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Question C5421.57

Discuss the provisions made for alarming a zero or negative differential
pressure (PSAR Section 7,5.5.2.1) as to sensor type, location, setpoints,
testabl| Ity, and annunciation,

Response

The Intermedlate loop pressure to primary loop pressure |s maintalned at
presssures greater than 10 psi. When the pressure on the Intermediate |oop
drops to within 10 ps! of the primary loop, the operator Is alerted by an
alarm. The alarm Is on a positive pressure differential and not zero or
negative pressure differential,

Each Instrument channe! Includes provisions for Insertion of a test signal on
the sensor side of the signal conditioning electronics.

The sensor type, locations, setpoints and annunclation are described In PSAR
Section 7.5.2.1.1. PSAR Pages 7.5-7, 7.5-8, 7.5-27 have been mod!fled for
clarification,
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provide the required time response, The thermowel| Is also swaged at the tip.
The thermocouples are spring loaded against the bottom of the well. Although
fallures of the wells are not expected, as confirmed by tests and analyslis,
the head of the thermowel !, Including the cable penetration, Is sealed to
provide a secondary boundary for the sodium. Tests have shown that this
system wll| provide a time response less than 5 seconds, Flexible mica,
polyimide and fiberglass Insulated thermocouple extension wires in condult are
used to bring the signals out of the Heat Transport System Cell. The signals
ere then routed to the contalmment mezzanine Into reference Junctions and
signal conditioning equipment. The conditioned signals are transmitted to the
control room for the Reactor Shutdown System logic, The Reactor Shutdown
System provides buffered signals to the PCS and PDH & DS.

Primary and Intermediate Hot and Cold Leg Temperature |

The primary and Intermed|ate hot and cold leg temperatures are measured to

determine and record operating conditions and to calorimetrically callbrate

the permanent magnet flowmeters., The measurement |s made by two duplex |
element resistance temperature detectors (RTDs) per loop, Installed In

thermowel Is. Although fallures of the wells are not expected, as conflrmed by

tests and analysis, the head of the thermowell, Including the cable

penetration, Is sealed to provide a secondary boundary for the sodium. The ‘
signals from the RTDs are routed to signal conditioning equlpment which |
converts the resistance varliation to a standard signal level for transmission |
to the PDH & DS.

Ecimary and Intermediate Pump Discharge Pressure

The pr.mary and Intermed|ate pump discharge pressure measurements monl|tor pump
performance. In addition the primary pump outiet In conjunction with the
Intermediate IHX outlet pressure provide the primary loop/Intermediate |oop
differential pressure. The measurements are made by pressure elements
Installed In the elevated section of the drain |Ine from the discharge piping
of the sodium pump. NaK fllled capillaries from the pressure elements are
connected to pressure transducers which develop electrical signals
proportional to the pressure. These pressure transducers prov!ide a secondary
boundary if the bellows In the pressure elements should fall. The conditioned
signal Is supplled to the PDH & DS. Since thls pressure element Is |located In
an Inerted cell and replacement would require entry Into the cell and dralning
of the |loop, two pressure elements per |oop are provlided.

Intermediate IHX Outiet Pressure

The Intermedliate IHX outlet pressure measurement |s used to monltor the |oop
and IHX operational performance history. The measurements are made by
pressure elements Instalied In the Intermediate locop piping between the IHX
and the superheater. NaK fllled caplllaries from the pressure elements are
connected to pressure franducers which develop electrical signa, = proportional
to the pressure., The pressure fransducers provide a secondary boundary |f the
bellows In the pressure elements should fall. The conditioned signal Is

suppl led to the PDH and DS.

Amend., 71
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JHX Differential Pressure

The primary sodium pump discharge pressure and the IHX Intermediate Loop
outlet pressure detectors are used to provide a differential measurement of
the IHX Primary/Intermediate pressure difference . which Is malntalned above
10 ps! during normal operating conditions. The ulfferentlial pressure
measurement |s alarmed |f the Intermediate |oop pressure drops to 10 psi above
the primary loop pressure to alert the operator for corrective action to
assure Intermedlate to primary differential pressure Is malntalned above the
minimum required., -

Intermediate Pump Inlet Pressure

The Intermediate pump Inlet pressure measurements provide a signal to mon| tor
pump performance. Used with the pump outlet pressure, the differential
pressure across the pump Is obtalned. In the primary loop, the reactor
pressure |s used for this survelllznce. The measurements are made by pressure
elements Installed on the plping between the evaporators and the pump Inlet,
NaK f1lled caplllaries from the pressure elements are connected to pressure
transducers which develop electrical signals proportional to the pressure.

The pressure transducers provide a secondary boundary If the bellows In the
pressure elaments should fall. The conditioned signal Is supplled to the PDH
& DS.

Intermedlate Expansion Tank Level

Two separate |evel measurement channels are provided; both channels are used
for Indication In the control room and DH & DS and for alarm, Alarm channels
provide a broad range measurement that covers possible high and low levels
during plant operation as well as the IHTS fill level. The PDH & DS uses
measurements for Intermediate loop sodlum Inventory (see also Section 7.5.5).
The level probes are designed to be replaceable.

Evaporator Sodium Outiet Temperature

Three thermocouple (as described above In the paragraph on IHX outlet
temperature) channels are provided to measure the sodium temperature at the
outlet of the evaporators In each loop. The thermocouples are placed Just
after the plpes fram each evaporator Join to form two single |Ines, These
three signals are conditioned separately and provided to the Reactor Shutdown
System loglc. The Reactor Shutdown System In turn provides buffered signals
to the PDH & DS.

7.5.2.1.2 Sodlum Pumps
Sodlum Level

sodium level |s measured In each pump tank, The signal provides Indication
and alarm. The alarm Is used to notlfy the operator of abnormal operation and
allow Inltlation of action to prevent pump damage. The signal Is also
provided to the PDH & DS where It can be used In calculation of sodium
Inventory.

7.5-8
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leaks (<1 gm/hr) will be detected by annull monitors In several days. Tests
during 1975 and 1976 showed that under environmental conditions typical of
LMFBR operation, small leaks from typical plping configurations can be
detected by both Sodlum lonization and Plugging Filter Aerosol Detectors.
Continuity (cable or contact) detectors did not rellably detect small plpe
|eaks under these conditions, Testing In 1978 verlfled the performance of
serosol detectors using prototyplc CRBRP cel| atmosphere recirculation as well
as plpe/insulation design.

I+ |s deduced from the test results that the sodium vapor/aserosol systems
wiil, In conjunction with exIsting radlation monlitoring technology, provide
adequate Indication of the smallest sizes of leaks of Interest.

Sodlum Leaks Into an Alr Atmosphere

Test results (Reference 2) Indlcate that the methods appl icable to sodium
leaks In Inerted cells will also operate when applled In an alr atmosphere.
The additional use of smoke detectors and the accessibllity of piping located
in an alr atmosphere to visual Inspection assist In the selection of an

ef fective sodlum~to-alr |eak detection system,

7.5.5.2 Intermediate ¥o Primary Heat Transport System Leak Detection

7.5.5.2.1 Deslign Description

The IHTS pressure (see 7.5.2.1.1 for Instrument detalls) Is malntalned at
least 10 ps! higher than the Primary Heat Transport System at the IHX to
prevent radloactive primary sodium from entering the IHTS In the event of a
tube leak, Malintaining a positive pressure differential across the IHX Is a
| Imiting condition for operation of the plant (Chapter 16 - Technical
Speciflcations), This provides assurance that a zero or negative differential
wll|l not exlst during any extended Interval. A loss of this pressure or a
reversal of It Is not expected to occur except durling accident conditions.
Such an occurance would necess|tate an orderly plant shutdown to correct the
problem. Since a reverse differential cannot occur for a signlficant
Interval, the potential leakage of primary sodium Into the Intermediate
system, through an IHX tube leak, Is small.

Leakage of primary sodium Into the IHTS, should It occur, will be detected by
radlation monltors provided on the IHTS plping within the SGB., The radliation
monltor system wil| provide an Indlication of the radiation level and will
provide alarms for condltions of excessive radiation Indicative of Ingress of
primary sodium, Since the only activity expected In the IHTS Is a low level
of tritium, the radlation monitors will be very sensitive to the presence of
significant amounts of radloactive primary sodium In the Intermediate system.
For accldents which Involve a loss of IHTS boundary Integrity the radlological
effects have been evaluated. The results of these evaluations are presentec
In Sections 15,3.2.3, 15.3.3.3 and 16.6.1.5.

7 .5-2‘
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Question CS5421.38

Section 7.4.2.1.4 of the PSAR states: ™Control Interlocks and operator
overrides assoclated with the operation of the superheater outlet Isolation
valves have not been completely defined."™ Have these Interlocks and overrides
now been defined?

Response

The need for control Interlocks and operator overrides |s currently being
reviewed and a Project position will be reflected in the PSAR In November

1982.

QCsS421.38~1
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Question CS421.57

PSAR Section 7.7.1.5 discusses steam drum water level control. Discuss +he
operation of this control system. Include information on what consequences
(i.e., overfilling the steam generator system and causing water flow Into the

steam piping, etc.) might result from a steam generator level control channel
fallure,

Be sure to discuss hi-hi (12 Inches) steam generator |evel logic for main
feedwater Isolation.

Response:

*>>

PSAP Section 7.7.1.5 has been updated in response to this question.

The control system for the purpose of responding to this question Is
subdivided into three parts. These are:

© Input signals
o level control clrcult

(o] control valve.

The steam drum level control circuit has a three element (steam flow,
feedwater flow and steam drum level) controller amd a median select module for
ezcn of the three redundant measurement channels for each Input signal.

Fallure of one of the Iinput signals will result In the median select clrcult
selecting one of the two remulning good channels for control purposes.

Failure of the level control circuit (Including median select clrcult) which
could result In flooding of the steam drum Is mitigated by two Independent
Class 1E high steam drum water level trips which are set at 8 Inches and 12
inches above normal water level. The 8 Inch logic train closes the steam drum
Isolation valve and the main and startup bypass feedwater control wvalves. The
12 Inch logic traln closes the feedwater Isolation valve.

Failure of the control vealves which results In an Increased steam drum water
level will result in the sume trips as discussed above for a falilure In the
level control circuit. Although the control valves may not respond to the 8

inch trip, the steam drum Inlet isolation valve will still respond to the 8
inch trip.

The Class 1E trip circuits also Isolate the steam generator auxil fary heat
removal system, auxillery feedwater (AFW). The 8 inch trip Isolates the AFW
steem isolation valves for the motor driven pumps and the 12 inch trip
isolates the turbine driven pump AFW steam drum isolation valves.

QCS421,57-1
Arend., 71
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The steam drum outlet nozzle which provides steam to the superheater Is
located 3F Inches above normal water |level and the steam dryers are also
located wel|l above the 12 Inch trip setting. Since there are two redundant
Class 1E logic tralns which close redundant feedwater valves and since the
steam drum can function properly at the 12 Inch trip level the entry of water
Into the superheater Inlet |ine need not be considered.

QCS421.57-2
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7.7.1.5 Steam Cenerator. Steam Drum Level Control System

The steam drum level control system regulates the feedwater flow to the steam
drum to maintaln a constent water level In the steam drum during plant
operation,

The control system consists of a three element (steam flow, feedwater flow and
steam drum water |evel) controller and a medlan select module. Each of the
input elements have three redundan® measurement channels. The mecian select
module selects the median signa! of the three channels as the Input to the
control ler. ’

Independent Class 1E high steam drum level trip loglc trains are provided at 8
inches and 12 Inches above steam drum normal water level. Each logic frain
also uses three redundant Inputs and a median select module.

