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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 iimits., 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,*»* The sample problem 1involves the predictions of hydrogen
generation rate aud total hydrogen production during a transient heating of a
BWR6 reactor core wirh 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-
ies using the MARCH2 (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 initia. conditions (s 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 depressurization determined by following the Emergency
Procedure Guidelines.” The MARCH predictions are compared with that of the
SCDAP code in Section 7, and with ORNL MARCH/BWR code in Section 8., The com-
parative studies are used to compare predictions made by the MARCH2 (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.



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 sufficiently high temperatures as the core is partially or completely un-
covered. Typically, a zirconium temperature in excess of 1832°F (1000°C) 1s
required to produce a high reaction rate. The oxidation rate of steel can be-
come l-rger than that of zirconium when the melting point of steel 1is ap-
proached at 2500 =~ 2700°F (1370 =~ 1500°C). The reaction of zirconium and
steel in a steam environment are given as

Zr + 2 Hy0 » 2r0y + 2 Hy + Energy
} Fe + 4 Hy0 » Feqy0 + 4 Hy + Energy.

The Fe,0, is assumed to be the major product of the complex steel/steam reac-
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.’ 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 i{s 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 s 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 diffusion of steam from the coolant through a
hydrogen boundary layer near the oxidizing surface 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
MARCH2 (Version 151) ccie,3 the gaseous diffusion limitation for the zirco-
nium/steam reaction is given by the Baker-Just correlation: (when the channel
box option, IBWR=|, {s used)

. 1.847 x 10”7 g 10-%8
p_F

X . - 3 (1)
(Rp - Xo/30.48)
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decay power below water-steam mixture level, Btu/min

JRad downward radiation from core to water, Btu/min
QNCH = heat from quenching the core material, Btu/min
QSLB heat transfer from structures in water, Btu/min
P = vyessel pressure, psia

; = steam production rate, 1b/min

1

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 MARCHZ code because the new system pressure (P_)
and the new saturation enthalpy (h,) are not known at timegtep t . The calcl-
lation of P requires knowledge of“steam generation rate (W), volumes of steam
and water, 3nd cooclant injection rate at state 1. 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 atove expression,
Eq. (1), can be used to show the relative importance of the various sources of
eam production, For the three cases considered in this study, the important
me for hydrogen generation is between 40 minutes to 70 minutes after scram.

oY T
- v L0

In the HCOG BWR Core Heatup code,' 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 “ha~d-
ware” is given in Reference [1]. The downward thermal radiation heat transfer
in Eg. (1) is not considered in the HCOG heatup code. The mass and enerqgy
balances in the downcomer and lower plenum are per~formed in the subroutine
LOPDC. The possibility of void formation (flashing) when the system pressu-e
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
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
containi a subroutine DPRESS wnich 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 directiy in the
mathematical expressions of volumetri: 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.
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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 HCOG 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-
sulted 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-
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 HCOG sample problem are listed in Appendix A, The
decay power used in the sample problem is in a tabular form. Comparisons of
the HCOG decay power with the ANS 1979 standard decay power used in the MARCH2
code are given in Table 3.1. The HCOG decay power is about 9% lower in the
time interval between 2000 to 9000 seconds. According to Reference (5), users
many employ their own computer programs and nuclear data to compute decay heat
power based on the standard model. The MARCHZ 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 tre 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.5

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

BWRO00 =~ 3/4 uncovered core with no reflood to 50% zirc melt;

BWRO13A - 3/4 uncovered core with 300 gpm at 2530 seconds with approxi-
mately 30% zirc melt;

BWR560 - 3/4 uncovered core with 500 gpm at 3400 seconds with approxi-
mately 30% zirc melt,

The computed Zr melt fraction and hydrogen generation rate for Runs BWRO13A
and BWR560 are shown in Figures 3.1 to 3.4. The results of the three runs are
symmarized in Table 3.2, Comparisons with MARCHZ predictions will be present-
eus in Section A
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4, MARCH ANALYSIS USING HCOG INITIAL CONDITIONS

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
control rods. The MARCH analyses were performed to closely simulate the HCOG
analyses described in Section 3. It is recognized that the initial and bound-
ary conditions were specified as input in the HCOG sample problems. These
conditions were not directly used in the MARCH analysis. The initiation of
core heatup was explicitly determined 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 HCOG 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
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 1is
reduced to 30 psfa. 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 HCOG 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 sconer in
the MARCH calculation .han the 33,3 minutes assumed in the HCOG analysis, Al)
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-
gton at the saturation temperature as claimed in the HCOG 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 MARCH2 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
core,

The basic assumptions involved with the MARCH2 analyses are listed below:
1. No fuel rod axial conduction (1AXC=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. Ir/water reaction not stopped by node melting (IMWA=3,
IMWBOX=3) .

