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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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1.0 INTRODUCTION AND SUMMARY

'.I‘he’ Ilos Alamos Scientific Laboratory has an extensive program, funded
by the U.S. Nuclear Regulatory Commission, in the develomment, verification,
and application of computer methods, specifically the Transient Reactor
Analysis Code (TRAC), for the analysis of Light-Water Reactor (L¥R) accidents.?® .
" Additional efforts for NRC imvolve investigations of phencmena relevant to
High-Temperature Gas-Cooled Reactor (HIGR) and Liquid-Metal Cooled Fast
Breeder Reactor (IMFBR) accidents. This report discusses preliminary studies
of the Three Mile Island Unit 2 (TMI-2) accident based on available methods
and data. The work reported includes:

* A TRAC base case calculation out to 3 hours into the accident sequence.

¢ TRAC parametric calculations. These are the same as the hase case
except for a single hypothetical change in the system conditions,
such as assuming the high pressure injection (HPI) system operated
as designed rather than as in the accident.

* Fuel rog cladding failure, cladding oxidation due to zirconium metal-
steam reactions, hydrogen release due to cladding oxidation, cladding
balloonmg, cladding embrittlement, and subsequent cladding breakup
estimates based on TRAC calculated cladding temperatures and system
pressures. Estimates beyond initial gross fuel rod deformation must
be regarded as speculative since the TRAC calculations currently
assume intact core geamnetry.

Same conclusions of this work are:

° The TRAC base case accident calculation agrees very well with known
system conditions to nearly 3 hours into the accident.
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Within the time constraints of this preliminary study, five parametric
cases were run with TRAC. These specific cases were requested by the NRC ™I
Special Inquiry Group. The INEL is supplying additional parametric cases.
The primary variations of interest were: (1) start of auxiliary feedwater
supply after initiation of the accident, (2) the effect of degraded high-
pressure injection (HPI), (3) the effect of early tripping of the main cool-
ant pumps, and (4) the effect of a cold-leg break of area equivalent to the
MOV throat area. The delay (up to 1 hour) of auxiliary feedwater supply as
campared to inmediate initiation results, m the TRAC calculations, in very
little difference in the 1ong-term behavior of the system fram that of the
base case. This conclusion is of importance to the TRAC base calculation
since it demonstrates that the primary system behavior was a relatively weak
function of the details of the secondary system performance.

The parametric case with HPI operating as designed resulted in significant
deviations from the base case, After the pressure dropped below the HPI set-
point and full flow was initiated, the HPI flow was sufficient to maintain
the system pressure at a higher jevel than the base case. This resulted in a
higher break flow than the base case, but, more importantly, maintained the
coolant in a subcooled state, preventing a core temperature excursion. This
calculation indicates that no core damage would have occurred as long as HPI
flow was supplied.

The influence of the main coolant pumps was examined by a parametric
case in which the pumps were tripped immediately upon initiation of the ac-
cident. This calculation was not run as far out in time as the base case,
but the available results indicate that after a flow coastdown transition
period of 40 minutes, phase separation begins in the system. Based on com-
parison with the base case calculation in which phase separation occurred
after the A loop pumps were tripped, we expect that this case would result in
a similar core temperature transient beginning approximately 45 minutes earlier
than the base case.

The final parametric case performed was a cold-leg break sirulation. A
break area equivalent to the EMOV throat area was assumed and located in the




A loop pump discharge line. The initial transient is ’characterized by a
higher system pressure than in the base case. This occurs because the
equivalent area cold-leg small-break flows are lower than out the EMOV in
the base case. This case was not run to campletion, but, given the same
character of letdown and makeup flows as occurred in the base case, this case
could depressurize with core flood tank activation and subsecuent core 3
flooding.

1.3 Oore Thermal-Mechanical Response

The concern in a reactor accident is the Apotential for release of
radicactive materials. The amount of radicactive material available for
release is determined by the state of the reactor core before the accident,
but the amount actually released is determined by temperatures and other sys-—
tem conditions during the accident. Of particular interest are when signifi-
cant cladding failures first occur and allow release of fission product gases
to the primary coolant system. Continued fuel heatup can result in release
of volatile fission products from the surface and matrix of the fuel peilets
and, if not terminated, fuel pellet melting. Phenomena which influence the
core behavior include cladding ballooning before failure, cladding oxidation,
embrittlement, and hydrogen generation from zirconium-steam reactions.

Calculations indicate that considerable local cladding ballooning was
likely prior to failure and should have resulted in same degree of local flow
blockages. Bowever, the best estimate cladding failure time of about 2-1/2 '
hours using TRAC-calculated temperatures, while not including local flow
starvations, agreeswell with indications of substantial radiocactive material
release. Since there was very little steam flow through the core during the
temperature excursion leading to these initial cladding failures, then bal-
looning should not have influenced failure times substantially. However,
local flow reductions due to ballooning could have been a contributor to
anamolous fuel bundle outlet temperatures measured later in the ‘accident.




The calculated cladding failure times of about 2-1/2 hours are shown
(Sec. 4 of report) to be not very sensitive to initial rod pressures or the
accepted criteria used for failure predictions. The major controlling factor
is the high cladding temperatures occurring in the upper part of the core
after about 2 hours., The calculations indicate that essentially all of the
rods should have failed, thus releasing most of the core inventory of gaseous
fission products,

Further calculations based on TRAC results indicate about 37 kg of
hydrogen were produced by 3 hours into the transient (the TRAC calculations
were terminated at that time). This reaction causes swelling and embrittle-
ment of the Zircaloy cladding. Calculations of possible thermal-shock in-
duced failures assuming the hot cladding was cuenched shortly after 3 hours
show that ductile cladding would not have suffered further failures from
thermal shock. However, the swollen and embrittled oxidized cladding probably
would have. Thus, the axial length of cladding which was oxidized (roughly
the upver third of the core) might have failed extensively during reflood, if
reflood occurred quickly. We have not performed detailed calculations beyond
3 hours, and since the TRAC calculations beyond about 2-1/2 hours do not
model many of the complicated core phenamena, these estimated cladding condi-
tions are somewhat speculative. However, the TRAC-calculated system pressure
does agree quite well with the measured fxessure out to almost 3 hours (to the
time at which substantial hydrogen generation begins). Thus, the core thermal
ocorditions used for the cladding behavior calculations to this time should not
be too unrealistic.

1.4 Hypothetical Sequence Questions

Same specific questions were addressed to us by the President's Commission
on the Accident at Three Mile Island. Several of these are covered by the
parametric cases summarized in the preceding section. Responses to the camplete
set are provided below. Those which go beyond the analyses discu-ssed above
must be regarded as speculative.




1.4.1 Wwhat would have been the effect if the auxiliary feedwater
' system had been available as designed?

In this case (as discussed above and in Sec. 3.3 of this report), the
system would have started depressurizing somewhat earlier than occurred, but
after about 30 minutes there would have been little difference in the two

cases.

1.4.2 What would have been the effect if the EMOV had closed as
designed (assuming auxiliary feedwater was made available
at 8 minutes as occurred)?

Although we did not analyze this case, it is likely there would have
been no severe problem. In the accident, water was lost through the EMOV and
not restored through the HPI system. If the water had not been lost, then a
relatively mild pressure transient would have occurred until auxiliary feed-
water restored cooling.

1.4.3 What would have been the effect if the HPI had not been
throttled? '

The TRAC parametric case that examined this situation is reported in
Sec. 3.1. There is nore water put in by the HPI than lost through the EMOV.
The core remains covered and no primary system voids occur. This situation
could continue as long as sufficient water was available to the HPI. Eventu-
ally, sane final heat sink other than this makeup water, such as the low-
pressure safety system, would have to be used to continue cooldown.

1.4.4 what would have been the effect if auxiliary feedwater had
not been available at any time?

A TRAC parametric case (reported in Sec. 3.2) assumed a 60 minute delay
in auxiliary feedwater. The system equilibrates between energy produced in
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2.0 IMI-2 BASE CASE CALCUIATION

The TRAC-P1A computer code’ was used to model and similate the initial
part of the accident that occurred at the Three Mile Islard, Unit-2, nuclear
power plant (TMI-2) on March 28, 1979. The purposes of this calculation
were to:

e Provide insight into the system thermal-hydraulic phenomena which
occurred during the initial accident stages.

e Provide a basis to evaluate hypothetical alternative system/operator
responses during the accident.

s Provide an estimate of core thermal response as a basis for calcula-
tions of cladding deformation, oxidization, and failure.

e Evaluate and assess the applicability of TRAC to non-LOCA accident

scenarios.

TRAC is a best estimate, nonequilibrium, multidimensional, thermal-
hydraulic, steamwater (two-phase) systems analysis computer code written
specifically to analyze loss-of-coolant-accidents (LOCAs) in Light-Water
Reactors (I¥WRs). Reference 1 and Appendix A to this revort contain a cawplete
description of the code and a demonstration of its successful assessment
against a wide range of experiments. One important point concerning TRAC is
made here. The maximum time step size for stable computations is limited to
a value which when multiplied by the fluid velocity in each carputaticnal
cell, yields a length smaller than the length of that camutational cell.
Typically, this results in time step sizes less than a tenth of a second.
For application of TRAC to large-break LOCAs, this is not a limiting concern;
however, for transients of considerable duration (several thousax:md seconds)
canputer running times are quite large (many hours on a CDC-7600 class
machine). Finally, even when relatively large time steps (fractions of a
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secornd) are permissible based on the above condition, smaller time steps are
necessary to control numerical error. This problem has a direct bearing on
the model described in the next section. Typically, TRAC calculations of
reactor systems use on the order of 750 cells; for the T™I-2 accident pre-
diction, practical computing limitations constrained the total number to less
than 100.

2.1 TRAC TMI-2 Model

A schematic of the TRAC noding used for the T™I-2 model is shown in
Fig. 1. The model consists of a vessel and two primary coolant loops., Each
loop contains a primary coolant pump and once-throuch steam generator (OTSG).
The high-pressure injection (HPI) to each cold leg is modeled, and the letdown
system and pressurizer are attached to the A loop. 1In the actual system there
are two cold legs per loop, each with a primary coolant pump, but these were
combined in the TRAC model to reduce the number of cells.

The three-dimensional vessel noding is shown in Fig. 2. The vessel
consists of 177 fuel assamblies with 208 fuel rods per assembly (the 15 x 15
array also includes guide tubes). These fuel assemblies are modeled in TRAC
using three axial levels, one radial ring, and two azirmthal sectors, for a
total of six TRAC core cells. (ILevels 2, 3, and 4 in Fig. 2.) With this
noding, only two average fuel rods (24.3 kW/m) are used for coupling the fuel
rod heat transfer to the fluid dynamics. - Two hot rods are also used to model
the high power and low power rods in the core (35.8 and 12.0 kW/m, respectively),
The lower plenum, upper plemum, and upper head region are each modeled using
one axial level. The entire TRAC vessel model consists of 2 radial rings, 6
axial levels, and 2 azimuthal segments for a total of 24 vessel cells. The
vessel noding described above was used for the steady-state calculation and
during the first 81 minutes of the transient, After 81 minutes, the vessel
noding was changed to yield more axial detail for natural convection and core
thermal calculations. This revised noding is shown in Fig. 3. ~
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The hot~leg noding consists of three cells in each hot leg to model
the inlet nozzle, vertical riser, and "candy-cane" regions. (Camponents 1 and
11, Fig. 1.) The pressurizer is modeled as a constant pressure break for the
steady-state calculation (component 121 in Fig. 1). For the transient calcu-
lation, however, the pressurizer is modeled using two pipe ocamponents as
shown in Fig. 4. The lower pipe models part of the pressurizer surge line
and the bottam section of the pressurizer and the upper pipe models the top
of the pressurizer and the pressurizer relief valve. The choking in the
relief valve is modeled by using the fully implicit hydrodynamics option
(one-dimensional components) in TRAC. Using very fine noding, the choking
is calculated naturally fram an implicit solution of the equations of mass,
momentum, and energy. The OTSGs are modeled using seven cells on the primary
side and five cells on the secondary side (Fig. 5). The camlete secondary
system is not modeled; the boundary conditions to the OTSGs describing the
feedwater flow and steam line back-pressure are given by known system condi-
tions during the accident.