The steam drum level control signal, the 8 Inch high level signal anrd the 12
Inch high level signal, have separate buffered signals provided from the PPS
instrument channels for Isolation and |ndependence.

The control logic is shown In Figure 7.7-1.
7.7.1.5.1 Eeedwater Flow Control Yalve Control

The startup feedwater control valve conntrols flow In the range of 0 to 158 of
rated flow. The control loop for this valve Is a single element controller,
using drum water level to control valve position. The main feedwater control
valve Is closed during this operatinn. When the flow rate Increases to
approximately 15§, the control system will automatically open the malin
feedwater control valve and close the startup control valve. A deadband Is
provided for this switchboard point to prevent cycling from one valve to the
other,

The control ioop for the main valve Is a three element controller, using drum
normal water level, steam flow, and feedwater flow, to control the valve
position. Drum drain flow rate, which remains essential ly constant at all
power levels, Is a manual Input to the controller. The control ler compares
steam flow to feedwater flow, and the resulting net flow error signal is
combined with the drum water level error signal, to control the valve
position. Drum water level is controlled within +2 inches of the normal water
level. Three redundant buffered signals are provided from the PPS for steam
flow, feedwater flow and steam drum level. The median signal of each element
Is provided to the steam drum level controller. Manual control of the startup
and main feedwater control valves Is provided In the control room.
Instrumentation required by this control system is obtained as follows:

o Steam Drum Level - Water level Is measured by a differential pressure
transmitter which senses the difference between the pressure resulting
from a constant reference column of water and the pressure resulting
from the variable helght of water In the steam drum. The measurement
Is density compensated.

7.7-8
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Sept. 1982




o Steam Flow - Steam flow |s sensed at 2 flow element In the outlet |lIne
from the superheater by a2 differentlal pressure transmitter. The
differential pressure signal |s compensated for temperature and
pressure varletions and |Inearized to provice a mass flow signal.

o Feedwater Flow - Feedwater flow is sensed at a flow element In the
inlet |ine to the steam drum by @ differential pressure transmitter.

The differential pressure signal Is corrected for temperature
variations eand |inearized to provide a mass flow signal.

7.7.1.5.2 Maln Feedwater Isolation "

Isolation of the main feedwater supply Is provicded to mitigate the consequence
of the loss of feedwater to a steam drum, a steam |Ine break, or to prevent
superheater flooding.

Isolation of the feedwater supply to the affected locp In the event of a steam
generator system feedwater leak will ensure integrity of the feedwater supply
to the two unaffected loops and mitigates the consequence of flooding damage
to other equipment, This protection Is provided by autamatic closure of the
steam drum Isolation valve and both feedwater control valves upon sensing a
low steam drum pressure (500 pslg) signal and autcmatic closure of both
feedwater control valves and feedwater valve Isolation upon sensing a steam
generator building flooding (temperature and humidity) signal.

In the event of a steam |ine break, steam drum drybut may occur and would
result in damage to the steam generator |oop upon re-Introduction of
feedwater., Protection against the re-Introduction of feedwater s provided by
the closure of *he feedwater isolation, the steam drum Isolation, and control
valves on los steam drum pressure (500 psig) signal.

In the event of a fallure in the drum water level control components, an
overfilling condition might result in flooding of the steam drum and
superheater. Protection against this is proviced by three redundant water
level sensors and by trip functions which close the feedwater valves at two
steam drum levels. The first trip level, 8 inches above normal water |evel,
closes the feedwater steam drum Isolation valve, and the feedwater control
valves. The second trip level, 12 Inches above normal water level, closes the
feedwater isolation velve.

Protection against flooding of the superheater durinyg steam generator
auziliary heat removal is discussed in Section 5.6.1.

7.7.1.5.3 Qperational Considerations
Normal Operations
The steam drum level controller utilized for feedwater control valve operation

is located in the control room back panels. The operator control station for
the controller is locateod on the main control panel In the control room.

7.7-9
Amend, 71
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During normal operation the steam flow and feedwater flows mismatch s summed
with the drum level signal and compared to level setpoint. The resultant
signal Is sent to the main feedwater control valve to provide & feedwater flow
balanced to steam fiow plus draln flow to malntain drum levels.

Qperator information

Indlcators and alarms are proviced to keep the operator Informed of the status
of the system under control. The following measurements are contlnuously
displeyed on the Main Control Boerd:

Superheat steam pressure, temperature and flow;
Steam drum pressure, temperature, and level;
Feedwater pressure, temperature and flow.

7.7.1.6 Reclirculation Flow Control System

The reference design calls for constant speed recirculation pumps.

7.7.1.7 Sodium Dump Tank Pressure Control System

The Sodium Dump Tank Pressure Control System functions to maintain the argon
cover gas pressure over the sodium dump tank within prescribed |imlts,
Pressure control of the sodium dump tank is maintained by the supplying or
venting of argon gas to or from the cover gas reglon via a two-Inch line. Two
pressure transmitters are located on this line, one for indication and of f~-
normal alarm, and one for control of the argon supply and vent valves.

7.7-10
Amend. 71
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Questlon C5760.99

Wha' experIments have or will be performed to determine the heat transfer rate
In the evaporator at conditions as expected at full power? How well Is the
heat transfer capaclty known for these conditions (outlet qual ity
approximately 0.5). How would a 20% error in heat transfer capablility impact
on the expected loop parameters vs. power level shown In Figures 5.7-1 and
5.7-21 What heat transfer correlations were used In those calculat!ons?

Response: .

A summary of all tests completed or planned Is provided In amended PSAR
sections 5.5.3.1.5.1 and 14.1.4.6. Although full power tests of the steam
generators will not be performed untii plant start-up, the minimum heat
transfer capacity under these conditions should be known with 1008 certalnty.
Jue to conservative assumptions made In the analysis, actual performance may
cxceed that predicted. The analytical models used to predict the per formance
of the steam generator unlts are well established and accepted through out
Industry. The valldity of these analytical tools ‘has been demonstrated
repeatedly through thelr use In the design of PWR's, LMFBR's (forelca and
domes"Ic) and non-nuclear equipment. The CRBRP steam generator test program
will specifically demonstrate the accuracy and rellability of these models
when used to analyze the CRBRP steam generators. Test data from the Prototype
Steam Generator test program includes conditions covering the entire spectrun
of ("URP Inlet sodium temperatures with ex!t water qualliies varied from zero
to it k. Data from the In-situ testing of Instrumentec plant units wil|
provive an absolute and final check of steam generator performance over the
entire rer - of CRBRP operating conditlons,

The response of the part load profile to a 208 reduction In evaporator
performance should not be significant although It was not specificaily

@ ‘lyzed. The IHTS hot-leg temperature would remaln essentlal ly unchenged
s'ace It Is set by the turbine throttle temperature flow In the IHTS which
would 'nocase In response to the degradation In heat transfer coefficient,
end thus the heat transfer potentieal (MmAT) would Increase.

Increasing the IHTS flow to maintaln a constant power In the steam generators
results in an Increase In the IHTS cold leg (evaporator outlet) temperature.
Duty split between evaporators and superheater remains virtual ly unchanged as
do DN5 location and recirculation flow. The net result of a degradation In
evapor ator heat ‘ransfer capaclty at 100§ pawer Is an Increase In IHTS flow
and an Increase In IHTS cold leg temperature. At lower power levels the steam
gunerators are oversized and the results of a degradation In capacity become
even less significant. At 40% power, the part load profile would be
essential ly unchanged.

The correlations used in tie calculations of the part ioad profiles of PSAR
Figur s 5.7-1 and 5.7-2 are glven in Table QCS760.99-1.

QCS760.99-1
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“olE QCS760.99-1

REG ION CORRELATIONS USED AUTHORS *REFERENCE
Nu=Cl + C2 * (Pe)®> CS760.99-1
C1 = 0.25 + 6.20 * (P/D)

Sodium Side C2 = -0.007 + 0.032 * (P/D) Grdber and Reiger
C3 = 0.8 - 0.024 * (P/D)

for CRBRP; Nu = 12.35 +
0.555 (Pe)% 753

Water Side Preheat Na = .0204 R60.905pr0-415 Engineering Sclences Data
#fineo 05 [Tu-T: (ESD) Unit = British
=Tsad
Subcooled Boiling and he | E—=(g") [T:-T] Thom, et ai
ubcooled Boiling an 0.07Z2 b om, et ai.

Nucleate Boll ing

use if ')K;’Tsd' "&%‘ Twese

A
Water Side DNB xu* - 6"3?"” 5o Konkov

Film Bolling N“ - O.BE.M'S &:’Pr‘"“] Bishop, Sandberg and Tong
[x+t-d(q, 4»‘)]: - [%. e

Superheat Nuf = 0.0133 Re;'”Prf'm Helneman

Tube Thermal Conductivity
Ko 24,296 -¢.00516BT

QCs760.59-2

0CsS760.99-3

QCS760.99-4

Note: Except for subscript f which denctes "average fi.a," p-orameters are cvaluated at "stream bulk"™ conditions.
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Question CS760.178A1

Can TOP accidente become prompt-critical in such a way that internal fuel
motion in lower power channels is the key factor in the energetics determina-
tion? Is such an event possible only for midplane failures with low sweepout?
How is the degree of sweepout determined? What is the effect of intrasub-
assembly incoherence on sweepout?

Response

The assessment of unprotected TOP events in the CRBRP (Chapter 6 of Ref.
QCS760.178A1-1) concluded that a prompt-critical response would not occur for
nominal conditions and would be very unlikely even for combinations of pes-
simistic assumptions on fuel rod failure location (i.e., midplane) and reac-
tivity insertion rates. These conclusions are substantiated by additional
considerations of likely reactivity insertion rates, fuel sweepout mechanisms
and the effect of intra-assembly incoherence on fuel sweepout.

Reactivity Insertion Rate

The maximum reactivity insertion rate evaluated for TOP events is an
important consideration in determining the potential for energetic comse-
quences. Section 3.3.2 of Ref. QCS760.178A1-2 examined the abnormal reac-
tivity insertion events which could lead to a TOP initiated HCDA. Both
anticipated events (Table 15.2-1 of the PSAR) combined with failure of both
shutdown systems and events beyond the protection system design bases were
considered.

Reactivity insertion rates for the heterogeneous core have subsequently
been analyzed. Anticipated events, unlikely events, and extremely unlikely
events were considered. Based upon this analysis, there are no identified
events that result in reactivity insertions greater than one dollar which
occur at rates in excess of 12¢/s.

Fuel Sweepout Mechanisms and Incoherence Effects

For the nominally predicted upper fuel rod failure locations the initial
fuel motion to the failure site results in negative reactivity effects such
that the potential for a prompt-critical excursion doesn't exist and the core
response is not sensitive to the degree and timing of fuel sweepout from the
core. For this case the fuel sweepout response is more directly related to a
determination of the potential for damaged core coolability and end state of
the transient, as discussed in Sections 6.1.1 and 6.2.2 of Ref. QCS760.
178A1-1.

1f a fuel rod were assumed to fail at the core midplane (i.e., location
of peak axial flux), the initial fuel motion response would result in the
maximum positive reactivity feedbacks. This assumption, if coupled with very
limited fuel motion in the sodium flow channel, is considered to be the only
plausible way in which an unprotected reactivity insertion event in CRBRP
could result in a prompt-critical transient.