8. Cladding and channel box oxidation controlled by turn-
of f temperature (TMWOFF=2400K).

9. Control blade oxidation (Fe/steam reaction) is noct 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),

li. Melting temperatures for control blade, channel box, and
fuel rod (Zr and UOz) 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 FSAR? is used in the
MARCH calculation, The profile is different from the symmetrical 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 MARCH2
code:

Mass of zircaloy cladding = 84033 1b.
Mass of zircaloy channel boxes = 68523 1b,
Mass of steel in control blades = 11582 1b.

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 1130 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 MARCHZ code was not
used for this analysis., [t 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-
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lTimited 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 1b/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 uscd in the MARCH code
for the core heatup period is on the order of 0,05 minut.. 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 HCOG analysis. The difference fs 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 HCOG assumed a water level of 2.7 ft and a
system pressure of 30 psia as the initial condition for its amalysis. 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 precsure causes a change of water enthalpy by 0.5
Btu/1b-min., This enthalpy change multiplied by the large amount of water in
the system (1,55 x 10° pounds) yields a steam production of 81 1b/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 fis
noted that the estimated steam production based on Eq., (1) differs from the
code predicted steam production (Items 14 and 15). The major difference fis
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 computed 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 boiloff 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 HCOG 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
(CRDHS). In the MARCH analysis the injection water is assumed at 100°F, The
injaction of 300 gpm saturated water into the reactor vessel is assumed in the
HCOG sample problem, The cooling water injection starts at 42 minutes (2530
seconds) as assumed in the HCOG sample problem, The MARCH2 calculation shows
that at the t me 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 bDlade 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 CRDHS water could terminate
the progression of core degracation, The fraction of zircaloy reacted is
about 24% and 21% for cladding and the channel boxes, respectively.

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 HCOG 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-
ed by the steam availability. The steam produced during the transient is more
than that consumed by the oxidation process. The varfous 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 HCOG code output. Based on the
difference between [tems 12 and 15 of the HCOG results, the quenching heat
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 10% 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
boiloff rate. The injection of coolant into the reactor vessel causes an in-
crease of system pressure and an increase of water enthalpy, which requires
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.
The total steam predicted by the two codes are approximately three or four
times more than that required for the predicted hydrogen generation ([tems 4
and 15 of Table 4,4),

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 1b/min
HCOG: 1000 - 2000 1b/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 caIcuIation is 1llustrated in Figure 4,10,
The heat transfer is about 1.4 x 10% 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 HCOG code is not available.) The cooling of fuel hy
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 Ir/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 sufficient 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 could
vary with time,) The MARCH predicted fuel average temperature increases slow-
ly during the transient (7-8 °F/min), which further reveals the effective-
ness of steam cooling. The implication is that a larger portion of fuel nodes
are at temp ratures below the cut-off temperature and are available for the
Ir/steam reaction, However, the HCOG code predicts a less effective steam
cooling because of the smaller steam generation rate, According to the HCOG
predictions, the first node reaches the cut-off temperature (3770°F) at ahout
49 minutes. '1 the HCOG core heatup code, “the zircaloy oxidation cut-off fis
modeled as a progressive effect starting 50K below the TOXOFF (2400K) and de-
creasing to zero at TOXOFF as a cosine fuuction."' Comparisons given in Table
4 show that the HCOG 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
core region. Thus, it is reasonable to assume that a larger portion of fuel
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 leve)
predicted by the HCOG code are considerably higher than the minimum level, the
surface area exposed fn 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,

In summary, 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 more surface area for oxidation, Therefore, the MARCH code predicts a
higher hydrogen generation than the HCOG code does.

