
_ _ _ _ _ _ - _ _ _ _ _ _ - . . _ -

:(,

: JHNICAL REPORT

! 3808 AND A-3809 9-85
t

< .

I

|

|' ANALYSIS OF HYDROGEN PRODUCTION DURING

; A BWR6 CORE HEATUP TRANSIENT

i

!
i
!i

I
t

:

J. W. YANG AND W. T. PRATT
|
1

|
1

I

|

gCCIDENTANALYSISGROUP
b
i

!

! DEPARTMEN) 0F NUCLEAR ENERGY, BROOKHAVEN NATIONAL LABORATORY

UPTON, NEW YORK 11973

.

4

Tiw, qw, Prepared for the U S Nuclear Regulatory Commission
is Offee of Nuclear Reactor Regulation,

.
Di u , Contract No OE-ACO2-76CH00016

sr e r. ;, >v e,

, s.4 . h ..l .

0512230385 851217
PDP TOPRP EiIBNL
C PDR

yw_ __..:... . . . . -- -
- " '--.



-

..

TECHNICAL REPORT
A-3808 and A-3809, 9-85

.

ANALYSIS OF HYDROGEN PRODUCTION DURING A BW 6 CORE HEATUP TRAllSIENT
.

.

J. W. Yang and W. T. Pratt

|

Accident Analysis Group
Department of Nuclear Energy

Brookhaven National Laboratory .

. Upton, New York 11973
.

Prepared for
|

U. S. Nuclear Regulatory Commission
Washington, D. C. 20555.

Under Contract No. DE-AC02-76CH00016
FIN Nos. A-3808 and A-3809

..

.

4

- -- -- --

. _ _ _ _ _ _ . . _ _ . . .. . . _ _ _ . . .
"' - - -- ^- - ..-..-;........_... -

.- . . . .



- _ - _ _ _ _ _ _ _ _ _ _ _ _-__ __ _ _ -

-111-

ABSTRACT

Hydrogen production during the heatup of a BWR6 core during a postulated
degraded core accident has been analyzed. using the MARCH 2 (Version 151) com-*
puter code. The study includes both un-mitigated and mitigated cases with
initial heatup conditions comparable to that used.in HC0G analyses. Detailed
comparisons with HC0G analyses have been made. Similar analysis with initial
heatup conditions determined. by following the emergency procedure guidelinese

were performed. Separate effects of the mitigated case have been investigat-
ed. Various sources which contribute to hydrogen production have been identi-

p fled.
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1. INTRODUCTION

When a reactor core is substantially uncovered during a degraded core
event and the internal temperatures exceed the oxidation temperatures of the
different materials inside the core region, the stainless steel, zircaloy and

possibly the neutron absorbing materials will react with steam to produce hy-
drogen. The hydrogen, if released to the containment in sufficient amounts,.

has the potential to deflagrate and detonate. As a result, certain LWR owners
have been required to install systems to continuously ignite the hydrogen in
order to maintain hydrogen concentrations below detonable limits. The system

, must be designed such that the accident sequence will not proceed to an unre-
coverable state because of standing flames damaging vital equipment.

Uncertainties still remain as to the possible rates of production of hy-
drogen and the total amount of hydrogen produced while maintaining a quench-
able core. The effect of zircaloy melting is primary among these uncertain-
ties. Certain utilities that own LWR plants have formed an owners group to
study the issue. A BWR core heatup code was developed by the Hydrogen Control
Owners Group (HCOG). The heatup code was used to establish a test matrix for
a facility in which hydrogen was injected and the adequacy of hydrogen igni-
tion systems tested. At the review meeting of the BWR core heatup code in
October 3rd and 4th of 1984, the HCOG staff presented their analysis of a sam-
ple problem.1,2 The sample problem involves the predictions of hydrogen
generation rate and total hydrogen production during a transient heating of a
BWR6 reactor core with 300 gpm injected at 2530 seconds. The sample problem
was extended to include the case of no core reflood and the case of 5000,gpm
injected at 3400 seconds. The HCOG staff presented detailed computations of
these cases at a meeting at BNL on June 4, 1985.

These sample problems become the base cases from which comparative stud-
3les using the MARCH 2 (Version 151) code were performed and presented in this

report. Various parametric studies important for hydrogen generation are in-
cluded in the study. This report is divided into ten sections. The introduc-
tion section is followed by the second section in which a brief discussion of

,

the modeling of hydrogen generation in both the MARCH code and HCOG heatup
code are presented. In the third section, the HCOG sample problems are de-
scribed. The MARCH analysis using the HCOG initial conditions is given in
Section 4. Parametric analyses of various separate effects determined by the
MARCH code are discussed in Section 5. In Section 6, analyses were performed
with reactor vessel de determined by following the Emergency
Procedure Guidelines." pressurizationThe MARCH predictions are compared with that of the
SCDAP code in Section 7, and with ORNI. MARCH /BWR code in Section 8. The com- ,

'parative studies are used to compare predictions made by the MARCH 2 (Version*

151) code. All analyses are based on the design data of the Grand Gulf power
plant. The application of the present results to similar plants, such as
Clinton, Perry, and River Bend are discussed in Section 9. The summary and,

conclusions based on this preliminary study were given in the final section.
Appendix A, B, C, and D contain the input data used for the various codes.
Detailed comparisons of design parameters of the four BWR power plants are
given in Appendix E.

!
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2. HYDROGEN GENERATION MODELS

The zirconium / steam reaction and steel / steam reaction are the two most
important hydrogen sources during a degraded core accident. The two reactions
became important when the zirconium and steel in the reactor core are heated
to suf ficiently high temperatures as the core is partially or completely un-
covered. Typically, a zirconium temperature in excess of 1832*F (1000*C) is ,

required to produce a high reaction rate. The oxidation rate of steel can be-
come 1crger than that of zirconium when the melting point of steel is ap-

2700*F (1370 1500*C). The reaction of zirconium andproached at 2500 --

steel in a steam environment are given as -

Zr + 2 H:0 + Zr02+2H2 + Energy

3 Fe + 4 H O + Fe 3 s, + 4 H2 + Energy.02

The Fe 3 g is assumed to be the major product of the complex steel / steam reac-0
tion. The above two reactions show that two moles of hydrogen is produced for
every mole of zirconium reacted, and four moles of hydrogen for every three
moles of steel reacted. Thus, from the fractions of metal reacted in the core
region, the total amount of hydrogen production could be predicted. A typical
BWR6 core with 800 fuel assemblies and 193 control blades has, approximately

84000 pounds of zirconium in cladding,
68500 pounds of zirconium in channel boxes,

and 11580 pounds of steel in control blades.

The amount of hydrogen production approximated from the fraction of metal
reacted are shown in Table 2.1.

Both the Zr/ steam and Fe/ steam reactions are exothermic. The energy re-
leased from the two reactions are 2762 Btu /lb-Zr and 457 Btu /lb-Fe.3 Thus, the
amount of energy released can be approximated from the fraction of metal
reacted as shown in Table 2.2. During the heatup transient, the reaction heat
is an important heat source and is directly related to the hydrogen generation
rate as given in Table 2.3. It is seen that for moderate hydrogen generation
rate (about 50 lb/ min) the reaction heat is comparable to the decay heat at
about one hour after the scram of power.

The metal / steam reaction rates are dependent on the temperature and
amount of steam available at the reacting surface. In general, the reaction
rate is limited by the gaseous dif fusion of steam f rom the coolant through a
hydrogen boundary layer near the oxidizing surf ace or the solid-state diffu- .

sion process through the oxidized layer to the reacting interface. The actual
reaction rate would be the most limiting of these two processes. In the
MARCH 2 (Version 151) ccie,3 the gaseous dif fusion limitation for the zirco-

'nium/ steam reaction is given by the Baker-Just correlation: (when the channel
box option, IBWR=1, is used)

~7 0.681.847 x 10 R T.

P F
| x= (l)

(R - Ko/30.48)2p
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and the solid-state diffusion limitation by the Cathcart equation:

'0/I R+ 60)Ax=g e (2)

, where

i oxidation rate, cm/s=

Rp = rod radius, ft*

Tp = film temperature, 'K

Xo = thickness of oxidized layer, cm

| TR = rod temperature, 'F

A = 0.0373, cm2/s

, B = 36181, *R

Similar rate equations are used for the stainless steel / steam reaction with
modified constants in Equations (1) and (2). The MARCH 2 code also has the op-
tion to use the Baker-Just correlation for the solid-state diffusion limita-
tion. However, the Cathcart's correlation is used for this study.

In the HC0G core heatup code,l only the solid-state diffusion equations
are used for the computation of metal / steam reaction rates. Three correla-
tions are used for the zirconium / steam reaction at different temperature
ranges:

Biederman correlation for T < 1102 K
Cathcart correlation for 1102 < T < 1850 K
Baker-Just correlation for 1850 K < T < 2425 K

A single correction is used for the steel / steam reaction. All correlations
-have the same functional form as Equation (2), but with the constants A and B
assigned to different values. The Baker-Just solid-state diffusion correla-
tion predicts a higher reaction rate at elevated temperatures.lo

A number of assumptions are made in both the MARCH code and the HC0G code I

- for the study of metal / steam reaction presented in this report. The common i,

assumptions used in both codes are:

(1) No hydrogen blanket effect;
,

(2) No steam starvation due to local blockage;

(3) Zircaloy oxidation is irreversibly stopped in each node that
reaches the high temperature of 2400'K, defined as the cut-off
temperature (TMWOFF in the MARCH code and T0X0FF in the HC0G
code);

. _ _ . _ n_- ,_ _ _ . . -
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(4) Core slump is not modeled for the entire transient, thus,
the oxidation is not disrupted by the potential core slump.

The following assumptions differ in the two codes:

(1) In the MARCH code, the cut-off temperature is abruptly ap-
*

plied at 2400'K. In the HC0G core heatup code, "the zir- ,

caloy oxidation cut-off is modeled as a progressive effect
starting 50 K below T0X0FF and decreasing to zero at
T0X0FF as a cosine function."2 Thus, in the temperature
range of 2350*K to 2400'K, the HCOG predicted oxidation '

rate is about 64% of the MARCH prediction. (The 64% is
the average value of a cosine function.)

(2) The HC0G code assumes an oxidation cut-off temperature for
the stainless steel . The cut-off temperature is 150*K
above the melting temperature. No stainless steel / steam
oxidation cut-off temperature is assumed in the MARCH
code.

(3) The MARCH code has the option of assuming no metal / steam
reaction when the temperature of any node reaches to its

j melting temperature. This assumption was exercised for
the control blade in the analysis presented in this re-
port. It is noted that the MARCH code permits refreezing
of any molten node by the ECC water. Thus, refreezing of
any melted node could potentially start the metal / steam
reaction again if the steam flow can reach the node.

(4) Different heat of reaction are used in the two codes.

Zr/ steam Fe/ steam

MARCH 2762 Btu /lb-Zr 457 Btu /lb-Fe
HC0G 2811-2827 582

The HCOG code uses a liner temperature-dependent equation for the
evaluation of Zr/ steam reaction heat between 1450 K and the zir-
conium melting temperature.

(5) Different values of melting temperatures are assumed in the
two codes.

.

HC0G MARCH

UO 5161*F (4130*F)
C13d 3451 (4130*F)

~

Channel Box 3451 3365
Control Blade Sheath 2821 2600

Note that in the MARCH code, the clad and fuel 'are lumped to-
gether and a single melt temperature is assumed. The lumped
clad-fuel noding assumes all zirconium / steam reaction energy
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being deposited in the fuel. This assumption would underesti-
mate clad temperature during oxidation.

In addition, to the physical modeling of the oxidation rate, the compu-
tation of water boil-off rate is another important factor determining the hy-
drogen production. In the MARCH 2-151 computer code, steam is produced by heat
transfer to water and by depressurization in the reactor vessel. There are
several heat transfer sources in the water-covered core region. The important
heat sources are the decay heat power, the downward thermal radiation from hot
surfaces above the water level, the sensible heat associated with the struc-
ture materials within the water and the quenching of hot surfaces as the core.

is reflooded. In addition, the injection of coolant into the reactor vessel
also represents another energy source (or sink) into the water. The depres-
surization in the reactor vessel causes the vessel water to remain at the
saturation state. The saturation temperature and the associated saturation
enthalpy vary according to the transient- pressure. During the heatup tran-
sient, the pressure differential between the reactor vessel-and containment is
small. A variation of vessel pressure due to the transient boiloff rate,
safety relief rate and containment back pressure is expected. The reflood of :
reactor vessel certainly affects the vessel pressure. A decrease of vessel 8

|pressure implies a decrease of water enthalpy and an evaporation of water. On
the other hand, the water enthalpy increases with the increase of vessel pres-

|sure, which implies an absorption of heat frou other heat sources and a reduc-
}tion of net bolloff rate. The assumption of a constant vessel pressure main- |tained for the entire transient simplifies the dynamic situation in the reac- !

tor vessel and eliminates a potential steam source. !

The steam production due to the various mechanisms can be expressed by
the following approximation: I

00K + Orad + ONCH * OSLB * OECC ~ 1(Ah/At)
.

W (I)2* h fg

where QECC = WECC (hECC - h )2

h2-hlAh < 0 for depressurization, i .e., P2<Pi,

at t2-El

> 0 for pressurization, i .e., P2>Pt,

$ rate of coolant injection, Ib/ min=
ECC.

h enthalpy of coolant injection, Btu /lb=
ECC

h liquid water saturation enthalpy, Btu /lb=

time, mint =
;

.

~

_ _ - - - "_ - . _ .
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Q decay power below water-steam mixture level, Btu / min=
DK

Q downward radiation from core to water, Btu / min=
Rad

Q heat from quenching the core material, Btu / min=
NCH

Q heat transfer from structures in water, Btu / min=
SLB

P vessel pressure, psia= -

steam production rate, lb/ minW =

Subscripts 1 and 2 refer to states 1 and 2.

The above equation is not and cannot be used directly to calculate the steam
production rate (W') in the MARCH 2 code because the new system pressure (P )
and the new saturation enthalpy (h ) are not known at timegtep t . The calc 6-

2lation of P requiresknowledgeofsteamgenerationrate(W),voiumesofsteam
andwater,$ndcoolantinjectionrateatstate1. An iterative solution tech-
nique is required in general. In the MARCH code, the coupling effects of ves-
sel pressure and steam production rate are solved in an approximate manner de-
scribed in Section 3.2-3 of the MARCH manual .3 However, the above expression,
Eq. (1), can be used to show the relative importance of the various sources of
steam production. For the three cases considered in this study, the important
time for hydrogen generation is between 40 minutes to 70 minutes after scram.

In the HC0G BWR Core Heatup code,1 the water boiloff rate is computed in
the subroutine FLRATE for fuel bundles and in the subroutine SUPER for the by-
pass region. The steam production due to the decay power, quenching of the
" hardware just above the free surface" and the channel boxes are included in
the subroutine FLRATE. The quenching of control blades and shroud are in the
subroutine SUPER. No mathematical expression for the quenching of the "hard-
ware" is given in Reference [1]. The downward thermal radiation heat transfer
in Eq. (1) is not considered in the HCOG heatup code. The mass and energy
balances in the downcomer and lower plenum are performed in the subroutine,

LOPDC. The possibility of void formation (flashing) when the system pressure
is dropping is included in this subroutine. The steam formed in the downcomer
flows directly into the steam dome and is not involved in the oxidation pro-.