QCS760.178A1 1



In recognitior * the importance of fuel rod failure location, calcula-
tions were performeu which assumed coherent, fuel rod midplane failures
(Chapter 6, Ref. QCS76(L.178Al-1). These calculations indicated that prompt-
eritical condit?ons did not result from assumed midplane failures in CRERP.
In reaching th. conclusion it was recognized that the use of more realistic
analytic methods (PLUTO-2) is important in determining the appropriate acci-
dent progression. These methods, which are experiment=lly supported, show
that after a brief time interval the net effect of fuel motions (within and
outside the fuel rod) lead to negative reactivity consequences, even at
relatively high core powers. This is in contrast to the SAS/FCI model which,
due to several unrealistic modeling assumptions, predicts incorrect, ac~-
celerating positive reactivity at high core powers.

The PLUTO-2 calculations which were performed (Ref. QCS760.178A1-1,
Section 6.2 and Appendix E) are conservative in that the larger time-dependent
SAS/FCI cavity was used. Although fuel plate-out parameters were not varied,
parametric variations in fuel particle size, based on PLUTO-2 applications to
TREAT experiments, were used to reduce the predicted amount of fuel sweepout.
These calculations still indicated that a prompt-critical transient would not
be expected in the CRBRP.

The application of PLUTO-2 to experiments and the phenomenological
understanding gained in representing fuel sweepout is summarized in the
following. A more detailed discussion of the PLUTO-2 modeling and its bases
1s provided ae an attachmeut to this response.

Pre- and post-test analyses of TREAT tests EB, H6, and L8 have been
performed with PLUTO-2 and its predecessor PLUTO. Although several modeling
differences occur between the two computational techniques, reasonable com-
patibility in predicted conditions exist for the first 20 to 30 milliseconrds.
This is because none of the significant differences between the codes are
physically required on this time frame.

TREAT tests E8 and H6 simulated TCP events in the FFTF et 3 $/s and 50
¢/s, respectively*. Test E8 conditions were unfavorable for sweepout in that
the pump pressure drop and flow through the test section were very low com-
pared to the reactor environment. Nevertheless, there was considerable early
fuel sweepout observed by the hodoscope. The observed sweepout was faster
than that calculated with PLUTO. This is considered to be due to the assump-
tion of a single fuel particle size in PLUTO. Onm the whole, the comparison to
experiment was very good and on the conservative side; that is slower and less
gweepout.

The hydraulic parameteivs for Test H6 were closer to FFTF and CRBRP hy-
draulic conditions then Test ES and had a lower reactivity insertion rate of
50 ¢/8. The test showed several FCI events separated by more than 100 msec.
The first event in the H6 experiment was analyzed with PLUTO (Ref. QCS760.
178A1-3). The failure of only one rod was assumed which led to a rapid fuel
sweepout of about 10 g above the top of the active fuel. The final hodoscope
data, which were available only after the PLUTO analysis, indicate that about
17 g of fuel moved beyond the top of the active fuel within 30 msec and 28 g

-
Using 34 cm EBR-II irradiated fuel rods.
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within 90 msec. This is an indication that more than one rod may have failed
during this time interval.

The main pressure and flow event in test H6 was analyzed with PLUTO-2
(Ref. QCS760.178A1-3). Only a fair agreement with the flow and pressure data
could be achieved. This was at least partially due to the limited knowledge
about the initial conditions at the beginning of this last event of the
experiment. The PLUTO-2 calculation, which assumed the simultaneous failure
of three rods, resulted in a rapid upward sweepout of 66 g of fuel. The final
hodoscope report (Ref. QCS760.178A1-4) puts the upward dispersal during this
event at 78 - 12 g within 30 msec.

The fuel sweepout during this event was relatively massive although the
hodoscope date indicate that the rod failures were close to the midplane.
Some of the fuel swept upwards may have been fuel which had collected near the
midplane due to earlier rod failures. These had led to the failure of the
flow tube surrounding the rod bundle which must have caused a low pressure
situation near the midplane, reducing the potential for sweepout.

The L8 test simulated the condition in an assembly during a LOF-d-TOP
event (Ref. QCS760.178A1-5). At the time of rod failure the sodium velocity
had decreased to 1.3 m/sec and the pump pressure was around 0.05 MPa. Al-
though these conditions are not typical for a slow rarp rate TOP accident,
this test is nevertheless relevant for the investigation of fuvel sweepout.
Several features in this test potentially degraded the sweepout: (a) small
pump pressure, (b) low initial coolant velocity, and (c) a near-midplane
cladding failure location for which the ejected fuel has not much axial
momentum; the upward sweepout was nevertheless very rapid. As in the E8 test
simulation, the PLUTO-2 calculated sweepout above the top of the active fuel
again lagged behind the measured one (see Appendix A).

In Fig. QCS760.178A1-1 normalized fuel reactivity histories of the
measured and calculated fuel distributions are shown. These fuel reactivities
are obtained by integrating the product of a fuel worth curve and the axial
fuel distribution over the length of the pins. It is apparent from the figure
that the significant fuel sweepout and dispersal which occurred in this test
was well represented by PLUTO-2. According to the hodoscope results the fuel
motion reactivity became negative about 20 msec after rod failure in this test
(Ref. QCS760.178A1-6). The slight positive reactivity right after pin failure
in the test data may be due to a lesser extension of the initial clad rupture
above the midplane than assumed in the post-test simulation. However, this
may also be due to the disregarding of the fuel self-shielding and can be
altogether considered statistically insignificant when compared to earlier
variations in the hodoscope reactivity curve.

In summary the available fuel motion data from the TOP in-pile tests in
which fuel was injected into liquid sodium show a significant early fuel
sweepout. The rapidity of the fuel sweepout does not seem to be strongly
affected by the axial cladding failure location or the fraction of pins
failing.

The modeling of fuel sweepout just discussed invokes the customary
one-dimensional assumptions. This approach does not explicitly account for
two-dimensional coolant bypass (incoherence effects) which introduces two
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opposing considerations for an assumed midplane failure at a low rate reac-
tivity insertion. In a large rod bundle, coolant bypass effects will be
significant in proportion to the time delay between individual intra-assembly
fuel failure events. The first consideration is that auy time delay between
failure events results in a stretch-out of the positive reactivity effect of
fuel motion and sllows more time for fuel sweepout to occur and reduce
reactivity as discussed in Ref. QCS760.178A1~7. The second censideration 1is
the reduced rate of fuel removal. As noted in out-of-pile tests, coherent
bundle flow conditions showed more sweepout of simulant fuel than less co-
herent flow conditions Ref. QCS760.178A1-8. However, it was shown that even
under the less coherent test flow conditions neutronically significant sweep-
out occurred. It is also noted that the TREAT tests used for calibration of
the fuel sweepout modeling introduced some degree of incoherence into the
calibration process itself.

In considering both effects, the current Project position is that neither
the positive effect of delayed failure events nor the retarding effect of
coolant bypass on fuel sweepout introduce a significant uncertainty into the
reference caiculations perforned. Again, it is noted that it was possible to
simulate the observed fuel sweepout in three experiments fairly well with the
PLUTO-2 code (usually the very early sweepout was somewhat underestimated by
the code).

The NRC staff review pointed out that the degree of lead assembly failure
coherence would be greatest at EOC-3, whereas the Project examined the EOC-4
core configuration in Ref. QCS760.178A1-1. However, initial calculations per-
formed by staff consultants at ANL, which assumed midplane failures and weak
fuel sweepout (PLUTO-2 parameters used in these calculations were similar to
those used in a successful post-test analysis of the TREAT L3 test except that
the parameter controlling fuel plate-out was more conservative), concluded
that a sustained prompt-critical condition would not occur for reactivity
{nsertion rates less than 20 ¢/s (Ref. QCS760.178A1-9). This conclusion,
which is consistent with the Project understanding, will be further confirmed
following detailed determination of the EOC-3 neutronics safety parameters.

Yence, for the amount of expected incoherence among fuel assembly fail-
ures in response to an unprotected, < 12 ¢/s reactivity ramp insertion, and
for the limited positive fuel motion prior to sweepout dominance, a sustained
prompt-critical state would not occur in the CRBRP. This nonenergetic re-
sponse is considered generic to a CRBRP type core driven by a low rate reac-
tivity insertion.
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APPENDIX A TO: Question CS760.178Al1

Fuel Sweepout Modeling in PLUTO-2
and Its Experimental Bases

This Appendix provides additional detail on the important PLUTO-2 model-
ing parameters and relevant experimental data used to make judgements on fuel
sweepout in the CRBRP during low ramp rate TOP events.

The available fuel motion data from the TOP in-pile tests in which fuel
was injected into liquid sodium show a significant early fuel sweepout. The
rapidity of the fuel sweepout does not seem to be strongly affected by the
axial cladding failure location or the fraction of rods failing.

It is noted that it was possible to simulate the observed fuel sweepout
in several experiments fairly well with the PLUTO-2 code (usually the very
early sweepout was somewhat underes”imated by the code). The important
parameters in these post-test simulations are the fraction of rods failing,
the axial failure location, and the sodium void fraction below which transi-
tion to annular fuel flow is allowed. Somewhat less important are the rod
failure pressure, the fuel particle size and fuel plate-out and crust release
parameters. One could decrease the calculated negative fuel motion consider-
ably by not allowing the particulate flow regime. However, this would make it
impossible to match experimental data.

Two out-of-pile test series to investigate fuel sweepout have been
performed. In the ANL-CAMEL experiments (Ref. A-1) about 30X of the injected
U0.-Mo thermite mixture is typically swept upwards in particulate form and the
remaining fuel is plated out near the injection location. In contrast, KFK
experiments using electrically heated U0, rods (Ref. A-2) show a nearly
complete sweepout of the injected fuel. e KF! results, which are in close
agreement with the modeling of the early sweepout in PLUTO-2, are more pro-
totypic of the reactor environment in some important respects.

The following sections provide the additional analytic and experimental
detail.

In-Rod Fuel Motion and Fuel Ejection Modeling in PLUTO-2

The schematic in Fig. A-1 shows the in-rod and channel fuel motion which
are modeled in PLUTC-2. The flow of the molten fuel/fission-gas mixture
inside the fuel rods is treated as a homogeneous (i.e., no-slip), compres-
sible, and one-dimensional flow with variable flow cross section.

The assumption of a homogeneous flow inside the rod becomes questionable
after an extensive blowdown has led to a sizeable internal void fraction;
annular or slug fuel flow may be more appropriate. Homogeneous flow probably
exaggerates the in-rod fuel motion towards the clad failure for longer times
and for midplane failures is therefore conservative.

The calculation of the ejection through a clad rupture is based on local
pressure equilibrium between the fuel rod cell and the adjacent coolant. The
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mass ratio of ejected fuel to fission gas is assumed to be the same as that in
the ejecting rod mesh cell. A key factor for the ejection rate is the rate of
in-rod fuel motion into the ejection cell which is controlled by the small
cross section of the molten cavity. The latter is considerably smalle: than
claé rupture sizes found in the post-test examinations of TREAT tests H5 and
R12. For longer times (i.e., tens of milliseconds) a preferential ejection of
fission gas may take place based on a PLUTO-2 analysis of the TREAT L8 test
(Ref. A-3).

In the context of PLUTO-2 the most conservative assumption is a simul-
taneous failure of all rods at the midplane. This assumption maximizes the
total in-rod fuel motion. The larger fuel masses ejected then promote the
transition to an annular fuel flow and subsequent fuel plate-out, and thus,
minimize the fuel particle sweepout relative to the fuel mass ejected from the
failed rods. This is discussed in more detail in the following sections.