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
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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 no
core melt is predicted as shown in Figure 4,13, It is seen that injection of
LPCI 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,

Figure 4,14 shows the comparison of hydrogen generation predicted by the
two codes. The hydrogen generation prior to the coolant injection is the same
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 HCOG code predicts an immediate rise of hydrogen generation and
yields a peak rate of 308 1b/min at 3405 seconds (56.75 minutes). On the
other hand, the MARCH code shows a lower peak rate of 151 1b/min at 57.6 min-
utes, The difference is again caused by the treatment of steam production as
revealed in Table 4,6, in which the various steam sources at the time of peak
hydrogen production are compared, i1.e., 57.6 minutes (3458 seconds) for the
MARCH code and 56.7 minutes (3405 seconds) for the HCOG code.

The MARCH code shows that within one minute after the injection of 5000
gpm flow into the core, the two-phase mixture level reaches 6,83 ft as shown
in Table 4,6, A large portion of core is quenched by the rapid increase of
water level and the quenching heat transfer bhecomes the largest heat source
for water boiloff (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
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 wate:
would reduce the net boiloff rate, In addition, the increase of water enthal-
py due to the pressurization in the reactor vessel requires a large amount of
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 ib/min (Item 13), The net steam production predicted by the MARCH code
is 4820 1b/min [ltem 15) of which 1359 1b/min of steam is consumed to produce
151 1b/min of hydrogen, This is the peak rate of hydrogen production when the
middle of the core is recovered,

The HCOG predicted peak rate of hydrogen generation given in Table 4.6
occurs when the minimum two-phase mixture level in the fuel bundle is only
1.38 ft at 3405 seconds (Item 2 of Table 4.6), 1.e., 5 seconds after the cool-
ant injection has started, [t is noted that the HCOC 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 70 seconds. The decay heat
below the two-phase mixture level is about 1,8 x 10° Stu/min (Item 6), This
decay heat could only produce 189 1b/min of steam, which 1s much less than the
2772 1b/min of steam required for the generation of 308 1b/min of hydrogen
predicted by the HCOG code (ltems 3 and 4), The other heat source modeled in
the HCOG code is the quenching heat transfer but is not reported in the code
ouiput. The quenching heat transfer is estimated to be in the order of 5 x

Btu/min based on the total steam production rate of 5847 Ib/min (Item 15)
predicted by the HCOG code. It {s not clear why a large amount of steam fis
produced when the water level is relatively low, It 1s also not clear why



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 fue,
bundle are not available from the code output.) The high peak rate of hydro-
gen generation in the HCOG 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.

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 effective 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 HCOG code yields a high peak of hy-
drogen generation, The peak occurs in a narrow time duration and has no sig-
nificant effect on the total hydrogen generation. The study shows that the
hydrogen generation is strongly affected by various steam sources such as
decay power, radiation, gquenching, 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:

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 LPCl pump
fs used (Case 4.,3),

3) The fraction of cladding reacted is no more than 34% if the Ir/steam
reaction cut-off temperature is used, Oxidation of the cladding pro-
vides the major contribution to the total hydrogen production, The
channel boxes and control blades contribute less to hydrogen
production,

4) MARCHZ predicts severe damage of the control blades during the tran-
sient, About 70% of the control blades sould melt when the accident
is terminated by core reflood.



Table 4,1 Comparison of Initial Conditions
MARCH

Case HCOG 1 2 3

No. of ADS Valves - 8 8 8

Actuating time, min - 5 10 20

Core uncovery, min - 11 15 23
(1) v 2.7 2.7 2.7 2.7
P 30 a3 56 122

T 250 612 585 591

t 33.3 15.4 17.4 24

(2) P 30 30 30 30
' 2.7 0.3 '0.5 -20‘

T 250 803 812 858
t 33.3 18.4 21,1 29.6

‘Conditions at a water/steam mixture leve! of 2.7 feet above the hottom

of the core.
iConditions after depressurization to 30 psia.

water/steam mixture 'evel above the bottom of core, ft
= reactor vessel pressure, psia

= average core temperature, °F

= time, minutes

™~ 40O =<

*Case 5.2 is a high-pressure case described in Section 5,
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Table 4.2 Comparison of Steam Production for Case 4,1 (No Refiood)
at 50.8 Minutes

MARCH HCOG

1. Pressure, psia 21.44 29,4

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

3. MW, generation rate, 1b/min 25.3 23,3

4, Required steam rate. 1b/n1n'2 228 210

5. Total decay power, Btu/min*’ 3,51€6 3. 2066

6. Decay power below two-phase mixture 1,155 1.83€5
level, Btu/min

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

8. Ouenching heat transfer, Btu/min 0 0

8. Heat transfer from structures, 1.25€3 0
Btu/min

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

11, Total energy (Itens 6 to 11), 1.17€5 1.83€5
Btu/min

12, Steam produced (from Item 11), 112 193
1bm/min

13, Steam produced by flashing, 21 0
lbn/nin"

14, Estimated total steam production 203 193
(Items 12 + 13), 1bm/min

15. Code predicted steam production, 280 2%
1b/min

*IMARCH: average level, HCOG: minimum level

*2Corresponding to Item 3 assuming complete reaction of available steam with
metal.