'

cess. Only the steam formed in the lower plenum is assumed to flow into the
i core. In computing the energy balance in the lower plenum, the sensible heat
'

from structures in the lower plenum is not included. The HCOG heatup code ,

contains a subroutine DPRESS which calculates energy transferred from (or to)
the submerged core hardware caused by changes in the two-phase liquid level,

when the system pressure changes. The term dP/dt appears directly in the4

mathematical expressions of volumetric fluxes of liquid water and steam. How- *

ever, in the HCOG analyses, a constant vessel pressure (i .e., dP/dt=0) is as-
sumed for tne three sample cases. Hence, no steam production due to the
change of system pressure is included in the computation.

I
,

- r-- +- .- . _ . _ - , _ _ . - _ + , . , . . - , _ _ ----,.-__-----w
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L
Table 2.1 Hydrogen Production (lb) Based on Fraction of Metal Reacted

|
' % Reacted Cladding Channel Boxes Control Blades

100 3680 3000 550
75 2790 2250 411

'

50 1840 1500 275
30 1104 900 165
25 920 750 137
20 736 600 110-

15 552 450 83

Table 2.2 Reaction Heat (Mw-nr) Based on Fraction of Metal Reacted

% Reacted Cladding Channel Boxes Control Blades

100 68 55 1.6
75 51 42 1.2
50 34 28 0.8
30 20 17 0.' 5
25 17 14 0.4
20 14 11 0.3
15 10 8 0.2

Table 2.3 Hydrogen Generation Rate and Reaction Rate
from the Zr/ steam Reaction

Reaction Heat
H Generation Rate Release Rate2

(1b/ min) (MW)

150 166
100 111

75 83
50 55
40 44
30 33
20 22-

10 11
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|
3. HCOG SAMPLE PROBLEMS ,

|
At the review meeting of the BWR core heatup code in October 3rd and 4th

of 1984, the HC0G staff (Hydrogen Control Owners Group) presented their analy- !
*

sis of a sample problem.2 The sample problem describes the transient heating ,

of a BWR6 reactor core from 2000 seconds.to 4000 seconds. This heatup begins |

after an assumed automatic depressurization sequence (ADS) that has lowered '
.

system pressure to an assumed constant 2 atm (29.4 psia). The ADS also re- |
suited in at least 3/4 of the core being uncovered at completion of the de- |pressurization and start of the ensuing core heatup. There is no planned in-

i
'flow of cooling water to the vessel until 2600 seconds after scram, with 300

gpm inflow (18.88 kg/sec).

The BWR fuel dimensions, core power peaking factors, initial and boundary !
conditions used in the HC0G sample problem are listed in Appendix A. The
decay power used in the sample problem is in a tabular form. Comparisons of j
the HCOG decay power with the ANS 1979 standard decay power used in the MARCH 2
code are given in Table 3.1. The HC0G decay power is about 9% lower in the

,

|

time interval between 2000 to 9000 seconds. According to Reference (5), users j
many employ their own computer programs and nuclear data to compute decay heat I

power based on the standard model . The MARCH 2 code used the computational '

procedure developed by the Sandia National Laboratory. A constant R defined
as atoms of 239U produced per second per fission per second evaluated for the

.

reactor composition at the time of shutdown is specified as 0.8. R. Jaung of |
BNL has evaluated the decay heat power based on a computational procedure !

developed at Oak Ridge National Laboratory using R as 0.6 and yield a result '

very close to that used in the HCOG core heatup code.6 i

On June 4,1985, HCOG staff presented results of three additional runs, '

referred as

BWR000 3/4 uncovered core with no reflood to 50% zirc melt;

BWR013A - 3/4 uncovered core with 300 gpm at 2530 seconds with approxi-
mately 30% zirc melt; .

i,

3/4 uncovered core with 500 gpm at 3400 seconds with approxi- !BWR560 -

mate 1y 30% zirc melt.
~

c The computed Zr melt f raction and hydrogen generation rate for Runs BWR013A I

and BWR560 are shown ~1n Figures 3.1 to 3.4. The results of the three runs are |
summarized in Table 3.2. Comparisons with MARCH 2 predictions will be present-

|eo in Section O |
-

***
..

i ic - |.

r .c. i
* *

ig,,
,

e
}

i |

!

) s

( 1 ,
.

t
* *

'

i |..
; -

|' ,

i 1

!. . . .__ _ _ _ _ _ _ . _ _ _ _ _ . _ _
'
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| Table 3.1 Comparison of Decay Heat Power

BWR Core 1979
Time Heatup Code ANS Difference

(second) (Sample Problem) Standard (%)

.

2000 0.01681 0.01831 -8.2
3000 0.01476 0.01616 -8.7

*
4000 0.01344 0.01478 -9.1
5000 0.01253 0.01379 -9.2
6000 0.01186 0.01306 -9.2

f 7000 0.01133 0.01248 -9.2
8000 0.01091 0.01202 -9.2
9000 0.01056 0.01163 -9.2

Table ?.2 Summary of HCOG Results

Run BWR000 BWR013A BWR560 |
! I

Re flood
'

L spm 0 300 5000
' second 2530 3400-

l
!. Transient time, s (min) 4200 (70) 4300 (72) 3645 (61) |

!
Total H2 production, Kg (Ib) 217 (478) 265 (585) 189 (416

Peak H2 production rate

Kg/s (lb/ min) 0.18 (24) 0.57 (76) 2.33 (308) !

at time s (min) 3120 (52) 3150 (53) 3405 (57)
* Maximum Zr melt, % 54.7 29 29

at time s (min) 4200 (70) 3525 (59) 3405 (57)
.

Equivalent core Zr 13.5 16.5 11.8
reacted, %

,

|
1
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Figure 3.1 HC0G predicted Zr melt fraction for case 2
(provided by G. Thomas of EPRI).
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4 MARCH ANALYSIS USING HC0G INITIAL CONDITIONS4

4.1 Introduction

This section describes a series of MARCH analyses of a transient involv- ;
ing loss-of-coolant make-up to the reactor core and successful insertion of i

control rods. The MARCH analyses were performed to closely simulate the HC0G i-

analyses described in Section 3. It is recognized that the initial and bound- |
ary conditions were specified as input in the HC0G sample problems. These ,

conditions were not directly used in the MARCH analysis. The initiation of
,

core heatup was explicitly detennined by the MARCH code assuming the actuation ,

of the Automatic Depressurization System ( ADS). Actuation of the ADS valves ;

could yield an initial condition of the heatup transient comparable to that '

specified in the HC0G study. Three attempts were made to actuate the eight
ADS valves at 5,10, and 20 minutes after the start of the transient based on
normal operation condition of a typical BWR6 3000 MW reactor. The predicted i

initial conditions of the three cases are summarized in Table 4.1, which in-
cludes the HCOG sample problem for comparison. Two sets of transient condi-
tions are given in Table 4.1. Condition 1 gives the vessel pressure and core -

temperature when the water-steam mixture level reaches 2.7 feet. Condition 2
provides the mixture level and core temperature when the vessel pressure is

.

reduced to 30 psia. It is seen that the vessel pressure and water-steam mix- !

ture level, which are two independent parameters, cannot be adjusted simul- '

taneously to match the initial conditions assumed in the HC0G analysis. The
,

MARCH predicted mixture level and vessel pressure in Case 1 are close to that ;

of HCOG sample problems. However, this condition is reached much sooner in
the MARCH calculation whan the 33.3 minutes assumed in the HC0G analysis. All
three cases indicate a high core temperature. During the period of core
uncovery, the core is heated by the decay power and cooled by the steam flow.

.| The steam flow has a very small heat removal capability when compared with
nucleate boiling heat transfer and it cannot maintain the uncovered core re-
gion at the saturation temperature as claimed in the HC0G analysis. The

.

assumption of the entire vessel being at the saturation temperature (250'F) in
the HCOG analysis is an over-simplified approximation of the transient heatup
in the core region.

The MARCH 2 initial and boundary conditions of Case 1 in Table 4.1 were
used for all MARCH analyses discussed in this section. Note that. the core,

heatup period determined by the MARCH code is an integral part of the entire
transient which includes the initiation of the accident depressurization in

,

the reactor vessel, uncovery of the core region and reflood of the reactor I
Core.

The basic assumptions involved with the MARCH 2 analyses are listed below: '

1. No fuel rod axial conduction (IAXC=0). , ,

2. In-core radiation heat transfer model included (IRAD=2). '

3. Dittus-Boelter and forced laminar flow correlations for
convection model (ICONV=12).

'
4 Condensed steam not added to core (ICON =0).

,

_, - . - . - . . - - - . -__ -
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5. Convective heat transfer continues in molten region
!
'

(IHC=1).

6. Rod-to-steam radiation heat transfer included (IHR=1).

7. Zr/ water reaction not stopped by node melting (IMWA=3,
IMWB0X=3).

,

8. Cladding and channel box oxidation controlled by turn-
off temperature (TMW0FF=2400K).

.

9. Control blade oxidation (Fe/ steam reaction) is not re-
stricted by any cut-off temperature but is stopped by
node melting (IMWCB=1).

10. Zr-steam oxidation rate calculated using Cathcart solid-
state oxidation rate and Baker-Just gaseous diffusion
oxidation rate (MWORNL=3).

11. Melting temperatures for control blade, channel box, and
fuel rod (Zr and U0,) are 2600 F, 3365 F, and 4130 F,
respectively.

In addition to the basic assumptions described above, the Haling axial
power profile reported in the Grand Gulf Power Station FSAR7 is used in the
MARCH calculation. The profile is different from the symetrical profile used
in the HCOG calculation as compared in Figure 4.1. (The effect of power
profile will be discussed in Section 5.4.) Based on the design data of the
Grand Gulf Power Station, the following masses were modeled in the MARCH 2
code:

Mass of zircaloy cladding = 84033 lb.
Mass of zircaloy channel boxes = 68523 lb.
Mass of steel in control blades = 11582 lb.

The oxidation and melting of the above masses are major parameters of interest
during the heatup analysis. Normal operating conditions are assumed prior to
the initiation of the accident transient. For example, the reactor vessel
pressure and the average fuel temperature are 1180 psia and 1100'F, respec-

'
tively.

4.2 Discussion
*

1. Case 1 - No Reflood

This case (Base Case) was selected to have no coolant injection into the
core during the transient. The core slump model in the MARCH 2 code was not-

used for this analysis. It was intended to estimate the maximum melting and
oxidation which could potentially be achieved without significant distortion
of the core geometry. The base case was used only as a reference for the
parametric study. Figure 4.2 shows that 93% of the control blades and 86%
channel boxes could be melted at about 100 minutes. The melting of the core
starts at about 80 minutes and reaches 29% at about 100 minutes. The oxida-
tion of the cladding, channel box and control blade are 17%, 5%, and 1%, re-

-p y u--
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limited by the assumption of the cut-off temperature and the availability of
the steam in the core region. Since no cut-off temperature is assumed for the
steel / steam reaction, the oxidation of the control blade is limited by steam
flow in the bypass region. The total hydrogen production and peak hydrogen
generation rate are 746 pounds and 28 lb/ min, respectively. There is a large
fluctuation in the predicted hydrogen generation rate. This is caused by the
simple numerical scheme used in the code to compute the change of hydrogen .

production during a small time interval. The time-step used in the MARCH code
for the core heatup period is on the order of 0.05 minutes and the change of
hydrogen production is about 1% to 2%. The computed rate of hydrogen genera-
tion is very sensitive to the computing method. The computation could be *

improved if a more stable numerical differentiation method is used.

For the case of no core reflood, the termination of hydrogen generation
is due to steam starvation. The comparison of hydrogen generation shown in
Figure 4.3 indicates a reasonable agreement between the predictions of the two
codes. The MARCH code predicts a higher steam production which results in
higher hydrogen generation prior to peak hydrogen generation (which occurs at
about 50 minutes). The various steam sources that contribute to hydrogen gen-
eration at time 50.8 minutes are given in Table 4.2. Item 5 of Table 4.2
shows that the total decay power in the MARCH analysis is about 9% higher than
that predicted in the HC0G analysis. The difference is caused by the differ-

'

ent computation method applied to the ANS standard model. But the portion of
decay power below the two-phase mixture level which contributes to water boil-
off is about 37% lower in the MARCH calculation (Item 6). This is caused by
the MARCH predicted low two-phase water level (0.63 ft) in comparison with the
HCOG prediction (1.39 ft) . The HC0G assumed a water level of 2.7 ft and a
system pressure of 30 psia as the initial condition for its analysis. This
initial condition could not be achieved using the MARCH code as reported in
Table 4.1. The MARCH code predicted a water level of 0.3 ft when the reactor
vessel is depressurized to 30 psia. Thus, in the MARCH analysis, the water
level is lower than that in the HCOG analysis during the heatup transient. In
addition to the decay heat, the MARCH code includes radiation and structure
sensible heat as heat sources for water boiloff. These two sources are rela-
tively small as shown in Table 4.2. However, the MARCH results indicate that
the system pressure decreases by about 0.4 psia within a time interval of 2.5
minutes. The variation of pressure causes a change of water enthalpy by 0.5
Btu /lb-min. This enthalpy change multiplied by the large amount of water in

5the system (1.55 x 10 pounds) yields a steam production of 81 lb/ min (Item 13
of Table 4.2). The total steam estimated according to Eq. (1) of Section 2 is
comparable between the two codes. Hence, the two codes predicted approxi-
mately the same amount of hydrogen generation at this transient time. It is
noted that the estimated steam production based on Eq. (1) differs from the .

code predicted steam production (Items 14 and 15). The major difference is
caused by the approximation of the Ah/ At term from Eq. (1) based on MARCH re-
sults given at large time intervals (2.5 minutes). In the MARCH code, the

,

water boiloff due to enthalpy change is enmputed by a different scheme using a
much smaller time interval (0.1 minutes).

The various steam sources at 71.2 minutes is shown in Table 4.3. During
the late stage of the transient, the water level is extremely low and the core
temperature is high. The downward radiation heat transfer from the core be-
comes the dominant source of water bolloff as given by the MARCH results in
Table 4.3. The sum of MARCH decay power and radiation heat transfer yield
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.

total steam production comparable to that of HC0G analysis. At this transient
- time, the estimated water enthalpy change is negligible. The MARCH predicted
system pressure, temperature and water level are shown in Figures 4.4 and 4.5.

2. Case 2 - 300 gpm CRDHS Flow Injected at 42 Minutes

! The first case of calculation for the degraded core accident involves the
injection of 300 gpm into the reactor vessel. The flowrate (300 gpm) repre-'

.

sents the maximum flow available from the Control Rod Drive Hydraulic System
I (CRDHS). In the MARCH analysis the injection water is assumed at 100*F. The

injection of 300 gpm saturated water into the reactor vessel is assumed in the-

i HCOG sample problem. The cooling water injection starts at 42 minutes (2530
seconds) as assumed in the HC0G sample problem. The MARCH 2 calculation shows
that at the time of water injection, the water level in the reactor vessel is
about 0.9 ft in the core region and the core is rapidly heating up as shown in
Figures 4.6 and 4.7. With steam available due to the injection of cooling
water and with the high core temperature, the oxidation process is enhanced.