Fuel Fragmentation, Transition to Annular Fuel Flow and Fuel Plate-Out

In PLUTO-2 the moliten fuel injected into the coolant with a liquid sodium
fraction greater than the input value CIBBMN will fragment instantaneously
into droplets of one size. These droplets can further fragment into small~r
ones after a time delay which is input. Molten fuel ejected intc a coolarnt
node with a liquid sodium fraction below CIBBMN will be deposited on the
cladding and structure and move as a partially or fully annular film. Molten
fuel droplets already existing at & certain elevation will also be deposited
on clad and structure if the liquid sodium fraction drops below CIBBMN.
Figure A-2 illustrates the possible fuel configurations and flow regimes in an
equivalent coolant channel. What fraction of the channel perimeter is wetted
by a partially annular flow is determined by a linear interpolation between
zer» and an input volume fraction CIANIN which defines the volume fraction
above which the entire perimeter is wetted. If the bulk temperature of the
annular fuel film drops below an input energ, EGBBLY and if the outer clad
temperature has not yet reached an input temperature TECLMN, which should be
at or below the clad solidus, fuel plate-out will be initiated. Additional
fuel moving into a node with plated-out fuel may have a higher energy than
EGBBLY and may move through this node without plating-out. Existing crusts
can remelt due to fission heating and crusts which have completely melted the
underlying clad can elide into a neighboring node. For high fuel fractions in
the channel the fuel flow regime can also become bubbly in PLUTO-2. However,
this flow regime is not relevant for the early sweepout.

The fuel sweepout in PLUTO-2 depends strongly on the flow regimes, and
thus, on the parameters controlling the flow regime transitions. For example,
1f the sodium liquid fraction CIBBMN, below which a tramsition to annular fuel
flow is allowed, is set to a relatively small number, more fuel particles will
be generated and swept out. A value of 0.33 was used in the reasonably
successful L8 and H6 simulations (Refs. A-3 and A-4). A value of CIBEMN which
i{s below the initial sodium film fraction (usually set to 0.15) can change the
calculational results sfgnificantly because part of the liquid film has to be
evaporated or entrained before the tramsition to annular fuel flow is pos-
sible.
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Fuel-to-Coolant Heat Transfer

In the particulate flow regime the choice of droplet diameter, which is
input, is fairly significant. Although the particle drag force changes with
the radius, the main effect is on the fuel-to-coolant heat transfer which 1is
assumed to be of the following form in PLUTO-2:

hf,Na . Af'nf -'% . 6/3:r3 . 4uxd o Q- uu.)CIAz
Af,Na contact area between fuel and liquid sodium,
r fuel particle or droplet radius,
k fuel thermal conductivity,
Hf total fuel particle mass in a numerical node,
Gya Na void fraction,
CIA2 input constant - a value of 2.0 wae used in the H6 and L8 TREAT

test analyses.

The fuel particle radii used for successful simulations of TOP experiments
wore relatively large (0.25-0.17 mm) for tests in which the initial sodium
flow velocities and inlet pressures were considerably smaller than expected
for rea.istic TOP conditions. For more prototypical conditiomns particle radii
of 0.1 mm were found to give better agreement. The PLUTO-2 results are not
very sensit.ve to the choice of the above-mentioned input comstant CIA2
because the above heat transfer formulation is not used for most nodes in
which a high void fraction exists. In nodes containing molten fuel and little
1iquid sodium the fuel flow regime ls partially or fully annular. For this
flow regime the fuel-to-sodium heat transfer coefficient ie of the form:

R a4 as
hf.Na hf hn
where
v J . 3 0.8
hf CIA3 vf Cf lef /Df
and
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where:
subscript f  fuel,
subscript m sodium-fission gas mixture,
Re Reynolds number,
Re, = pg |uf - unl D/ (2vy)

CIA3, C1, C2, C3 input constants,

C specific heat,

k conductivity,

v viscosity,

D hydraulic diameter,

a void fraction

HCFPMI boiling heat transfer coefficient.

The main reason why the heat transfer between fuel and sodium in the
annular fuel flow regime is smaller than in the particulate flow regime is
hcwever, due to the considerably smaller fuel-to-sodium interaction area in
the annular flow regime.

PLUTO-2 Applications to In-Pile Tests

Pre- and post-test analyses of TREAT tests E8, E6, and L8 have been
performed with PLUTO-2 and its predecessor PLUTO. PLUTO models only a fuel
particle flow regime, does not treat fuel plate-out and has a significantly
different numerical treatment than PLUTO-2. For TOP conditions the two models
nevertheless compare reasonably well up to 20 to 30 milliseconds after rod
failure. This is because no extensive fuel flow regime changes and fuel
plate-out take place in PLUTO-2 during the early post-failure time in a TOP.

QCS760.178A1-A6



TREAT Test E8

The E8 test simulated a 3$/sec TOP accident in FFTF using the MK-II loop.
The pressure drop provided by the pump was only about 0.2 MPa and the initial
sodium velocity only 3.5 m/sec. Both values are significantly smaller than
prototypic ones and have rather ce.tainly decreased the fuel sweepout poten-
tial in this test. Nevertheless, there was considerable early fuel sweepout
obgerved by the hodoscope. This is shown in Figs. A-3a and A-3b along with
the post-test calculations performed with PLUTO (Ref. A-5). The failure
location in this test was probably above the midplane which may have enhauced
the sweepout. However, as discussed later, tests such as H6 and L8 with near
midplane failures also showed rapid fuel sweepout. From the figures it can be
seen that the sweepout in the experiment was faster than in the calculationm.
This is probably due to the fact that only one particle size is treated in the
PLUTO codes. In the experiment there was probably a particle distribution
including very small fragments which were swept upwards more rapidly than the
average particle. The magnitude of the experimentally observed sweepout is
also larger than calculated. This may be partially due to an overestimation
by the hodoscope which does not take into account the "un-self-shielding" of
fuel which has moved above the active fuel.

A PLUTO pre-test analysis also gave a fair agreement with the early
sveepout by assuming simultaneous failure of 3 of the 7 rods. In the test 3
rods probably failed within 15 milliseconds.

TREAT Tests H6 and L8

Test H6 simulated a 50 cent/sec TOP accident in FFTF using an improved
MK-11 loop. The pressure drop of 0.76 MPa and the initial flow velocity of
6.7 m/sec were nearly prototypic. The test showed several events which were
separated by more than 100 milliseconds. The hodoscope was radially mis-
aligned in this test and covered only half of the rod bundle. Tuererore, mno
attempt was made to compare the calculated and measured fuel distributions in
detail. MHowever, the final hodoscope report indicates that most of the fuel
motion took place in the half of the bundle which was covered by the hodo-
scope. This makes the comparison with the calculated sweepout more meaning-
ful.

The L8 test simulated a LOF-d-TOP condition using three GETR-irradiated
rods of 86 cm length, and a maximum power of 43 times nominal. The PLUTO-2
calculated sweepout again lagged behind the measured one (see Fig. A-4). For
the later times this was probably related to the simplified fuel plate-out and
fuel crust release modeling in PLUTO-2. In the pre-test analysis no fuel
crust release upon melting of the underlying clad was considered. This led to
the discrepancies in the sweepout above the top of the active fuel and model-
ing changes for the pust-test calculation (Ref. A-3).

The relatively good agreement on early fuel sweepout between PLUTO-2 and
both TREAT tests H6 and L8 was discussed in the main response to this ques-
tion.
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Out-of-Pile Phenomenological Evidence on Sweepout

Two series of out-of-pile experiments have been performed to investigate
fuel sweepout (Refs. A-1 and A-2). In the CAMEL tests performed at ANL, a UO
- molybdenum mixture, generated by a thermite reaction, was injected 11t¢ta11§
into flowing sodium in single end seven-pin bundles. Typically about 30% of
the injected 25 g of fuel (in 7 rod tests) got swept upwards in particulate
form. The remaining fuel plated out near the injection locationm. X-ray
pictures show that the fuel accumulated at least momentarily in the sub-
channels, occupying a progressively larger fraction of the channel cross

section as it spread among the rods. Local, small-scale FCl's appear to
initiate the fuel dispersal in the form of fuel particles. This is in con-
trast to the early fuel motion modeling in PLUTO-2 which assumes that all the
fuel injected into a liquid sodium stream fragments into droplets.
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Question CS760.178A2

An LOF-d-TOP might still occur if the sodium void worth is 50-60 percent
higher aud internal fuel motion in TOP type channels can occur. What are the
reactivity uncertainties of sodium void, Doppler, axial expansion and lead
channel fuel motion? How do you interpret the significance of these uncer-
vasuiles?

Response

A detailed review of the reactivity uncertainties used by the Project has
been performed. Ihe conservative values prexioully ueed (Ref. QCS760.178A2-1)
for the Doppler (- 20X) and fuel expansion (- 40%) are still considered
appropriate. The lead channel fuel motion behavior is extensively addressed
in the response to QCS760.178A3 and the conclusions on nominal behavior are
incorporated herein. The positive sodium void reactivity effect is the most
important reactivity insertion mechanism to be considered in the study of
loss-of-flow accidents without scram leading to overpower-induced rod failures
in unvoided low-power assemblies (LOF-d-TOP). The sodium void has been
re-evaluated for the CRBRP BOC-1 and EOC-4 configurations using the same data
base and computational methodology as those employed in the analysis of the
zero-power experiments at the ZPPR critical facility. The evaluation yields
an experimentally-based, best estimate value for the sodium void reactivity
and its associated uncertainty.

The impact of the derived coolant void reactivity data on the potential
for LOF-d-TOP behavior in CRBRP has been assessed. The EOC-4 core would be
the most likely to have LOF-d-TOP potential, due to the occurrence of the
maximum positive void reactivity at the end-of-life. Detailed analysis of the
loss-of-flow event in the EOC-4 core using the best estimate coolant void
reactivity worths upwardly adjusted to very conservatively envelop uncer-
tainties has demonstrated the absence of LOF-d-TOP potential. Recent analysis
and results from TREAT test L8 suggest that the autocatalytic reactivity
effects previously associated with whole-core LOF-d-TOP events were over-
estimated.

The remainder of the response has been divided into two sections dealing
first with the sodium void worth and uncertainty determination, followed by a
whole-core effect analysis, which supports the absence of LOF-d-TOP.

Sodium Void Urcertainties

The uncertainties assigned to calculated values of the sodium void
reactivity worth are of interest because of their impact on the probability of
an LOF-d-TOP. Large uncertainties are often quoted since the sodium void
reactivity involves a competition between two large and opposite signed
effects; a positive non-leakage component and a negative leakage component.
Calculated worths are therefore sensitive to the computational methods,
modeling and data which are used. If attempts are made to assess the uncer-
tainties based upon sensitivities to alternative computational models, the
results of the study would be quite dependent on the particular methodology.
An alternative approach makes use of the available experimental data to deduce
a predicted value with associated uncertainties which are independent of the
particular methodology. Such an approach has been adopted herein.

QCS760.178A2-1



During the past decade a large experimental data base has been estab-
lished on sodium-void reactivity effects in LMFBRs. An assessment of these
data has recently been completed at ZPPR and provides the input required to
establish an uncertainty for the CRBRP sodium-void reactivity effect (Ref.
QCS760.178A2-2) . The assessment included analysis of over 100 critical
experiments in LMFBR-type assemblies of CRBR size or larger. The same datea
base (ENDF/B-IV) and methods were used for all of the analyses. Bias factors
and uncertainties were obtained as a function of reactor type, size, zone, en-
richment, and blanket fissile buildup. By applying such bias factors for CRBR
analysis to calculations which use the same methodology as that applied in the
critical experiment analysis, a best estimate of physically observable void
reactivities can be determined for a specific void configuration. The best
estimate value and its uncertainty would be independent of both computational
method and differential data base. The results could then be used to assess
the accuracy of other analyses such as those used in previous CRBR safety
studies. In assigning total uncertainty to the best estimate value, con-
sideration must be given to those effects which are not completely addressed
by the critical experiments. Such effects include the impact of fission
products, temperature distribution, fuel rod rather than plate geometry, and
sequence of voiding.