*34C0G decay power mode! predicts about 9% less power

*“Computed by Eq. (1), The term ah/at s approximated from )imited code
output,
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Table 4,3 Comparison of Steam Production for Case 4.1 (No Reflood)

at 71.2 Minutes

MARCH HCOG

1. Pressure, psia 20.6 29.4

2.  Two-phase level, ft*' 0.19 1.0

3. W, generation rate, 1b/min 16.3 14,5

4, Required steam rate, lbhmn'2 147 131

5. Total decay power, Btu/min®’ 3.16E6 2,896

6. Decay power below two-phase mixture 3,054 1.11E5
level, Btu/min

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

8. Quenching heat transfer, Btu/min 0 0

9. Heat transfer from structures, 7.57€2 0
Btu/min

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

11. Tota) energy (Items 6 to 11), 1.09€E5 1.11€5
Btu/min

12, Steam produced (from Item 11), 114 117
1bm/min

13, Steam produced hy flashing, 0 0
1om/min®*"

14, Estimated total steam production 114 117
(Items 12 + 13), 1bm/min

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

*IMARCH: average level, HCOG: minimum leve)

*2orresponding to Item 3 assuming complete reaction of available steam with

metal,

*34C0G decay power mode! predicts about 9% less power

*“Computed by Eq. (1),

output,

The term ah/At is approximated from limited code
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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 HCOG

1. Pressure, psia 35.9 29,4

2. Two-phase level, ft*' 4.63 1.26

3. MW, generation rate, 1b/min 90 64

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

§. Total decay power, Btu/min*’ 1.51€6 3,206

6. Decay power below two-phase mixture 1.38E6 6.17€5
level, Btu/min

7. Radfation heat transfer, Btu/min 1.10€4 0

8,  OQuenching heat transfer, Btu/min 2,35€6 (= )8

9, Heat transfer from structures, 1.39€? 0
Btu/min

10, Energy associated with coolant -3,95E5 0
fnjection, Btu/min

11. Total enerqgy (Items 6 to 11), 3.35€6 6.17€5
Btu/min

12, Steam produced (from ltem 11), 3567 652
1bm/min

13, Steam produced by flashing, -622 0
1om/min®"

14, Estimated total steam production 2945 -
(Items 12 + 13), 1bm/min

15. Code predicted steam production, 1165 1630
To/min

*IMARCH: average level, WLUG: minimum level
*2Corresponding to Item 3 assuming complete reactin® oi availah's LLeam with

metal,

*4C0G decay power mode! predicts about 9% less power

*“Computed by Eq. (1),

output,
*SNot available.

The term ah/at 1s approximated from limited code



Table .5 Comparisons of Temperature and Water Level of Case ?

MARCH HCOG
Fuel lemperature - Average Two-Phase Clad Temperature Minimum Two-Phase
Time Mixture Level Water Level
(min) Ma < imum Average Ma x imum Averaqe
(°F) (*F) (ft) (°F) (ft)

4.7 2485 1591 2.02 2479 - 2.4%
48.3 3090 17113 3.7 BRI - 2.89
$0.8 3855 1801 4.63 38.8 - 3.26
53.4 3880 1859 4.39 3858 - 3.57
55.9 ro3 1878 4.01 3916 - 3.8.5
$8.5 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 %13 1925 Y 1969 . 4.98
n.2 379 1943 5.26 3770 - 5.17

NOTE: The fir t node reaches to

minutes by the (OG5 code

cut-off temperature (3860°F) at 51 minutes by the MARCH code and 49
In the HCOG analysis, oxidation cut-off starts at 3770°F.