,

] The oxidation and melting of the core, channel box and control blade are
; illustrated in Figure 4.8. No melting of the core is predicted in this case.

The melting of channel boxes and control blades are 24% and 70% respective-
,'

ly. This implies that an early injection of the CROHS water could terminate
i the progression of core degradation. The fraction of zircaloy reacted is

about 24% and 21% for cladding and the channel boxes, respectively.
,

i

j Figure 4.9 shows a comparison of hydrogen generation predicted by the two
codes. Both codes show peak hydrogen generation at about 53 minutes. How-
ever, the prediction of the MARCH code is higher than tnat of the HC0G code
for the entire transient. An examination of the steam production computed by,

! the two codes reveals that this is a case in which the oxidation is not limit-
i ed by the steam availability. The steam produced during the transient is more
: than that consumed by the oxidation process. The various steam sources at
! time 50.8 minutes are given in Table 4.4. In the MARCH analysis, the quen-

ching heat transfer is the largest contribution to water boiloff. The quen-
ching heat transfer is not reported in the HC0G ' code output. Based on the
difference between Items 12 and 15 of the HC0G results, the quenching heat4

transfer is estimated to be less than 106 Btu / min, about 38% of the MARCH pre-'

diction. According to MARCH modeling, the 300 gpm flow injected at 100*F ab-
sorbs about 4 x 105 Btu / min of heat as it must be heated to the water satura-
tion temperature. This energy loss from the vessel water reduces the net;

i bolloff rate. The injection of coolant into the reactor vessel causes an in-
crease of system pressure and an increase of water enthalpy, which requires4

| heat transfer to the water as indicated in Eq. (1) of Section 2. This pressu-
! rization is a significant factor on the reduction of net boiloff of the vessel,

water as shown in Table 4.4 However, both codes predict a large amount of;

steam production which could not cause the limitation of hydrogen generation,
i The total steam predicted by the two codes are approximately three or four
| times more than that required for the predicted hydrogen generation (Items 4*

and 15 of Table 4.4).
I The large amount of steam produced in the core has a pronounced effect on
! fuel cooling. During the time period between 50 minutes to 70 minutes, the

code predicted core exit steam flows are:



.
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,

'
MARCH: 1500 - 2500 lb/ min
HCOG: 1000 - 2000 lb/ min.

This amount of steam serves as a heat transfer medium in the core. The effect
of steam cooling represented by heat transfer to gas (steam and hydrogen) in
the core region given by the MARCH calculation is illustrated in Figure 4.10.
The heat transfer is about 1.4 x 108 Btu /hr (40 MW) comparable to the decay -

heat level which is included in Figure 4.10 for comparison. (The steam
cooling predicted by the HC0G code is not available.) The cooling of fuel by
steam flow is revealed by inspection of Table 4.5, in which the fuel average

'and maximum temperatures are listed. According to the MARCH calculation, the
first fuel node reaches the Zr/ steam reaction cut-off temperature (3860*F) at
about 51 minutes. The cut-off of the oxidation process is irreversible.
Hence, the reaction heat is eliminated and the decay power becomes the only
heat source in that fuel node. With suf'ficient steam cooling the temperature
of that node could be maintained near or below the cut-off temperature level.
This is indicated by the maximum fuel temperature of the MARCH analysis shown
in Table 4 (The location of the maximum temperature shown in Table 4 coulda

vary with time.) The MARCH predicted fuel average temperature increases slow-
ly during the transient (7-8 'F/ min), which further reveals the effective-

i ness of steam cooling. The implication is that a larger portion of fuel nodes
are at temptratures below the cut-off temperature and are available for the
Zr/ steam reaction. However, the HC0G code predicts a less effective steam'

, cooling because of the smaller steam generation rate. According to the HC0G
' predictions, the first node reaches the cut-off temperature (3770*F) at about

49 ninutes. 11 the HCOG core heatup code, "the zircaloy oxidation cut-off is
modeled as a progressive effect starting 50K below the T0X0FF (2400K) and de-
creasing to zero at T0X0FF as a cosine function."1 Comparisons given in Table'

4 show that the HC0G predicted maximum temperature is much higher than that
predicted by the MARCH code because of the less effective steam cooling. The

*

HCOG predicted average temperature, which is not available, would be higher
than that predicted by the MARCH code due to the smaller steam flow in the

i core region. Thus, it is reasonable to assume that a larger portion of fuel
i nodes are at or above the cut-off temperature level. These nodes are not

available for hydrogen production in the HCOG analysis. Another interesting
comparison included in Table 4.5 is the two-phase mixture level in the core
region. It is noted that the MARCH predicted " average" level is about the
same as the HCOG predicted " minimum level ." If the maximum or average level

', predicted by the HC0G code are considerably higher than the minimum level, the
surface area exposed in the steam covered region could be much less than that
predicted by the MARCH code. Hence, the HCOG analysis could yield a further
reduction of surface area available for oxidation.

.

2 In surinary, for the case of core reflood by 300 gpm CRD flow, the MARCH
code predicts a higher steam generation which, in turn, provides a more effec-
tive core cooling and a lower water level. The steam cooling would keep more, .

fuel nodes below the assumed cut-off temperature and a lower water level would
expose nore surface area for oxidation. Therefore, the MARCH code predicts a
higher hydrogen generation than the HCOG code does.

f 3. Case 3 - 5000 gpm ECC Flow Injected at 56.7 Minutes

This case involves a large increase in the coolant injection rate to 5000,

gpm. The injection corresponds to the flow from one Low Pressure Core

:

_ ., . . _ _ _ _ .__ - _ _ _ _ _ _ _- a__ _ _
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Injection pump (LPCI). With the large cooling water injection flow at 56.7

; minutes the core is rapidly reflooded and quenched as illustrated in Figures
4.11 and 4.12. The oxidation of the zircaloy and steel are low and the no4

'

core melt is predicted as shown in Figure 4.13. It is seen that injection of
1.PCI water prior to core melt would be sufficient to terminate core degrada-
tion without severe loss of the core geometry if shattering of oxidized metal
is neglected. !2 -

Figure 4.14 shows the comparison of hydrogen generation predicted by the
I

; two codes. The hydrogen generation prior to the coolant injection is the same,

j as that given in Figure 4.3 for the case of no core reflood. During this per-
iod, the MARCH code predicts a slightly higher generation of hydrogen due to'

! the higher steam production. However, as the core is reflooded by the 5000
gpm flow, the HC0G code predicts an immediate rise of hydrogen generation and'

yields a peak rate of 308 lb/ min at 3405 seconds (56.75 minutes). On the
other hand, the MARCH code shows a lower peak rate of 151 lb/ min at 57.6 min-'

utes. The difference is again caused by the treatment of steam production as i

revealed in Table 4.6, in which the various steam sources at the time of peak
hydrogen production are compared, i.e., 57.6 minutes (3458 seconds) for the<

! MARCH code and 56.7 minutes (3405 seconds) for the HC0G code.
|

The MARCH code shows that within one minute after the injection of 5000
gpn flow into the core, the two-phase mixture level reaches 6.83 ft as shown

j in Table 4.6. A large portion of core is quenched by the rapid increase of
' water level and the quenching heat transfer becomes the largest heat source ,

for water bolloff (Item 8 of Table 4.6). The injection of coolant also causes
a rapid increase of vessel pressure and the water saturation temperature as

- illustrated in Figure 4.15. Consequently, heat is transferred from vessel. f

! water to structures in the water-covered region (Item 9) and to the subcoolec" . '

' ECC water injected at 100*F (Item 10). The loss of heat from vessel water
.

would reduce the net boiloff rate. In addition, the increase of water enthal- '

1
~

py due to the pressurization in the reactor vessel requires a large amount of
1 heat transfer from decay power, radiation and quenching. The heat absorbed by
| the increase of enthalpy is equivalent to a flashing rate of approximately -

7700 lb/ min (Item 13). The net steam production predicted by the MARCH code |

is 1820 lb/ min (Item 15) of which 1359 lb/ min of steam is consumed to produce
151 lb/ min of hydrogen. This is the peak rate of hydrogen production when the !

; middle of the core is recovered. |
; i
'

The HCOG predicted peak rate of hydrogen generation given in Table 4.6
| occurs when the minimun two-phase mixture level in the fuel bundle is only

1.38 ft at 3405 seconds (Item 2 of Table 4.6), i.e., 5 seconds after the cool- t

< ant injection has started. It is noted that the HC00 code models a gradual'
*

increase of the core inlet flow rate. The core inlet flow rate is about 2450
gpm at 3405 seconds and reaches 5000 gpm in about 20 seconds. The decay heat

,

below the two-phase mixture level is about 1.8 x 10s Stu/ min (Item 6). This ;j .

! decay heat could only produce 189 lb/ min of steam, which is nuch less than the '

2772 lb/ min of steam required for the generation of 308 lb/ min of hydrogen |
2

predicted by the HCOG code (Items 3 and 4). The other heat source nodeled in !
'

j the HCOG code is the quenching heat transfer but is not reported in the code !

ougput. The quenching heat transfer is estimated to be in the order of 5 x;
,

10 Btu / min based on the total steam production rate of 5847 lb/ min (Item 15) -j
: predicted by the HCOG code. It is not clear why a large amount of steam is '

produced when the water level is relatively low. It is also not clear why,

-

;

I
-

. _ _ . _ .- - _ _ _ _ _ _ _ _ _ _ _ _
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peak hydrogen generation occurs so early in the transient when only 1.38 ft of
the core is recovered. (The maximum and average water level in the fuei
bundle are not available from the code output.) The high peak rate of hydro-
gen generation in the HC0G analysis is probably caused by the high steam pro-
duction based on the constant pressure boundary condition. The assumption of
constant vessel pressure in the HCOG analysis ignores the potential increase
of water enthalpy by the pressurization in the reactor vessel as the large -

amount of coolant is injected in the core. The absorption of heat to increase
the water enthalpy would reduce the net water boiloff rate which could, in
turn, limit the hydrogen production.i

,

4 Summary

The final results of the three cases considered in this study are summa-
rized in Table 4.7. The predictions of the two codes are comparable for the
case of no reflood. For the case of 300 gpm flow injection, the MARCH code
predicts a higher hydrogen generation, larger oxidation and less core damage.
This is caused by the effective steam cooling due to a higher steam production
predicted by the MARCH code. The ef fective steam cooling reduces the rate of
core temperature rise toward the assumed oxidation cut-off temperature. For
the case of 5000 gpm flow injection, the HC0G code yields a high peak of hy-
drogen generation. The peak occurs in a narrow time duration and has no sig-
ni ficant effect on the total hydrogen generation. The study shows that the
hydrogen generation is strongly affected by various steam sources such asi

decay power, radiation, quenching, and the enthalpy change caused by the de-
pressurization and pressurization in the reactor vessel. All these factors
must be critically examined for an accurate assessment of the hydrogen
production.

In addition, the following conclusions are made based on MARCH analyses:
I

1) A degraded core accident could be terminated if the CRDHS water is
injected during the early stage of the heatup period (Case 4.2).

2) A degraded core accident could also be terminated if the injection of
cooling water is delayed but a high injection rate from the LPCI pump
is used (Case 4.3).

3) The fraction of cladding reacted is no more than 34% if the Zr/ steam
reaction cut-off temperature is used. Oxidation of the cladding pro-
vides the major contribution to the total hydrogen production. The

I channel boxes and control blades contribute less to hydrogen
production. *

4) MARCH 2 predicts severe damage of the control blades during the tran-
sient. About 70% of the control blades e.ould melt when the accident .

is terminated by core reflood.

i

!
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Table 4.1 Comparison of Initial Conditions

MARCH
Case HC0G 1 2 3

.

8 8 8No. of ADS Valves-
-

5 10 20Actuating time, min -

11 15 23Core uncovery, min -
.

(1) Y 2.7 2.7 2.7 2.7
P 30 43 56 122

612 585 591T 250 -

t 33.3 15.4 17.4 24

(2) P 30 30 30 30
Y 2.7 0.3 -0.5 -2.4
T 250 803 812 858
t 33.3 18.4 21.1 29.6

IConditions at a water / steam mixture level of 2.7 feet above the bottom
of the core.

2 Conditions after depressurization to 30 psia.

Y = water / steam nixture ?evel above the bottom of core, ft
P = reactor vessel pressare, psia
T = average core temperature, 'F
t = time, minutes

* Case 5.2 is a high-pressure case described in Section 5.

.

.
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t Table 4.2 Comparison of Steam Production for Case 4.1 (No Reflood)
at 50.8 Minutes

MARCH HCOG

1. Pressure, psia 21.44 29.4
.

2. Two-phase level, ft*I 0.63 1.39

3. H2 generation rate, Ib/ min 25.3 23.3 -

4 Required steam rate, lb/ min * 228 210

5. Total decay power, Btu / min *3 3.51E6 3.20E6

6. Decay power below two-phase mixture 1.15ES 1.83E5
level, Btu / min

7. Radiation heat transfer, Btu / min 7.53E2 0

8. Quenching heat transfer, Btu / min 0 0

9. Heat transfer from structures, 1.25E3 0
Btu / min

10. Energy associated with coolant 0 0
injection, Btu / min

,

11. Total energy (Items 6 to 11), 1.17ES 1.83E5
Btu / min

12. Steam produced (from item 11), 112 193
lbm/ min

i 13. Steam produced by flashing, 81 0

lbm/ min *'

14 Estimated total steam production 203 193
(Items 12 + 13), Ibm / min

15. Code predicted steam production, 280 237
lb/ min '

*1 MARCH: average level, HCOG: minimun level
*2 Corresponding to item 3 assuming complete reaction of available steam with .

metal. i

*3 HCOG decay power model predicts about 9% less power
*" Computed by Eq. (1). The term ah/ At is approximated from limited code

output.

,

O
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Table 4.3 Comparison of Steam Production for Case 4.1 (No Reflood)
at 71.2 Minutes

MARCH HC0G

*

1. Pressure, psia 20.6 29.4

2. Two-phase level, f t** 0.19 1.0
r

3. H2 generation rate, Ib/ min 16.3 14.5

4 Required steam rate, lb/ min *2 147 131

5. Total decay power, Btu / min *' 3.16E6 2.89E6

6. Decay power below two-phase mixture 3.05E4 1.11E5
level, Rtu/ min

7. Radiation heat transfer, Rtu/ min 7.75E4 0

8. Quenching heat transfer, Btu / min 0 0
1

9. Heat transfer from structures. 7.57E2 0 '

Btu / min

10. Energy associated with coolant 0 0
injection,Rtu/ min

I 11. Total energy (Items 6 to 11), 1.09ES 1.11ES
i Btu /nin
i

12. Steam produced (from Item 11), 114 117
lbm/ min

13. Steam produced by flashing, 0 0

lbm/ min *"

14 Estimated total steam production 114 117
(!tems 12 + 13), Ibm / min

*

15. Code predicted steam production, 148 132
lb/ min

.

*lHARCH: average level, HCOG: minimum level
.2Corresponding to Item 3 assaning complete reaction of available steam with

metal.
*3 HCOG decay power model predicts about 9% less power
*" Computed by Eq. (1). The term Ah/at is approximated from limited code

output.