The reference method used in the analysis of both the critical experi-
ments and the power reactor include exact-perturbation diffusion theory,
three-dimensional modeling, twenty or more energy groups, Benoist treatment of
neutron streaming, energy and spatial self-shielding correctioms, ENDF/B-1IV
cross section data* and ENDF/B-V delayed neutron data. Various methods
approximations were investigated as part of the assessment study and the only
improvements that were found to be significant relative to this reference
method were for transport and mesh effects in a few isolatod cases.

A comparison of the results of calculation against experiment for dif-
ferent subsets of the ZPPR critical experiment data base is given in Table
QCS760.178A2-1. Studies made explicitly for CRBRP during the engineering
mockup critical (EMC) experiment program, BOC-1 and EOC-4, are included in the
table. The difference between the BOC-1 and EOC-4 results are explained by
transport effects that are significant for the clean heterogeneous core, but
not for the more homogeneous EOC core.

The approach chosen for biasing the calculated CRBRP sodium coefficients
and for assigning uncertainties was to divide the reactor into four zones, and
to preserve the integral parameters for those zones. The zomnes chosen were:

) 8 Core zones with a positive reactivity signal (central core zones),

s Core zones with a negative reactivity signal (external core zones) ,

. Axial blanket zones,

4. Internal blanket zones.

.
Although not relevant for the critical experiment analysis, the power reac-
tor calculations used the ENDF/B-V fission product data.

QCS760.178A2-2



Table QCS760.178A2-1

RATIOS OF CALCULATED TO MEASURED REACTIVITIES FOR SODIUM VOIDING

C/E Before % Standard Deviniion

Cases Biasing After Biasing
CRBR-EMC® BOC-1,.Positive Part of Core  0.98 10
CRBR-EMC EOC-4, Positive Part of Core 1.23 6
101 Mixed Zones® 1.08 12
Axial Blankets without Control Rods 0.91 1
Axial Blankets with Control Rods 1.23 2
Core Zones with Negative Reactivity 1.02 9

Signals

.Sepnrnte bias factors applied to positive and negative components of reac-
tivity. For any subset, the average C/E 18 1.0 after bilasing.

bEngineering mockup critical experiments for sodium-void reactivity in CRBR;
reactor geometry and composition closely matched.

CThis and the following entries are LMFBR-type configurations but not CRBRP
specific.

Table QCS760.178A2-2 lists the bias factors and the calculational uncertain-
ties assigned to CRBR. In fact, only the central core region of the EOC-4
void reactivity is biased. Because the calculations tend to be more positive
than measured reactivities, it is both conservative and easier to use a 1.0
bias factor if the best estimeted value is less than unity by an amount
significantly smaller than the assigned uncertainty. The uncertainties
assigned to external core zones and axial blanket zones are larger than would
be indicated by Table QCS760.178A2-1, but these zones were not specifically
included iu the CRBR-EMC studies.

QCS760.178A2-3



Table QCS760.178A2-2

BIAS FACTORS AND UNCERTAINTIES FOR
SODIUM-VOID REACTIVITY IN CRBRP

Calculational

Bias Factor® Uncertainty 2

Zone . BOC-1 EOC-4 BOC-1 EOC~4
Central Core 1.0 0.82 10 6
Exterral Core 1.0 i.0 10 10
Axial Blankets 1.0 1.0 20 20
Internal Blankets 1.0 1.0 20 20

8170 be multiplied times the calculated value.

bTo be added in quadrature with uncertainties from other sources (see Table
QCS760.178A2-4) .

When extrapolating the above zero-power results to a power reactor,
additional effects require consideration. Sincc differences in sodium-vc’.
between ZPPR and the CRBR are implicitly accounted for in the calculationas
models, such effects lead only to additional uncertainties.

The ZPPR assemblies are built of fuel plates whereas the power reactor
uses rods. The effects of the different geometry on the calculational un-
certainty were investigated by analyzing small zone critical experiments in
rod geometry using the reference methods. No significant change in ability to
calculate the void worth in the different geometries was noted. As a con-
sequence, a0 additional uncertainty is required to account for the change in
fuel geometry.

The void worth in the power reactor is calculated by assuming that
flowing sodium has been voided from all fuel assemblies. The worth tables so
derived are used to determine the sodium-void reactivity for the specific
reactor configurations throughout the voiding sequence. The uncertainty
introduced by this approximation was determined by comparing ZPPR calculation
with experiment usiny both the_ exact sequence modeling and the more approxi-
mate model. An uncertainty of - 3.5% can be ascribed to this effect.

Although the CRBR-EMC critical experiments matched the nuclide composi-
tions very well, ro attempt was made to simulate the build-up of fission

roducts during the fuel cycle. Therefore, an uncertainty arising from the
'sion product inventory is introduced for the EOC~4 configuration. The
fission products increase the non-leakage term in the sodium-void effect
through changes in the real and adjoint neutron flux. Caagulationc were

performed to investigate this effect. If an uncertainty of - 202 is assumed

QCS760.178A2-4



n the absorption cross section of the fission product data, an uncertainty of
= 4% is introduced in the calculated sodium-void reactivity. There 12 con-
siderable evidence to suggest that such an uncertainty is very cravervative.
The reference calculation made use of a lumped fission product derived {rom
the ENDF/R-V data files. A second calculation was run ueisg lumpea fission
product data from ENDF/B-II1 which are based on a 20 year old evaluation cf
Garrison and Roos (Ref. QCS760.178A2-3). The difference in the calculated
sodium void reactivity for the two sets of dats is less than 0.52. A recent
NEACRP benchmark calculation compared fast reactor spectrum averaged flesion
product capture data and some of the results are given in Table QCS7t0.178A2
-3. It is of interest to note that the ANL results are N 9% higher than the
mean of all the countries participating in the exercise, and ~ 20X higher than
the French results which are adjusted to FY”NIX operating data. A larger
fission product cross section yields a large:r sodiun-vnid reactivity since the
larger absorption in the middle and low energy regioae will reduce the adjoint
flux at these energies making the slope more positive and thus increasing the
non-leakage component. Hence, a reduction in the ANIL fisajon produsi capture
cross section consistent with the French data would decreuse the calculated
sodium void reactivity worth. Based upon such resulrs, it seems conservative
to assume that the sodium-void reactivity, calculated from the refersuce
fission product data has an uncertainty of - IX.

Table QCS760.178A2-3

NEACRP BENCHMARK SPECTRUM AVERACED PSEUDO
FISSION PRODUCT CAPTURE CROSS SECTION /barns)

Mean of All Participants* .5002

St. Deviation

France
United Kingdom

Japan

5 -
Only four of eight participants are shown in ‘%able (CS760.178A2-3.

The zero-power experiments were perfcrwed with fuel tewperaturez neax
room temperature whereas the temperature in the CRER may range from the sormal
operating conditions to much hotter in an accident scenario. Such variation
in temperature is not represented in the sodium-void model. The main inpact
of raising the f5§§ temperature in a mixed cxide fueled core is t> change the
capture rate in U and hence the shape of the adjoint flux and the wegnitude
of the real flux at resonance energies. The uncertainty iz the sodiu -void
effect at high fuel temperature can be related to the room temperature resulte
through the uncertainty in the Doppler reactivities. It i3 therefore pocsible
to derive an additional uncertainty in the sodium-void <ffect at high
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tempirature relative to room temperature by applying the uncertainties in the
Dogpler effect. Such an analysis leads to an uncertainty of ~ 2.5% (Ref.
GCs/60,178A2~4).

Table QCS760.178A2-4 lists the percentage uncertainties due to effects
other than those inherent in the calculational method. These uncertainties

must be sdded with those given in Table QCS760.178A2-2 to give the total un-
ceitainty.

. Table QCS760.178A2-4

ADTTIONAL UNCERTAINTIES IN CRBR SODIUM-VOID REACTIVITY

Unccrtainty'
X of Total Reactivity
Source BOC-1 EOC-4
Frel Rods Instead of Plates 0 0
Sequence of Voiding 3.5 3.5
Teyperature Distribution 4.5 2.5
Fission Products 0 3.0

%70 be added in gnadrature with the values from Table QCS760.178A2-2.

Using the reference methods and the appropriate neutronics models, the
sodium void reactivity was calculated for the BOC-1 and EOC-4 reactor com-
figurationc. Biased region-wise reactivity worths are given in Table
QCS/60.173A2-5. The data have also been processed in the form of SAS3D
channel <¢ata to allow a comparison of these best-estimate predictions with
earlier values ised for CRBR safety analysis. In Table QCS760.178A2-6 the
biasad worths are compired with the values used in the CRBR analysis as
docusented in Tables 4-5 and 4-6 of Ref. QCS760.178A2-1. The large discre-
pancies can be stirfbuted to differences in computational methodology; e.g.,
ENDF/B-11" vs, EiN7-B/IV and First Order Perturbation Theory vs. Exact Per-
turbation Theor'., While the diffcrences may appear large, the new values,
even with the uncertainties as discussed below, fall entirely within the
uncertainty range documented in Ref. QCS760.A2-1.
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Table QCS760.178A2-5

BEST ESTIMATE SODIUM VOID® REACTIVITY WORTHS (8)t

BOC~1 EOC-4
Driver Assemblies
Core 0.256 1.528
Lower Axial Blanket -0,225 -0.160
Upper Axial Blanket -0.177 -0.177
Total -0.146 1.191
Internal Blanket Assemblies
Core 1.381 1.593
Lower Axial Extension 0.008 -0.020
Upper Axial Extension -0.007 -0.006
Total 1.382 1.567

8void flowing scdium, within assemblies (82X of driver and 732 of blanket
sodium removal per mesh cell.

s = .0032

Whole~Core Analysis

To provide a measure of the sensitivity of predicted accident energetics
to variations in the sodium void reactivity, the SAS3D analysis reported in
the response to question QCS760.178A3 was repeated using the higher positive
coolant voiding reactivity worths discussed above. The assumptions behind
this case are identical to the best estimate EOC-4 case reported in Ref.
QCS760.178A2-1, but with TREAT L6/L7 correlated fuel motion modeled as dis-
cussed in the response to QCS760.178A3. The EOC-4 core state was chosen
because it has the highest positive coolant voiding reactivity effect, and
would thus be the most likely to exhibit LOF-d-TOP behavior.

To esitablish an upper bound for the coolant void worth in the EOC-4 core,
the uncertainties contained in Tables QCS760.178A2-2 and -4 were combined
quadratically to yield a net uncertainty of 7.92 in the central core (positive
reactivity) region, 11.3%7 in the external core (negative reactivity) region,
and 20.7% in the axial and internal blanket regions. In each of the respec-
tive regions, an amount of positive reactivity corresponding to twice these
uncertainties was then added to the biased, evaluated worth so that positive
reactivities in the central core were increased by 15.92, negative reactivi-
ties in the external core were decreased by 22.6% and positive and negative
reactivities in the axial and internal blankets were increased and decreased,

QCS760.178A2-7



Table QCS760.178A2-6 ACTIVE CORE REGION (91 cm) FLOWING SODIUM MATERIAL WORTH, DOLLARS®

BOC1 EOC4
b Current ‘ b Current
Assembly Number GEFR Best Assembly Number CEFR Best
SAS Channel Number Type Assemblies 00523 Estimate i Type Assemblies 00523 Estimate
1 B 7 +056 .089 i B 7 «100 d62
2 F 12 .096 <159 F 21 «386 L4564
3 B 15 <152 «229 B {l «330 463
& F 18 <191 .291 ‘ F 9 «160 .189
5 B 30 <373 «534 B 36 «559 «735
6 B 6 .068 «101 F 6 .085 103
7 F 24 164 «287 F 12 «165 .198
5 8 B 24 +303 415 B 12 «125 «158
f:’: 0 F 18 .090 .183 F 6 .027 .062
S 10 F 9 .002 .051 F 12 113 .161
B F .002 .052 F 2% .366 425
” 12 F 12 -.071 -.025 F 12 -.038 -.011
13 F 12 -.072 -.027 F 18 o116 161
14 F 18 .45k -.453 F 18 -.200 -.186
15 F 24 -.282 -.263 F 24 -.082 -.059
Totdl Driver 156 =0.354 0.255 162 1.098 . 1.6438
Total Internal Blankets 82 0.952 1.368 76 1.114 1.498
Total Core 238 0.598 1.623 238 2.212 2.936

g = 0034 value used for consistency in comparison with Re€. Q760.178A2-1.

bref. 0CS760.178A2-1.



respectively, by 41.4X. The net results of these changes are summarized in
Table QCS760.178A2-7 which shows the maximum positive (i.e., sum of all
positive spatial values) coolant voiding reactivity as derived from the SAS3D
EOC~4 1ipput deck, the current best estimate biased worths, and the biased
worths upwardly adjusted with uncertainties of 15.9%, 22.62, and 41.4X. The
most conservative result shows an effective increase of 312 in the driver sub-
assenmblies, 84X in the internal blankets, and 52X overall, when compared to
the original void worths used in Ref. QCS760.178A2-1.

