lost to upper head injection
water sprayed into the top of the core, and Om!1t fs the rate at which molten
corium energy is leaving (positive) or entering (negative) the node.

odecay Is composed of two parts. The fraction of the decay heat
supplied by materials tracked by the MAAP fission product model is calculated
by subroutine HEATFP, The remaining fraction is tracked as "nonvolatile" heat
which moves with the core materials as they melt. Qradiation is calculated as
described in the preceding section, and Qmelt and OUHI are calculated by
models discussed in subsequent sections.

'
In a given node, Cconvection and Qreaction depend on the qas flow
rates in the coolant channels and this depends on the Tocation of the node

with respect to the flow patterns shown in Figs. 2 and 3. The calculational
scheme used fs to calculate cas-node interactions first fcr the lower, un-
covered nodes, next for the qroup of nodes (if any) in which flow is entering
downward from the upper plenum, and finally for the nodes which receive flows
from the previous two groups. For convenience, therefore, the terms are
computed for a given row of nodes between some ring no. jm1n and ring no. J

‘max
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by calling subroutine ROW. The heat transfer and oxidation models are de-
scribed in the write-up for subroutine ROW.

.30 Core Melt Progression Model

The detailed phenomena which would occur as core mater{als began to
melt and relocate are quite complicated and not readily amenable to modeling.
In earlfer versions of the MAAP code, the process was not modeled, and molten
material from the core was allowed to heat adiabatically unti] a user-speci-
fied mass had collected. At that point the molten material was assumed to
slump,

This earlier procedure gave unphysically large debris temperatures
on rare occasions (f.e., in certain sequences with intermittent accumulator
action). It was concluded that a simple model should be added to MAAP to
track the global downward progression of the core debris.

In rough outline, the model is similar to the so-called meltdown
model "A" in the MARCH code [6]. The mode! treats the melting process itself,
the motion of molten material, heat transfer processes within the molten pool,
melting of structures underneath the core, and the possibility of core col-
lapse. Each of these processes will be outlined below.

2.3.6.1 U-Zr-Ir0, Thermodynamics Model

The constituents of the core {;02. lr, and ZrOz) are assumed to form

a eutectic which melts at a user-specified temperature (e.g., 2500°K) with a
user-specified latent heat (e.g., 275 KJ/kg, the la‘ent heat of ;CZ”. Melting
of undissolved Zr 1s not modeled. It should be noted that this mode] repre-
sents a considerable simplification of experimental results [7]) which show
that the degree of dissolution of ;32 by Ir is a strong function of test
conditions. In principle, such factors as whether contact between the U0. and
Ir exists, the heatup rate of the clad, and the Iircaloy oxidation rate s;ouT:
be considered. It was judced that such details were not sufficiently well
uncerstoud to be included in the mode! at this time. Instead, the approach
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taken was to formulate a simple model and use sensitivity analyses to ensure
that the key results were not sensitive to the modeling simplifications.

2.3.6.2 Melt Progression Mode!

As the materials melt, they run downward until they reach a node
which {s frozen or until they reach a node which is already completely full.
The internal energies of the molten material and still-frozen material are
mixed, which usuaily freezes the molten material, This "cand11ng" process has
been widely observea in fuel pin meltdown experiments (8] and is believed to
represent a reasonable approximation to the actual behavior.

To further justify this approach, a simple aralysis was performed in
Ref. [4] to 11luminate the drainage processes which would 11kely occur as
melting commenced. The analysis indicated that the simpla refreezing algo-
rithm used in the MAAP model is a reasonable approximation, since the ability
to refreeze the downward-moving melt is mainly a function only of the fuel pin
temperatures encountered by the melt. On the other hand, it should be recog-
nized that the experimental data base 1s Timited, and 1t would be useful tc
have additional data focussed on the time-dependent film flow regime itself to
confirm this conclusion.

2.3.6.3 Pool Internal Heat Transfer Mode!

As stated above, melt run-off can potentfally be prevented by the
existence of lower, completely frozen and filled nodes. This normally occurs
for only a short period, and the temperatures of the partially molten nodes
above the frozen nodes do not exceed the eutectic temperature. In other
words, the energy produced in the partially molten nodes over this delay
period 1s used to melt adjacent still-frozen eutectic. If the period extendad
long enough. however, temperature gradients would be established between the
molten nodes due to differences in fission product heating. A simple mode!
has been written (subroutine QCONHT) to represent convective heat transport
within the molten pool and between the molten peol and the frozen material
above and below the pool.
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The model assumes that convective motion within the pool 1s suffi-
cient to prevent significant temperature differences. Axial heat transfer
between the molten and frozen materials s governed by the film resistance
established betwee- the crust and the circulating molten material. This
resistance is cha :cterized by  user-specified corium-to-crust heat transfer
coefficient which 15 discussed in the core-concrete mode! description in the
MAAF User's Manual.