,

. _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 4.4 Comparison of Steam Production of Case 4.2
(300 gpm at 42 min) at Time 50.8 Minutes

MARCH HC0G

'

1. Pressure, psia 35.9 29.4

2. Two-phase level, ft*I 4.63 3.26
,

3. H2 generation rate, Ib/ min 90 64

4 Required steam rate, Ib/ min ** 810 576

5. Total decay power, Btu / min *3 3.51E6 3.20E6

6. Decay power below two-phase mixture 1.38E6 6.17ES
level, Btu / min

7. Radiation heat transfer, Btu / min 1.10E4 0
|

8. Quenching heat transfer, Rtu/ min 2.35E6 ( - )*5
i 9. Heat transfer from structures, 1.39E2 0

Btu / min

10. Energy associated with coolant -3.95E5 0
injection, Btu / min

.

11. Total energy (Items 6 to 11), 3.35E6 6.17ES
Btu / min

12. Steam produced (from Item 11), 3567 652
lbm/ min

13. Steam produced by flashing, -622 0

lbm/ min *"

14 Estimated total steam production 2945 -

(Items 12 + 13), Ibm / min
i

15. Code predicted steam production, 31 % 1510
lb/ min

.

*1 MARCH: average level H(,0G: minimum level
.2Corresponding to item 3 assuming complete reactina of available :,1.een with

metal.
! *1 HCOG decay power model predicts about 9% less power

*" Computed by Eq. (1). The tern ah/at is approximated from limited code
output. |

+5Not available.

.
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Table 4.5 Comparisons of Temperature and Water Level of Case 2
|

_

MARCH HCOG

Fuel Temperature Average Two-Phase Clad Temperature Minimum Two-Phase
Time - Mixture Level Water Level
(min) Maximtzn Average Maximum Avera9e

(*F) (*F) (ft) ("F) (ft)

| 45.7 2485 1591 2.02 2479 2.45. -

|

| 48.3 3090 1713 3.17 3084 2.89-

50.8 3855 1801 4.63 38cd - 3.26

53.4 3880 1859 4.39 3858 - 3.57

| 55.9 3703 1879 4.01 3916 - 3.85 h
58.5 3889 1904 3.90 3943 - 4.14

61.0 3636 1891 4.24 3961 4.38-

63.5 3834 1883 4.23 3946 - 4.60

66.0 3487 1889 4.19 3925 - 4.79

68.7 3533 1925 4.47 3969 - 4.98

71.2 3791 1949 5.26 3770 - 5.17

NOTE: The fir t node re.*ches to cut-of f temperature (3860*F) at 51 minutes by the MARCH code and 49
minutes by the IC01 code. In the HCOG analysis, oxidation cut-off starts at 3770*F.

1

. - . _ .- .-
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|

| Table 4.6 Comparison of Steam Production for Case 4.3 !

| (5000 gpm at 56.7 minutes)
,

. !

| HARCH HC0G

*

1. Pressure, psia 27.4 29.4

2. Two-phase level, ft* 6.83 1.38
.

3. H2 generation rate, Ib/ min 151 308
i

4 Required steam rate, Ib/ min ** 1359 2772

5. Total decay power, Btu / min *3 3.37F6 3.08E6

} 6. Decay power below two-phase mixture 2.03E6 1.80E6
level, Btu / min

,

7. Radiation heat transfer, Btu / min 6.45E4 0

8. Quenching heat transfer, Btu / min 1.27E7 -

9. Heat transfer from structures. -4.58E4 0

Btu /nin

10. Energy associated with coolant -6.0E6 0
injection, Btu / min

11. Total energy (Items 6 to 11), 8.75E6 (1.80E5)
Btu / min

12. Steam produced (from item 11), 9222 (lo9)
lbm/ min

13. Steam produced by flashing, t.77nni .

Ibc/ * **

14 Estimated total steam production (1522) -

(Items 12 + 13), 1bm/ min ,

i 15. Code predicted steam production, 1820 5847
lb/ min

.

*1 MARCH: average level, HC0G: minimum level
*2 Corresponding to item 3 assuming complete reaction of available steam with

metal.
*3HCOG decay power model predicts about 9% less power
** Computed by Eq. (1). The term Ah/At is approximated from limited Code

output.

L .
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Table 4. 7 Summary of MARCH Results and Comparison with liC0G Results

Case No Reflood 300 3pm at 42 min 5000 gpm at 56.7 min

|Code !! ARCH HCOG MARCH HC0G MARCH HCOG

r

Transient Time, m 70 70 72 72 61 61

i
~

Total H Production,Ib 524 478 1310 585 412 4162
1

Peak H Generation2

Rate,lb/ min 28 23.6 100 76 151 308
Time, min 50 52 52 53 58 57 .

!$
'

1
0xidation, % '

Cladding *1 17 13.5 24 16.5 8.5 11.8
Channel Box 5 21 2.9
Control Blade 1 12 3.1

Melt %

Core *2 ::9 54.7 0 29 0 29
Channel Box 36 24 0

'

Control Blade 33 70 39

*1 - HCOG: Active zircaloy including both cladding and channel box.

*2 - MARCH: Fuel rod with eatectic melting temperature given as 4130*F, zircaloy melting temperature 3365*.
HCOG: Active zircaloy with melting temperature given as 3451*F.

|

|

_ _ _ _ - _ _ _- - .
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5. MARCH ANALYSIS OF SEPARATE EFFECTS

In performing the MARCH analysis discussed in Section 4, it is recognized
that there are several important parameters related to core heat transfer and
hydraulics. These paraneters could potentially affect the predictions of hy-

i drogen production. Hence, each of these parameters was examined separately
and its impact on hydrogen production is presented in this section. Case 4.2

, ,

(300 gpm of CRDHS flow injected at 42 minutes) was selected as the base case
for comparison. The following parameters used in the base case analysis were
varied in the study of the separate effects:

.

Coolant Injection Time = 42 minutes
Coolant Injection Rate = 300 gpm.

Number of Fuel Axial Node = 10
Axial Power Profile - Curve 1 of Figure 4.1

,

Fraction of Steam Flow in Bypass Region = 10%
Zircaloy 0xidation Cut-Off Temperature = 2400"X (3860 F)

5.1 Effect of Coolant Injection Time

The potential for terminating the degraded core accident by delayed in-
jection of cooling water was considered in this case. The injection was de-
layed from 42 minutes (base case) to 52 minutes, at which time the swollen
water level is about 0.6 ft in the core region. The maximum and average core

'

temperatures are 3250*F and 2030*F, respectively as shown in Figure 5.1. The;

injection of water at 52 minutes when the core is at high temperature causes a
rapid water boil-off and oxidation of zircaloy. At the end of 100 minutes
transient time, the fractions of oxidation are 29%, 31% and 7% for cladding,
channel boxes and control blades, respectively. A maximum of 45% and 87% of
channel boxes and control blades are melted before the core is completely re-
flooded as shown in Figure 5.2. Comparison with the base case indicates that
a celayed injection of cooling water could lead to severe core damage as indi-_

cated by the melting of a large amount of channel boxes and control blades.

! The hydrogen production is shown in Figure 5.3. It is seen that the de-
layed injection of cooling water results in a very sharp peak hydrogen genera-

| tion rate (243 lb/ min) at 57 minutes. This is caused by the reflood of the
4 core which is at temperatures much higher than that of the base case (Figure
j 4.7). Consequently, the total hydrogen production (2010 pounds) is about 25%
! more than that of the base case.

-5.2 Effect of Coolant Injection Rate

'

As discussed in Section 4.2, the assumed 300 gpm flowrate of the CRDHS
flow appears sufficient to suppress the progress of core melting and terminate
the accident. The 300 gpm flow rate is based on the operation of two CRDHS
pumps. The potential of failure of one CRDHS pump is examined in this sec-*

tion. The maximum ficwrate with one operating CRDHS pump is about 175 gpm.8
Using this reduced injection rate, the MARCH code predicted a different beha-
vior of hydrogen generation as illustrated in Figure 5.4. There are four
peaks of hydrogen generation rate. The first (i.e., the maximum) peak rate is
about 155 lb/ min and is followed by three successive peaks slightly less than
100 lb/ min. Consequently, a total of 2450 pounds of hydrogen is generated in
100 minutes, an increase of about 53% in comparison with the base case (Figure
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4.9). The repeated surge of hydrogen generation is caused by the repeated
core reflood illustrated in Figure 5.5. Apparently, the reduced injection
rate is not sufficient to rapidly recover the core region. The oscillation of
water level in the core region indicates the injected coolant is unable to
balance the water boil-off. The oscillation of water level illustrates a re-
peated core reflood which enhances hydrogen production. A large fraction of
cladding and channel boxes are oxidized and the melting of channel boxes and ,

control blades are increased as shown in Figure 5.6.

5.3 Effect of Fuel Axial Node
.

The core reflood and quenching of fuel rods play an important role on hy-
drogen production as discussed in Sections 4.2 and 4.3. The computation of
core reflood and quenchin'g are related to the axial noding modeled in the
MARCH code. The base case assumed ten nodes in the fuel axial direction. In
this section, the ten nodes were extended to 24 nodes and the potential effect
on hydrogen generation is examined. The MARCH predicted core temperature,
fractions of oxidation and melt, and hydrogen generation are shown in Figures
5.7 to 5.9, respectively. Comparisons with the base case show that the hydro-
gen production is reduced by about 11% using more axial nodes (i.e., smaller
node size). The total hydrogen production and its peak generation rate are
1420 pounds and 88 lb/ min, respectively. The core damage is reduced by about
9%.

5.4 Effect of Fuel Axial Power profig

One of the differences between the analyses of the MARCH code and the
HCOG Core Heatup Code is the assumed axial power profile in the fuel rods as
given in Figure 4.1 of Section 4. A bottom-skewed (Haling) power distribution
is used in the MARCH analysis and a symmetrical cosine-type distribution used
ir. the HC0G analysis. For the case of the MARCH analysis, the bottom nodes
with high peaking power factor are within the water covered region during the
core heatup transient. The high decay heat in these nodes would generate more
steam and enhance the oxidation process. Hence, more hydrogen production is
expected by using the FSAR power profile. On the other hand, the cosine-type
power profile assumed in the HCOG analysis has high peaking power factor in
the central portion of the fuel rods. These nodes are expected to yield a
high rate of hydrogen generation when they are quenched during core reflood.
These effects were examined by performing a MARCH analysis using the cosine-
type power profile assumed in the HC0G analysis (Curve 2 in Figure 4.2).

The MARCH predicted core temperature, fractions of oxidation and melt,
and hydrogen generation are shown in Figures 5.10 to 5.12. It is seen that .

using the cosine-type symmetrical power distribution reduces the oxidation and
total hydrogen production by about 11%. As one expects, a large peak of hy-
drogen generation is produced when the central portion of core is reflooded.

*The peak rate is 123.lb/ min, a 23% increase in comparison with the base case.

5.5 Effect of Steam Flow in the Channel Box-Control Blade Bypass Region

It is recognized that the amount of steam flow in the bypass region of a
BWR6 core has an important effect on the oxidation of control blades and outer
surface of the channel boxes during a heatup transient. The flow split be-
tween the fuel region and the box-blade region is particularly important for

i

L
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the case of injection of CRDHS flow. The CRDHS flow first enters the bypass
region and then passes through a number of leakage paths into the bottom of
the fuel assembly.

In the MARCH 2 computer code, the coolant injection is assumed to enter
the core from the bottom of the reactor vessel. The injection of coolant into
the bypass region and the potential leakage into the fuel region are not mod-.

eled in the MARCH code. A detailed analysis of backflow leakage from the by-
pass region in a BWR core is presented in a General Electric Report.9 Accord-
ing to the report, the total leakage flow from the bypass region to the fuel
region would be larger than the 300 gpm CRDHS flow under a small pressure dif--

ferential. (The exact flow values given in Reference (9) are not quoted in
this memorandum because the information is GE Proprietary.) It appears that
MARCH modeling of the CRDHS injection directly into the core is an adequate
approximation, as the 300 gpm CRDHS flow could pass through the leakages in
the bottom of the core into the fuel region. However, the MARCH assumption of
a uniform water level across the entire core is not accurate. A water level
di f ferential is required for the leakage from the bypass region to the fuel
region.

The steam flow split between the fuel region and bypass region is speci-
fied in the MARCH code by an input parameter FBP, which is defined as the
fraction of steam flowing through the box-blade region. The code first per-
forms an overall heat and mass balance computing the total steam generation.
The fractions of steam in the fuel and bypass regions are determined according
to the parameter FBP. The MARCH code default suggests that 10% of the steam
flow should be directed to the bypass region (FBP=0.1) based on the area ratio
of the fuel region and bypass region. In fact, the flow split would be deter-
mined by the total hydraulic resistance in each region, which is related to
the flow area. During a core heatup transient, the reactor vessel is depres-
surized and partially uncovered. The fluid density difference and water boil-
off rate in each region become important driving forces for flow entering the
region. Thus, the assumption of 10% of steam flow in the bypass region may
not be valid. To test the impact of flow in the bypass region, we considered
a limiting case in which no steam flow in the bypass region was assumed
(FBP=0). This is the condition used in the HC0G analyses. The results are
shown in Table 1 and compared with the base case analysis (FBP=0.1) and the
HC0G sample problem. Comparisons of hydrogen generation, fuel temperature,
fraction of melt and oxidation are illustrated in Figures 5.13 to 5.17. The
following conclusions are made from this study:

1. The peak hydrogen generation rate is reduced from 100 lbm/ min to 77 lbm/
rin by assuming FBP=0; the total hydrogen production is also reduced from.

1610 pounds to 1040 pounds for a transient time of 100 minutes as shown in
Table 5.1 and Figure 5.13.

* 2. No oxidation of the cortrol blade and outer surface of the channel box is
predicted for FBP=0. Without the reaction heat from the outer surface as
a heat source in the channel box wall, the wall temperature is lower and<

the oxidation of the inner surface is reduced in comparison with the
FBP=0.1 case. Hence, the oxidation of the channel box is less than half;

of that for the case of FBP=0.1, in which both surfaces are oxidized.i

i

!

|

|

f
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3. The MARCH analysis with FBP=0 provides better agreement with the HCOG pre-
dictions for H2 generation shown in Figure 5.13. The agreement is reason-
ibly good prior to the peak hydrogen generation. However, due to the dif-
ferent treatment of core reflood, the MARCH predicted hydrogen generation
is higher as the core is gradually recovered after 55 minutes.

* 4. The temperature and oxidation of cladding-are not affected by the fraction ,

of steam flow in the bypass region. For the present case of 300 gpm CRDHS
flow injection, termination of oxidation is due to the reflood of reactor
vessel.<

; -

5. Reduction of steam flow in the box-blade region reduces the melt of chan-i

nel boxes and control blades as shown in Table 5.1 and Figure 5.16.
Hence, the total core damage is reduced.;

5.6 Effect of Zircaloy 0xidation Cut-Off Temperature

; The Zr/ steam reaction was assumed to be stopped at a cut-off temperature
j 2400*K (3860*F) in the base case. According to Reference 10, there is no phy-
; sical bases for the existence of a temperature cut-off for the zircaloy oxida-

tion. However, in performing the numerical analysis, both the MARCH code and
the HCOG Core Heatup Code used the zircaloy oxidation cut-off temperature to
address the phenomenological uncertainties associated with fuel relocation at'

hich temperatures. Fuel relocation could cause the surface for the
Zr/ steam reaction to be limited as observed in some experiments.grea

;

O
! Neverthe-
! less, a large uncertainty is involved in modeling the termination of zircaloy
j oxidation by using the cut-off temperature.