-Se-



(5000 gpm at 56.7 minutes)

*2Corresponding to Item 1 assuming complete reaction of availahle steam with
metal,

«I4C0G decay power mode! predicts about 9% less power

"Cmt“ by Eq. (1),
output,

The term ah/at 1s approximated from limited code

Table 4,6 Comparison of Steam Production for Case 4.3
MARCH HCOG
1. Pressure, psia 27.4 29.4
2. Two-phase level, ft*' 6.83 1.38
3. MW, generation rate, 1b/min 151 308
4, Required steam rate, 1b/min* 1359 2172
5. Tetal decay power, Btu/min®’ 3.3766 3, 0866
6. Decay power below two-phase mixture 2,036 1.80€E5
| level, Btu/min
| 7. Radiation heat transfer, Btu/min 6.45E4 0
8. Quenching heat transfer, Btu/min 1.27€7 -
9, Heat transfer from structures, -4,58E4 0
| Btu/min
10, Enerqy assoc‘ated with coolant -6,0E6 0
fnjection, Btu/min
11. Total energy (Items 6 to 11), 8,75E6 (1,80ES)
Btu/min
' 12, Steam produced (from [tem 11), 9222 (109)
1bm/min
13, Steam produced by flashing, L7700 -
Tom/mi~*"
14, Estimated tota) steam production (1522) -
| (Ttems 12 + 13), Tom/min
| 15. Code predicted steam production, 1820 5847
} 1b/min
i «IMARCH: average level, HCOG: minimum leve!




Table 4.°

Summary of MARCH Results and Comparison with HCOG Results

Case No Reflood 300 gpm at 42 min 5000 gpm at 56.7 min
Code MARCH HCOG MARCH HCOG MARCH HCOG
Transient Time, m 70 70 12 12 61 61
Total H, Production, b 524 478 1310 585 412 416
Peak H, Generation
Rate, 1b/min 28 23.6 100 76 143 | 308
Time, min 50 52 52 53 58 57
Oxidation, %
Cladding *1 17 13.5 24 16.5 8.5 11.8
Channel Box $ 21 2.9
Control Blade 1 12 3.1
Melt 2
Core *2 9 54.7 0 29 0 29
Channel Box 6 24 0
Control Blade i3 70 39

-LZ-

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

, *2 . MARCH: Fuel rod with eutectic melting temperature given as 4130°F, zircaioy melting temperature 3365°.
t HCOG: Active zircaloy with melting temperature given as 3451°F,
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S. 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 parameters could potentially affect the predictions of hy-
drogen productior. 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

Loolant 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 Oxidation Cut-0ff Temperature = 2400°K (3860°F)

wn
-
—y

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 gelayed 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 1b/min) at 57 minutes. This is caused by the reflood of the
core which is at temperatures much higher than that of the base case (Figure
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 flcwrate with one operating CRDHS pump is about 175 gpm.a
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
pears of hydrogen generation rate. The first (i.e., the maximum) peak rate is
about 155 1b/min and is followed by three successive peaks slightly less than
100 1b/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 hydrogan 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 imoortant role on hy-
drogen production as discussed in Sections 4,2 and 4.3, The computation of
core reflood and quenching 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 procuction is reduced by about 11% using more axial nodes (i.e., smaller
node size)., The total hydrogern production and its peak generation rate are
1420 pounds and 88 1b/min, respectively. The core damage is reduced by about
9%.

5.4 Effect of Fuel Axial Power Profile

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
in the HCOG 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 gquenched during core reflood.
These effects were examined by performing a MARCH analysis using the cosine-
type power profile assumed in the HCOG 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 1b/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




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 MARCH2 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.” 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 leve!
differential 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. Ouring 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 HCOG analyses. The results are
shown in Table 1 and compared with the base case analysis (FBP=0,1) and the
HCOG 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:

l. The peak hydrogen generation rate is reduced from 100 lbm/min to 77 lbm/
min 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 control blade and outer surface of *he 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.
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3. The MARCH analysis with FBP=0 provides better agreement with the HCOG pre-
dictions for H, generation shown in Figure 5.,13. The agreement is reason-
101y 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-
nel boxes and control blades as shown in Table 5.1 and Figure 5.16.
Hence, the total core damage 15 reduced.

5.6 Effect of Zircaloy Oxidation Cut-Off Temperature

The Ir/steam reaction was assumed to be stopped at a cut-off temperature
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 zssociated with fuel relocation at
high temperatures. Fuel relocation could cause the surface area for the
Ir/steam reaction to be limited as observed in some experiments.'” Neverthe-
less, a large uncertainty is involved in modeling the termination of zircaloy
oxidation by using tre cut-off temperature.