2.2 Steady-State Calculation

Based on the geametry and ncding described above, a steady-state cal-
culation was performed to obtain initial corditions prior to the accident.
The input parameters for the steady-state calculations are shown in Table I.2
TRAC calculated initial cornditions are shown in Table II along with a com-
parison with the results from the B&W code CRAET—2.3 The agreement appears
to be quite good for all parameters. The differences in flow rates and
temperatures can be attributed to the fact that CRAFT-2 used 100% power,
whereas, for ™I-2 on March 28, 1979, the power was actually 97%, which was

the value used in TRAC. The difference between the calculated primary system
water masses is due to the fact that TRAC includes the mass of the steam

generator secondary side but CRAFT-2 does not.
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Fig. 4. TRAC pressurizer model.
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2.3 Transient Calculation

Using the steady-state results, the transient calculation was initiated.
For the transient, boundary conditions were required for the steam generator
secondary side, pressurizer relief valve back pressure, etc. These boundary
conditions are summarized in Table III and shown in Figs. 6-11. A sequence
of events was also needed to simulate operator interaction with the system
and actual plant signals or trips that occurred. Using available informa-
tion,d',"'7 a sequence of events was developed and is shown in Table IV. The
values used for HPI, makeup, and letdown flows were obtained from plant data
and event chronology, where available. For certain portions of the transient
some of the conditions had to be assumed. These assumptions and others used
for the transient are shown in Table V.

The transient calculation was initiated by turning off the feedwater
flow to the steam generators. As the system pressurizes above normal oper-
ating range the electromagnetically operated valve (EMOV) at the top of the
pressurizer opens. The system pressure continues to rise until the reactor
is scrammed at about 10 s. A depressurization period then begins and the
system pressure drops until the steam generator secondary side dries out at
about 2 minutes. The system again begins to pressurize due to loss of heat
sink in the steam generators and continues until auxiliary feedwater flow is
established at about 8 minutes. Then, the system depressurizes due to en-
hanced heat transfer in the steam generator wntil an equilibrium state is
achieved between the decay heat produced in the core, energy removal in the
steam generator, and energy removal through the break. Figure 12 shows the
actual TMI-2 pressure history for the first 30 minutes of the accident and
the comparison with the TRAC calculation.8 Figure 13 shows the loop fluid
temperature response for the first 30 minutes and the camparison with TRAC.
The pressure and temperature camparisons are in good agreement with the data
for this pericd.

During the first 30 minutes, the pressurizer water level initially drops,
then rises as shown in Fig. 12. When the EMOV opens, saturated steam at the
top of the pressurizer rapidly escapes and the pressurizer water level rises
as the steam volume at the top of the pressurizer is replaced with a two-
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phase mixture. When the two-phase mixture begins to leave the EMOV, the
mass flow rate increases and the water level begins to drop rapidly as the
pressurizer empties. The pressurizér continues to empty until the makeup and
HPI systems are started, at which time the water level begins to rise. The
makeup, letdown, and HPI flows used during the first 8 minutes were mainly
to control the water level in the pressurizer, not to replace the coolant
lost out the EMOV. The pressurizer then remains full until the water becames
saturated at about 10 minutes. At this time, flashing of the water begins
as the system depressurizes and the water level drops until the system pres-
sure stabilizes. The pressurizer then fills and remains essentially full
until approximately 85 minutes. :

For the period from 30 minutes until 80 minutes, the system is in a
quasi steady-state mode in which the energy produced in the reactor core
is removed primarily in the steam generators. Due to good heat transfer in
the steam generator, the primary system pressure closely follows the back
pressure on the secondary side (Figs. 9, 10, and 14). The fluid temperatures
in the system are at saturation during this time and are following the system
pressure. Figures 14, 15, and 16 show the actual pressure and temperature
histories, along with the TRAC calculation. Since the pressure is relatively
constant during this period, the break flow out the EMOV is also constant at
about 20 kg/s. (Fig. 17.) Coolant is continually being lost from the system
through the EMOV. Also, coolant is being lost through the letdown system
since it was assumed that letdown flow was in excess of HPI and makeup flows
by about 2.7 kg/s. The system is at saturation during this period and coolant
is being continually lost, producing voids throughout the primary side. Fig-
ure 18 shows a void fraction profile in the vessel for the first 80 minutes.
The curves represent the void fraction in each axial level from the bottcm to
the top of the vessel (refer to Fig. 2 for the vessel noding diagram). The
upper head campletely voids at about 27 minutes and remains voided for the
entire calculation.

The core regions are producing voids at rouchly a constant rate until
the B loop pumps are tripped at 73 minutes. At this time, phase separation
occurs in the B loop and the resulting elevation head in the loop is high
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enough to force some water into the vessel. This results in a void fraction
drop in the core region, but this additicnal water is rapidly boiled off.
Although the void fraction in the core is increasing during this period, the
fuel rods remain cool due to nucleate boiling heat transfer in the core
region. The fuel rods remain cool until the core partially uncovers at 101
minutes. Since there are significant voids throughout the system, the pump
heads and mass flow rates are degrading due to two-phase flow losses. (See
Appendix B for pump mass flow rates and other system variables during this
period.) Although the B loop pumps are tripped at 73 minutes, the fuel rods
remain cool due to adequate farced convectlon fram the A loop plm':ps and the
EMOV flow.

For the period from 80 minutes to 138 minutes, the system is in more
of a transient mode as opposed to the previous quasi steady mode. The
transient mode first starts when the B loop punps are tripped and the secondary
side pressure of the B loop OTSG begins to drop (Fig. 10). This drop in back-
pressure causes the primary side to also drop slightly in pressure until ade-
quate heat transfer (forced convection) is lost. When this happens, the sys-
tem pressure begins to rise (Fig. 14) due to loss of heat transfer in the B
loop steam generator and the increasing A loop steam generator back-pressure
(Fig. 9). Since the A loop pumps are still running, good heat transfer is
still available through the A loop steam generator, causing the orimary system
pressure to follow the secondary side pressure, At 91 minutes, the primary
system pressure begins to decrease due to increased auxiliary feedwater flow
to the A loop steam generator and increased letdown flow, This also causes
the pressurizer water level to decrease (Fig. 19). The system pressure con-
tinues to decrease at a constant rate until the A loop pumps are tripped. The
slope of the pressure curve then changes due to loss of forced convection
through the A loop steam generator. The TRAC calculation does not show this
change in slope as dramatically as the data (Fig. 14); however™ the agreement
is still reasonable, The loop temperatures are shown in Figs. 15 and 16.
During this time, the temperatures are essentially follmnng the system
pressure.
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When the A loop pumps are tripped at 100 minutes, phase separation
occurs throughout the system and the core becames partially uncovered (top
two core lewvels in the vessel, Fig. 3). This is graphically illustrated in
Fig. 20 which shows the woid fraction profile in the vessel (note that the
vessel noding was refined at 80 minutes to more accurately track the water
level in the core, Fig. 3). When the core wcovers, the fuel rod tempera-
tures (hot rod) increase to about 700 K (Fig. 21). fThis teamperature rise
was terminated due to core rewetting caused by same of the water in the loops
emptying out into the vessel. 2s in the case when the B loop pumps were
tripped, phase separation in the loops results in an elevation head in the ‘
steam generators which is large enough to force same water into the vessel.
This additional water in the core begins to boil off as the system depres-
surizes and the core again begins to uncover at about 120 minutes. From
this point on, the fuel rods continue to increase in temperature,

The beginning of core unoovering at 100 minutes, as calculated by
TRAC, is in agreement with the data analyzed by EPRI.? For example, in com-
paring the mass inventory in the primary system from the TRAC calculation to
that reported by EPRT, it is seen that after 100 minutes TRAC calculates the
total system mass loss to be 1.275 x 105 kg, while EPRI gives a range of
1.05 x 10° kg (minimm) to 1.235 x 10° kg (maximm). TRAC is calculating
about 3% higher mass loss than the EPRT maximum estimate.

It is important to note that in order for TRAC to calculate the de-
pressurization from 100 minutes to 138 minutes, a large letdown flow had to
be used (15.0 kg/s). This is because the MOV flow severely degrades (Fig.
22) after the A loop pumps trip and the water level drops in the pressurizer
(Fig. 19). The EMOV flow drops from 20 kg/s to an average of about 6 kg/s
over this period. Another variable that is important Quring this period is
the HPI flow rate. Several Sequence of events reports state that HPI flow
was increased after 100 minutes, but no values are given. If it was increased,

condensation would also cause the system to depressurize. However, since no
value was given, the best estimate value of 2.2 kg/s was used. The letdown

flow used during this period accounts for the flow rate drop in the BMOV
and the increased HPT flow.
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From about 120 minutes to 138 minutes the water level in the core is
dropping and the rods are heating up at roughly 1 K every 4 s. The vapor
velocities are on the arder of 0.5 m/s and the EMOV and letdown flow rates
enhance the flow rate through the core. This causes the heat transfer coef-
ficients to be higher than those calculated by natural convection. The loops
are essentially void after 138 minutes, water remaining only in the pump suc-
tion legs. (Refer to Appendix B for additional plots during this period.)
The pressurizer level drops, due mainly to liquid flashing caused by depres-
surization and increased letdown.

At 138 minutes, the block valve was shut on the pressurizer. In the
TRAC calculation, it was also assumed that after 138 minutes the makeup and
letdown flows are equal. When the block valve is shut, the steam flow in
the core stagnates, since there is no path for the vapor to escave. Also,
the water in the pump suction legs (loop seals) prevents any flow through the
loops, hence, there is no natural circulation through the system. The system
begins to pressurize and continues to pressurize for the remainder of the cal-
culation. Figure 23 shows the TRAC calculated pressure history compared to
the ™I data. Also shown is the pressurizer water level history. During
this period the vapor velocities through the core are generally less than
0.1 m/s and the heat transfer coefficients are very low (on the order of
50 W/mzs K, representative of natural convection to superheated steam). The
vapor begins to superheat since the flow is stagnant and the rod temperatures
continue to increase (Fig. 21). Figure 24 shows the vapor temperature in the
core during this period for each axial level in the vessel. The corresponding
core void fraction profile is shown in Fig. 25. ‘

As soon as the MOV is shut, a pressure oscillation moves through the
system which causes same of the water in the lower plenum to be forced up
into the core. This is the reason core level 4 has a decrease in void
fraction for several hundred seconds. Eventually, this core level dries
out at about 160 minutes. Before this core region dries out it begins to
boil the water rapidly and the boiling causes the vapor velocities through
the core to increase for a short period of time. The increased vapor
velocities cause the heat transfer coefficients to increase and the vapor
temperatures to drop, with a resulting drop in rod temperatures (see Figs.
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21 and 24 at 9600 s). But, as soon as this core level dries out the vapor
velocities decrease, the vapor begins to superheat, and the rods again heat
up. The rods continue to heat up at roughly the sarre rate as before (1 K
every 4 s) until the zirconium-steam reaction begins to provide a significant
additional heat source (at 1273 K). After this time the temperature rise rate
increases to about 1 K per s. The calculation was stopped once the tempera-
tures exceeded 1650 K.

During this period, the lower plenum in the vessel remains full of
water and the bottom core level has roughly 70% water remainingin it. Only
the top 75% of the core is uncovered. The fuel rod temperatures remain
relatively cool in the lower core region (see Appendix B for additional plots
during this period). Also, referring back to Fig. 23, the pressurizer level
is increasing both in the TRAC calculation and the ™I data during this time,
The pressurizer never empties because steam produced in the core "holds up"
the water in the pressurizer.

Overall, for the seguence of events and assumptions used, the TRAC re-
sults are in good agreement with the TMI-2 data and they satisfy the objec-
tives listed at the beginning of this section.
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3.0 TRAC PARAMETRIC CALCUIATIONS

This section summarizes the results of five TMI-2 parametric calcula-
tions performed with TRAC. The first three parametric cases (see Table VI)
involve variations in the time of initiation of the auxiliary feedwater ard
also variations in the HPI flows. The auxiliary feedwater is delayed 60
minutes following accident initiation in cases A-3 and A-6.* Case A-3 uses
full HPT when the pressure is less than 110 x lO5 Pa (1600 psia) and case
A-6 assumes "degraded" HPI flows (degraded means as it happened during the
TMI-2 accident). Case A-4 assumes that the auxiliary feedwater is turned
on at the time of accident initiation and also assumes degraded HPT flows.
The fourth parametric calculation assumes that all main coolant putps trip
simultaneously with the reactor trip at 10 s. The last case investigates the
effect of a small break in a primary coolant cold leg. All other boundary
and initial conditions for these calculations are the same as in the base
case described in the previous section. The pressure on the secordary side
of the once-throuch steam generators (OTSG) used for -these cases was assumed
to be the same as that used for the base case. Since the steam generator
secondary side tends to dry out in the calculations to be described, there is
only a weak dependence on OTSG secondary side pressure. The TRAC system
noding was also the same as used in the base case (Figs. 1-4).

3.1 Delayed Auxiliary Feedwater/Full HPI (Case A-3)

Figure 26 shows the calculated pressure in a TRAC cell located in the
upper plenum for the first 5000 s of the transient in case A-3. Also shown

*
These specific cases were requested by the NRC/TMI Special Inquiry Group
and.the case number designations are that groups. (The base cake was
designated A~5.) Other cases are being provided by the Idaho National
Engineering Laboratory.