In any event, calculations of core melt progression indicate that
this process s relatfvely unimportant due to the rapid increase in molten
mass which ensues after the first node begins melting.

dadfal heat transfer between two molten nodes is not currentl,
modeled. A simple model has been incorporated, however, for radial heat
transfer between a molten rode and an unmolten node. In effect, this medel
replaces the radial radiation heat transfer mode! when one member of a pair of
nodes is molten. To develop the model, consider a node which fs at or above
the eutectic temperature and separated from an adjacent node, which is below
this temperature, by a crust as 1llustrated in Fig. 5. 7o estimate the radial
heat loss to the colder node, we can assume the crust is fully developed such
that it 1s only conducting away the heat generated in the crust and the inner
surface is at the eutectic temperature T.). The temperature difference
across the crust 1s given by

where Ts fs the outer surface temperature, 3 is the volumetric heat generation

rate, Ke {s the thermal conductivity of the core material and de is the crust
thickness. The heat flux at the outer crust boundary 1s {éf;) and this can be
equated to the radiation heat flux that can be transferred fhr0ugh the intact
node. However, _ince the princi: feature tc be represented is the radial
heat loss and the radiation transfer occurs at nearly isothermal conditions,
the surface temperature can be approximated by the <djacent node temperature
{T]) such that
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1/2

:rz ke(T_ = Ty)

q

£
-

Consequently, the radial heat loss from a node (f)

1/2

Q = Ag[2g k(T - Ty)

where AQ is the outer area of the molten nnde (=Dh). This would yield a mass
of solid material in the molten node ’FF) of about

out this should never be greater than the solid left in a node (m

-
.

Hence, the crust thickness is the minimum between (33) and

where me. is the solid mass in the molten node as determined by an eneray
balance. This limitation simpiy means that the lesser of the heat flux civen

by Eq. (34) and the total deczy heat generated in the node should be used.

2.3.6.4 Melting of Below-Core Structures

As the melt leaves the core boundaries, it will begin to attack
structures lying below the core, e.q., the lower core support plate and core
support forging. It is 1ikely that the support plate would be substantially
melted, but recent TM! examinations reveal that tF support
undamaged. To allow sensitivity studies on the amount o

.

user-specified mass of steel which is denoted the

14

melted at the maximum rate owed by the eneragy convected

melted steel is sdded to the lower plenum corium
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2.3.6.5 Core Collapse

when an attempt to recover the core which underweat extensive
oxidation is made, the core may collapse. The collapsing critzria was intro-
duced when the TMI-2 accident was modeled and is based on a user-specified
oxidation fraction, which would embrittle the cladding, coupled with high hea*
transfer from the core. Core collapsing is defined by subroutire EVENTS, In
this case, core material moves downward until all nodes have at least as much
material as is required by a user-specified bed porosity (or void fraction).
The maximum steaming rate from the pool is then limited in this case by 2
user-snecified Kutateladze number as discussed in Section - 5 9

Finally, to save comoutation time, when the core mass 1s down to 5%
of the original mass, the remainder of the core is dumped tc the lower plenur

in one time step.

udsd Upper Yead Injection (UK!)

Water from external UKl accumulators may enter the *o. of the core
during the heatup nrocess and cool the core. The water flow rate ‘Jw;UHI$ ang
specific enthalpy (hw;UHI) are calculated externally by MAAP in subroutine
ACCUM. Water may accumulate on the top of the core and entier the core from
the top by quenching the hot uncovered rods. Alternatively it may €low
through a bypass area, enter the water pool and reflooc the core. The situa-
tion is described schematically in Fig. €,

Currently the HEATUP subroutine treats the UHM! as i¢ it either
quenches from the top (default) or floods the core from the bottom according
to a user-specified event code. These two processes represent a reasonable
bound describing the real behavior of the core when the upper head water
inizction is turned on. The two processes are describad below,

Bottom Flooding - In the case of bottom flooding all the UHI €low is
diverted directly to the lower water pool, ww'uo = ”w-UHI‘ The mass inventory
of the water pod! increases according to Eq. (9) and consequently the poo!l
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water level rises. Steam generated by the flooding process may react with
Zircaloy, in the uncnvered part of *he core, and form hydrogen.