The impact of the cut-off temperature is investigated by performing a
MARCH 13nalysis, in which the Zr/steam reaction is allowed to continue above
3860°F., [t 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
meliting temperature of the Zr-U0, eutectic solution) and the channel box at
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 of
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 5,15, 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 1b/min as shown in Figure 5.2C.

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) wouid lead to severe core damage and
large increase of hydrogen production,
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6. MARCH ANALYSIS USING SMERGENCY 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 (HCOG). 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 (LPCl! . :w. In performing the analysis, it is
assumed that the fraction of ste:m r'uws in the box-blade bypass region is re-
duced to 1% (FBP=0.01). The previuvs 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 thic aralysis are compared with the previous analysis
using the HCOG's initial conditicn and are summarized in Table 6.1. In gener-
al, there is no major difference on total hydrogen production and on fractions
of oxidation, The peak hydrogen generation rates based on the Emergen-;, 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 1b/min is compared in
Table 6.1. The rate 30 1b/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

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 minutas, The swollen water level
drops to 9 ft below the top of the core at 57 minutes, at which time one SRY
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 ft
below the bottom of core at 64 minutes (Figure 6.2)., Figure 6.3 shows that
the core temperature r ses 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 1b/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. [t appears that the thermal radiation becomes the major
heat source for steam generation, The downward thermal radiation “rom core to
water in the lower plenum is mainly emitted from the first bottom 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
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
HCOG initial conditions show similar results on core damage and oxidation as
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 Guidelires are applied as shown in Figure 6.7.

Case 6.2 - 300 gpm of CRDHS Flow

For the case in which the CRDHS flow is available, 1t is assumed that 300
gem 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.
Accarding to the BWR system design,° the control rod drive mechanisms use
water from the condensate storage tank as operating fluid., Thus, the injected
coolant was assumed to have the saturation temperature in the MARCH calcula-
tion. A similar assumption is used in the HCOG analyses.

The MARCH code predicts that the water level is about 6 inches below the
bottom of core at the time of coolant injection, The injection of saturated
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
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.
At 93 minutes, the water level reached 2.8 ft in the core region and quenched
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
1b/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
and provides sufficient conling of the core region. Figure 6.11 shows tr- de-
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,
respectively., The assumption of 1% steam flow in the bypass region (FBP=0,01)
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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-
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 49% 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 danage 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 HCOG'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 after
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 per~iod in the MARCH analysis. The injec-
tion time is delayed to 100 minutes, about 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 system 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 1bs 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 1b/min, The MARCH analysis predicts practically no damage to the
fuel rods and channel boxes but 66% 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-
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 HCOG'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

gpm

min

Emergency
Procedures
Guidelines

Steam Flow in
Bypass Region, %
Oxidation, %
Clad
Channel Box

Control Blade

Melt, %
Core
Channel Box

Control Blade

H; Production, 1b
Peak Rate, 1b/min
Time, min
Duration for rate

greater than
30 1b/min, min

Yes

16

33
89
99

690
18
15

No

10

17

29

93

764
28
50

CROHS
300 300
58.5 42
Yes No
1 10
30 24
19 21
. 12
0 0
66 24
90 70
1700 1600
300 100
93 52
9.8 23.5

LPCI
5000 5000
100 56.7
Yes No
1 10
8.4 8.5
1.4 2.9
1 ™ |
0 0
0.3 0
66 39
359 412
191 151
103 58
0.5 1
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7. SCDAP/MARCH2 COMPARISON

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 8x3 fuel bundle was considered, The initial and boundary
conditions imposed on MARCH analysis are these used in a SCDAP analysis per-
formed i~dependently by L. Seifken of EGAG (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 8x3 fuel bundle,
axial and radial power distridution, bundle power history, bundle inlet mass
flow rate nistory, 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:

Radial Power Deviation from

Compnnent 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 radfal power variation within a
fuel assembly, the above radial power distribution could not be modeled in the
MARCH anaiysis. A radial power factor of 1.0 was therefore assumed for the 62
pins in the 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 ft (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 Analysis

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, namely, a single fuel bundle, was attempted in our MARCH analysis.
However, it was found that the MARCH cade exhibits an instability problem,
The MARCH code is not adle %o analyze a single bundle conta ning 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 balince 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-
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 <ould 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.