Run Conditions

1. Auxiliary feedwater de-
layed until 60 minutes
following accident
initiation. Full HPI
on when P < 1600 psia.

2. Awxiliary feedwater de-
layed until 60 minutes
following accident
initiation. Degraded
HPI.

3. Auxiliary feedwater
tumed on at accident
initiation. Degraded
HPI.

4., All main coolant punps
tripped at accident
initiation. Degraded
HPI.

5. Cold-leg break with area
equivalant to EMOV.

Degraded HPI.
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TABLE VI

TRAC PARAMETRIC CALCULATIONS

Comments

"Degraded" HPI
means as occurred
during ™I-2
accident.

Case
Designation*

A-3

D-2

% ,
Case namenclature adopted by NRC/IMI Special Inquiry G:aoup.5 Base case

was designated A-5.
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is the base case pressure for the same cell (other pressures in the vessel
are similar). As mentioned previously, case A-3 assumes full HPI flows at a
setpoint of appraximately 110 x 105 Pa (1600 psia) and a delay in auxiliary
feedwater of 60 minutes. As can be seen from Fig. 26, the initial pressure
for case A-3 matches that of the base case until the HPI setpoint is reached.
Beyord this point, the HPI is sufficient to keep the pressure in case A-3

at a quasi steady-state level much higher than the pressure of the base case.
Figures 27 and 28 show an HPI mass flow rate (there are two HPI systems with
equal flow rates) and the mass flow rate out of the break for case A-3,
respectively. Due to a lack of detailed information, the HPI flows are
modeled as constant velocity fills after the setpoint is reached. Thus,

both HPI flows remain constant at approximately 32 kg/s. The total HPI flows
exceed the flow out of the break for the first 3000-4000 s of the transient.
From this point on the total HPI flow rate is approximately equal to the
break mass flow rate. Thus, the system is essentially running in a steady-
state forced convection mode throughout the transient (assuming the main cool-
ant pumps remain on) and there are no voids formed in the vessel at all for
case A-3. Figure 29 shows midplane hot-rod temperatures for case A-3 ard the
base case. Since no voids form in the core for case A-3 the rod temperatures
are well below those of the base case. This calculation was run further out
in time than shown in the graphs and the rod temperatures for case A-3 remained
low. The delay in auxiliary feedwater injection of 60 minutes had no effect on
the long-term results of this transient) Thus, for this particular case the
importance of full HPI flows far outshadows any delay in the auxiliary feed-
water and makes the consequences of this transient mild campared to the base

case.

3.2 Delayed Auxiliary Feedwater/Degraded HPI (Case A-6)

Case A-6 is similar to case A-3 except that degraded HPI flows are used
rather than full HPI flows. Figure 30 shows the time history of the pressure
for case A-6 and the base case for the first 5000 s of the transient. Since
the auxiliary feedwater is delayed 60 minutes in cése A-6, the pressure in
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Fig. 29. Case A-3 hot-rod tenperature vs base case.
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Unlike case A-3, the pressure remains high due to vapor preduction and a lack
of adequate energy removal, since there is very little HPI flow entering the
vessel. The upper head in the base case voids more rapidly than case A-6
while the core and upper plenum in case 2-6 void more rapidly than the base
case, which explains the higher pressures in case A-6. Bot-rod temmwerature
camparisons are shown in Fig. 31 for case A-6 and the base case. The be-
havior is very similar to that of the pressure. Case A-6 temperatures are
30-40 K higher than the base case until the auxiliary feedwater is initiated
at 3600 s, then these temperatures drop because of more efficient energy re-
moval and follow the base case, Tt appears that a delay in auxiliary feed-
water, at least during the initial 5000 s of the accident, does not make an
appreciable difference in the long-term response of the syvstem since the be-
havior of case A-6 matches, very closely, that of the base case after initia-
tion of awxiliary feedwater flows.

3.3 Full Auxiliary Feedwater/Degraded HPI (Case A-4)

Case A-4 differs from the base case ang case A-6 since there is no time
delay assumed for the initiation of auxiliary feedwate "« Case A-4 assumes
degraded HPI flows. Figure 32 shows a pressure camparison of case A~-4 and
the base case for the first 3500 s of the transient. Since the base case
assumes a delay of about 500 s for auxiliary feedwater, the pressure decay
for the base case is not as rapid as that of case A-4. However, after about
1000 s, the pressures for the two cases are almost identical. The hot-rod
temperatures follow this Same trend as shown in Fig. 33, where the base case
temperatures remain higher than those for case A-4 until 500 s, at which time

It is obvious from the results of case A~4 that, again, auxiliary feedwater
delay makes little difference on the long-term behavior of the transient.
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3.4 Main Coolant Pumps Tripped (Case D-2)

This parametric calculation is designated case D-2 and assumes that all
main coolant pumps trip at the time of reactor trip (t = 10 s). The calcula-
tion was not run far enough to be compared in detail with the base case. The
discussion to follow will be based on carparisons of calculations of the first
4000 s of the transient and somewhat speculative extrapolations beyond that
time. Figure 34 shows a plot of the upper plenum pressures for the base case
and case D-2 for the first 4000 s of the transient. Initially, the pressure
decays monotonically for the first 600 s to a level slightly higher than the
base case. At about 2500 s the pressure rises back up to a level much higher
than the base case. This is mainly due to increased vapor production in the
core and upper plenum resulting from phase separation in the vessel. Figure
35 shows void fraction plots for each level in the vessel at the same radial
and axial position. It can be seen from this fiqure that phase separation
occurs in case D-2 around 2500 s (the lower levels fill with water and the
upper levels void). A similar plot for the base case can be fourd in Fig. 18.
Partial phase separation in the base case occurs at about 4400 s (when the B
loop pump is tripped). A more complete phase separation occurs in the base
case at about 6000 s when the other pump trips. Therefore, it might be ex-
pected that the cladding temperatures in case D-2 would increase rapidly on
the order of 1 hour before they do in the base case. One might also expect
cladding failure to occur at 1-1/2 to 2 hours into the transient for this case.

3.5 Cold-leg Break Parametric Case

As a conparison to the base case, a cold-leg break was calculated using
TRAC with the same break flow area as the EMOV in the base case. The break
was located on the A loop in the pump discharge line (Fig. 1). All other
conditions were the same as in the base case with the exception of the FPI
on the A loop, which was not modeled.
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4.0 OORE THERMAI~MECHANICAL 'RESPONSE

The severe off-normal conditions that the Zircaloy-clad fuel rods were
subjected to during the TMI accident were likely to have caused several
potentially important phencmena, including cladding balloconing prior to
failure, cladding failure (rupture), cladding swelling and hydrogen evolu-
tion caused by zirconium oxidation, and, finally, possible thermal stress-
induced cladding fracture and fragmentation during reflood, Each of these
five phenomena will be considered in detail based on the TRAC calculations out
to 3 hours in the accident. Included below is a section detailing the calcu-
lations related to each particular phenamenon. Where possible, the predicted
behavior will be compared to the actual behavior as inferred fram the data
accumulated during the accident. Thus, for example, the predicted fuel rod
failure (rupture) time can be compared to the time at which high radiation
levels were first observed.

The calculations reported below used the results of the base case TRAC
calculation. The information used from TRAC included the system pressure and
cladding temperatures as a function of time, For the system pressure, we
used the upper plenum pressure shown in Fig. 36. This single pressure can be
used to represent the pressure everywhere in the core since the pressure drop
across the core is small coampared to the average system pressure. The TRAC
representation of the core includes 1 radial node, 2 azimithal sectors, and
5 axial nodes in the core., Thus, we have cladding temperature data for two
average rods (the two azimuthal nodes) at 5 axial levels (Figs. 37 and 38).
Tn addition to the average rods, TRAC also calculates temperatures for a hot
rod. The hot-rod cladding temperatures (for the two azimithal nodes) are
shown in Figs. 39 and 40. In addition, the vapor' fractions at each of the
5 axial levels (representing the water inventory in the core as a function
of time) are shown in Fig, 41, This plot is useful in understanding some of

the axial variations in the cladding temperature.
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4.1 Cladding Ballooning

Cladding ballooning is the relatively large permanent increase in
diameter (also called azimuthal or diametral strain) that the Zircaloy
cladding experiences during a transient prior to eventual failure. There
are four features of the fuel rods and/or the transient that tend to prarote
ballooning. These are: A

1. Zircaloy cladding is very ductile (that is it experiences
large deformations prior to failure)

2. The rods are initially prepressurized to about 30 atmospheres
(at room temperature) to prevent cladding creepdown during
normal steady-state operation

3. The system pressure during the transient is considerably
below the normal operating pressure of about 2200 psia.

4. The cladding temperature is considerably above the normal
steady-state operating temperature.

Ballooning is directly related (to first order) to the pressure drop
across the cladding (rod internal pressure minus system pressure) and the
local cladding temperature. The large pressure drop across the cladding and
the high cladding temperature are expected to lead to large cladding balloon-
ing and likely cladding failure. As will be shown in the next section,
cladding failure is indeed calculated to occur.

A large diametral cladding strain is potentially important because of
the effect on the coolability of the fuel rods. The increased size of the
fuel rods leads to a decrease in the volume available for the coolant (steam
and/or water). Hence, to maintain the same level of cooling, it would be nec-
essary to increase the coolant velocity by an amount that is (neglecting changes
in the heat transfer coefficient) inversely proportional to the change (decrease)
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3

in the coolant channel area. This change in coolant channel area with increase

in cladding dismeter is illustrated in Fig. 42.
For the ™I piant design, the pitch-to-diameter ratio (S/D) is about
- 1.3 and the flow area A can be expressed as

a=s2[1 - (n/4) DY/s°] - (1)

~ 0.536 5.

_ In other words, the volume occupied by the coolant is 53.6% of the core
volume.

The maximum increase in cladding diameter that can occur prior to con-
tact between adjacent fuel rods, occurs when the deformed cladding diameter
D; just equals the rod pitch, S. The diametral strain for this case is
given by

(2)

“l&

Thus, a diametral strain of 30% just barely results in rod-to-rod contact.
- The restricted coolant channel area, A', for this case is given by

A =5’ -2 | (3)

0.215 S2 .

Tn other words, the coolant volume fraction has been reduced fram about
53.6% down to 21.5%.

In the next section of this report, it will be shown that the fuel roés
are calculated to fail (rupture) during the first 3 hours of the accident.
Using this fact, it is relatively simple to calculate a maximm cladding -

e T T
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§ = rod-to-rod spacing (rod pitch)
D = undeformed‘cladding diameter
A = initial coolant channel area per rcd
2
_ a2 . D
A =65 T 3

D' = deformed cladding diameter

A' = restricted coolant channel area per
rod

Fig, 42. Reduction in channel area with cladding ballooning.

fission gas plenum

cladding
" fuel-cladding gap volume

fuel pellets

Fig. 43. Fuel rod model.
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diametral strain that occurs just at the time of failure. The accepted hand-
book of materials properties for use in the analysis of IMR fuel rod behavior,
MNTPRO-Version 11,9 provides a correlation that relates the circunferential
cladding elongation (or diametral strain) to the local tarpeature.lo (Note
that this correlation is quite approximate because the effects of cladding
stress, strain, and strain rate are ignored.) This correlation is given by

for T < 1090

ol |

~ (0.198 + 4.16 x 1074 T + 2.06 x 107 T)R F (4)

for 1090 < T < 1170

i - (9.0623 - 7.492 x 1072 mF (5)
for 1170 < T < 1600

£ = (- 1.436 + 2.045 x 1073 T - 4.82 x 107 TA)F (6)
for T > 1600

£ - 0.6021F | (7)

where
T = cladding temperature (K),
R = factor to account for the effect of cold work and irradiation, and
F = factor to account for the effect of cladding temperature gradient.

The calculated failure temperatures from Sec. 4.2 are high (about 1000 K).
Tt can be seen from Eq. (5) that this temperature is very close to the temper-
ature of 1090 above which the effects of cold work and irradiation no longer
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need to be considered (they are campletely annealed out)., Furthermore, the
clagding is shown to be hot for an extended period of time prior to failure
(Figs. 37-40). Thus, it is reasonable to assume that the effects of cold
work and irradiation are very nearly annealed out and R is about 1.0. In
addition, the temperature gradient across the cladding is very small (a few
degrees) because the transient is much longer than the thermal time constant
of the fuel rod. The expression for the factor Fll is given as

F = exp(- 0.0111 AT) _ (8)

where AT = temperature variation across the cladding (K). For a AT of only
a few degrees, F is also very close to 1.0.