Top Quenching - This model assumes that a uniform querich front
descends into the core until it evaporates completely or until it reaches the
Tower water pocl level. The basic assumption is that the rate at which UH!
water can enter is governed by a counter-current flooding limitation. That
s, the maximum rate at which water which collects above the core can enter is
that rate at which the water would just be flooded by the escaping steam.
This 1s evaluated by the Xutateladze criterion [1] as presented in Ref. (5):

4r-
3.0 cqQ (C. . 0 )
J s V W 9 :3

g.-max
Y g

where j = maximum gas superficial velocity,

~3
S

density of water and steam,

A\
o
"

¢ = interfacial surface tension,

g = acceleration of gravity,

Assuming that the mass of water in the quenched film is small, the rate of
steam generation is equal to the flow rate of water from the upper plenum,
This flow rate is the smaller of the flooding flow rate

s 9 A (3
Hflood “g,max "g Acore (38)

or the flow rate obtained by summing the UKI t- Jpper plenum flow rate plus
that due to any water stored in the upper plenum from previous time steps.

Given the flow rate into the core, HEATUP determines the row number
fn which the film disappears, either because in that row the film evaporates
completely or the row in which the unevaporated part of the film runs into the
core pool. HEATUP also calculates the steam production rate in the lowest row
of nodes receiving UMI water. This information is passed to subroutine ROW,
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which evaluates the effect of the UHI on the core temperatures and channe!
flows,

2.3.8 Clad Ballooning Mode!

For fuel pins which have not yet ruptured, the increase in internal
gas pressure arising from heating of the pins can cause the clad to balloon.
8allooning is tracked in MAAP by integrating an ordinary differential equation
for the rate of clad strain at each node.. The rate of strain is computed by
subroutine STRETH (see write-up). The value of the strain s used by subrou-
tines GNODE and ROW (see write-ups) to define the heat transfer area, Zircaloy
dioxide thickness, gas flow area, etc.

Ballooning can continue until the clad fafls. This occurs either
due to exceeding an ultimate stress criterion in STRETH, or by exceeding a
user-specified failure temperature at some axial location on the pin. Failure
of the cladding also initiates fission product release.

3.0 COMPARISON WITH THE DETAILED HEATUP CODE

3. Introduction

The PWR-MAAP HEATUP subroutine was tested by using its stand-alone
version which includes routines for the time step selection and integration.
The initial conditions include the following parameters: (1) the elapsed time
from scram at which the water level in the reactor equals the height of the
top of the core (to). (2) the system pressure (P) which was assumed constant,
and (3) the 1nlet (makeup) flow into the downcomer (H1n). A1l the core
materfal arnd water inventory is assumed to be at saturation at time to'

Predictions of the rate and the amount of hydrogen generated due to
“he core heatup 1s. compared with a detailed core, PWRCHC (6], developed by
EPRI as part of the IDCOR effort.

The detailed code, the initial conditions (reference cases) and the
rezulting hydrogen generation are discussed in the following subsection. It
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should be noted that these comparisons were performed with early versions of
both codes. While these versions did not mode) many of the phenomena now
treated in the codes, they treated consistent sets of phenomena. Thus, the
comparison provides a measure of confidence in the simplified MAAP model, even
though the comparisons have not been repeated for the latest versions,

38 The Detailed Hexztup Code

The PWRCHC, Ref. [9] is a detafied heatup code which predicts the
heat transfer among fuel, cladding, structure, and steam and hydrogen mixtures
for an intact PWR geometry. Its major differences frem the PWR-MAAP HEATUP
subroutine are:

Pa The reactor pressure vessal and core geometry are described
with more nodes.

2. The energy balances allow for temperature differences between
the fuel, cladding, nonfuel (control rods), and the coolant
based on radial nodalization of the fuel pins and channels and
a detaiied calculation of heat transfer rates.

3. The gas compressibility and axial heat convection are included
in the mass and energy balances over the uncovered flow chan-
nels.

4, Axial variation in temperature and void fraction are considered
in the water pool.

PWRCHC includes, as options, models for inter-fuel assembly radfation heat
transfer and the hydrogen blanketing effect on cladeing oxidation. These

options were not activated in the comparison runs.