Table QCS760.178A2-7

COMPARISON OF MAXIMUM POSITIVE COOLANT
VOIDING REACTIVITIES IN DOLLARS

Current
Best Estimate Net Increase

Ref. Current Plus Over Ref.
Region QCS760.178A2-1 Best Estimate 2 x Uncertainty QCS760.178A2-1
Driver 1.67 1.89 2.19 312
Internal 1.12 1.45 2.06 84%
Blankets
Total 2:+79 3.34 4.24 52%

The event sequence predicted by SAS3D using the upwardly adjusted coolant
void worths is given in Table QCS760.178A2-8. This event sequence can be
directly compared to the event sequence given in Table QCS760.178A3-4 of the
response to QCS760.178A3. As the comparison shows, increasing the void worths
caused an increase in the maximum power and a shortened time frame for whole
core involvement. Coolant boiling begins in every driver assembly before fuel
in the hottest assemblies, channel 6, melts and begins to move. The core-wide
voiding pattern just prior to the time of fuel motion initiation in channel 6
is shown in Fig. QCS760.178A2-1. As this figure shows, at the time of fuel
motion in channel 6, complete core voiding of all the driver assemblies has
been achieved in channels 2, 4, 6, 7, 9, 10, and 11. LOF-d-TOP type failures
are thus ruled out in these channels. Partial voiding has occurred in chan-
nels 12, 13, 14, and 15, and failures into liquid sodium are therefore not
ruled out. However, the core power is only a factor of ten above nominal
power, and failure conditions are far from being met in these low-power
channels. As time progresses, coolant voiding continues until fuel melting in
driver channels 2, 4, and 7 at approximately 8.5 P_ leads to fuel dispersal
and initial neutronic shutdown at 17 seconds follgwing loss-of-flow initia-
tion.

At the time of termination of the calculation, the core was subcritical
and negative fuel motion reactivity was being added at a rate of -6.9 $/sec.
The core-wide voiding pattern at termination is given in Fig. QCS760.178A2-2.
This figure shows that at this point in time, all of the driver assemblies

QCS760.178A2-9
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Table QCS760.178A2-8

WHOLE CORE ANALYSIS RESULTS WITH ENHANCED COOLANT VOID REACTIVITY WORTHS*

Time Event CHN P/PO RHO RHOD RHOE RHOV RHOF RHOC
11.9448 Coolant Boiling 6 0.891 -0.059 -0.168 -0.077 0.186 0.0 0.0
13.5350 Coolant Boiling 2 0.936 0.006 -0.193 -0.091 0.289 0.0 0.0
13.8150 Coolant Boiling 4 0.927 -0.011 -0.200 -0.096 0.286 0.0 0.0
14.2150 Coolant Boiling 7 0.920 -0.022 -0.210 -0.103 0.291 0.0 0.0
15.4115 Coolant Boiling 10 1.611 0.367 -0.276 -0.167 0.811 0.0 0.0
15.4365 Coolant Boiling 11 1.656 0.381 -0.280 -0.170 0.831 0.0 0.0
15.7603 Coolant Boiling 9 2.004 0.433 -0.332 -0.221 0.987 0.0 0.0
15.8382 Coolant Boiling 13 2.172 0.466 -0.345 -0.235 1.046 0.0 0.0
16.1720 Coolant Boiling 12 3.610 0.641 ~0.406 -0.306 1.353 0.0 0.0
16.2195 Clad Motion 6 4,274 0.686 -0.421 -0.325 1.432 0.0 0.0
16.3095 Peak Rerctivity - 8.711 0.823 -0.476 -0.396 1.648 0.0 0.047
16.3555 Coolant Boiling 15 7.645 0.777 -0.514 ~0.439 1.664 0.0 0.067
16.3979 Coolant Boiling 14 6.045 0.702 -0.540 -0.465 1.639 0.0 0.068
16.5470 Fuel Motion 6 9.827 0.788 -0.607 -0.534 1.889 0.0 0.040
16.6258 Peak Power - 10.877 - 0.785 -0.656 -0.576 1.977 0.001 0.039
16.6938 Coolant Boiling 5 9.217 0.723 -0.695 -0.605 1.971 0.013 0.039
16.7034  Fuel Motion 7 8.728 0.705 -0.699 -0.607 1.958 0.015 0.038
16.7072  Fuel Motion 2 8.565 0.698 -0.701 -0.608 1.953 0.016 0.038
16.7097 Fuel Motion 4 8.460 0.69 -0.702 -0.608 1.950 0.017 0.037
16.7705 Fuel Motion 10 7.602 0.650 -0.723 -0.613 1.930 -0.051 0.107
16.7805 Fuel Motion 11 8.337 0.679 -0.726 -0.615 1.943 ~0.046 0.123
16.7916 Coolant Boiling 3 9.123 0.705 -0.731 -0.616 1.953 -0.038 0.137
16.8286 Fuel Motion 9 6.722 0.590 -0.742 -0.619 1.952 -0.171 0.170
16.8911 Coolant Boiling 1 5.442 0.482 -0.751 -0.623 1.978 -0.348 0.226
16.8911 Coolant Boiling 8 5.442 0.482 -G.751 -0.623 1.978 -0.348 0.226
16.9855 Fuel Motion 13 2.519 -0.109 -0.748 -0.623 2.081 -1.089 0.270
17.0392 Clad Motion 2 1.649 -0.675 -0.735 -0.622 2.292 -1.883 0.271
17.1280 Termination - 1.393 -0.981 -0.716 -0.620 2.647 -2.510 0.308
*Nonenclatute is as follows: CHN - SAS channel number.

P/PO - Core power relative to nominal.
RHO - Net reactivity in dollars.
RHOX - Reactivity in dollars due to Doppler (D), axial expansion (E), sodium void

(V), fuel motion (F), and rladding motion (C).
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have completely voided. In addition, internal blanket channels 1, 3, 5, and 8
have begun to void, and given the low power level, no subsequent blanket rod
failures would be expected. Rather, continued coolant boiling would be
expected, with the positive reactivity addition being offset by the negative
fuel dispersal in the disrupted driver assemblies. At termination, the peak
fuel temperature was less than 3500°C, and a gradual and benign entry into the
melt-out phase would follow.

This analysis demonstrates that when appropriate and experimentally
verified fuel motion behavior in voided assemblies is employed, conservative
estimates of the uncertainties in the reactivity feedback associated with
coolant voiding have little effect on predicted levels of initiating phase
energetics. While some details (i.e., transient power levels, time scales,
material motions) did change, no threshold for LOF-d-TOP events was found.
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have completely voided. In additionm, internal blanket chennels 1, 3, 5, and 8
have begun to void, and given the low power level, no subsequent blanket rod
failures would be expected. Rather, continued coolant boiling would be
expected, with the positive reactivity addition being offset by the negative
fuel dispersal in the disrupted driver assemblies. At termination, the peak
fuel temperature was less than 3500°C, and a gradual and benign entry into the
melt-out phase wculd follow.

This analysis demonstrates that when appropriate and experimentally
verified fuel motion behavior in voided assemblies is employed, conservative
estimates of the uncertainties in the reactivity feedback associated with
coolant voiding have little effect on predicted levels of initiating vhase
energetics. While some details (i.e., transient power levels, time scales,
material motions) did change, no threshold for LOF-d-TOP events was found.
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after attack by the pool. A direct calculation of the timing for availability
of the radial blankets has not yet been performed. However, based on the high
heat fluxes expected, and Ledinegg instability, access to the radial blanket
assemblies would be likely and within the time frame of the annular pool
phase.

Freezing Mechanisms and Limits to Fuel Removal

Once escape paths become available, access to sufficisnt volume to assure
permanent subcriticality can only be limited temporarily by fuel freezing.
Experimental results were discussed in Ref. QCS760.178B5~1 which indicated the
possibility for fuel penetration into the UAB - fission gas plenum region for
distances on the order of 30 to 40 cm. The details of the applicable freezing
mechanisms are as yet unresolved. A discussion of mechanisms is found in
Appendix D to this response. It is noted that fuel would penetrate much
larger distances if the conduction model were used as a basis and somewhat
shorter distances than experimental results indicate if the "bulk" freezing
model were applied. For UAB penetration, experimental results are precently
used as a best estimate for fuel penetration into the UAB in the absence of
prior cladding blockages. A pessimistic estimate is provided by the bulk
freezing model which would limit fuel penetration to about the extent of the
UAB 1itself (= 30 cm).

For interassembly gaps, the corduction theory as discussed in Appendix D
is applied as a best estimate (including accounting for sodium flow impedance)
while bulk freezing ie used as a pessimistic basis. The primary control
channel remains unplugged when tested against either conduction or bulk
freezing models. On the other hand, plugging cannot be ruled out for the
secondary control rod annular gap leading to the inlet orifice.

When either calculations or experimental results are applied to fuel
escape paths it is found that (a) the PCA escape path remains unplugged and
fuel escape is limited only by hydraulic considerations, (b) fuel penetration
into the remaining escape paths, UAB and interassembly gaps, 1s in some cases
individually insufficient to assure subcriticality. However, when collec~-
tively coupled with the PCA removal, these paths provide for fuel escape from
the core region in sufficient quantity to assure permanent subcriticality.

Driving Pressures and Hydraulic Limitations

Once molten fuel moves out of the assemblies, the fuel will flow radially
and downward into the open gaps. The gap flow area is small initially as only
high power assemblies (v 20%) are involved, and then increases as more fuel
assemblies are involved. When all the fuel assemblies are involved (i.e., the
molten pool reaches 5pe core boundary), thf total gap flow area is estimated
to be roughly 3000 cm“ at BOC-1 and 2500 cm™ at EOC-~4, assuming that only the
gaps between the blanket and control assemblies remain open. The fuel-steel
mixture in the assembly is in a dispersive state due fo steel boiling. The
pressure inside the assembly is expected to be 3-5 bars which is the steel
vapor pressure at 3100 - 3200°C. The pressure in the gaps would be approxi-
mately 1.5 bar. Therefore, an initial pressure differential between the
assembly and the gaps would be above 1.5 bar.
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The effect of sodium impedance to fuel flow in the interassembly gaps 1is
discussed in Appendix D. Based on the conduction model, sodium flow impedance
will reduce the gap penetration by no more than 40X. This reduced penetration
1s still sufficient to accommodate all of the fuel required to assure perma-
pent subcriticality on a time scale that is short (1 to 2 sec) relative to the
time scale of the MO/APP.