The second approach used the basic primary 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 ear“ other, there is
no inter-assembly heat and mass transfer, Each assembly is therefore repre-
sentative of the assembly analyzed in the SCDAP study. No instability was en-
countered us‘ng this approach and hence a complete MARCH analysis was per-
formed.

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 wall, In the MARCH code, the control blade is coupled with
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 = 1,0E-6). This step practically eliminates the direct heat ex-
change between the canister wall and the control blade, 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 bplade does not contribute to the total hydrogen production and does
not consume any steam available in the interstitial region. It is believed
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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 re2acted and the
fraction of channel box melted., Note that during the period of 70 to 110
minutes, the oxidation rate is considerably slower. The MARC! predicted hy-
drogen generation based on 800 fuel bundles are shown in Figuris 7.9 to 7.10,
The amount of hydrogen produced per bundle is comparable witk that of SCDAP
gnalysis. 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 EGAG on February lst 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
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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 Mit), 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)., The
designed steam flow rate, number of fuel assemblies (i.e., mass of UO, and
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
Gulf plant. All the four plants have the similar Emergency Core Cooling Sys-
tems (ECCS). The ECCS capacities of the Perry plant are about 86% to 95% of
that of the Grand Gu!f 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,
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-
duction and hydrogen generation rate for the River Bend, Clinton, and Perry
plants should be lower than that presented in this report for the Grand Gulf
plant, The reduction of hydrojen production is expected to be proportional to
the rated power of each plant,
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10. SUMMARY

An extensive study was performed by using the MARCHZ (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 HCOG 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/
stean oxidation cut-off temperature were investigated. Comparisons with the
HCOG 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 MARCH
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/MOD1 code is currently available at the Brookhaven National
Laboratory.
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APPENDIX A

HCOG Core Heatup Code Input Data
{provided by G. Thomas)
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The folliowing dimensions

Measurement

Fuel Diameter
Cladding Diameter
Cladding Thickness
Water Rod Diameter
Water Rod Wall Thickness
Rod Pitch
Active Fuel Length
Gas Plenum Length
Channel Width (inside)
Channel Thickness
Flow Area
Bypass Area (per bundle)
Control Blade Arm Length
Blade Thickness
No. of Fuel Rods

per Assembly
No. Assemblies
Rated Thermal Power
Area of Jet Pumps
Shroud Inner Diameter
RPY Inner Diameter
Upper Plenum Mass
Upper Plenum Area

APPENDIX A

BWR Dimensions

are used for 7x7* and 8x8 fuel:

b

0.01237
0.01430
0.00081

0.01875
3.658

0.1382

0.00203

0.01010

0.00463

0.1105

0.00832
49

764 .
3.579x10
1.33
5.258
6.376
63192
2117

* None of the BWR/6s will use 7x7 fuel.
Heatup Model to represent earlier generations of BWRs.

8x8

0.01019
0.01008
0.00813
0.01501
'0.00076
0.01615
3.810
0.30
0.1325
G.003048
0.009865

0.1105
0.00832

62

800 °
3.833x10
1.33
5.258
6.376
63192
2117

Dimensions

EZXZEEZTZTEZTEZIZIXE=R

XX

Watts
ne

M
M

.

Materials

uo
Zi?caloy

lircaloy

Boron Carbide

The option for 7x7 fuel has been included in the BWR Core

=Y



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-Bundie 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

7 0.852 25 . T

8 0.688 25 e

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 =

Rod Group Peaking Factors

Rod Group Peaking for 4-Rod Groups Peaking for 7-Rod Groups
Water Rods 0.0 0.0

Center Rods 0.90 1.0

Side Rods 1.1083

Corner Rods 1.20

Axial Peaking vower--User Input - Section 2.2
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APPENDIX B

Representative MARCH2 (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. Seifken)
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l Introduction:

Enclosed 1s Informatton to provide you with the initial conditicns and
boundary condittons for a MARCH code analysts of the response of a hot
fuel bundle in a 8 x 8 BNR-4 nuclear power plant during an anticipated
transient without scram, The start time of the conditicns ts 2000s, which
is the time a% which oxidation in the fue) bundle begins., The end tine

is 80C0s. The outside surface of the bundle cannister was assumed to

hava a heat transfar ccefficiant of zero in the SCOAP arcalysls.