3.3 Reference Case Descriptions and Comparisons

For comparison of the PWR-MAAP and detailed heat-up codes, three
reference accident conditions were defined. They are representative of the
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general conditions that would be observed for a large break loss of coolant
accident (LOCA), a small break LOCA and a plant transient, such as loss of all
AC power. The initfal conditions for the core uncovery in these reference
cases are given in Table 1. For the large break LOCA, the primary system is
assumed to be depressurized with an early core uncovery beginning at 300
seconds and no injection. For the small break LOCA, a primary system pressure
of 7 MPa is assumed with an uncovery time of 7200 seconds, which is an ap-
pioximate representation of a TMI-2 type event. For the plant transient
fnitiator, the primary system is assumed-to remain at a pressure required to
11ft the pressurizer safety valves with a core uncovery time of 7200 seconds.
This accident sequence would be representative of a loss of off-site and
on-site AC power without a degradation of the reactor coolant pump seals,

The total masses of hydrogen generated in the sample problems are
shown in Figs. 7, 8, and 9. Initially, the hydrogen generztion rate is slow
until a considerable part of the core becomes uncovered and participates in
the oxidation reaction. As the core heats up, the oxidation and hydrogen
generation rates increase. Later into the transient, the steam generatiorn
rate decreases (less decay heat, smaller covered core) and the flow channels
become blocked. As a result, the hydrogen generation rate decreases and the
total mass of hydrogen levels off.

As shown in Figs. 7 and 8 both the PWR-MAAP HEATU® subroutine and
the PWRCHC predict essentially the same hydrogen generation rates. The
deviations between the two are less than 10% during the rapic hydrogen yenera-
tion period resulting in less than a 5% difference in the amount produced at
the end of the calcule'ion. For the third sample problem, simulating a
transient accident (Fig. 9), the PWR-MAAP WEATUP subroutine predicts a faster
rate of H2 genera*fon by about 25% in the rapid generation period, but the
total amount differs by only 10-15% for the two models. This larger deviation
stems mainly from the difference in the decay heat curve used by the two
computer codes. Since the latent heat is smaller at higher system pressure,
larger deviations in steaming rate results. When using the same decay hezt
curve for both programs, the deviations are also less than 5%.
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Table !
INITIAL CONDITIONS FOR THE REFERENCE ACCIDENT CASES
Simulated Accident
Large Break LOCA Small Break LOCA Transient
to (sec) 300 7200 7200
P (MPa) 0.3 7.0 17.0
Hm (kg/s) 0 0 0
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The execution time of the PWR-MAAP stand-alone heatup model is at

Teast an order of magnitude smaller than the PWRCHC. On a VAX 11/730 computer
with a floating point accelerator, the execution times are about 1 LrU minute
for the PWR-MAAP and about 100 CPU minutes for the PWRCHC.

4.0
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ACCUMULATOR FLOW RATE

Subroutine ACCUM calculates the pressure in the accumulators and the
flow rate from the accumulators to the primary system. This flow is driven by
the pressure difference between the accumulator ang the primary system, and by
the flow area and the hydraulic resistance of the connecting pipes. Flow from
the accumulators will therefore result only 1f the accumulator pressure Pa is
larger than that of the primary system PPS' and 1f the connecting pipes are
not blocked by the operator, ‘

Assuming an isochermal expansion of the gas space in the accumulator
due to the capletion of water, the pressure in the accumulator is:

O
[*
n
L
2
o
2
:

where Va fs the volume of the accumulator, m and v are the mass and specific
volume of water, and subscript o denotes a nominal operating value as supplied
by the user,

The water flow rate through 2 unit area based on the driving pres-
sure difference Wi+ 1s determined by calling WFLOW. This call requires that
values be passed to WFLOW for accumulator pressure, primary system pressure,
void fraction, accumulator temperature, and a loss function fCD based on the
overall loss coefficient for flow between the accumulator and primary system.
This loss function 1s calculated in ACCUM as,

" -1/2
feg = (FL/D+X) (2)

where f is the friction factor (taken as 0.02), L/D is the connecting pipe
length to diameter ratio, and X is the minor loss coefficient, assumed equal
to 1. The total flow rate between the accumulators and the primary system is
then given by,
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We=naA Wy (3)

where n s the number of accumulators and A {s the flow area of the connecting

pipe, and
1/2
2(P, - P)

ACCUM also calculates the derivative of the flow rate with respect
to the primary system pressure for use in determining primary system pressure

when one of the special cases for determining primary system pressure exists
(see PRISYS).

The variable sequence used when calling ACCUM is:

CALL ACCUM (I, n, P, Pocy My my vyo To, Voy A, L/D, W, P, O%)
o] FS 0 a a

a* dPp¢’

/ ,
. A D e e —

inputs outputs

where I is a Boolean indicator that is true if the accumulators are blocked by
the operator (see subroutine EVENTS).



APPENDIX 6

Decay Heat History for Catawba Reload Cycles of 390
days for 3.8 w/o Westinghouse Optimized Fuel Assemblies.
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