Making these approximations and using a typical calculated failure tem-
perature of about 1000 K, BJ. (4) predicts a diametral failure strain of
0.82. This is clearly larger than the strain of 0.3 that is recquired to
cause rod-to-rod contact, Thus, it appears that even if we are overpredicting
the cladding strain using Bg. (4), it is most likely that enough strain does
occur to cause rod-to-rod contact and the associated restriction in flow area.
Any possible feedback on the subsequent coolability of the core (see for ex-
ample Ref. 12) is not included in the TRAC calculations.

The large strains calculated above do not occur over the entire axial
extent of the fuel pins, From Figs. 37-40 it can be seen that only axial
nodes 6 and 7 (the upper third of the core) reach a high temperature prior to
cladding failure at about 1000 K. The axial level just below these two nodes
is almost 200 K cooler at the time of rod failure. Thus, the cladding bal-
looning in all but the upper third of the core is expected to be much smaller.
Also, the largest deformations are likely to be localized so that the flow
area reductions may not be as large as noted above.

4.2 1Initial Cladding Rupture

Fuel rod cladding rupture is an important phencmenon because of the
associated release into the system of the free (not in the fuel matrix)
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gaseous fission product inventory contained in the rod. This section of the
Yeport detzils the assumptions used and the calculations done in determining

hot rods), the temporal ocoherence of these failures (failure of the hot rod
vs the average rod, for example) , and the sensitivity of the calculated rod
failure time to the assumed pressure in the rod.

listed as causing cladding ballooning (high internal rog pressure, low sys-
tem pressure, anqg high cladding temerature). The consequences of fuel rod
failure are release of the free gaseous fission product inventory in the red.
For this particular calculation, it is possible to check on the accuracy of

Two separate predictions of rod failure were made i both of which require
a knowledge of the Zircaloy cladding hoop stress and temperature. To calcy-
late the cladding hoop stress, we model the fuel rod as a closed cylinder as
shown in Fig, 43. The void volume inside this fuel rod (fission gas plenum,
fuel-cladding gap volume, fuel crack volume, pellet dish volume, etc.) is

Given the internal rod pressure as well as the pressure outside the fuel
rod in the coolant channel, we can approximate the three principal stresses
(radial, circumferential, ang axial) in the cladding as

- (9)
or = (Pi + Po)/2
d
Oy = (pi - P,) 5o ‘(10)
d
%= B~ F) g ()
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vhere
P, = internal rod pressure,
Po = coolant channel pressure,
d = average diameter of Zircaloy cladding, and
t = thickness of the cladding.

The circumferential stress [Eq. (10)], together with the local cladding
temperature can be used to make a prediction of cladding failure. In our
analysis, we have used two separate, independent failure criteria. The first
of these is a failure hoop stress critericn as given in 1*11\.TPR0---11.l3 This
criterion predicts cladding failure to occur when the circumferential stress
[as calculated in Bg. (10)] exceeds a rupture stress given by

5 L 108-42+2.78x10° T -4.87x 10° % + 1.49 T)  (12)
rupture
where T = the cladding temperature (K).

To check the validity of this criterion, we also used a failure criterion
based on the results of sane Zircaloy creep-rupture tests performed at the
Chalk River Facility in Canada.l4 In these tests, sections of unirradiated
cladding were pressurized to some known internal pressure and heated to tem-

peratures typical of those that might be experienced during an accident. The

. measured cladding failure times from these tests are shown in Fig. 44 as a

function of cladding temperature and internal préssure.

To use this cladding rupture data, it is necessary to extrapolate fram
the temperature/pressure data points in the.experiments to the corditions en-
countered during the ™I-2 accident. The lLarson-Miller parameter:15 is a use-
ful tool to aid in this extrapolation. It has been found that, to a good ap-
proximation, one can define a temperature independent constant that relates
the stress-rupture lifetime of a material to the material temperature. For

any given stress state, this constant (the larson-Miller parameter) is given
by
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IMP =T - [log tr+c] ' (13)

vwhere
T = material temperature,
tr = stress~rupture lifetime, and
¢ = constant dependent only on what the material is (usually taken

as about 20).

A least squares fit of the stress-rupture data (from Fig. 44) to BEq. (13)
was made in order to determine the Larson-Miller parameter as a function of
cladding circumferential stress. (Actually, the Larson-Miller parameter was
calculated at seven stress levels and a linear interpolation was used else-
where). Thus, knowing the cladding hoop stress, one can calculate an appropr-
jate Larson-Miller parameter. This value, along with the cladding temperature,
can then be used [Eq. (13)] to calculate the cladding stress-rupture lifetime.

Knowing the stress-rupture lifetime as a function of time, one can use
alinearlife fraction rule failure crite.rioriL Gbo calculate cladding failure.
Such a criterion states that over an increment of time At during which the
cladding stress-rupture lifetime is t v (oe,T) (thus gy and T are constant during
the time increment), a fraction of the cladding "life" is consumed equal to

_ At : (14)
IF=-—°5%__ .
t.(0g,T)

This can easily be extended to the case where g and T vary with time (as
during the accident) by defining a life fraction as a function of time given

by

t .
_ at’
LR () ‘f T (G5(EN FED ° | s
o .

Failure is assumed to occur when IF = 1.0.
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For each prediction of cladding failure, the state of the fuel rod was
obtained from the results of the base case TRAC calculation. The TRAC calcu-
lation provided the hot and average rod temperatures (Figs. 37-40) and the
system pressure (Fig, 36). To calculate the cladding hoop stress, it was
also necessary to estimate the rod internal pressure. As was mentioned pre-
viously, the rods were prepressurized to about 30 atm (roam temperature) to
prevent cladding creepdown. In addition, the fission gas produced during
steady-state operation (that gas not trapped within the fuel grains) also
contributes to the rod pressurization. B&W estinatesl7 of this contribution
raise the effective initial rod pressure (at room temperature) to about 42
atmospheres.

Knowing the initial internal pressure, the pressure during the transient
can be estimated from

<Tgas>
Pi = Pio " 38— (16)
where
Pio = room temperature pressure of gas in rod and
<Tg as~ — average temperature of gas in rod (K).

For simplicity, the axially averaged cladding temperature <T c
the average gas temperature (since this is readily available fram the TRAC
results) . . S
It should be noted that Bg. (16) does not account for potential changes
in the amount of volume available to accommodate fission gas (due to the
locally large cladding strains discussed in the previous section, for example).
Because of the possible error associated with ignoring this effect, as well
as the uncertainty in the initial (room temperature) pressure in the rod, we
analyzed rod failure for a range of initial rod pressures (25-42 atmospheres) .
A first item of concern is the relative aqi:earent between the two methods

of predicting failure. In most cases, the calculated agreement is excellent

lad> is used as
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(within 2 minutes), Only for low initial rod ~pressure is it possible to see
a discrepancy of as much as 10 minutes. This occurred when failure was cal-
culated to occur near the dip in the cladding terperature (at about 9700 s).
In this case, the life fraction failure prediction gave the earlier predic-
tion in all cases. This is reasonable because a life fraction criterion is
capable of calculating incremental "damage" during the pericd of time from
about 9600 s to about 10000 s, whereas the ultimate hoop stress criterion
would not predict failure to occur within that range, Based on these results,
we will use the life fraction rule failure prediction as the best estimate.

Cladding failure was calculated for average rod No. 1 for initial rod
pressures ranging from 25-42 atmospheres. These results are shown in Table
VII. For a wide range of initial pressures (30-42 atmospheres), cladding
failure is calculated to have occurred over a narrow 8-minute period of time
lasting from 2 hours and 25 minutes to 2 hours and 33 minutes. Only at the
lowest initial pressure of 25 atmospheres does the cladding survive through
the entire dip in cladding temperature (at about 9700 s) and fail at the later
time of 2 hours and 50 minutes. In all cases, failure is calculated to occur
in the top axial fuel rod node (in the top 0.5 m of the core).

The general insensitivity in cladding failure time with changes in
initial rod pressure is an indication of how rapidly the cladding temperature
is increasing at that time (about 0.5 K/s or more). Thus, since the failure
temperature at 25 atmospheres (initial pressure) vs 42 atmospheres (initial
pressure) varies by a few hundred déqrees, it is only a matter of minutes be-
fore the cladding temperature increases from the lower failure temperature
(high pressure) to the higher failure temperature (low pressure), ‘

A similar analysis was performed for the hot rod, A camparison of
Figs. 37 and 39 shows the general similarity between the temperature traces
for the hot and average rods. Thus, we expect similar behavior to that cal-
culated for the average rod with somewhat earlier failure times. The results
of the analysis for the hot rod are shown in Table VIII. As can be seen fram
this table, the failure times for the hot rod are about 2-6 minutes earlier
than the failure times for the average rod. Thus, there is little variation
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W, = total weight gain at end of time interval (kg/mz) '

and other quantities are as prevmusly defined. The total welght gain,
plotted vs time in Fig. 46, reaches a maximm of about 0.23 kg/m at about
11050 s (3:04:10).

Since the outside diameter of the cladding is 10.92 mmm, the weight gain
per unit length of fuel rod is calculated to be 7.9 g/m, This is the mass
of oxygen per unit length of fuel rod that has reacted with the cladding.
Assummg that all of this oxygen was produced by dissociation of water and
based on the molecular weights of hydrogen and oxygen, the mass of hydrogen
released is cne-eighth the mass of oxygen reacted, about 1.0 g/m.

The perfect gas law is used to determine the volure of hydrogen released
per unit length of fuel rod

v=i= (19)
where

¥ = volune of hydrogen per unit length of fuel rod (m>/m),

m = mass of hydrogen per unit length of fuel rod (kg/m) ,

R = wniversal gas constant, 8.3l (J/mole«K) ,

T = plenum temperature (K),

M = molecular weight of hydrogen (kg/mole}, and

P = plenum pressure (Pa).

Values for plenum temperature and pressure of 1500 K and 8.5 MPa, respectively,
are estimated from TRAC code results.

(l 0x 10 )(8 31) (1500)
(2 x 10~ )(85x10)

7.3 x 1074 w/m

it

0.73 /m.
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Thus, approximatély 0.73 liters of hydrogen are generated per meter of
oxidized fuel rod. From TRAC results, the total amount of hydrogen generated
can be determined by assuming a 1 m length of cladding surface has oxidized
on each of the 36, 816 fuel rods, The resultant volume of hydrogen produced
is 27 m3 (37 kg), a substantial quantity of hydrogen.

This calculation may be incorrect campared to the actual condition of
the reactor. Not all of the £ull rods were at the temperatures indicated from
TRAC code calculations? In fact, in-core thermocouple readings 4-5 hours
after the start of the accidentzl jndicate some large variations in tempera-
ture from subassembly to subassembly., In addition, the length and thickness
of cladding oxidized on each fuel rod can be expected to vary considerably
across the core, In light of these oonsiderations, the calculated oxidation
and hydrogen generation are thought to be an overestimate of the actual oxida-
+ion and hydrogen generation in the early states (before 3 hours) of the TMI
accident. However, hydrogen generation probably continued after 3 hours.

For cladding temperatures above 1273 K, the TRAC code calculates the
oxide penetration depth and the heat generation from the exothermic metal-
water reaction. Oxidation penetration depth is calculated from an empirical
rate law developed from isothermal experim‘ant:s.22 The TRAC code does not in-
clude the effect of the change in cladding properties due to oxidation, nor
does it include the effect of the reduced cross-sectional coolant flow area
due to the 50% volume expansion of Zircaloy upon oxidation. '

The TRAC calculations include five axial levels in the core. This greater
detail shows that almost all cladding oxidation occurs near, or above, the
core midplane. The lower portion of the oore is cooled by water which remains
in the lower portion of the core during much of the first 3 hours, Figure 41
shows void fraction for various core levels. The lower level has a consistently
1ow void fraction indicating the presence of water in the lower region of the
care. The upper portion of the core is probably not as oxidized as the mid-
plane region because temperatures are jower due to a smaller heat rate near
the top of the core.
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By determining the volume of oxygen reacted from the oxygen penetration
depths calculated by the TRAC code, it is possible to quantify the amount of
hydrogen produced by the metal-water reaction. The resultant mass of hydrogen
calculated with this method is 39 kg. The two methods of determining hydrogen
generation are close enough to give confidence in the results. Agreerent is
very good because the axially varying amount of oxidation calculated by the
TRAC code can be approximated by considering oxidation of a 1 m section of

the core's cladding.

4.4 Cladding Mechanical Response During Subsequent Cooldown

During the first 3 hours of the TMI accident, the claddiné of the fuel
rods experienced increasingly higher temperatures. Shortly after 3 hours,
relatively cold water was added to the reactor core due to resumed high-pres-
sure injection (HPI). The mechanical reaction of the cladding can be severe
in these circumstances. In particular, it is important to determine whether
the cladding could have failed and perhaps fragmented due to thermal shock.