The impact of the cut-off temperature is investigated by performing a'

MARCH analysis, in which the Zr/ steam reaction is allowed to continue above
3860*F. It is also assumed in the MARCH analysis that the reaction is not

; stopped by node melting. The fuel node is assumed to melt at 4130*F (the
| melting temperature of the Zr-UO2 eutectic solution) and the channel box at
t 3365'F (melting temperature of zircaloy). Figure 5.18 shows that the maximum

core temperature reaches 3860*F at 50.3 minutes. With continuous oxidation ofi
' the cladding and addition of reaction heat into the core, the core temperature
; rapidly increases to the melting temperature of 4130*F at 50.6 minutes. With-
! in less than 10 minutes, a maximum of 21% core and 35% channel boxes are melt-
| ed as shown in Figure 5.19. It is noted that this is the only case for which
' a core melting is predicted by the MARCH code. However, the core melting is

suppressed by core reflood when about 1/3 of the core is recovered at about 60
minutes. Without the cut-off temperature, the oxidation of cladding is much
higher (45%) than that in the base case (24%) as one expects. Consequently, a .

total of 2150 pounds of hydrogen is produced and the peak generation rate is
as high ~as 168 lb/ min as shown in Figure 5.20.

5.7 Summary *

The results of the study of separate effects are summarized in Table 5.2.
An inspection of table 5.2 reveals that:

1. A delay of coolant injection time (Case 5.1) or a reduction of cool-
ant injection rate (Case 5.2) would lead to severe core damage and
large increase of hydrogen production.

h
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- 2. Changing the fuel axial node (Case 5.3) and power profile (Case 5.4)
do _ not have a significant effect on hydrogen production. However,

- using -smaller axial node would reduce the total hydrogen production
and its peak generation rate. . A symmetrical cosine-type axial power
profile shows an increase of peak hydrogen generation rate.

3. The 101. steam flow in the channel box- control blade region assumed
'

in the base case overestimates the steam- flow in that region. The
limiting case (Case 5.5) _ in which no steam flow is assumed in the by-
pass region shows a large reduction of hydrogen production.

.

4. The assumption of no Zr/ steam oxidation cut-off temperature (Case
5.6) would lead to large core damage :and hydrogen production. The
MARCH calculation shows that the . progress of core melting cannot be
suppressed if the Zr/ steam -oxidation is allowed to continue beyond
the cut-off temperature 3860'F under the conditions of Case 5.6.

.

O

9
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Table 5.1 Comparison of Effect of Steam Flow in Bypass Region

MARCH MARCH HC0G

Fraction of Steam Flow in Bypass 0.1 0 0 *

Region, FBP

0xidation, %, at 100 min |
*

t

|Clad 24 22 17

Channel Box 21 8

-|Control Blade 12 0

I
!

Melt, %
'

|

|
Core

'
- -

Channel Box 24 13 29 !

Control Blade 70 62 |
! |

|- |
Peak H Production Rate L

2 i
lb/ min 100 77 76
time, min 52 53 53

Total H Production2
Ib, at 70 min 1260 879 585

at 100 min 1610 1040

. !

I

|

|

L _.. - - .-
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Table 5.2 Summary of Results of Separate Effects

CASE 4.2 5.1 5.2 5.3 5.4 5.5 5.6
(Base)

Coolant Injection*

Rate, gpm 300 300 175 300 300 300 300
Time, min 42 52 42 42 42 42 42

*

Fuel Axial Power Profile * G G G G H G G

No. of Axial Node 10 10 10 24 10 10 10

I Fraction of Steam Flow
in Bypass Region, % 10 10 10 10 10 0 10

Zr/ steam 0xidation Cut-off YES YES YES YES YES YES NO

0xidation, %
,

|

Cladding 24 29 36 22 21 22 45
Channel Box 21 31 37 19 21 8 14
Control Blade 12 7 5 11 12 0 9

; Melt, %
!
| Core 0 0 0 0 0 0 21
! Channel Box 24 45 33 22 22 13 35
I Control Blade 70 87 98 63 71 62 65

H Production,lb. 1600 2010 2450 1420 1470 1040 21502
Peak rate, Ib/ min 100 243 155 88 123 77 168
Time, min 52 57 54 54 50 53 55

* Fuel axial power profile, G = curve 1, H = curve 2 of Fig. 4.1.

.

.
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6. MARCH ANALYSIS USING EMERGENCY PROCEDURE GUIDELINES

All of the previous analyses of hydrogen production presented in Sections
,

4 and 5 were based on the initial conditions proposed by the Hydrogen Control
Owners Group (HC0G). These initial conditions do not specifically follow the
BWR reactor emergency procedures. At the suggestions of NRC staff, the hydro-
gen calculations were reanalyzed for a heatup transient in which the Emergency -

Procedure Guidelines (EPG)" were assumed to be followed. According to the
Contingency No. 3 (steam cooling) of the EPG," it is required to open one
Steam Relief Valve (SRV) when the reactor pressure vessel (RPV) water drops to

,

9 ft below the top of the core and open all Automatic Depressurization System
(ADS) valves when the RPV pressure drops below 700 psig.

The above Emergency Procedure Guidelines were applied to the three
events, namely, (1) no core reflood, (2) core reflooded by 300 gpm of Control
Rod Drive Hydraulic System (CRDHS) flow, and (3) core reflooded by 5000 gpm of
Low Pressure Core Injection (LPCI) f hw. In performing the analysis, it is
assumed that the fraction of steam t!cv in the box-blade bypass region is re-
duced to 1% (FBP=0.01) . The prev 1cus assumption of 10% steam flow in the by-
pass region overestimates the flow in this region as discussed in Section 5.5.

The results of this a"alysis are compared with the previous ' analysis
using the HC0G's initial condition and are summarized in Table 6.1. In gener-
al, there is no major difference on total hydrogen production and en fractions
of oxidation. The peak hydrogen generation rates based on the Emergenc Pro-
cedure Guidelines are noticeably higner for cases of core reflood, particular-
ly for the injection of 300 gpm CRDHS flow. However, the time duration of hy-
drogen generation is shorter if the EPG is followed. The time period during
which the hydrogen generation rate is greater than 30 lb/ min is compared in
Table 6.1. The rate 30 lb/ min is selected as reference for the purpose of,

comparison. Following the Emergency Procedure Guidelines also leads to higher ,

core damage as shown in Table 6.1. The procedure was developed to maximize
the time available to prevent core degradation and hence recovery time; not to
minimize ultimate core damage in an unrecoverable scenario or hydrogen genera-
tion.

Discussion 1

Case 6.1 - No Reflood

For the accident sequence considered in this study, the MARCH code pre-
dicts that the core uncovery starts at 42.7 minutes. The swollen water level
drops to 9 ft below the top of the core at 57 minutes, at which time one SRV '

was opened as required by the Emergency Procedure Guidelines. The vessel
pressure rapidly decreases from 1200 psia to 722 psia at about 58.35 minutes, |
at which time all the 8 ADS valves were opened to allow a complete depressuri- .

zation of the reactor system as shown in Figure 6.1. The corresponding de-
crease of water saturation temperature given in Figure 6.1 causes a large
water boil-off (flashing) and the vessel water level is reduced to about 4 f t
below the bottom of core at 64 minutes (Figure 6.2). Figure 6.3 shows that
the core temperature r jes rapidly as the core is uncovered. The core maximum
temperature reaches 1700 F at about 70 minutes, from which time the oxidation

; of zircaloy and generation of hydrogen become significant. The hydrogen gen-
eration rate and the total hydrogen production are shown in Figure 6.4 The,
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first peak hydrogen generation rate is 12 lb/ min at 84 minutes and is limited
[ by steam availability in the reactor vessel. At this stage of the transient,

the vessel water is entirely in the lower plenum and the vessel pressure is
,

; relatively stable. Hence, the decay heat and flashing do not contribute to
steam generation. It appears that the thermal radiation becomes the major

,

j heat source for steam generation. The downward thermal radiation from core to
water in the lower plenum is mainly emitted from the first bottont node of the,,

fuel. The temperature of the first node in the central radial zone is illus- |*

| trated in Figure 6.5. It is seen that the fuel . temperature increased rapidly
,

at 90 minutes and would emit a large amount of thermal radiation to water., ,

! ' The water boil-off by thermal radiation causes the second peak hydrogen gener- |
ation at about 115 minutes shown in Figure 6.4. At the end of 150 minutes i

'' transient time, the core damage is about 33%, 89% and 99% for the fuel rods,
channel boxes 'and control blades, respectively. The fractions of oxidation

; are 16%, 3% and 0% for cladding, channel boxes and control blades, respective-
ly. The core damage and oxidation are shown in Figure 6.6.

,

!. Finally, comparisons with the previous analysis of Section 4 based on the |
| HC0G initial conditions show similar results on core damage and oxidation as
I summarized in Table 6.1. Only the first peak hydrogen generation rate is ' re-
! duced by about 50% due to the severe limitation of steam when the Emergency

Procedure Guidelicas are applied as shown in Figure 6.7.
,

Case 6.2 - 300 gpm of CRDHS Flow
1

j For the case in which the CRDHS flow is available, it is assumed that 300
gpm is injected at 58.5 minutes immediately after the 8 ADS valves are actu-.

ated at 58.35 minutes. The time of injection is selected to minimize the core
damage so that the accident could be terminated as a degraded core event.,

| According to the BWR system design,8 the control rod drive mechanisms use
i water from the condensate storage tank as operating fluid. Thus, the injected
!' coolant was assumed to have the saturation temperature in the MARCH calcula- 4

tion. A similar assumption is used in the HC0G analyses.
i

The MARCH code predicts that the water' level is about 6 inches below the
i bottom of core at the time of coolant injection. The . injection of saturated ;

i water does not recover the core immediately, 'as .the water is continuously !
! evaporated due to depressurization (flashing) shown in Figure 6.8 and due to t

the downward thermal radiation from the core. The water drops to its lowest
level of 3 ft below the bottom of the core at 61 minutes and then starts to
increase. The water level is above the bottom of the core at about 75 minutes ;

!- as -illustrated in Figure 6.9. Small oscillations of vessel pressure, water :

temperature and water level were predicted as shown in Figures 6.8 and 6.9. t
; 4

: At 93 minutes, the water level reached 2.8 ft in the core region and quenched
i about 1/4 of the core. A peak hydrogen generation is predicted at this time.

Figure 6.10 shows that the hydrogen generation rate reached as high as 300
* lb/ min but over a very short time duration. The termination of the hydrogen

generation is caused by core reflood which produces a large amount of steam
i and provides sufficient cooling of the core region. Figure 6.11 shows tb de- :
4 crease of core temperature after 100 minutes. :

!
,

The oxidation and core damage are given in Figure 6.12. The fractions of ;

} oxidation are 30%, 19% and 4% for cladding, channel boxes and control blades,
i. respectively. The assumption of 1% steam flow in the bypass region (FBP=0.01) !

l !

!.

i
'

- . - . - _ .- ..- - - - - - - -
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reduces oxidation on channel boxes and control blades. The core damage is
about 0%, 66%, and 90% for fuel rods, channel boxes and control blades, re- 1

spectively. It is noted that the core damage is represented by the fraction
of material melted. A eutectic melting temperature (4130*F) is used for clad-
ding and fuel in the MARCH analysis. The eutectic melting temperature is
higher than the melting temperature of zircaloy (3365*F) assumed in the code.
The 0% fuel damage predicted by the MARCH code implies no fuel melt based on .

the eutectic melting temperature. However, a maximum of 497. of cladding is at
or above 3400 F (zircaloy melting temperature) at 97 minutes according to the
MARCH analysis. It is assumed that this degree of core damage would not cause
core slump leading to a complete core meltdown in this analysis. The event '

could be terminated as a degraded core accident. (The core damage could be
reduced if the injection of CRDHS flow is started at or prior to the actuation
of the 8 ADS valves.)

Comparisons with previous analysis based on the HC0G's initial conditions
indicate that following the Emergency Procedure Guidelines would lead to a
much higher peak hydrogen rate with a much shorter time duration as shown in
Figure 6.13. The total hydrogen production is comparable for the two cases as
summarized in Table 6.1.

Case 6.3 - 5000 gpm of LPCI flow

In this case, the low pressure coolant injection (LPCI) flow is used to
terminate the accident so that a coolable core could be maintained. The LPCI
system is designed to restore and maintain the reactor coolant inventory af ter
ADS actuation. The LPCI pumps take suction from the suppression pool. The
RHR heat exchanger may be used. Hence, the LPCI flow temperature is assumed
to be 100*F for the entire transient period in the MARCH analysis. The injec-
tion time is delayed to 100 minutes, abaut 41 minutes after the ADS actuation.
to maximize the hydrogen production for a degraded core event.

The MARCH analysis shows that at the time of coolant injection (100 min-
utes), the systen pressure has decreased to 21 psia and water level is 4.4 ft
below the bottom of the core (Figures 6.14 and 6.15). With the addition of
5000 gpm into the vessel, the core is rapidly reflooded. The top of the core
is recovered at 103 minutes and the accident is terminated (Figure 6.16) .
Consequently, only 75 lbs of hydrogen are produced during the 3-minute period
of reflood as indicated in Figure 6.17. The peak hydrogen generate rate is
about 191 lb/ min. The MARCH analysis predicts practically no damage to the
fuel rods and channel boxes but 661 melting of the control blades as shown in
Figure 18. The fractions of oxidation are about 8.4%, 1.4% and 1% for
cladding, channel boxes and control blades, respectively. Since the core dam- 6

age and oxidation are much less than that of Cases 6.1 and 6.2, it is believed
that the injection of LPCI flow could be further delayed by another 20 to 30
minutes, the core would still be coolable and more hydrogen would be produced. ,

The comparison of hydrogen generation rate with previous analysis based
on the HC0G's initial condition is shown in Figure 6.19. The results are sim-
ilar between the two analyses.

|

|

|
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Table 6.1 Summary of Results Based on Emergency Procedure Guidelines

Reflood No No CROHS LPCI

o
_ _

300 300 5000 5000gpm

58.5 42 100 56.7min - -

'

Emergency Yes No Yes No Yes No

Procedures
Guidelines

Steam Flow in 1 10 1 10 1 10
Bypass Region, %

0xidation, %

Clad 16 17 30 24 8.4 8.5

Channel Box 3 5 19 21 1.4 2.9

Control Blade 0 1 4 12 1 3.1

Melt, %

Core 33 29 0 0 0 0

Channel Box 89 86 66 24 0.3 0

Control Blade 99 93 90 70 66 39

H2 Production, Ib 690 764 1700 1600 359 412

Peak Rate, lb/ min 18 28 300 100 191 151,

Time, min 15 50 93 52 103 584

Duration for rate 0 0 9.8 23.5 0.5 1

greater than
30 lb/ min, min,

.