The fuel temperature was previously estimated to be 3100-3200°C when the
fuel assembly hexpan walls melt through. If fuel removal through the inter-
assembly gaps is not sufficient for subcriticality, a molten fuel pool will be
formed around the control assemblies, and the power will respond to assure
boilup. Therefore, it is reasonable to assume that the molten pool tempera-
ture will be about the same as the fuel temperature at melt-through of the
hexcan walls, i.e., 3100-3200°C. This temperature corresponds to a steel
saturation vapor pressure of 3-5 bar. Since the inlet plenum pressure is
approximately 2 bar at this point in the assumed flow coastdown transient, the
differential pressure for fuel removal to the inlet module through the control
assemblies can be assumed to be approximately 1.5 bar including a static head
of 0.5 bar.

The rate of fuel removal from the core (i.. below the core/LAB inter-
face) is initially rapid until the molten fuel fil.s =~ space above the orifice
region in the PCA's and the low pressure vent tube o.tlet of the SCA's. This
space will be filled rather quickly after the hexcan w2lls (and the guide
tubes in the case of secondary control assemblies) melt through. The volume
of these spaces was estimated to be approximately 79 liters, whicu cnrresponds
to ~ 11% of the total fuel inventory (6000 kg). After filling the space above
the PCA orifice region, the molten fuel will flow through the orifice plates
{nto the inlet module and ultimately into the reactor inlet plenum. In the
secondary control assemblies, the molten fuel may flow through the guide tube
lower vent (Fig. QCS760.178B5-3) into either or both of the inlet module and
out to the core barrel space. However, both of these later SCA paths were
assumed to be unavailable because an assessment of the potential for plugging
has not yet been performed.

The rate of fuel removal through the PCA orifice region to the iniet
module can be estimated by utilizing design information on sodium flow in the
PCA (Ref. QCS760.178B5-4). As shown therein, most of the pressure drop occurs
through the orifice plates, and a sodium mass flow rate of 5.6 kg/sec per
assembly was calculated for a pressure drop of 5.4 bar. Accordingly, based on
the pressure drop and density ratios between the sodium flow and fuel flow,
the fuel removal rate through the orifice region is calculated to be 9.6
kg/sec per assembly. For the nine PCA's, the total fuel removal rate is 86
kg/sec which corresponds to 1.4% of the total fuel inventory per second.

There are two major effects to be considered in the above estimate: fuel
crust formation and two-phase flow (reduced density). The fuel crust reduces
the orifice hole diameters, and the "steady-state" reduced hole diameter can
be calculated on the basis of energy balance between convection at the crust
surface and conduction through }he crust. The heat transfer coefficient 1is
calculated to be roughly 2 w/em“-*C, and with the fuel flow at 350°C above its
liquidus the hole diameter is reduced from 1.07 em to 0.94 cm. Using a new
loss coefficient, determined for the reduced hole diameter based on design
information provided in Ref. QCS760.178B5-4, the fuel removal rate was
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recalculated. The total fuel removal rate was reduced from the above estimate
by 15% due to the presence of the fuel crust.

Reduction of the flow density reduces the mass flow rate for a given
pressure drop. When the flow density is reduced by a factor of 2 (void
fraction = 0.5), the mass flow rate is reduced by 30%, i.e., from 1.4%2/sec to
12 sec.

In summary, about 11X of the total fuel inventory can be removed into the
primary and secondary control assemblies on a short time scale after melt-
through of the hexcan walls. In addition, the fuel can be removed through the
PCA orifice region into the inlet module and ultimately the reactor inlet
plenum, at a rate of about 1X of the total fuel inventory per second even with
consideration of the effects of fuel crust and reduced mixture density.

Termination of Accident Sequence

The material presented this far along with supporting appendices has
developed the basis for (1) fuel removal paths are available, (2) fuel removal
is significant even when assessed with either conservative models or experi-
mental results, and (3) significant recriticality events canmnot lead to
energetic disassembly during the melt-out/annular pool phase.

From this information it follows that the CRBRP hypothetical core dis-
ruption accident terminates benignly and that because of the long time scale
of the melt-out/annular pool phase the condition of a large scale homogeneous
confined pool is not established.

The implications of the preceding discussions can be summarized in Table
QCS760.178B5-5. This table shows the multiple paths for fuel removal and the
extent of fuel removal that can be accommodated for BOC-1 and EOC~4 core
conditions. Early fuel removal is associated with fuel escape dominated by
interassembly gap flow as discussed in Ref. QCS760.178B5~1. This would occur
on & time scale that is short (1 to 2 sec) relative to the time interval of
the annular pool phase. The table also shows that with some reasonably
pessimistic estimates relative to early fuel removal, but which at the same
time avoid precluding clearly available pathways, permanent subcriticality can
be attained on an extended time scale that is still within the time interval
of the annular pool phase. Table QCS760.178B5-5 will be discussed by columns.

Upper Axial Blanket

The distinction between BOC-1 and EOC-4 core conditions is imbedded in
the role of plenum fission gas on cladding blockages. For the BOC-1 core,
cladding blockages cannot be precluded but will not be complete throughout the
core. However, over the time scale of the MO/APP phase a best estimate would
i{ndicate some fuel removal but in quantities insufficient to lead to permanent
subcriticality. A pessimistic estimate would take no credit for this removal
path during the MO/APP phase. An important consideration of the UAB is intro-
duced because of the extended time required to melt-out the inner blankets.
Simple considerations of ablation melting of the UAB would indicate sufficient
time is available to erode even rather thick (5 cm) cladding blockages in a
time scale shorter than 100 sec. Thus, even if other mechanisms of fuel
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6T-S98LT° 094500

% Driver Fuel Inventory

Upper Axial Power Level anc¢ Time Interval

Blanket and Between Melt-Out/Annular Pool
Location Radial Interassembly Control Rod Phase end Homogenecus Pool

Blanket Gaps Assemblies Phase®*

Early* <102 (1) > 40% = 10% 10 to 5 w/g Bkt. Pwr. Level
Fuel Initial Temp. 1000°C (avg)
Removal Based on Rate of Removal 43 = 150 sec

Limited Opening is Fuel Melt

in Clad Bkg. Limited
Later* =202 (1) 152 2) > 40% Time Interval Reduced by 1/4
Fuel No fuel Pene- Based on BFM (3) Due to Driver Fuel Penetra-
Removal tration into and BOC Gaps tion into Bkt. Assembly

UAB - RB only r 46 = 35 sec
Early* > 252 > 40% 25 to 10 w/g Bkt, Pwr. Level
Fuel " Initial Temp. 2000°C (avg)
Removal Based on Exp. Rate of Removal (1) 4 46 = 46 sec

Data Limited is Fuel Melt (4)

Clad Bkg. Limited
Later* > 40% (2) > 102 (2) > 302 Time Interval Reduced b’ 1’2
Fuel Based on BFM Based on BFM (5) Due to Driver Fuel Penetra-
Removal in UAB (25%) and EOC Gaps tion into Bkt. Assembly

Plus (20%) in-
to RB

48 = 23 sec

-
Relative to the annular pool phase time interval.

*
R Defined by loss of inner blanket fuel assemblies structural integrity.
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(1)

(2)

(3)

(4)

(5)

NOTES FOR TABLE QCS760.178B5-5

Percent removal refers to short time scale following early fuel
disruption. UAB is expected to be opened by thermal attack before large

homogeneous pool is formed.

BFM - 3ulk freezing model. ORB -~ Outer Radial Blanket.

The basis for > 40% is (a) 10% inventory to fill control rod channel, (b)
plus draining through control rods at = 12 1 sec for as long as fuel

supply lasts.

No credit is taken for control channel volumes in the best estimate.

Best estimate emphasizes 2arly fuel removal through interassembly gaps.

The basis for > 30% is (a) above and (b) draining through control rod

channels at = 1% 1 sec for ~ 20 secs.
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removal were denied, the UAB would be open by the time that a large homo-
geneous pool is established.

For the EOC-4 core plenum, fission gas release during the initiating
phase will prevent upper steel blockage as demonstrated ir the TREAT R-8 test
(see Response to QCS760.178B4). A best estimate consideration would indicate
essentially unlimited fuel penetration into the UAB on an assembly basis.
While a pessimistic estimate would indicate a more limited penetration perhaps
to the end of the blanket section. This is supported by either application of
a bulk freezing model or relying solely on thermite injection test results.
Again, a key consideration is that the subsequent melt-out of the upper
blanket region accounting for fission energy can also occur on a 30 second
time scale if fuel melting is used as a basis. The time scale for opening the
UAB is much shorter if hexcan melting is visualized as the criterion for
separation of blanket regicn from the fission gas plenum region. Again the
above ~ore structure is opened on a time scale less than or equal to the time
to melt-through the inuer blanket.

Interassembly Gaps

The interassembly gaps arve also significant pathways for fuel removal.
Essentially the tctal driver fuel inventory can be accommodated by radial flow
outward (and downward) if a conduction limited fuel freezing (penetration
model) is employed. This will not or need not occur on a one-to-two second
time scale. The rate of fuel removal is found to be essentially supply
limited. That is, fuel can only be removed as fast as melting occurs. Sodium
impedance was evaluated and found at best to reduce unimpeded penetration
length by = 40%. This reduction does not alter the fuel removal inventory.
Pessimistic estimates are based on the bulk freezing model and gap sizes for
the BOC-1 and EOC-4 core respectively. In the latter cases, the fuel removal
may be less than required to achieve permanent subcriticality, but none-the-
less when added with other removal paths leads to the same result.

Control Rod Assemblies

The control rod assemblies (CRA) play a part in accommodating fuel
removal in two ways. First, following melt-through into the voided assembly
internals, the process of filling up the CRA from the inlet orifice to the
lower axial blanket-core interface removes & fuel inventory of = 10%. Second,
drainage through the lower orifice region of the primary control rod assembly
is assumed independent cof freezing model. The drainage rate through 9 primary
control rod assemblies is conservatively estimated to be within 1 to 2% of the
fuel inventory per second. Thus even with the most pessimistic case suffi-
cient fuel inventory is removed prior to inner blanket melt-out to assure
permanent subcriticality. It is noted that the inlet orifice region of the
secondary control rod assemblies cannot be assured to be free from plugging.

In Table QCS760.178B5-5 only that inventory of fuel associated with the
CRA volumes above the inlet orifice is credited. This is to put the role of
the CRA on a consistent basis with the best estimate and persimistic estimate
of the time scale for melt-out of the IB assemblies as discuesed in the next
section.
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Time Scale and Power Level

The overall time scale and power level are interrelated. The best
estimate is based on the assumption that driver fuel does not penetrate into
the inner blanket region because of rapid removal through the interassembly
gaps. The pessimistic time estimate assumes that because of limited fuel
removal through the gaps, driver fuel enters the inner blanket fuel region and
reduces the melt-out time by a factor of two (EOC-4) and a factor of four
(BOC-1).

The average power level in the driver fuel is based cn consideration that
it is most probably; (1) above decay heat levels (102 of nominal power)
because of mild recriticality events, (2) less than 50Z of nominal power which
should be sufficient to preclude recriticality on an assembly scale because of
fuel dispersal, and (3) less than 20% of nominal power after assembly melt-
through reduces the surface to volume ratio in the MO/APP. Since assembly
merging occurs rapidly after dispersal, a power level of = 30% of nominal,
which is sufficient to assure fuel dispersal, is taken as a basis for the time
to melt the IB assemblies.

Additional Considerations

In the pessimistic consideration above, driver fuel penetration into the
i{nner blanket region, if it should occur, would also be accompanied by an
equivalent penetration into the outer radial blanket. This would further
reduce or accommodate an inventory of = 20%.