The life fraction calculations discussed above showed that the cladding
failed at approximately 9000 s (2:30:00). This failure was due to pressure
difference between the inner and outer walls of the cladding at the elevated
temperatures. This ductile type of failure, not caused by the temperature
gradient in the cladding, can be expected to produce a perforation in the
cladding. This perforation permits venting of fission gas to the coolant
channel, thus eliminating any pressure difference between the inside and out-
side of the cladding. Therefore, pressure effects cannot enhance further
failure due to thermal shock.

To determine the possibility of cladding failure due to thermal shock,
some estimation of the spatial temperature variation in the cladding with
time during reflood is essential. Without a thermal gradient in the cladding,
thermal stresses would not be induced. To simplify the analysis of temper-
ature in the cladding, any zirconium dioxide layer is ignored and the initial
temperature of the cladding is assumed uniform.

o AN G Y A K
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At the time of reflood, the outer surface is assumed to be suddenly
cooled by the cold water being pumped into the core, Because the cladding
thickness-to-diameter ratio is small, less than 7%, the curvature effects
can be neglected and the cladding can be modeled as a slab. We assume that
immediately before reflood, the cladding and coolant temperatures are approx-
imately equal, and given by To At the time of reflood we assume that the
coolant temperature instantaneously changes to some lower temperature, T .

An aporoximate technique using Kantorovich profiles23 can be used to
determine the temperature distribution with time. Initially, the outer sur-
face temperature will decrease while the inner surface temperature remains
constant. The temperature change at the outer surface of the cladding when
the inner surface just begins to change, approximates the largest expected
differential temperature change, AT, to be used in the determination of
thermal stress. With the approximate technique outlined above, AT can be
shown to be given by the expression

(T, - T)
=2
where Bi, the Biot mumber, is given by
Bi = Bt (21)

k

h is the heat transfer coefficient, t is the cladding ckness, and k is the
thermal conductivity of the cladding. The dimensionless Biot number is a
ratio of convective heat transfer to conductive heat transfer. The larger
Biot number becomes, the larger AT becames.

To estimate the largest reasonable AT, the larger values of (T, - T.)
and Bi should be used. From TRAC code results an acceptable large value of
h is 10 w/m®-K. The thickness of TMI cladding is 0.675 mm. The thermal
corductivity of Zircaloy24 is about 25 w/m-K. From Eg. (21), Bi = 0.27.

At approximately 3 hours into the accident, the cladding temperature is
about 1650 K. The largest possible change in coolant temperature, (To - T.),
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at reflood is approximately 1000 K. With these values the largest AT to
expect, from Ed. (20), is about 120 K. The value of AT = 120 K is used in
the subséquent stress calculations. This value represents the largest pos-
sible differential temperature change in the cladding.

The maximm stress in the cladding will be the tensile hoop stress at
the outer surface given by the expression >

_ ¢ EaAT
o= £ -G_T_—\')')" (22)

where o is stress, E is Young's modulus, @ is the linear coefficient of .
thermal expansion, V is Poisson's ratio, and £ is a factor to take into
account inelastic, or plastic, deformation. Young's modulus is approximately
3 x 1010 pa,26 the linear coefficient of thermal expansion is about 4 %
1073 x1,%7 and poisson's ratio is approximately 0.5, the correct value for a
material which behaves plastically. '

The factor £ can be shown to be given by the expression28

3 E (30)-11-1 , (23)

where € is strain. From the MATPRO expression for the yield sm:f:'ace,29 for
ctrains between 1 and 508 with a strain rate of 10-% &7}, 30/3¢ is between
1 and 50 MPa. An average value of 10 MPa is used to evaluate f. Results of
the calculation yield £ =3 X 1074.

, The maximum stress is calculated to be 7.2 Mpa. This value of stress
is far below the stress at which failure due to thermal shock can occur ac-
cording to MATPRO-11 data for unoxidized Zircaloy. However, oxidation em-
prittled cladding may fail due to thermal shock. Experiments by Kassners et
a1.,30 chowed that for isothermal oxidation at 1300 K, 1400 X, 1500 K, and
1600 K for 10000 s, 2000 s, 700 s, and 300 s, respectively, followed by &
quench from 840 K to 410 K, cladding failed. Temperature results from the
TRAC code calculation indicated that this oxidation criterion is met. if
reflooding of the oxidized upper section of the core occurred rapidly, then
thermal shock failure may have occurred, If thermal shock failure did occur,
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The range of failure times indicated represents both the estimated vari-
ation in failure time with radial Jocation in the core as well as the uncer-—
tain{:y in failure time due to uncertainty in internal rod pressure. Calcula-
tions indicated that failure times were relatively insensitive to the rod
pressure. Rather the dominant controlling factor was the high cladding tem-
" perature. In addition, the difference in calculated failure times between
the TRAC average and hot rods is small, on the order of 10 minutes. Thus,
it appears likely that most of the rods in the core failed around 2 hours
and 30 minutes into the accident.

Subsequent to the initial cladding failures and radioactivity release,
the major phenamenon the fuel rod undergoes is cladding oxidation. This
oxidation of the Zircaloy leads to three important consequences: swelling
of the oxidized cladding layer release of hydrogen gas during the oxidation
process, and embrittlement of the cladding due to oxidation.

The calculations done to predict oxide layer formation indicate that up
+o about 3 hours into the accident, the maximm oxide layer thickness for the
average rod is about 113 um cladding thickness. Thus, the effective increase
in cladding diameter due to oxidation to this point is only about 76 m. This
represents a negligible increase (initial cladding diameter is about 11 mm)
and should not affect the coolability of the fuel pin.

Oxidation of about 75 im of the cladding thiclmesé does, however, lead
to significant hydrogen generation. Because of the small difference between
the cool, average, and hot-rod temperatures, cladding oxidation is predicted
to occur radially throughout the core. Axially, about the upper one-third to
one-half of the core is affected. Using these assumptions, the calculated
amount of hydrogen generated at 3 hours is about 40 kg. At the temperature/
pressure conditions calculated (by TRAC) to exist in the core at between 2 to
3 hours into the accident, this amount of gas would occupy a volume of about
27 m3. Further hydrogen release should have occurred after 3 hours.

One other consequence of cladding oxidation is cladding embrittlement.
This phenomenon is important relative to the possible fracture and fragmenta-
tion of the cladding during the first reflood. While the TRAC calculation
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temminates well short of the (at least partial) reflood that occurs at about
3 hours and 20 minutes, estimates have been made of the thermal stress in-
duced in the cladding during reflood and the 1ikelihood of fracture at that
time. These calculations indicate that the ductile unoxidized Zircaloy as
well as the lightly oxidized cladding will survive the quenching process.

Only the cladding that has seen prolonged periods of high temperatures (greater
than about 1600 K) is likely to fail under these conditions. Thus, if reflood
ocourred rapidly, it is possible that up to about one-third of the axial ex-
tent of the core may have undergone cladding fragmentation. It should be
remembered, however, that since detailed TRAC calculations were not done for
this stage of the accident, these estimates of cladding fragmentation are

speculative.
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TRANSIENT REACTCR ANALYSIS OODE (TRAC) DEVELOPMENT AND ASSESSMENT*

J. C. Vigil and R. J. Pryor

Energy Division
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

TRAC is an advanced best-estimate camputer program for the safety analysis
of light-water reactors. TRAC~P1A provides this analysis capability for
pressurized water reactors. Its advanced features include nonhamogeneous,
nonequilibrium, and multidimensional hydrodynamics with flow-regime—dependent
constitutive relations; quench front tracking capability for both bottam flood
ard falling films; consistent treatment of entire accident sequences including
generation of initial steady-state conditions; and modular design which allows
representation of a wide variety of experimental configurations ranging from
single camponents to multiloop systems. TRAC-P1A has been tested against an
initial set of separate—~ and integral-effects experiments. Further assessment
of the code through pretest and posttest predictions of other experiments is
in progress. Overall results of these testing and assessment activities are
encouraging.

*Work performed under the auspices of the U.S. Nuclear Regulatory Cammission.
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I. INTRODUCTION

The Ios Alamos Scientific Laboratory (LASL) is Geveloping, testing, and
applying theoretical ard numerical methods for analysis of Loss-of-Coolant
Accidents (LOCAs) and other transients in Light Water Reactors (IKRs) through
funding provided by the Division of Reactor Safety Research, United States
Nuclear Requlatory Commission. Improved methods are being develooed for the
numerical calculation of two-phase flow processes in one, two, and three
dimensions and results of calculations are being compared with experimental
data. Basié research is also being conducted to assess questions of accuracy,
gensitivity, and alternative solution procedures. The entire effort is
focused on achieving a better understanding of two-phase flows and on the
production of an advanced multidimensional camputer program for the analysis

e e

of postulated and anticipated transients in LWRs. This computer program is
called the Transient Reactor Analysié Code (TRAC).

Primary goals of the TRAC project are to provide a tested analysis
capability for IWR system transients, evaluate margins of conservatism in
licensing codes, provide detailed analyses of key problem areas such as multi-
dimensional and system effects, and provide design and analysis assistance for

- T <.

new large-scale reactor safety experiments. Therefore the TRAC project
includes not enly methods, models, and ocode development, but also code
assesament and application activities. Close cooperation and liaison are
maintained with other LASL projects involving basic thermal-hydraulic
research, component code development, and IWR safety experiments in support of
model develogment activities. The purpose of this article is to:

1. review the current capabilities and features of TRAC,

2. present an overview of the current code assessment status, and

3. sumarize TRAC development and assessment work now in progress Or

planned for the near future.

The first documentedl version of TRAC, called TRAC-P1l, was campleted in
Pecember 1977 and was made available to various organizations following a TRAC
Workshop held at IASL in March 1978. Models in TRAC-Pl are directed toward
Pressurized Water Reactors (PWRs) and the analysis of LOCAs but -other types of
problems can be analyzed. An improved version, called TRAC-P1A, was released
through the National Energy Software Center in March 1979. Included with the




102

release was a user's manual2 which provides detailed descriptions of the
thermal-hydraulic models, numerical solution methods, programuing features,
and user information. A report3 containing defailed results of initial
assessment calculations performed with TRAC-P1A will be released shortly.
TRAC-P1A is twice as fast as the first version and includes improvements in
the solution methods, constitutive relations, graphics capability, and code
structure. All code features described in Section II are based on TRAC-P1A.
TRAC has been tested against an initial set of experiments involving
separate and integral effects. Further assessment of TRAC is in progress 3
through pretest and posttest predictions of other experiments. Overall :
results of these code testing and assessment activities are sumarized in Sec.

1II. Work is in progress improving the PWR version of TRAC, development of
a fast running version, and extension of the code to other accident types.
This work is described in Sec. IV.

1I. TRAC CHARACTERISTICS
A. General

TRAC can be characterized as an advanced, best-estimate IWR systems
ocomputer program. Within limitations imposed by camputer running time, it
incorporates state—of-the-art methods and models. The models in TRAC are
designed to yield realistic solutions as owosed to conservative evaluation
models used in licensing oodes. TRAC mainly differs fran. other existing LWR
systems codes (e.g. RELAP4 coded) in its more detailed geametrical models of
system camponents and its more basic treatment of two-phase thermal
hydraulics. These features are reviewed in subsequent sections and described
in detail in Refs. 2 and 5-9.

) User—-selected options are minimized in the basic fluid dynamics and
heat transfer modeling. This approach, as opposed to that which allows model-
ing options, places great demands on the basic thermal-hydraulic mddeling
because the code must determine local flow topology and supply appropriate
constitutive relations. Thus, the development of accurate flow-regime-
dependent constitutive relations is vital to the TRAC effort. The ultimate
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goal of the TRAC program is to produce computer programs that have a
demenstrated capability to adequately predict the results of a broad range of
exper iments with no tuning of basic physical models fram one test to another.
Recause of the advanced features in TRAC, most of the physical
phencmena that are important in LOCA analysis can be treated. Included among
these phencmena are:
o} emergency core coolant (BCC) downoamer penetration and bypass
~ including the effects of countercurrent steam flow and hot walls,
o lower plenum refill, sweepout, and phase separation effects,
bottam flood and falling film reflood quench fronts,
o multidimensional flow patterns in the downcamer, core, and plenua

(o)

regions,

o pool formation and countercurrent flow-limited fallback at the uppe:
core support plate (UCSP),

o steam binding effects during reflood, and

(o] direct injection of subcooled BCC water at any location in the system
without the requirement for artificial mixing zones.

The code can be used to obtain steady-state solutions to provide
self-consistent initial conditions for subsequent transient calculations.

Both a steady-state and transient calculation can be performed in the same run
if Gesired. Efficient solution strategies ranging from semi-implicit to fully
implicit are used.