- - ,
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7. SCDAP/ MARCH 2 COMPARIS0N

A MARCH analysis was performed to compare the SCDAP predictions of hydro-
gen production during a reactor core heatup transient from 2000 seconds to
8000 seconds. A BWR 8x8 fuel bundle was considered. The initial and boundary
conditions imposed on MARCH analysis are these used in a SCDAP analysis per-
formed .fedependently by L. Seifken of EG&G (refer to Appendix C).,

7.1 Initial and Boundary Conditions

The initial and boundary conditions used in the SCDAP analysis are given.

in Appendix C, which includes the characteristics of the BWR 8x8 fuel bundle,
axial and radial power distribution, bundle power history, bundle inlet mass
flow rate history, and the initial axial temperature distribution, etc. An

attempt was made to use these conditions in the MARCH analysis. However, due
to differences in the modeling and construction of the two codes, not all the
boundary and initial conditions in the SCDAP analysis were exactly matched in
the MARCH analysis. The specifications of the fuel bundle and the axial power
distribution described in Appendix C were used as input parameters for the
MARCH code. The SCDAP code divides the 62 fuel pins in the 8x8 bundle into
three radial components as shown below:t-,

Radial Power Deviation from
Component No. of Pins Factor Average Power

1 14 0.9869 -1.3%

2 20 0.9937 -0.6%

3 28 1.0111 +1.1%

Since the MARCH code does not provide for a radial power variation within a
fuel assembly, the above radial power distribution could not be modeled in the
MARCH analysis. A radial power factor of 1.0 was therefore assumed for the 62
pins in tne MARCH analysis.

The SCDAP analysis used a time-dependent inlet mass flow rate. The mass
,

flow rate was approximated in MARCH by two liner equations as shown in Figure
7.1. The MARCH code was updated to include these equations as a time-depen-
dent boundary condition. The fuel bundle power history was also closely ap-
proximated as illustrated in Figure 7.2. In the SCDAP analysis, the coolant*

pressure had a constant value of 7.56 MPa (1096 psi) during the entire tran-
sient. In the MARCH calculation, the coolant pressure varies from 1092 psia
to 1097 psia depending on the transient steam mass within the reactor vessel.
The initial two-phase level is 3.2 f t (0.98 in) in the SCDAP analysis and 3.4
ft in the MARCH analysis. Differences between the above boundary and initial
conditions for the two codes are small and did not cause any significant im-
pact on the predicted overall hydrogen production.

_ _ _ _ _ _ _ - - _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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.

In Appendix C, an initial axial temperature distribution is specified for
the SCDAP analysis. The bottom three nodes in the water covered region are
assumed to be at the saturation temperature (564*K or 555*F) corresponding to
1096 psia.. In the. MARCH code, no' cladding surface temperature is provided.
The cladding and pellet are lumped together and a volume average fuel tempera-
ture is computed by the MARCH coda. The initial axial temperature distribu-
tion. predicted by the MARCH code is compared with the input temperatures of .

the SCDAP code in Table 7.1. The MARCH predicted channel box temperature and
gas temperature are also included in Table 7.1 for reference.

>
-7.2 - MARCH Analysisn(

'4 .

In the SCDAP analysis, only a single 8x8 fuel bundle enclosed in a canis-*

ter is modeled. 'The initial mass of water in the bundle is 7.28 Kg. The same
approach, nameJy, a single fuel bundle, was attempted in our MARCH analysis.

j However, it was found that the MARCH tode exhibits an instability problem.
' The MARCH code is not able to analyze a single bundle contarqing only 7.28 Kg

of water. The ~ MARCH code was developed to include the entire primary system
which contains several hundred fuel assemblies, .eactor vessel internals, the
steam generator and other structures in the primary system. It therefore per-
forms an overall energy and mass balance in the primary system involving a
large amount of structural material and' water. In our attempt to perform the
MARCH analysis, we have tried to reduce the primary system by a factor of 800
so that a single fuel bundle in the core region could be modeled. The origi-

i nal Grand Gulf input data is based on 800 fuel assemblies. Apparently, the re-
duced primary system with a single fuel assembly in the core region could not:

. satisfy the overall energy and mass balance. Using different time-steps and
' other options in the code did not improve the stability of the results. Thus,

this approach was not used in this study.a

; The second approach used _the basic primary 1 system data but made all of
the 800 fuel assemblies identical to the single assembly used in the SCDAP
analysis. Since the 800 fuel _ assemblies are identical to eac5. uther, there is

,

no inter-assembly heat and mass transfer. Each assembly is therefore repre-
sentative of the assembly analyzed infthe SCDAP study. No instability was en-
countered using this approach and hence a complete MARCH analysis was per-
fogmed.

In the SCDAP analysis, the control blade is not modeled. Only half the
thickness of the canister wall is considered. The oxidation of the inner sur-
face is counted twice to include.the effect of oxidation on the outer surface
of the canister w' ll . In the MARCH code, the control blade is coupled witha

the canister through ' radiation and convection heat transfer. The control .
blade is an integral part of the'BWR fuel assembly heat balance and cannot be
separated from-the code. . However,- two steps were taken to reduce the impact
of the presence of the control blade.on total hydrogen production. First, the

,

radiation view factor between the . canister and - control blade is taken as
10-6 (FBXCB =El.0E-6) . This step practically eliminates the -direct heat ex-

~

change between the canister wall and the control bl.ade. The presence of the
control blade will- have no direct effect on temperature of the. canister wall.
Second, the option of steel / steam | reaction is not used (IMWCB = 0). Thus, the

,

,
control- blade 'does :not contribute to the total _ hydrogen production and does
not consume any steam available in the_ interstitial region. It is believed

, >

r

[ 4- e
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that the two steps are sufficient to eliminate the influence of the control
blade on canister hydrogen production.

7.3. Results

The MARCH predicted primary system pressure, water-steam mixture level
and the coolant injection rate are shown in Figures 7.3 to 7.5. Results are

' comparable to the SCDAP analysis. The core temperature is given in Figure
7.6. Due to the use of the cut-off temperature (3860 F) and the early injec-
tion of cooling water, the maximum core temperature is maintained below the
melting temperature (4130*F) and no core melting is predicted. Figure 7.6 re-,

veals a slower. temperature rise between 70 minutes and 110 minutes during the
transient. Inspection of MARCH computed results indicates that this is caused
by an -. increase of heat removal from fuel rod to gases by convection during
' this period. Figures 7.7 and 7.8 show the fraction of Zr . reacted and the
fraction of channel box melted. Note that during the period of 70 to 110
minutes, the oxidation rate is considerably slower. The MARCl predicted hy-
drogen generation based on 800 fuel bundles are shown in Figurt s 7.9 to 7.10.

-The amount of hydrogen produced per bundle is comparable with that of SCDAP
analysis. The results indicate that the MARCH predictions are comparable to
that of SCDAP. However, the comparison is limited by the single case provided
through private communication with L. .Seifken of EG8G on February 1st and .14th
of 1985. It is suggested to perform more comparisons with various initial and
boundary conditions. The comparisons are summarized below:

MARCH SCDAP

Fraction of clad reacted 28% 29%

Fraction of canister reacted 15% 9%

Total hydrogen production, Kg 0.83 0.75

First peak of hydrogen production 0.0013 0.0012
rate, Kg/s
at time, second 3600 3000

a

-e

.

e
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Table 7.1 SCDAP and MARCH Initial Axial Temperature Distributions
(Time = 2000 seconds)

MARCH

l 2 3Axial SCDAP Cladding Fuel Water / Steam Channel Box
Node ( ''F ) (*F) (*F) (*F) ,

1 555 680 555 555
-,

2 555 728 555 555

3 555 734 555 555

4 656 836 674 591

5 798 955 824 659

6 915 1032 943 744

7 978 1087 1022 823
, .

| |
'

8 1129 1114 1064 881

9 1212 1101 1066 906

10 1221 1009 1004 878

*

I Axial nodes 1, 2, and 3 are in water covered region.
2 Surface temperature.
3 Fuel volume average temperature.
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8. ORNL MARCH-BWR/ MARCH 2 COMPARIS0N

During the recent years, development of BWR models has been made at the
Oak Ridge National Laboratory (ORNL) to support their SASA program. These
models have been incorporated into the ORNL version of the MARCH 1.1 code. The
most important models related to the BWR hydrogen generation are the improve-
ment in the depressurization algorithm, the separation of fuel and cladding,* and the separation of the reactor vessel water inventory into a core region,
lower plenum region, and a downcomer region. These models are not available
in the current MARCH 2 (Version 151) code used for the present analysis.

'

At the request of NRC staff, S. A. Hodge and L. J. Ott of ORNL analyzed
two cases using the ORNL MARCH-BWR code. Similar analyses were also performed
using the MARCH 2 (V'ersion 151) code for comparison purpose. In the first
case, the 300 gpm CRDHS hydraulic system injection started at 62 minutes, and
in the second case 43.3 minutes. The temperature of the injected coolant was
assumed at 210 F for the entire transient. In both cases, ADS was initiated
at 10 minutes to yield the similar initial conditions of the core heatup
period. The ORNL MARCH-BWR code predicted initial conditions are:

Time, min 21.6 24.9
Reactor pressure, psia 43 30
Water / steam mixture level, f t 2.8 1.9
Average core temperature, F $66 741

Comparison with the initial conditions predicted by the MARCH 2 (Version 151)
code (Table 4.1) shows a slower depressurization predicted by the ORNL code.
The vessel pressure is reduced to 43 psia at 21.6 cinutes which about five
minutes later than that predicted by the MARCH 2 code. It is noted that after-
depressurization to 30 psia, the water / steam mixture level is about 1.9 ft
above the bottom of the core as predicted by the ORNL code and is 0.5 ft below
the core regior. by the MARCH 2 code. The ORNL models which are based on the
MARC'il.1 code do not permit the reactor t assel water level drop beneath the
lowest axial node as the heat transfer from a partially uncovered node into
the surrounding water is neglected. The difference on the treatment of water
level by the two codes has certain effect on core reflood which will be dis-
cussed later.

For the first case in which the coolant injection started at 62 minutes,
the ORNL analysis terminated the transient at 78 minutes. The predicted re-
suits during this period are shown in Figures 8.1 to 8.f., It is noted in Fig-
ure 8.2 that the ORNL code does not yield the large oscillation of water level
and vessel pressure as predicted by the MARCH 2 code. This is probably related

| * to the treatment of water level and the safety / relief valve actuation ef-
fects. The oxidation of cladding, channel box and control blade are illus-
trated in Figures 8.3 to 8.4. Detailed comparisons with the MARCH analysis
are shown in Table 8.1. It is interesting to recognize the good agrerment,

between the oxidation of cladding predicted by the two codes. There B also a
good agreement on the oxidation of channel box prior to 78 minutes. At 78
minutes, the MARCH 2 predicted oxidation of channel box is about three times
higher than that by the ORNL code. This is caused by the refreezing of chan-
nel box when the core is reflooded according to the options used in the MARCH
analysis. Table 8.1 indicates that the MARCH 2 predicted fraction of channel
box melted is reduced from 56% at 74 minutes to 0.06% at 78 minutes (Figure
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6.8).- The refreezing of channel box causes the re-start of the metal / steam
reaction. Consequently, an additional 210 pounds of hydrogen is produced from
the channel box at the end of 78 minutes as shown in Table 8.1. For the ORNL
analysis, 75% of the channel box and 24% of cladding are melted at 78 min-
utes. The water level is about 2.6 ft in the core region at that tire. In
the event of continued reflooding, the refreezing of these large fractions of
molten channel box and cladding would produce a large amount of hydrogen. ,

However, the ORNL computation was not carried beyond 78 minutes to the comple-
tion of core recovery.

The second case analyzed at ORNL is similar to the first case, but with -

an early injection of coolant at 43.3 minutes. It is expected to have an
early core recovery and less core damage in this case. The ORNL predicted re-
sults are shown in Figures 8.7 to 8.12. Detailed comparison of oxidation and
melting are shown in Table 8.2. Again, there is a good agreement of the clad-
ding oxidation predicted by the two codes as shown in Table 8.2. However, the
'4 ARCH 2 predicted oxidation of channel box is much higher than that predicted
by the ORNL code. This is caused by the predictions of core melt. In the
ORNL analysis, a total of 52% of channel box is melted at the end of 88 min-
utes and is not available for oxidation. The ORNL code computes a rapid heat- '

| ing cf the channel box during the transient. In the MARCH 2 analysis, only
| 3.1% of channel box is melted between 52 minutes and 58 minutes. The early

injection of coolant assumed in this case apparently reduces the melting of
cladding and channel box significantly. The MARCH 2 calculation indicates that
the channel box temperature lies approximately between 2000'F to 3360 F (ex-
cept the few molten nodes). The availability of hot surface area enhances the
oxidation reaction and generates 954 pounds of hydrogen from the channel box
alone (Table 8.2). On the contrary, only 135 pounds of hydrogen from the
channel box is predicted by the ORNL code, as a large portion of channel box
is melted and is not available for oxidation.

Based on the studies of the two cases discussed in this section, it is
suggested that:

(1) fhe assumption of termination of oxidation at melting and re-start ,

of oxidation at refreezing should be critically examined;

(2) the MARCH computation of channel box temperature should be reviewed;

(3) the MARCH treatment of water level, refreezing of molten nodes,
etc. should be reviewed.

(4) ORNL modifications based on the MARCH 2 (Version 151) be developed. .
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Table 8.1 Comparison of ORNL Case 1 with MARCH 2 Prediction

ORNL MARCH-BWR MARCH 2 (Version 151)
Time
(min) Channel Control Channel Control

Clad Box Blade Clad Box Blade
.

% of Melt

50 0 12 33 0 0 55
.

|
60 6 46 62 0 36 75

'

70 27 72 74 4 63 86

74 27 75 76 5 56 80

78 24 74 75 0 0.06 100

% of oxidation

L 50 6 1.7 0.03 7 2.0 0.6

60 11 2.8 0.09 9 2.8 0.7

70 17 3.8 0.2 12 3.4 0.9

74 18 4.0 0.2 14 4.0 1

78 20 4.0 0.2 20 11.0 2

H , lb 736 120 1 736 330 112

|
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Table 8.2 Comparison of ORNL Case 2 with MARCH 2 Prediction

ORNL MARCH-BWR MARCH 2 (Version 151)
Time
(min) Channel Control Channel Control

Clad Box Blade Clad Box Blade
,

% of Melt

50 0 27 33 0 0 54 .