Tre following infor=ation is enclosed:
1. @rouping of bundle reds for SCOAP analysis.
Craractecistics of fuel bundle.

Locations of axlal zones in upper vessel reglon.

- L ~y
- . F

Cecmatric characteristics and masses of axial zones in upper
plenum,

Bundle axtal power distribution,
Bundle radfal power distribution,

Bunale inlet mass flow rate history.

(=] ~ (=23 w
v v . v

Bundle power history.
9. Inftia) axial temperature d!stribution,

The initia) mass of water in the bundla was 7.28 kg and the inftial elevation
of the top of the two-phase coolant nixture was 0.98m.

If any further information is required, please call Larry Stafien, FIS
£83-5%319,

Coslan? pres;ure had constant value of .86 MP. during
fhe entire trans/ent Enlhalp)/ of inlet §low hod a consfan?
valee of 124 Evb J/kg,
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Dos 78022

Disk 10343

C-4

Job 3724¢

CMARACYTERISTICS OF FUEL BUwWCLE

Proof 4

gLy

Charastaristie

Acttva fual lanmgth
Fusl polltet redius
Cladding cutstds radtus

Clad41n3 inside ragiys

Planim vold volune

Bunadle #low arza

Innsr circunfersnce of
bun2l2 canister

Thicknass of canister wall
HemBar of grig spacers

Averayes fuel burnup

SM.s/kg

1.84 x 10-5
4.8 x 10-5
0.0143
7.189 x 128

1.885028 x 10-2
1.25088 x 10~

0.52

1.524 « 10-3
7

8.05 x 16°
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Qoec 78022 Cisk 10342

BUNOLE AXIAL PoweR QISTRIBUTICN

Jeb 37247 Proof i

——

T

Elavation
=)
4
0;1905
0.5715
0.2525
1.3338
1.7745%
2.0355
2.4788
2.8575
3.2285
3.613%

Ax1a] Vﬂg!

NOMOUN

10

Ratto of Local Power
Density to Atially
Averaces Pawer Danedty

0.316
1.127
1.186
L
11336
]'$§5
1.132
1.073
0.986
0.826
0.525
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A 12/11/84 153  Qoc 78023 Disk 1034)  Job 37247  Proof 4 it SR
TABLE 7. BUBLLE RADQIAL POWER OISTRISUTICH

Ratio of rod group power demsity

Red &roup to average power denstty of
Bumde- Susdle fuel reds

] 0.3589

2 0.82:
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A 127'1/84 TS3 Dec 78023 Dtsk 1034  Job 37247 Prosf & _ ___ BLT

TABLE 4. LOCATIONS OF AXIAL ZOHES IN UPPER PLEHMUM CF YESSELS

ﬂzgzzl Tyoe of cgasognsat 4n Jona

] Upper plenum ¢f fual rods
; 2 Upper core support plate and top of canisters
; 3 Cors shroyd head

4 Standpiza
| 5 Separator
; ) Crysr.
t 7 Stzam done
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A 12711784 TS3  Doc 72021  OYsk 10383  Jeb 2247 Proof 4 _ gL
TABLE 5. GECMETRIC CHARACIERISTICS AND HASSES OF AXTAL ZONES IN VESSIL

UFPER PLENUM v
Surface
e il < SRR . ..

‘;;:; :§'§2§e Stsam St"m,FIQH ;::;rtzl Cemgesttion
Hurder {2} {m* {m*} (ka) of Matarial

1 0.23¢03 g.823 0.01133 2.70 i

2 0.2530 0.5887 0.01880 22.80 ir

3 0.5235 0.078 0.02510 7.33 §S

4 1.860 0.25i 0.CC810 13.57 §S

b 2,308 1.140 0.C3510 27.65 53

] 2.¢60 $.36 0.4u1420 45,28 §3

7 5.510 0.100 0.C4170 14.45 $S
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3141 joa s
12044 200
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IVITIAL  AXIAL To
Axial Naode Elewntion
Moriber )
1 0.730¢
2 0.5718
3 0.15 28
* 1.2235
~ L7148
6 2.095%
7 2dTgs
¥ 2.757%
9 3.2288
1o 3.6749%

TRmpurature

LK)

£ bade
Sed
SéL
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§99
T A
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fe3
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MPERATURE prsiTerdurion
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Bend T Ar 111 X
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loy Low alloy w all
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