An important characteristic of TRAC is the ability to address the
entire IOCA (blowdown, bypass, refill, and reflood) in one continuous and
consistent calculation. This eliminates the necessity of interfacing and
combining calculations performed with different codes for each major accident
phase. Trips can be specified to simulate protective system actions or oper-
ational procedures (e.g. opening or closing of a valve).

A sophisticated graphics package, including movie generation cap-
ability, is available to help analyze and digest the large amount of output
information generated during a TRAC run. A durp/restart feature allows the
user to restart a calculation fram any point in a transient. This feature is
very useful in performing parametric studies and in minimizing loss of com-
puter time due to hardware failure or input errors.
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typical arrangement of camponents and mesh cells for one loop of a PWR is
shown in Fig. 1.

The vessel module is used to model all regions inside the pressure
vessel including the downcomer (darkened region in Fig. 1), lower plen'.m,
core, wpper plenum, and upper head. It is in these regions of the reactor
system that significant multidimensional effects are likely to occur during a
IOCA and other postulated accidents. Examples are two—dimensioral and
countercurrent steam/water flow patterns in the downcamer during the blowdown
and refill periods and preferential rewetting of the cooler fuel rods in the
core diaring reflocd.

A simplified but typical three-dimensional grid that might be used to
model a PWR vessel is shown in Fig. 2. The user has the capability in TRAC of
restricting flow across the mesh cell boundaries. A total flow restriction is
used to form the downcomer boundaries and a partial flow restriction can be
used to account for structural material that does not campletely cbstruct the
fluid flow. In addition to area restrictions, the user can specify reduced
mesh cell volumes to account for structural material within the cell.

One—dimensional components are coupled to any mesh cell in the vessel
(including interior cells as shown in Fig. 2) through source terms in the
hydrodynamic equations. This feature is required to model the outlet nozzles
that penetrate the downcamer and it also permits TRAC to handle upper head
injection.

D.  Nonhamogeneous, Nonequilibrium Hydrodynamics

Two-phase flow in the various TRAC components is treated using non-
homogeneous, nonequilibrium models. That is, liquid and vapor velocities are
not assumed to be equal and furthermore liquid and vapor terperatures are in
general unequal with neither phase assumed to be at saturation conditions.

A two-fluid six-equation model is used to describe the liquid-vapor
flow field within the reactor vessel. These equations are based on
conservation of mass, momentum, and energy for the separate liquid and vapor
fields. Supplementing these field equations are so—called constitutive
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Each fluid mesh cell in the core region can contain an arbitrary
number of fuel rods. However, heat transfer calculations are only performed
an one average rod and one hot rod in each core mesh cell as shown in Fig. 2.
The average rod represents the average of the ensemble of rods in the mesh
c2ll and its thermal calculation couples directly to the fluid dynamics. A
spatial power peaking factor and local fluid conditions in the mesh cell are
used in the hot rod calculation but this calculation does not feed back to the
hydrodynamics. The total core power level is determined fram either a table
lookup or from the solution of the point-reactor kinetics equations including
decay heat (6 delayed neutron groups and 11 decay heat groups). The spatial
power distribution is specified by separate radial and axial power shapes in
the core plus a radial distribution in the fuel rod.

The TRAC library of heat transfer correlations includes data for the
following heat transfer regimes: laminar and turbulent forced convection to a
single-phase liquid or vapor and to a two-phase mixture; nucleate boiling and
forced convection vaporization; pool boiling and high flow critical heat flux
(CHF); transition boiling; minimum stable film boiling; f£ilm boiling including
subcooling and radiation effects; and horizontal, vertical, and turbulent £ilm
condensation. ’

F. Solution Strategies

The system of field and constitutive equations in TRAC is solved by
standard spatial finite-difference techniques. 2 semi-implicit time
differencing technique is normally used in most components. This technique is
subject to the Courant stability limitation which restricts the time step size
in regions of high-speed flow. A fully implicit time differencing option is
available for the fluid dynamics in most of the one-dimensional camponents.
This option allows fine spatial resolution in regions of high velocity (e.g.
in a nozzle) without restricting the time step size.

Iterative methods are used to solve the time-dependent, nonlinear,
'finite—differenoe equations in TRAC. Each time step in the trarsient cal-
culation consists of several passes through all the components in the system.




108

These passes, whose purpose is to coaverge to the solution of the nonlinear
finite-difference equations, are called outer iterations. If the outer
jteration process fails to converge, the integration time step size is reduced
and the time step is repeated. )

The solution procedure during an outer iteration begins with a
linearization of the finite-difference equations for each one-dimensional
companent. This results in a block tridiagonal system in which linear
variations in pressure and other independent variables (vapor fraction, liquid
temperature, and vapor temperature) are solved in terms of variations in the
junction velocities for that camponent. If there are no vessels in the
calculation, these linearized equations are ocambined with the linearized
junction momentum equations to obtain a closed linear system for the junction
velecity variations. This system is solved by direct methods and a
back-substitution is made to update the remaining independent variables.
Therefore there is mo inner iteration process involved for one-dimensional
camponents. A

When one or more vessels are present, the variations in the one-
dimensional component junction velocities are solved in terms of the pressure
variations at the vessel junctions. These equations are cambined with the
remaining linearized equations in the vessel to provide a closed set of linear
equations. Because the matrix is usually too large for direct inversion, this
set of linear equations is solved by Gauss-Seidel iteration. When this vessel
inner iteration process has converged, back substitution through the
one-dimensional camponents again completes the solution of the full lipear
system. .
A single pass through the above procedure provides the solution for
the linearized finite—difference equations. Subsequent passes through the
procedure for the same time step result in a Newton-Raphson iteration scheme
with quadratic convergence on the nonlinear difference equations.

Camputer running time is highly problem dependent. It is a function
bf the total mesh cells in the problem and the maximum allowable time step
gize. The total run time for a given transient can be estimated from a unit
rin time of 2 to 3 ms per mesh cell per time step and an avex:agé time step
size of 5 ms.
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The TRAC steady-state capability is designed to provide time- -
independent solutions which may be of interest in their own right or as
initial conditions for transient calculations. Two distinct calculations are
available within the steady-state capability: (1) a Generalized Steady-State
calculation and (2) a PWR Initialization calculation. The first is used to
find steady-state conditions for a system of arbitrary configuration. The
second is apolicable only for configurations typical of current PWR systers
and is used to adjust certain loop parameters to match a set of user-specified
flow conditions.

Both calculations utilize the transient fluid dynamics and heat
transfer routines to search for steady-state conditions. The search is
terminated when the normalized rates of change of fluid and thermal variables
are reduced below a user-specified criterion throughout the system. For a
given problem, camputer running times for steady-state calculations are
generally much smaller than those for transient calculations.

Although the same subroutines are used in the transient and steady-
state calculations, there are important differences between the two cal-
culations. Time step sizes used by the heat transfer and fluid flow
calculations are not required to be equal during a steady-state calculation.
The ratio of these time step sizes is user-specified and permits campensation
for the difference in natural time scales of the two processes. Occurrence of
CYF is inhibited during the steady-state calculation and results in a heat
transfer coefficient which cannot undergo a rapid reduction due to burnout.
Pressurizers are automatically modeled as pressure boundary conditions during
steady-state calculations so that each pressurizer's energy and mass in-
ventory, as well as pressilre, remain constant regardless of the flow rate
between it and the remainder of the system. Trips are inhibited during
steady-state calculations. Finally, reactor power is set to zero for a pericd
at the beginning of the steady-state calculation and is increased to its
nominal value once the fluid velocity has approached its equilibrium value.

baind

[ aac e
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I1I. TRAC ASSESSMENT AND TESTING

The general procedure for TRAC assessment and testing is outlined in
Pig. 3. Hote that two stages of code checkout are involved. Developmental
code assessment is the first stage and involves primarily posttest analyses of
a wide variety of thermal-hydraulic experiments. The primary objective of
this activity, which is closely coupled to the code development activity, is
to define the limits of validity of the methods, models, and correlations in
the developmental version of TRAC by comparing calculated results with experi-
mental measurements. Other objectives include determination of code sensi-
tivity to input data, model assumptions, and solution techniques; recammen-
dation of standard calculational procedures for various classes of problems;
and identification of code and model improvements or additional experiments
needed for assessment of the advanced models in TRAC.

When a particular code version substantially meets its performance
objectives, the code is released for external use and the second checkout
stage begins. This is the independent assessment stage that involves pretest
and posttest predictions of tests in designated facilities using the publicly
released and documented version of TRAC. The primary objective of this
activity is to determine the predictive capability of TRAC when applied to new
tests involving different scales and experimental configurations.
Discrepancies between calculation and experiment are resolved by performing
additional posttest analyses as required. Guidance for future code
deveiopnent and recammendations for future experiments are also provided by
this activity. If the results of the independent assessment process are
satisfactory, the code can then be applied with confidence to full-scale LWR
transients. “

Pretest predictions are performed before the test and are referred to as
"Jouble blind" predictions because the analyst Goes not have access to either
the actual initial conditions or the transient test results. Anticipated
initial conditions are used in the pretest prediction. Posttest predictions
are performed after the test and are "single blind" in that the actual initial
conditions are specified but the transient results have been inpoundéd and are
not available to the analyst. After the transient results are released,
calculations are referred to as posttest analyses.




111

A. Develcpmental Testing

Experimental tests selected for developmental assessment of TRAC-PLA,
and the more important thermal-hydraulic effects occurring during these tests
are given in Table III. Note that the first five analyses use only the
one~dimensional capability in TRAC whereas the remainder involve the )
multidimensional capability as well. Tests selected for developmental
assesament include separate effects (tests involving basically only one
compenent) , synergistic effects (several coupled components but only one LOCA
phase), and integral effects (several components and more than one LOCA
phase). Detailed comparisons between code results and experimental
measurements for the tests in Table III are reported in Ref. 3. Thearefore,
only brief sumaries and typical camparisons are given below for each test.

The Edwards experiment,lo referred to as Standard Problem 1, was
the depressurization of a straight horizontal pipe (0.073 m i.d. x 4.1 m long)
initially filled with subcooled water at approximately isothermal conditions.
A glass rupture disk at one end of the pipe was broken to initiate the blow-
down. TRAC best-estimate calculations are in reasonable agreement with
available experimental measurements of fluid pressures and temperatures and
with the single density measurement. Examples of the typical agreement
obtained are given in Figs. 4 and 5 which show the pressure and void fraction,
respectively, at gage station 5 (about 1.5 m from the closed end of the
pipe). Mass flow rate ard pipe wall temperature measurements were not made.
In addition there are experimental uncertainties as to the initial temperature
distribution, rupture disk dynamics, and the effect of residual disk fragments
(about 13% of the pipe area) on the flow field. The calculated results are
gensitive to these uncertainties and also to the wall friction factor
correlation used. The TRAC model for this problem contains 46 fluid cells and
the transient calculation requires 24 s of Central Processor Unit (CPU) time
on the COC 7600. : _

. In the CISE (Centro Informazoni Studi Esperienze) experiments,
subcooled water was circulated through a tubular test section ccnsist?.ng of a
coiled feeder (0.017 mi.d. x 9.9 m long), a straight vertical pipe (0.021 m
i.d. x 4.15 m long) whose walls could be electrically heated, and a coiled

11
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riser (0.026 m i.d. x 10.0 m lcng). The blowdown was initiated by simulta-
necusly closing two test section isolation valves and opening a discharge
valve at the bottom of the feeder section. In the reference test (Test R) a
power of 110 KW was input to the heater section whereas in Test 4 there was no
power input.

TRAC best-estimate calculations of the CISE tests are in good overall
agreement with the measured data including fluid pressure and temperature at
several locations in the test section, pipe wall temperature in the heater
section, and mass holdup measurements. Figures 6 and 7 are typical of the
results obtained for these tests and show, respectively, the fluid pressure
near the break (P4) and the pipe wall temperature near the top of the heater
section (THW4) for the heated test. In the heated CISE test, the heater wall
experiences dryout during the blowdown and the calculation slightly
overpredicts the time to CHF. Because of the large length-to-diameter ratio,
the calculated results are very sensitive to the wall friction factor
correlation. Transfer to the fluid of stored energy in the pipe wall also has
a significant effect on the computed results. The models for the CISE
problems contained 38 fluid cells and the transients required 1 min and 3 min
CPU time for the unheated and heated cases, respectively.