60 6.4 49 52 0 0* 87

70 4.8 52 56 0 0 95

80 1.2 52 55 0 0 96

88 0.2 52 55 0 0 100

I % of oxidation

50 8.9 2.6 0.1 6.4 2 0.6

60 15 4.0 0.4 22 11 2.5

70 19 4.4 0.5 25 23 3.1

| 80 23 4.5 0.6 28 29 3.3

88 27 4.5 0.6 30 32 3.3
%

H , Ib 983 13'> 3 1119 954 182

* MARCH 2 (Version 151) predicted a maximum of 3.17. of channel box melt between
52 minutes and 58 minutes.
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9. APPLICATIONS TO GRAND GULF, CLINTON, PERRY, AND RIVER BEND
POWER PLANTS,

All the MARCH analyses presented in this report are based on the design
data of Grand Gulf which is of the BWR6/ Mark III type. The Clinton, Perry,*

and River Bend plants are similar to the Grand Gulf plant. The FSAR for the
~

: River Bend plant contains comparisons of design parameters between these four
" plants and are given in Appendix E. The rated power of the River Bend plant,

! (2894 MWt), Clinton plant (2894 MWt) and the Perry plant (3579 MWt) are 75.5%,
-75.5%, and 93.4% of the rated power. of the Grand Gulf plant (3833 MWt). The4

i designed steam flow rate, number of fuel assemblies (i.e., mass of UO and2
zircaloy), number of control blades (i.e., mass of stainless steel) and other'

[
related design parameters of the River Bend, Clinton, and Perry plants are, '

respectively, 75%, 75%, and 93% of the corresponding parameters of the Grand
J' Gul f plant. All the four . plants have the similar Emergency Core Cooling Sys-
f tems (ECCS). The ECCS capacities of the Perry plant are about 86% to 95% of

-

that of the Grand Gulf plant. Both plants have eight relief valves for. the
Automatic Depressurization System (ADS). The ECCS capacities of the River,

; Bend .and Clinton plants are about 68% to 85% of that of the Grand Gulf plant.
i There are seven ADS relief valves for the River Bend and Clinton plants. Be-

cause of the similarities between these four plants, it is expected to have'

; similar behavior for the production and release of hydrogen from these four
plants, in the event of.a degraded core accident. The estimated hydrogen pro-4

duction and hydrogen generation rate for the River Bend, Clinton, and Perrya

j plants should be lower than that presented in this report for the Grand Gulf
' plant. _ The reduction of hydrogen production is expected to be proportional to
I the rated power of each plant.-

i
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10. SUMMARY

An extensive study was performed by using the MARCH 2 (Version 151) code
to assess the hydrogen generation rate and total hydrogen production.during a
BWR6 core heatup transient. The oxidations of cladding, channel boxes and
control blades are modeled in the MARCH code. The study includes using the
initial conditions imposed by the HC0G analysis and conditions determined by ,

following the Emergency Procedure Guidelines. Separate effects, such as time-

and flowrate of coolant injection, fuel axial node and power profile, and Zr/
steam oxidation cut-off temperature were investigated. Comparisons with the
HC0G code, SCDAP code and the ORNL MARCH-BWR code were made. Conclusions and .

summary of results were given in detail in each section of this report.

The MARCH analysis clearly indicates that the hydrogen production is
closely related to steam generation in the core. An accurate evaluation of
core heat transfer and hydraulics are essential for the assessment of hydrogen
production. The MARCH code, in general, is a efficient tool to provide a
first approximation of hydrogen production under various conditions of a core
heatup transient. However, tnere are two major deficiencies of the NARCH
code. First, the lump of fuel and cladding into one material could mis-esti-
mate the cladding temperature, at which the zircaloy oxidation rate is com-
puted. Second, the lack of core relocation model forces the MARCH code to use
the cut-off temperature to terminate the zircaloy oxidation process with a
large uncertainty. In view of the approximations of the MARCH code, it is
recommended to perform some analyses using the SCDAP code for the three basic
cases represented in this report. The SCDAP code contains the methodology
needed to perform phenomenological analysis of the degraded core accidents.
The SCDAP/M001 code is currently available at the Brookhaven National
Laboratory.

.
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APPENDIX A

BWR Dimensions

.

The following dimensions are used for 7x7* and 8x8 fuel:

- Measurement 7x7 8x8 Dimensions Materials

Fuel Diameter 0.01237 0.01019 M UO

Cladding Diameter 0.01430 0.01008 M Zikcaloy
Cladding Thickness 0.00081 0.00813 M

0.01501 MWater Rod Diameter -

Water Rod Wall Thickness 'O.00076 M-

Rod Pitch 0.01875 0.01615 M*

Active Fuel Length 3.658 3.810 M

>= Gas Plenum Length - 0.30 M >
0-'

J- Channel Width (inside) 0.1382 O.1325 M Zircaloy

Channel Thickness 0.00203 0.003048 M
2

Flow Area 0.01010 0.009865 M

Bypass Area (per bundle) 0.00463
Control Blade Arm Length 0.1105 0.1105 M Boron Carbide
Blade Thickness 0.00832 0.00832 M

'

No. of Fuel Rods' 49 62
per Assembly*

No. Assemblies ~ 764 800.

Rated Thermal Power 3.579x10' 3.833x10' W3tts
Area of Jet Pumps 1.33 1.33 M

Shroud Inner Diameter 5.258 5.258 H

RPV Inner Diameter 6.376 6.376 M

Upper Plenum Mass 63192 63192 kg
Upper Plenum Area 2117 2117 M

None of the BWR/6s will use 7x7 fuel. The option for 7x7 fuel has been included in the BWR Core*

Heatup Model to represent earlier generations of BWRs.
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APPENDIX

Core Power Peaking Factors
.

The following.are the peaking factors built into the BWR Core Heatup Code, representing a 800-Bundle Core.

Radial Peaking Factors' '

Quarter Core Bundle Groupings and Relative Powers

-Peaking for 8 No. Cells Represented Peaking for 4 No. Cells Represented Peaking for 2 No. Cells Represented'
Cells 4-Bundle Cells By Computed Cell 4-Bundle Cells By Computed Cell 4-Bundle Cells By Computed Cell

.

1 1.240 25 1.208 50 1.144 100

2 1.176 25 1.080 50 0.856 100

3 1.104 25 0.942 50
'

4 1.056 25 0.770 50
,

5 1.004 25
6 0.880 25

P '

7 -0.852 . 25
' "

8 0.688 25

Bundled Peaking Factors (within one 4-bundle cell)
,

,
'

Bundle Peaking Factor
,

.High Power (1 each) 1.35
,

Average Powr (2 each) 1.00'

Low Power (1 each) 0.65' ,

t

Rod Group Peaking Factors ,

Rod Group Peaking for 4-Rod Groups Peaking for 2-Rod Groupse

Water Rods ~ 0.0 0.0
Center Rods 0.90 1.0
Side Rods 1.1083
Corner Rods 1.20

,

.

Axial Peaking Power--User Input - Section 2.2

.* .
.
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-
Tsum : 5.0 (SECS 3 I.
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, *
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FUEL ROD 8UNDLE 5[0 MET AT (T N T OR 8 I SR) IFUEL z 8 (TYPE 3 w, , ,
" .

e
*

s , ,
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1823.0 10[G.us: ,,
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** I UNIT CELL TO' UNIT CELL RA0!ATION 88-INCLUDED 1-NOT INCLUDED) IR'AD s 0 (NONE I

,ta-ANS 1= INPUTS DECAT HEAT CURVE US[0 10 CAT * I (NONE 3

DUTPUT (0-NOT WRITTEN 1-WRITTENI TO FISSION PRODUtl FILE IFIS 2 0 (NONE I

INITI AL W AT[ A LEVEL AT t e-TOP OF SUNOLE 1 .35300 METERSS ILEy I (NONE 3'. *
' % A-N0 REST ARTg'2-WRITE ONLY ,3-READ AND WRITE 4-RC40 ONLY IR[$ = 2 (NONE 3
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APPENDIX B

Representative 14 ARCH 2 (Version (151) Code Input Data

(Case 4.2)
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APPENDIX C

! Initial and Boundary Conditions Used for the SCDAP Analysis

(provided by L. Selfken)
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Introduction:-

.

Enclosed is infor :ation to provide ycu with the initial conditlens and '

boundary conditicas for a MA?.Cil code anal.ysts of the responsa of a hot
fuel bundle in a 8 x 8 BWR-4 nuclear pcwar plant during an anticipated
transient without scra:n. The start ti.Te of the conditions is 2000s, which
is the tite at which oxf dation in the fuel bundle begins. The end tim
is 80COs. The outs!da surface of the bundle cannister was assLmed to
have a heat transfac ccefficient of zero in the SCDAP analysis.

The foi!cwin2 informtlen is enclosed:

1. Grouping of bandic rods for SCCAP analysis.

2. Characteristics of fuel bundic.

3. Location 2 cf axial" zones in upper vessel region.

4. Gccmetric characteristics and massos of axial zones in upper;

plcn m.
~

5. Eundle axial power distributton,

6. Bandle radial pcWr distribution. .

.

7. Dundle intet :nass fics rate history.
~

8. Bundle powr history.
.

9. Initial axial ter.perature distribution. .

The initisl :nass of wster in the bundla was 7.28 kg and the initial elention
of the top of the tivo-pha:e coolant .ntxture was 0.90m.

If any further inferr.ation is required, please call Larry Stefken, FIS, .

- ES3-9319.
...

C aslant grusure had c. s o s t u l vala of 1.5 6 M Pa durinq *

% cntire ir.s n sie n t. E n thalpy J idl& Gm had a c on sla ni
valas ef I.2d Ca J/kg,

..

.

$
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A 12/11/54 T53 00: 7802J ' Disk 1034J Job 37247 Fr:of 4 _. Oli
'

3
TASLE_7. CMARACTERISTICS CF FCEL EL91CLE

.s

Chara:tiristic Unt+.s V21ue

Activa fual length m 3.91

Fusi p211et radius a 0.CG5207

Cladding cut:td3 radtus a 0.005134

Claddici inside radius .o 0.005221

Planum void volcme m3 1.E4 x 10-3

Amount of Hellum fill ga: kg 4.8 x 10-5
Pitch m 0.0163

Coelant pressure (2000 s), H/m2 7.169 x 106

Eun313 tress-secit:nal
area (including red:) m2 1.8650B x 10-2

Euncle f1:s area d2 1.29055 x 10-2

Inner circumference of
buncia cant: tar m 0.52

Tht:kness of canister wall n 1.524 x 10-3
.

Hember of grid spacers 7--

Averaga fuel burnup .91.:/kg 8.05 x 106 '

,

!

L
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A 12/11/34 TSS Occ 7602J Otsk 1034J Jcb 37247 Prcof 4 _ SLTTABLE 5.
SUNCLE AXIAL PCWER DISTRICUTICH

___

,

Elevation Ratto of Local Pcwer
Ariai v d. Density to Axiallyf,)

e
Aver!cee Pewer Densitv

i

0.7905
<> 1

0.816
0.5715

2 1.127
0.?325

3
1.166

1.3335 L
4

1. ,75
1.7145

5
1.f66

2.C955 s*
6

1.132
2.4755: 7

1.079
2.9575

8
0.936

3.2335
9

0.825
3.6195

10
0.525

__

|
|
I

l

i
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A 12/11/S4 753 Occ 7E02J Dis.k 1034] Job.37247 Freef 4 BLT
,

TABLE 7. EL' DOLE RADIAL PC'AER DISTRIBUTIt?l

.

Ratio cf red group p:wcr dansity
Red Src:;J to' average p:uer denstty of

MenSer buw13 fuct red:

,

| 1 0.9559

i 2 0.S337 '

3 1.0111
,
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A 12/11/S4 TS5 Dec 7502] Otsk 1034J Job 37247 Pecof A _ BLT_._.
,

TAELE 4. LOCATICES CF AXIAL 20;iES I:1 UFPER PLE} LUM 0F 'iESSELS

Zor.c
He ' gr Te s of ce--nc W. 6 k >-

1 Upper pienea of fual reds

2 Upper cera sup;:rt plata and top of canist:rs

3 Cers shrcud head

4 Standpipa

5 Sccarator

S Or y:ar.

7 5t:2n de.,e .

_

e

9

!

_ _ - - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _
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e

A 12/11/54 TSB Oct 7802J Disk 10353 Jcb 37247 Prcof 4 _ SLT
.

TABLE 5. GECVETRIC CHARAC? ERISTICS ^AND MASSES CF A2TAL ZONES IM 'llSSEL -

UFFER PLENUM
~

Sur face
Arca Cros -53ctional

Facing Area icrI,xt31 Height .43 s ; o r.Steam :
124a|TwZene of Zer.e Material CccositicaM c-6.? r (m) __ l .?. 1 f ., - ) fra) of Material

1 0.2403 0.323 0.01133 2.70 Zr
2 0.2550 0.597 0.01S50 22.80 Zr
3 0.9235 0.078 0.00510 7.23 SS

4 1.550 0.250 0.C0510 13.57 SS
.

5 2.300 1.140 0.C0510 27.96 SS

6 2.250 9.05 0.01120 46.28 SS

7 5.510 0.100 0.C4170 14.46 SS

.
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0

0

a

I
!
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APPENDIX D

!
!

|

ORNL MARCH-BWR Code Input Data

(provided by S. Hodge)
!
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APPENDIX E
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| Design Parameters of Grand Gulf, Clinton, Perry, and River Bend Plants
1'
! (from River Bend Station FSAR)
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RDS FSAR

' TADLE 1.3-1

COMPARISON OF NUCLEAR STEAM SUPPLY SYSTEM DESIGN AND OPERATING CHARACTERISTICS

River Bend Grand Gulf Clinton Perry- Zimmer
BWR 6 EWR 6 BWR 6 BWR 6. Dwr 5
219-624 251-800 218-624 238-748 218-560 |

?
t

THERMAL AND HYDRAULIC CESIGN
(Section 4.4)
Rated power'(MWt)' 2,894 3,833 2,894 3,579 2,436

Design power (HWt)
(ECCS design basis) 3,015 4,025 3,039 3,758 2,550

Steam flow rate
, (x 10* It/hr) 12.453 16.491 12.453 15.4 10.477
!

'/
Core coolant flow rate

(x 10* lb/hr) 84.5 112.5 84.5 104.0 78.5 n3
e

Feedwater~ flow rate **

(x los It/hr) 12.428 16.455 12.a28 15.367 10.447

| System pressure, nominal |
in steam dome (psia) 1,040 1,040 1,040 1,000 1,020t

Average power density
(kW/1) 52.4 54.1 52.4 54.1 50.51

i Maximum thermal output
(kW/f t) 13.4- 13.4 13.4 13.4 13.4

Average thermal output
(kW/ t t) 5.74 5.92 6.04 5.99 5.40

i Maximum heat flux
.

.