The Marviken critical flow t:ests12 are designed to determine how
well code models developed using small-scale experiments actually apply to
full-scale systems. These tests involve the blowdown of a large
(5.2m i.d. x 21.5 m high) pressure vessel through a discharge pipe
(0.75 m i.d. x 6.3 m long) which protrudes 0.74 m into the bottam of the
vessel. In Test 4 a nozzle with a minimum diameter of .51 m was attached to
the bottom of the discharge pipe. The blowdown is initiated by over-
pressurizing the gap between two rupture disks at the Bamstx:eam end of the
nozzle. o

TRAC best-estimate results for Marviken Test 4 are in very good
overall agreement with fluid pressure and temperature measurements at various
locations and with mass fluxes derived from differential pressure and Pitot
tube measurements. Results for the break mass flux and the pressure.near the
vessel top are shown in Figs. 8 and 9 » respectively. The use of deionized

-
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water in the experiment apparently caused delayed nucleation resultmg in an
initial pressure dip and recovery. Delayed nucleation is not yet modeled in
TRAC but can easily be incorporated. Calculated results for this problen are
sensitive to the initial nonuniform temperature distribution and to the noding
in the pressure vessel. The CPU time required for the transient was 1.5 min
using a model containing 60 fluid cells.

Tests in the Semiscale 1-1/2 Loop Isothermal Test Facilityl3
provided the first system—effects hydraulic data fram a multiloop systen. - The
configuration for Test 1011 consisted of a pressure vessel with internals; an
intact lcop with a steam generator, pu, and pressurizer; a blowdown looo
with a simulated steam generator, simulated purp, and two rupture assemblies
each containing nozzles with 80% of the normal break area; and a pressure
suppression tank. The standard lower plenum (L/D = 2.8) and an oversize
(0.043 m) downcamer gap were used in Test 1011. The volume scale between this
apparatus and a large PWR is approximately 1/3000. Prior to the blowdown test
the system was brought to an approxﬁnatelyilmifom temperature of 575 K at a
system pressure of about 15.7 MPa using enerqgy addition fram the nine
electrically heated core rods, pressurizer heaters, and intact locop pum.
Poser to the heater rods was turned off after these conditions were attained
and the system was then subjected to a double-ended offset oold-leg break.

IRAC analysis of Test 1011 included a steady-state calculation to provide
self-consistent initial conditions for the blowdown transient and a transient
calculation utilizing the restart dump fram the steady-state calculation.
Calculated steady-state initial conditions for Test 1011 agree well with
measurements of the vessel outlet temperature, intact loop volumetric flow
rate, pump differential pressure, system pressures, etc. Agreement between
calculated and experimental results for the blowdown transient was generally
very good for all system variables that were campared. These included mass
flow rates, system pressures, fluid densities and temperatures, and
differential pressures. The camparisons for the lower plenum pressure and
pump discharge mass flow rate are given in Figs. 9 and 10, respectively. Test
1011 represents the first develogmental assessment problem invofving a large
variety of camponents arranged in a multiloop configuration. It is’
encouraging that the one-dimensional TRAC model is adequate since the .
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experiment was designed to minimize multidimensional effects. With a TRAC
model containing 122 fluid cells, the steady-state and transient calculations
tequired 0.5 and 19 min of CPU time, respectively.

The Semiscale Mod-l system]'4 was very similar to the 1-1/2 loop
configuration described previously. However, the Mod-1 vessel contained 39
electrically heated rods (which could be programmed to simulate the surface
heat flux of a nuclear rod) and a 0.011 m downcamer gap. Test S-02-8
oonsisted of a 200% double-ended cold-leg break with a progranmed power decay
crve to simulate decay heat in a nuclear core. The transient was initiated
fram a steady state core and locp temperature distribution at a power level of
1.6 M. .

The best-estimate TRAC model of Test 5-02-8 contains a total of 263
fluid cells including 152 cells in the three—dimensional vessel model.
Although multidimensional effects are not too significant in this facility,
the three-dimensional vessel module was used because fuel rod heat transfer is
not available in the one-dimensional pipe module. As was the case for Test
1011, calculated steady-state initial conditions and transient results for
Test S-02-8 agree well with measurements of system variables. Typical
transient results are shown in Figs., 12-14. Figure 12 shows the lower plenum
pressure and Fig. 13 shows the mass flow rate fram the pump side of the
break. The calculated cladding temperature in the high pcwer zone is compared
in Fig. 14 with the band of temperatures measured in the same zone. Although
the overall agreement in cladding temperature response is good, same detailed
features were not predicted by TRAC.  These include what appear to be random
variations in the time to CHF and rewetting of same rods after the initial
dryout. Running times for the steady-state and blowdown calculations were 50
min and 2 hrs, respectively. :

The primary purpose of the 1/15-scale Creare downoomer
experimentsls was to study the effect of countercurrent steam flow rate, BECC
water subcooling, and downcamer wall superheat on the delivery of BOC water
fram the downcamer to the lower plenum. The apparatus consisted of a vessel
with downcamer, lower plenum, four cold leg ports, four simulated hot leg
penetrations, and a steam injection port at the top. In the quasistatic
experiments, a steady steam flow rate is established up the downcomer and
water is then injected at a constant flow rate into three of the cold leg
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injection into the lower plenum was initiated when the desired maximum rod
tenperature was reached during the preheating period. The test program
investigated the effects of initial clad temperature, flooding rate, power,
inlet coolant temperature, and system pressure on reflocd heat transfer,

The single-channel gecmetry of these experiments lends itself very
well to the use of the slab vessel option in TRAC. As a matter of fact, a
one-dimensional representation was obtained by using only one cell per axial
level. The base case model contained 9 axial levels in the core with each of
these levels containing 5 fine-mesh axial intervals for the reflood heat
transfer calculation. Conduction in the electrically heated rod was
represented with 8 radial nodes. Test conditions for the three cases
calcu].ated are given in Table IV and a summary of the calculated and measured
results is given in Table V. TRAC-P1A predicts the maximm temperature (and
hence the temperature rise) Quite well for all three tests. For the high
flooding rate case (Test 03541), the calculated turnaround time and quench
time also agree very well with the data. This is not the case, however, for
the low flooding rate tests where the code predicts early turnaround and
quenching. Underprediction of the carryover rates results in a rapid refill
of the core region ard partially accounts. for early quenching. TRAC-P1A does
mot contain an explicit entraimment model but this capability will be
available when the droplet field is added in a future version (see Sec. IV).
This capability, along with a better definition of a rewetting criterion,
should significantly improve the code results for low flodding rates. The
ratio of CPU time to transient time is about 25 for the FLECHT calculations.

The Loss of Fluid Test Facility (LOFT) 18 joa scale model of a
large PWR with volume scaling of about 1:60. Test Ll1-4 was the fourth in a
series of five isothermal blowdown tests in the non-nuclear LOFT program. The
system consisted of a pressure vessel containing upper and lower plena, a
downcamer, and a hydraulic core simulator; an intact loop containing a U-tube
steam generator, two centrifugal pumps, ard a pressurizer; a blowdown loop
containing a simulated steam generator, simulated pump, and two quick-opening
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valves; and a pressure suppression system. Test Ll-4 was a 200% double-ended
cold leg break starting fram initial isothermal conditions of 552 K and 15.75
MPa. The POCS consisted of accumulator, high pressure injection, and low
pressure injection systems.

Test L1-4 was modeled with 26 TRAC camponents containing a total of
215 £luid cells 72 of which were used in the three-dimensional vessel modsl.
Calculated initial steady state conditions were within 2% of the experimental
values. The blowdown calculation was started fram these initial conditions
using the dump/restart feature of TRAC. Calculated transient results are in
gocd overall agreement with the experimental measurements including mass flow
rates, fluid temperatures, densities, and pressures throughout the systen.
Same typical examples are shown in Figs. 17-19. Figure 17 indicates the
agreement obtained for pressures in the intact loop at the hot leg, o0ld leg,
and pressurizer. The mass flow rate fram the vessel side of the break is
shown in Fig. 18 and the reactor vessel liquid mass is shown in Fig. 19.
Effects resulting fram the delayed BECC injection appear to be properly repre-
sented by the models in TRAC. Results for Test Ll-4 indicate that TRAC
provides a good representation of integral effects in LOFT during the blowdown
and refill phases of a IOCA. The camputer CPU times on the (OC 7600 were 40 s
for the steady-state calculation and 40 min for the transient calculation.'

In addition to IOFT Test Ll-4, TRAC has been used to analyze Test
11-5. This test was also an isothermal blowdown experiment but with the
nuclear core in place and in a shutdown state. The agreement between the code
results and experimental measurements is similar to that for Test L1-4.

Posttest analyses have been performed for other experiments using
earlier versions of TRAC. The most noteworthy of these were Semiscale Mod-1
integral tests S-06-3 (Standard Problem 8) and S-02-6 (Standard
Problem 6). Test S-06-3 was a full 200% break LOCA fram blowdown through
reflood while S-02-6 was a single-ended small break experiment. Coarse-mesh
models were used in these analyses to evaluate the accuracy of fast-running
TRAC computations. Overall results of these computations were quite good,
particularly for the large break test, and are reported in Refs. 19 ard 20.
The large-break integral test required 169 min of CPU time for the- 250 s
transient. For the small-break test, 85 min of CPU time were required for the
500 s transient.
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A TRAC-P1A posttest analysis of Semiscale Mod-3 Test S-07-6 is
currently in progress. The Mod-3 facility differs from Mod-1 in that it has a
lenger core (3.66 m vs 1.66 m), an active rather than a passive broken loop,
and an external downcomer pipe instead of the normal internal annular
downcomer. Test S-07-6 was the first integral IOCA test in the Mod-3 baseline
series and was a 200% oold leg break with cold leg BECC injection. Some of the
future developmental assessment activities for TRAC-P1A will include posttest
analyses of FLECHT gravity reflood experiments, upper and lower plemun
injection tests and condensation-induced transients in Semiscale, Creare and
BCL BCC bypass transients, and blowdown heat transfer tests in the Thermal
Hydraulic Test Facility (THTF) at ORNL. '

B. Independent Assessment

Independent assessment of TRAC is being performed using tests from a
wide variety of thermal-hydraulic facilities both in the United States and
abroad. The principal facilities for this activity are given in Table VI.
Note that these facilities span a wide range of scales and types.

Pretest and posttest predictions have been perfonnele for the
first LOFT nuclear test L2-2 (Test L2-1 was cancelled) and posttest analyses
are in progresszz. Tests in the L2 serie523 are ldss—of-coolant
experiments conducted at gradually increasing power levels to determine the
nuclear core and systems response during all phases of a LOCA. Experiments in
this series simulate a 200% double-ended offset shear in the cold leg. Test
L2-2 was conducted at a 50% power level of 25 MAt and an intact hot leg
temperature of 580 K. The actual initial conditions for Test L2-2 were quite
different from those estimated before the test. These differences
significantly affected the overall dynamics of the calculation. TRAC posttest
predictions of Test L2-2 were in good agreement with most of the data except
that early rewetting and subsequent sequence of dryouts and rewets of the rods
in .the highest power region were not predicted. At other locations the
calculated cladding response was in good agreement with experiment.. An
example is shown in Fig. 20 where the calculated cladding temperature near the
core midheight of the lower power rods is campared with thermocouple readings
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{n the same zone. The calculated peak clad temperature was 840 K compared to
the measured value of 790 K. Posttest analyses of this test indicate that an
improved rewet correlation is required to more accurately model this
phenceenon. These analyses also indicate that the rewetting behavior is not
gensitive to reasonable variations in the fuel rod gap conductance during the
transient. In addition there is a possibility that the fin effect due to the
external thermocouples could initiate early rewetting of the cladding to which
they are attached. .

A pretest calculation for Test L2-3 is currently in progress. This
test is sfmilar to L2-2 but will be conducted at 37 M4, Pretest and’ posttest
predictions and posttest analyses will be performed for all future tests in
the IOFT facility. A posttest prediction for a small break test (S-07-10B) in
the Semiscale Mod-3 facility is also in progress. This test is being treated
as a standard problem by the NRC.

The IOBI facility at Ispra, Italy will offer the first opportunity
for a TRAC prediction of a "new" test facility. 10BI is a full-height and
approximately 1/700 volume scale model of a 4-loop BWR. It consists of a 5.3
M{ electrically heated rod bundle within a pressure vessel and two active
ocoolant loops. The facility will be used to study the blowdown and
bypass/refill phases of a LOCA. Design jnformation for the LOBI facility has
been received and a TRAC prediction of the first experiment is in progresss

The FLECHT-SEASET (Full-Length Bmergency Cooling Heat Transfer-
Separate Effects And System Effects Tests) experiments at Westinghcuse (W) are
a continuation of the original PWR FLECHT and FLBCHT-SET programs. They are
designed to study fuel rod heat transfer and two—phase flow effects during the
reflood phase of a LOCA. As implied by the title, both separate effects and
system effects tests will be conducted in this facility. The separate effects
tests will be performed f£irst and will focus on rod bundle heat transfer and °
thermal-hydraulic behavior. The system effects tests will be performed in a
closed loop which includes simulation of the downcomer, COLe, upper plenun,
and steam generator. Two forced flooding separate effects tests are the first
TRAC predictions that will be performed for the SEASET facility. - It is
anticipated that these tests, which have been designated as standard problems,
will be performed by June 1979. TRAC predictions of subsequent separate
effects and system effects tests will be performed as appropriate.




120

The PKL (primarkreislaufe) facility in West Germany is a full-height
integral refill/reflocd facility containing a 340-rod electricaily heated
oore, external downcamer, and three coolant loops with steam generators. As
oompared to a full-scale PR, the volume scaling of PKL is aporoximately
1:130. A posttest analysis is currently in progress for Core I of this
facility. Another Core I test has been designated a standard problem and a
TRAC posttest prediction for this test is also in progress. Future testing
in PKL will use a better instrumented core (Core 1I) and TRAC predictions
{pretest and posttest) will be performed as appropriate.

The Japanese Cylindrical and Slab Core Test Facilities (CCTF and
SCIF) and the German Upper Plenum Test Facility (UPTF) are part of a multi-
pational (U.S., Germany, Japan) program to investigate refill/reflood
phenamena during a LOCA. The IASL role in this program is to provide design
assistance and test predictions/analyses using TRAC, provide advanced instru-
mentation (stereo lens),and perform emall-scale entrainment/de—entraimment
exper iments. CCIF is very similar to PKL but contains 2000 heater rods rather
than 340. System shakedown tests have been performed and a base-case test is
planned in May 1979. TRAC analysis of the last shakedown test and a pretest
prediction for the base test are in progress at this writing.

SCTF and UPTF are full-scale separate-effects facilities which
address multidimensional phenamena in the reactor vessel during the reflood
process. These facilities are in the design stage and corplement each other.
in that they model different regions of the reactor vessel internals in great
detail. The main feature of SCIF is a full-scale two-dimensional (slab) core
containing 2000 electrically heated rods; the UPIF features a full-scale
three—dimensional upper plemum with the associated upper plenum internals. At
present TRAC is being used to provide design assistance by performing cal-
culations for these two facilities and for full-scale PWRs. The PWR cal-
culations provide prototypical initial and boundary conditions for the
peparate-effects tests. Testing in these facilities is expected to begin in
1980 (SCTF) and 1982 (UPTF).
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Tv. FUTURE DEVELOPMENTS

Based on the TRAC results for LOFT Test L2-2, a sensitivity study was
{nitiated to determine if one of the rewet correlations available in the
1iterature is more suitable than the one currently in TRAC. This study is
still ir; progress but initial results indicate that a correlation that takes
{nto account quality and mass flux, in addition to liquid and wall properties
as in the current one, will greatly improve agreement with experiment. The
entire reflood heat transfer methodology is being re-exanined to improve the
reliabiliti{ of the computations. Develogment of a dynamic fuel-rod gap modal
is in progress. Tmprovements to other constitutive relations will continue to
be made based on further code testing and new experimental data.

Development of more efficient and faster numerical integration schemes is
a continuing activity. We are currently investigating the use of higher order
spatial integration methods to allow better treatment of sharp liquid/vapor
interfaces and the use of larger hydrodynamic mesh cells. A fast-running TRAC
version, suitable for gensitivity studies and parametric analyses, is
scheduled for future development. This code will be either a one-dimensional
version or a coarse-node multidimensional version with aporopriately modified
constitutive relations. ..

A two-fluid one—dimensional hydrodynamics capability has been developed
and is being tested. This capability can be used in both the development of
the me-dimensional code and the gevelogment of a vessel module for Boiling
Water Reactors (BWRs). Another major capability under development is addition
of a droplet field to allow entraimment, transport, and de-entrairment of
drops as well as countercurrent flow of drops and films. This capability will
allow better treatment of carryover phenamena and entraimment/deentrainment/
£ilm formation on the upper plenum internals and pool formation above the
upper core support plate. An initial code version containing this capability
is currently being tested.

Injection of nitrogen into the primary system when the accumulators empty
during a LOCA can have a significant effect on fluid properties, phase—change
rates, wall heat transfer, etc. Therefore work is in progress on adding a
poncondensable-gas field to TRAC. i
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PIPE

PRIZER
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TABLE I. TRAC OCMPONENT MODULES

Description

Models a PWR vessel and associated internals using either
a three-dimensional (r-&-z) or two-dimensional (x-y)
geametrical representation and a six-equation two-fluid
model to evaluate fluid flows within the vessel. VESSEZL
includes rod heat transfer with reflood dynamics in
one~-dimensional and cylindrical geametry, slab heat
transfer from structure, and point reactor kinetics with
decay heat.

Models thermal-hydraulic flow in a one-dimensional duct or
pipe using the five-equation drift-flux model. PIFE can
treat area changes, wall heat sources, wall friction, and
heat transfer across the inner and outer wall surfaces.
Both semi-implict and fully implicit solution algorithms
are available in this module.

Simulates a pressurizer using the one-dimensional
drift~-flux model with drift velocities specified to
produce a sharp liquid/vapor interface during discharge.
The pressurizer walls are adiabatic but energy transfer
from a heater/sprayer system is simulated.

Describes the interaction of the two-phase fluid with a
centrifugal pump using the PIPE capabilities and pump
correlations for the mixture mamentum source.

Simulates an accumulator filled with BECC water and
pressurized with nitrogen gas using the one—dimensional
drift-flux model. The vapor-phase properties are those
for nitrogen gas and drift velocities are specified to
produce a sharp liquid/vapor interface during discharge.
Nitrogen is not allowed to discharge fram the accumulator
because a nonoondensible field is not yet available in the
basic hydrodynamics model. o

Models either a "U-tube" or "once-through" type steam
generator using the one-dimensional drift-flux model.
Primary and secondary side hydrodynamics are treated
separately with coupling through wall heat transfer.
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BIE I (cont'd)

Module pDescription
TEE Models the thennél-hydraulics of three piping branches

(two of which lie along a cammon 1ine with the third
entering at an arbitrary angle) using essentially two

pipes.

VALVE -~ Models the thermal-hydraulic flow in a valve using the
basic PIPE capabilities. valve action is modeled by
controlling the flow area and hydraulic diameter between
the two fluid cells.

BREAK Imposes a fixed or time—dependent pressure boundary
condition one cell away from its adjacent camponent.
BREAK is mot actually a system component but is treated as

such with respect to input, initialization, and
{dentification procedures.

FILL Imposes fixed or time—-dependent velocity boundary
oonditions at the junction with its adjacent camponent.
The observation made for BREAK applies here also.




Module

DF1D

3D

SLIP

SLABHT

HTOOR
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TABLE II. TRAC FUNCTIONAL MODULES

Description

Solves the finite-difference equations for the
one-dimensional drift-flux model using either a
semi-implicit or fully implicit algorithm.

Solves the finite-difference equations for the
multidimensional two-fluid model using a semi-implicit
algorithm. TF3D includes a constitutive package to
provide wall and interfacial shears and interfacial
mass and heat transfer.

Provides thermodynamic properties of water and stean.

Camputes two-phase wall friction factors and loss
coefficients associated with abrupt area changes.

Calculates relative velocities between vapor and liquid
phases for the one—dimensional drift-flux model. The
procedure is pased on a flow regime map similar to that
used in the three—dimensional vessel hydrodynamics.

Solves the oe-dimensional (cylindrical)
finite-difference thermal-conduction equations in the
fuel rod including pellet, gap, and clad regions.

Solves for the lumped parameter temperature of a slab
of arbitrary configuration.

Solves the one—dimensional (cylindrical)
finite—difference thermal-conduction eguations in pipe
walls.

Provides heat transfer coefficients fram wall to fluid
based on local conditions.




1.

2.

3.

4.

6.
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TABLE III

TRAC-P1A DEVELOPMENTAL ASSESSMENT ANALYSES

Exper iment

Edwards Horizontal
Pipe Blowdown
(Standa_rd Problem 1)

CISE Unheated
Pipe Blowdown
(Test 4)

CISE Heated
Pipe Blowdown
(Test R)

Marviken Full-Scale
Vessel Blowdown
(Test 4)

Semiscale 1-1/2 Loop
Isothermal Blowdown
(Test 1011, Standard
Problem 2)

Semiscale Mod-1 Heated
Loop Blowdown (Test
s-02-8, Standard
Problem 5)

Creare Quasistatic
Downcomer /BCC Bypass
Exper iments

FLECHT Forced
Flooding Tests

) Nonnuclear LOET

Blowdown with Cold Leg

" Injection (Test Ll-4,

Standard Problem 7)

Thermal-Hydraulic Effects

Separate effects, one-dimensional
critical flow, phase change, slip,
wall friction

Same as 1 plus pipe wall heat
transfer, flow area changes, and
gravitational effects

Same as 2 plus critical heat flux
(&fF)

Same as 1 plus full-scale
effects

Synergistic and system effects,
one—dimensional flow, phase
change, slip, wall friction,
critical nozzle flow

Same' as 5 plus 3-D vessel model
with rod heat transfer including
nucleate boiling, DB, and post-
DB

Separate effects, countercurrent
flow, interfacial drag and heat
transfer, condensation

Separate effects, reflood heat
transfer, quench front propagation,
liquid entrairment and carryover

Integral effects during blowdown
and refill, scale midway between
Semiscale and full-scale PWR
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TABIE VI.
Facility Location

Semiscale Mod-3 INEL
1LOBI Ispra
FLECHT-SEASET w
Nuclear IOFT INEL
PKL FRG
CCrF Japan
SCIF Japan
UPTY FRG
Marviken IiI Sweden
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Scale
Small
Small
Small
Intermediate
Intermediate
Intermediate
Large
Large
Large

TRAC INDEPENDENT ASSESSMENT FACILITIES

Description

Integral LOCA facility with
full-height core, two active coolant
loops, external downcamer, and UHI

capability.

Blowdown/refill facility with two
active coolant loops and full-height
simulation of a PwR.

Separate and systems effects reflood
facility with a single-bundle
full-height core and one external
loop.

Integral IOCA test facility with
nuclear ocore and two active coolant

loops.

Full-height refill/reflood facility
with three coolant loops (no pumps),
external downcamer, and 340-rod core.

Reflood facility with two coolant
loops (no pumps) and a 2000-rod
cylindrical core.

Separate-effects reflood facility
with full-scale slab core, upper and
lower plena, and simulated downcomer.

Separate—effects full-scale upper
plenum (including internals) test
facility with downcamer and lower
plenum.

Separate-effects facility for
full-scale critical pipe flow.




12.
13.
14.
15.
16.
17.
18.
19.
20.
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FIGURES

Typical arrangement of PWR vessel and loop camponents.

Typical noding schematic for a three-dimensional reactor vessel.
Procedure for TRAC assessment.

Fluid pressure for Edwards blm experiment at location GS-5.
Void fraction for Edwards blowdown experiment at location GS-5.
Fluid pressure near the break for CISE heated blowdown test.

Beater wall temperature for CISE heated blowdown test.

Mass flux for Marviken blowdown experiment (Test 4).

pressure near top of vessel for Marviken Test 4. ‘

Lower plenum pressure for Semiscale isothermal blowdown (Test 1011).

pump discharge mass flow rate for Semiscale jsothermal blowdown (Test

Lower plenum pressure for Semiscale heated blowdown (Test S-02-8).
Hot-leg break mass flow rate for Semiscale Test S-02-8.

Cladding temperature in high power zone for Semiscale Test S-02-8.
Flooding curve fpr Creare low subcooling tests.

Flooding curve for Creare high subcooling tests.

Intact loop pressures for LOFT Test L1l-4.

Vessel-side break mass flow rate for IOFT Test Ll-4.

Reactor vessel liquid mass for LOFT Test Ll-4.

Cladding temperature response near core midheight for low power rods in

i

pator, ¥5
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TYPICAL TYPICAL
TOP OUTLET INLET
VIEW NOZZLE NOZZLE
h __
AVERAGE AND DOWNCOMER
. -HOT FUEL RODS BOUNDARIES
SIDE
VIEW
FLOW
RESTRICTIONS

Fig. 2. Typical noding schematic for a three-dimensional reactor
vessel.
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TEMPERATURE
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650 ] 1 T ] l
600
550
500 —
450 —— MEASUREMENT AT THW4 -
--- TRAC CALCULATION

400 -
350 |- -
300 ] | | J J

- 0 | 2 3 4 5 6

TIME (s)

Fig. 7.

Heater wall temperature for CISE heated blawdown test.
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Fig. 17. Intact loop pressures for LOFT Test Ll-4.
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Fig. 18. Vessel-side break mass flow rate for LOFT Test Ll-4.
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Fig. 19. Reactor vessel liquid mass for LOFT Test Ll-4.
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