(etu/hr-fta) 361,600 362,000 361,600 361,600- 354,255

Maximum UCa temperature
(87) 3,435 3,430 ,3,435 3,435 3,325

'i

Average volumentric fuel
temperature (* F) 2,164 1,100 - 2,185 2,130

Average cladding surface
temperature (* F) 566 558 - 565 566

1 of 6
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RBS ISAR j

i

TABLE 1.3-1 (Cont)
I

[ River Bend Grand Gulf Clinton Perry. .timmer 1' BWR 6 Bb R 6 BWR 6 BWR 6 Bwr 5 |"'

218-624 2j1-800 218-624 218-748 218-560

Minimum critical power
' ratio (MCPB) 1.18 1. !3 1.20 1.20 1.24

Coolant enthalpy at,

j core inlet (atu/It) 527.8 527.9 527.8 527.7 527.4

Core maximum exit voids
.within assemblies 76 76 76 79 75

| Core average exit quality,
.(E steam) 14.6 14.7 14.6 14.7 13.2

,

Feedwater temperature (8 F) 420 420 420 420 420

Design Power Peaking Factor (Section 4.3. 2.2) rn
:
#Local peaking factor 1.13 1.13 1.132 1.13 1.24

Total peaking factor 2.33 2.26 2.33 2.21 2.43

NUCLEAR DESIGN '(FIRST COPE)
(Sectica 4.3)

| Water /UOz volume ratio
(cold) 2.70 2.70 2.70 2.70 2.55

Reactivity with strongest
. e

centrol rod out (keff) <0.99 <0.99 <0.99 <0.99 <0.99

Initial average U-235
enrichment (wt.1) 1.71 1.70 1.70 1.90 1.90

. CORE MEC!lAt3ICAL DESIGN

Fuel Assembly (Section 4.2.2. 2)

Number of fuel assemblies 624 800 624 748 560

Fuel rod array 8x8 8x8 8x8 8x8 8x8
overall length (in) 176 176 176 176 176,

2 of 6
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RBS FSARj

TABLE-1.3-1 (Cont)

River Bend Grand Gulf Clinton Perry Zimmer
EWR 6 BWR 6 BWR 6 BWR 6 Bwr 5
218-624 251-800 ~ 218-624 238-748 218-560'

c

Height of 00: Per assembly;
lb (pellet type) 457 458 457 456 466

Fuel Rod s (Section 4.2.2.3)
Number per f uel assembly 62 62 62 62 63

Outside diaseter (in) 0.483 0.483 0.483 0.483 0.493

Cladding thickness (in) 0.032 0.032 0.032 0.032 0.034

Diametral gap, pellet to
cladding (in) 0.009 0.009 0.009 0.009 0.009

Cladding materialcaD zircaloy-2 zircaloy-2 zircalc, Zircaloy-2 zircaloy-2 nn

#Fuel Pellets (Section 4. 2. 2. 3) -

,
Haterial . 00 UCa U0 UOz U0,3 2

1 Density (1 of theoretical) 95 95 95 95 95
I Diameter (in)'

O.410 0.410 0.410 0.410 0.420
0.410 0.410 0.410 0.410 0.416

I Length (in)

Fuel channel (Section 4.2.2.3)

" thickness (in) 0.120 0.120 0.120 0.120 0.100
Material Zircaloy-4 Zircaloy-4 Zircaloy-4 Zircaloy-4 Zircaloy-4

, Core Assembly (Section 4.2.2.3)

Fuel weight as UO, (It) 285,180 366,400 285,181 341,640 260,551
Core diameter,
equivalent (in) 169.1 191.5 169.1 185.2 160.2

Reactor centrol system (Section 4.2.2.4)

Method of variation of Movable control rods; variable forced coolant flow
-reactor power

Nurter of mcvable
centrol rods 145 193 145 177 137

3 of 6
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RBS FSAR

TABLE 1.3-1 * Cont)
,

River Bend Grand Gulf clinton Perry Zimmer
EWR 6 DWR 6 DWR 6 DWR 6 Bwr 5
21R-624 251-800 218-624 238-748 218-560

i Shapes of movable control
a rods cruciform cruciform cruciform cruciform cruciform

Pitch of movable centrol
rods 12.0 12.0 12.0 12.0 12.0

control material in~ movable
rods B.C granules compacted in SS tubes ;

Type of centrol rod drives Ecttom entry locking piston;
:

Type of temporary reactivity Buremble poison;: ;

control for initial core gaus . ..ia urania
tuel rods

m
! Incore Neutron Instrumentation (Section 7.6.1.3) j,

Total number of LPRM
detectors 132 176 132 164 124

i Number incore LPRM
j penetrations. 33 44 33 41 31
1 . . I

|

i Number of LERM detectors.
| .per penetrations 4 4 4 4 4
!

{ Number of SDM penetrations 4 6 4 4 4

| Number of IBM penetrations 8- 8 8 8 8
1:

[' Total nuclear' instrument

,

penetrations. 45 58 45 53 43
!

Source range monitor,'

range - Shutdown through criticality

Intermediate range
monitor . range _ Prior to criticality to low power r'

| Power range monitors,
Approximately 1% to 125% power :range ;

i
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i TABLE 1.3-1 (Cont)i

River Bend Grand Gulf Clinton Perry Zimmer
EWR 6 DWR 6 BWR 6 BWR 6 Dwr 5
218-624 251-800 218-624 238-748 218-560

i

i
j Local power range monitors 132 176 132 164 124

! Average power range monitors 8 8 6 8 6
|
j Number and type of incore
> neutron sources SSb-Ee 7sh-De SSh-De 7Sb-Be SSb-Be j

REACTOR VESSEL DESIGN
(Section 5.3)
Haterial Low alloy Low alloy Low alloy Low alloy Carton steel /

steel / steel / steel / steel / stainless
stainless- stainless partially stainless clad
clad clad clad clad

m
Design pressure jn
(psig) 1,250 1,250 1,250 1,250 1,250

Design Temperature
(aF) 575 575 575 575 575

Inside diameter
(f t-in) 18-2 20-11 18-2 19-10 18-2 |

f
, Inside height

(ft-in) 69-4 73-0 69-4 70-5 69-4

Minimum base metal
thickness (cylindrical
section (in) 5.4 6.14 5.20 6.0 5.375

Minimum cladding
thickness (in) 1/8 1/8 1/8 1/8 1/8

REACTOR CCOLANT
RECIRCULA1ICH DESIGN
(Section 5.4.1)
Number of recirculation
loops 2 2 2 2 2

5 of 6
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! TABLE 1.3-1 (Cont)i

|
6

| Piver Bend Grand Gulf Clinton Perry Zimmer
EWR 6 DWR 6 DWR 6 BWR ( Dwr 5
218-624 _251-800 218-624 238-746 218-560

.

! Design pressure:

f
,

Inlet leg (psig) 1,250 1,250 1,250 1,250 1,250
cutlet leg (psig) 1,650(a) 1,u25(28 1,650ca8 1,650(85 1,675(28g

i 1,550(38 1,525(38 1,550(35 1,550(38 1,575(38

I Design tenperature (*F) 575 575 575 575 575
|

! Pipe diameter (in) 20 24 20 24 20
I

I Pipe material (ANSI) 304/316 304/316 304/316 304/316 304/316

Recirculation pump flow
rate (gpr) 32,500 44,900 32,500 42,000 32,500

|
'

Number of jet pumps gn
in reactor 20 24 20 20 20 cn

MAIN S7EAM LINES

Number of steam lines 4 4 4 4 4

Design pressure
| (psig) 1,250 1,250 1,250 1,250 1,250

Design temperature
(* F) 575 575 575 575 575

Pipe diameter (in) 24 28 24 26 24

: carbon steel :Pipe material

( a > Freestanding Icaded tubes.
(28 Pump and discharge piping to and including the discharge block valve.
( 3 8 Discharge piping f rom the discharge block valve to vessel.

6 of 6
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TADLE 1.3-2

COMPARISON OF POWER CONVERSION SYSTEM DESIGN CHARACTERISTICS

Rivet Bend Grand Gulf Clinton Perry timmer
DWR 6 DhR 6 DWR 6 EkB 6 EWR 5
218-624 251-800 218-624 23R-748 218-560

Turbine-Generator (Section 10.2)

' Rated Power (MWe) (Gross) 991 1,306 985 1,252 883,

1 Generator Sreed (rpm) 1,800- 1,800 1,800 1,800 1,800
Dated Steam Flow (It/ hr) 12.435 x 106 15.542 x 10* 11.340 x 10* 14.68 x 106 '11.001 x 10*
Turbine Inlet Pressure (psig) 965 965 965 965 950

steam Pyrass System (Section 10.4.4) i

Capacity (Percent.of
.

Design Steam Flow) 10 35 35 35 25

Main Condenser (Section 10.4.1)
! *

' '

Heat Removal . .

I Capacity (Dtu/hr) 6,860 x 106 8,506 x 10* 6,453 x 106- 8,100 x 106 7,053 x 106 n,
e

Circulating Water System (Section 10.4.5) 'd

i .
'

|~ Number of pumps 4 2 3 3 3
Flow Rate (gpm/ pump) 127,890 285,500 189,600 185,000 150,000

Condensate and Feedwater.. Systems (Section 10.4.7)

'

-Design Flow Rate of Feedwater
to reactor (lb/hr) 12.428 x 106 15.542 x 10* 12.428 x 106- 14.68 x 106 10.971 x 10*
Nunter of Condensate Furps 3 3 4 3 3!;!i LNumber of Condensate Booster

[' Pumps
.

. 0 3 4- 3 3
Number of Feedwater Pumps 3 2 3 3 2
NumLer of Feedwater Bocster
Pumps- none none none none none,

Condensate Pamp Drive AC power AC power AC power AC power AC powert

Condensate Pooster Pump Drive NA AC power AC power AC power AC power
Feedwater Pump Drive AC power Turbine Turbine-2 Turbine Turbine

AC-1
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TABLE 1.3-3

CCMPARISON OF ENGINEERED SAFE'IY FEATURES DESIGil CHARACTERISTICS
e

River Dend Grand Gulf Clinton Perry Zimmer
LWR 6 LWR 6 DhR 6 DWR 6 DWR 5
218-624 251-800 218-624 238-748 218-560

EMERGENCY CORE COOLING SYSTEMS
(Systems sized on design power)
(Section 6. 3)

Low-Pressure Core Spray System
i Number of lcoph 1 1 I I I
1

L Flow rate (gpm) 5,010 at 7,115 at 5,010 et 6,110 at 4,725 at
119 psid 128 psid 119 psid 128 psid 119 psid

' Hi,gh-Pressure Core S m y_Syg g

Number of loops 1 1 1 1 1
r,71

Flow rate (gpm) 1,400 at 1,650 at 1,4 0 0 a t 1,550 at 1,330 at
]1,147 psid 1,147 psid 1,147 paid 1,147 psid 1,110 psid

5,010 at 7,115 at 5,010 a t 6,000 at 4,725 at
.

j
200 psid 200 psid 200 psid 2n0 psid 200 psid I

i

Automatic Depressurization _ System

|Number of relief valves 7 8 7 8 6

|
Low-Pressure Coolant Inject ion ( E l

Number of 1 cops 3 3 3 3 3

Number of pumps 3 3 3 3 3

Flow rate (gpm/purg) 5,050 at 7,450 at 5,050 at 7 00 at 5,050 at
20 psid 24 psid 20 paid 20 psid 20 psid

1 of 2
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TABLE 1.3-3 (Cont)

River Bend Grand Gulf Clinton Perry Zimmer
BWH 6 DhR 6 BWR 6 BWR 6 DWR 5
218-624 251-800 218-624 238-748 218-560

AUXILIARY SYSTEMS

Residual 11 eat Removal System (Section 5.4.7)

Reactor Shutdown Cooling Mode:

Number of pumps 2 2 2 2 2

Flow rate (gpm/ pump) ( a) 5,050 7,450- 5,050 7,100 5,050

Duty (zillions atu/hr/ heat 37.8- 50.0 37.8 46.9 30.8
exchanger)(a)

Number of heat exchangers 2 2 2 2 2

Suppression pool cooling mode: S
F1cw rate (gpm) ( * ) 5,050 7,450 5,050 7,100 5,050 "3

standhv service Water System (Section 9.2.7)
t

Flow rate (gpm/ heat exchanger) . 7,000 25,300 total 33,100 total 12,800 total 5,000

Number of pumps 4/ unit 3/ unit 2 at 16,000 2'/ unit 4
(2 at 12,000) I at 1,100 (1 at 11,900)
(1 at 1,300) (1 at 900)

Reactor Core Isolation Cooling-
system (Section 5.4.6)

Flow rate (gpm) 600 at 800 at 600 at 700 at 400 at
1,177 psid 1,120 psid 1,177 psid 1,177 paid 1,120 psid

Fuel Pool cooling and Cleaning-
gystem (Section 9.1.3)

Capacity (millions Btu /hr) 9.0 12.5 19.7 20 6. 6

( t > A mode of the Flin system.
( 2) Capacity during reactor flooding mode with more than one pump running.
( 3)lleat exchanger duty at 20 hr'following-reactor shutdown.
( *) Plow per heat exchanger.
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TABLE 1.3-4

COMPARISON OF CONTAIHMENT CHARACTERISTICS

River Bend Grand Gulf Clinton Perry timmer
EWR 6 BWR 6 BWR 6 BWR 6 BWR 5

218-560Containment 218-624 251-800 218-624 238-748 -

(5ection 3.8.2)
~~

Type Mark III; Mark III; Mark III; Mark III; Mark II;
freestanding steel; reinforced concrete reinforced con- steel containment over-and-under
horizcntal pressure containment, but with crete as for with pressure primary contain-
suppression pressure suppression; PWR plants, but suppression, en- ment, enclosing

containment encloses with pressure closed by rein- drywell and sup-
drywell and suppres- suppression; f orced concrete pression pool;
sion pool containment en- reactor building, enclosed by

closes drywell Containment en- reactor building
and suppression closes drywell and
pool suppression pool

!
Leakage rate.
(1/ day) 0.26 0.35 0.65 0.20 0.635 j'

Free'tanding Poinforced concrete Reinforced con- Steel shell en- Prestressed con bbs i-Constructioni

steel cylindrical structure crete cylindri- closed by rein- crete cylinder
(not prestressed) cal structure forced concrete plus truncated
with hemispherical (not prestressed) cylindrical cone above
head; steel lined with hemispher- structure (r:ot cylinder; steel

|' ical dome; steel prestressed) with lined
L lined hemispherical head
|

Internal design
tesperature (* F) 185 185 185 185 Not applirsble

Design pressure (psig) 15 15 15 +15,-0.8 Not applicable

I
-

| Free (air) volume
/ (cu ft) 1.192x106 1.67x10*- 1.4575x10* 1.2x10* Not applicable

I-
[. .Drywell
hi (section 3.8.3)
|

| Construction Reinforced concrete Reinforced concrete; Reinforced con- Reinforced con- Prestressed con-
cylinder; flat basically cylindrical; crete cylinder; crete; basically crete; drywell

!' concrete roof flat concrete roof steel concrete cylindrical; flat is frustrum of a

| with a steel with a steel refueling form plate; concrete roof with cone; steel

i, refueling head head steel access a steel refueling lined

I head head

| 1 of 2
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TADLE 1.3-4 (Cont)

River Bend Grand Gulf Clinton Perry Zimmer
BER 6 DWR 6 EWR 6 BWR 6 DdH 5

218-624 251-800 218-624 238-748 21R-560

- Internal design
temperature.. (*F) 330 330 330 330. 340

Design pressure (psig) 25 30 30 + 30, -21 +45, -2

. Free (air) volume,
total (cu f t) 251,000 270,000 246,500 278,000 287,000

guppression Pool
(Section 3. 8.J)
Construction Concrete; steel Reinforced concrete; Steel lined con- Reinforced con- Prestressed con-

<

steel lined; basically crete cylinder crete; steel crete; pool is
cylindrical lined; basically cylindrical;

; cylindrical steel lined G'
Design pressure (psig) -20 15 15 1 +45,-2

'

Internal design
,

terperature (OF) 185 185 185 185 340

Water volume (cu f t) 127,930 '136,000 135,700 120,000 106,000

:
?

I.

I

(

0
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