Sensitivity

Various sensitivities have been indicated in Table QCS760.178B5-5. An
additional sensitivity that is not explicitly presented is that of the details
of the power history during the MO/APP. It is felt that the details of the
power history are not important so long as large ramp rate recriticalities can
be precluded. An increase in power level would shorten the time scale to
melt-out the inner blanket regions but would have the off-setting effect of
increasing the driving pressure for fuel removal and decreasing the UAB
melt-out time.

Sodium Re-Entry

with multiple fuel escape paths operating in a surrounding liquid sodium
environment the question of condensation induced scdium re-entry is natural.
By analogy, transient condensation of steam contacting subcooled liquid water
can result in sudden depressurization of the steam region and "suction" of the
subcooled water toward the steam source. Such rapid condensation has been
postulated to explain the occurrence of water hammers during accident transi-
ent sizulations for pressurized water reactors. The concern has been voiced
that, in a process similar to that mentioned above for steam, steel-vapor
condensation on upper pool liquid sodium following melt-through of upper core
blockages can cause the liquid sodium to be drawn back into the core. This
vater hammer which is certainly possible with respect to single component
systems, is inapplicable to the two-component steel vapor-liquid sodium system
because of the volatility of the liquid sodium surface and, therefore, the
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participation of sodium vapor during the steel condensation process. A
pressure reduction in the steel vapor regicn due to condensation is immedi-
ately compensated for by an equivalent pressure increase due to sodium evap-
oration.

The thermodynamic arguments are presented in Appendix E. The results of
these arguments indicate that for the steel vapor, subcooled sodium liquid
system a dual phase conversion process results in a vapor volume increase.
For every one cubic cm of steel vapor condensed, 1.3 cubic cm of sodium vapor
is produced, which significantly changes the character of the process in
comparison with a one-component system such as steam and water. Sodium
re-entry caused by rapid steel vapor condensation is not considered applicable
to the accident sequence.

Response Summary

L While recriticality events cannot be ruled out during the MO/APP
phase, these events are inherently mild because of flow regime and
geometry considerations. Neither can such events escalate into
larger amplitude prompt burst events. As a result of such mild
recriticality events, the fuel maintains itself in a highly dis-
persed state at some low level above decay heat.

“ Viable fuel removal paths exist in the UAB (for some core condi~-
tions), through interassembly gaps, through control rod assemblies
and in some cases by melting into the outer radial blankets.

# In view of the variable and parallel nature of these removal paths
the removal of sufficient fuel to assure permanent subcriticality is
not overly sensitive to freezing mechanisms, sodium constraint, and
viability of individual pathways.

& Removal of n 40% of the total driver fuel inventory is sufficient to
assure permanent subcriticality.

-

Because of the above considerations, removal of sufficient fuel to
assure permanent subcriticality can occur prior to melt-out of the
inner blanket and formation of a large scale homogeneous pool.

® Even if such events were to occur without losing sufficient inven-
tory, melt-out of the UAB would remove any constraint to the pool
and provide another means for terminaticn of the accident sequence.

* During the time when fuel loss is occurring, sodium re-ertry is
precluded as a source of pressure compaction of the annular pool
material.
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APPENDIX A TO: Question CS760.178B5, -C6, C7

Melt-Out of Inner Blanket Assemblies

The time required to melt out the innmer blanket fuel assemblies is
estimated from the frllowing expression derived from an adiabatic energy
equation:

(2800 - Ti) + A/C

46 = 7q (1)
RC

vhere 46 is the time to melt in seconds, T, is the initial blanket fuel
temperature taken as the radial average at é&nterline or maximum conditions
(°C), » is the heat of fusion of fuel (278 3/g), C is the heat capacity of
fuel (0.5 §/g °C), F 1s the fraction of nominal power for driver fuel, Q is
the nominal power of driver fuel (150 w/g), and R is the ratio of driver fuel
to blanket fuel.

For consideration of the melt-out phase the power level on the average
will likely be bounded on the high side by 0.5 times nominal power which may
be representative of a level sufficient to prevent recriticality by fuel
dispersal in subassembly geometry and by = .l times nominal power representing
the short time decay heat level. Thus F = .3 is taken as an average over the
MO/APP phase. Utilizing (1) above, the following table indicates the results
for:

EOC-4 BOC-1
F o3 .3
Q/c 300°C/s 300°C/s
A/C 556°C 556°C
T, 2000°C 1000°C
3 3 10
a6 46 sec 150 sec

Melt-through of the hexcan walls within the core region results in the
flow of molten fuel into the gaps; it could also result in the flow of molten
fuel into the internal blanket assemblies. Upon entering the blanket assem-
blies, the molten fuel will fill the voided space between blanket rods. Heat
transfer from the molten fuel to the blanket rods will cause the temperature
of the blanket material to begin to rise at a rate greater than the adiabatic
rate. An estimate of the maximum temperature rise rate dT/d6 within the
blanket rods surrounded by molten fuel can be obtained by assuming that the
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heat generated within the molten fuel is transmitted instantaneously to the
blanket rods. This results in the expression

a
a 113t 2
a6 "~ CR

QF

vhere a is the volume fraction of molten fuel (a = 0.24).

In deriving Eq. (2), the transport of the sensible and latent (phase
change) energy of the fuel melt to the blanket pins has been neglected. This
is permissible since the temperature relaxation time within the blanket rod is
approximately 35 sec and there is about four times more blanket rod material
than molten fuel by mass. For the EOC-4 core, the ratio [a/(1 = a)]R 18 »
1.0. Thus we conclude from Eq. (2) that fuel entering the internal blanket
assemblies can decrease the time to involve the internal blankets by no more
than a factor of two. For the BOC-1 core the ratio [a/(1 - a)]R 1s = 3.
Correspondingly, the time to involve the internal blankets can decrease by no
more than a factor of four.
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APPENDIX B TO: Question CS760.178B5, -C6, =C7

Considerations of Recriticality Events in the
MO/APP of the CRBR Heterogeneous Core

Recriticality events subsequent to the initiating phase can occur. The
geometric and the heat sink aspects of the boundary walls of high surface to
volume ratio can give rise to fuel density increase. It is noted that motion
of cold fuel material can be shown not to initiate large ramp rates. Reac-
tivity insertion from motion of cold fuel are limited to several cents/sub-
assembly/sec. The followiag discussions focus on the hydrodynamic aspects
limiting fluid dynamic sources of large ramp rate recriticality events.

Recriticalities may not be precluded, in particular, shortly after
termination of the initiating phase. To address this concern, a recriticality
scenario is developed for the BOC-1 core by making pessimistic assumptions:
(a) dispersed fuel in the high-power fuel assemblies collapses following the
initiating phase power burst, (Ref. B-1), and (b) at the same time fuel in the
medium-power fuel assemblies experiences a drainage-type collapse. The
reactivity insertion rate associated with fuel compactiom, which is the main
concern in this pessimistic scenario, is estimated below.

In the case of fuel collapse in the high-power assemblies, the dispersed
fuel will settle down displacing the vapor. The collapse rate will be con-
trolled by the rate of vapor separation to the region above the pool. Since
the flow regime is expected to be liquid continuous toward the end of the
collapse, the terminal rise velocity of vapor bubbles can be used as the rate
of pool collapse as indicated in Ref. B-2. This terminal velocity in a
fuel-dominant pool was calculated to be 23 cm/sec.

The high-power fuel was assumed to be uniformly dispersed prior to col-
lapsing. The reactivity level of the core was first calculated based on these
conditions to establish the reference initial reactivity level. Then, the
reactivity due to collapse of the pool was calculated by lowering the pool
height. It was assumed that the fuel in all the high-power assemblies (chan-
nels 9 and 11 in Ref. B-1) is collapsing simultaneously at the same rate. The
results of this reactivity calculation produces a ramp rate of about 10$/sec.

Fuel in the medium-power assemblies (57) has disrupted and is assumed to
be experiencing a drainage-type collapse at termination of the initiating
phase analysis. This type of fuel collapse will result in a reactivity
insertion at a rate of about 20¢/sec per assembly based on TREAT test data.
Thus, the simultaneous fuel motion in the medium-power assemblies is expected
to produce a ramp rate of about 10$/sec. Therefore, the total ramp rate due
to pool collapse in the high-power assemblies and fuel drainage in the medium-
power assemblies could be no greater than 208/sec, which is below the range
for which hydrodynamic disassembly of the core is expected*, Thus, it is
concluded that fuel compaction would simply expedite the accident progression

*
Less coherent behavior would correspondingly reduce the magnitude relative
to these estimates. QCS760.178B5-B1



by maintaining power between decay heat level an = .5 times nominal leading to
a permanc~t subcriticality without an energetic power burst. The response to
mild recricvicality events is now considered.

Early in time, in response to the power source, the molten fuel flows
toward the axial ends of the subassembly in the form of two intact slugs. The
11quid slugs are accelerated under the action of the expanding high pressure
fuel and/or steel vapors at the center of the subassembly. The occurrence of
fluid mechanical instabilities, however, will cause the low-density high
pressure vapor region to penetrate and mix with the more dense accelerating
slugs. At any location after the lower vapor-liquid fuel interface has
passed, the heavier molten fuel is not completely expelled or replaced by the
lighter vapor. A thick film of molten fuel will adhere to the subassembly
wall while a tongue(s) or finger(s) of the vapor of reduced diameter advances
through the center established by the portion of the fuel melt left behind.
Moreover, atomization of the fuel film and the wave(s) or spike(s) produced at
the lower (unstable) fuel interface will nccur by direct action of the ex-
panding vapor region. These processes result in the disintegration of most of
the mass of the molten fuel and rapidly transform the postulated fuel slug
into a two-phase annular-drop flow. The molten fuel and steel left behind in
the form of entrained drops and liquid film in the saxial midplane region
results in the evaporation of the molten material in this region, the trans-
port of the vapor along the length of the subassembly and the subsequent
condensation of the vapor upon relatively cold fuel surface (drops and film)
at the axial ends of the subassembly.

If the vapor flux is large encugh to maintain the fluid-mechanical
balance between interfacial drag and the mass of the fragmented fuel, the
dispersed annular flow regime will endure and dominate the bolling process
within the disrupted subassembly. On the other hand, suppose we assume that
the vapor flux is continuously reduced until it falls below that required to
maintain fuel-steel boiling. Clearly, then, the pool will contract and ulti-
mately return to its collapsed configuration, passing successively through the
annular drop, churn turbulent and bubbly flow regimes as the vapor flux is
reduced. The pool collapse rate will be limited to the bubble rise velocity
within the bubbly flow regime. This velocity is less than 30 cm/sec and 1is
too low to produce anything but a mild recriticality. Thus the breakup of the
sccelerating fuel slugs within a single subassembly eliminates the possibility
of severe fuel collapse rates and, therefore, eliminates the amplification of
mild recriticalities into super prompt critical bursts.

The physical process that leads to the breakup of the accelerating fuel
slugs is the well known Taylor instability (B-3). It has been shown by Taylor
that a plane interface between two fluids of different densities in acceler-
ated motion is unstable as long as the acceleration is directed from the
lighter to the heavier fluid. The high pressure side of an accelerating fuel
slug in a single subassembly is subject to breakup by means of this type of
instahbility, since its motion is largely one dimensional. For simplicity,
attencion will be focused on a single accelerating fuel slug, as illustrated
in Fig. B-1. The theoretical considerations that follow below are necessarily
quite imprecise. It is understandable that phenomena so complex as finite-
amplitude wave development cannot be analyzed accurately. These simple
results conatitute order-of-magnitude estimates. Moreover, the analysis does
not take into account fuel vaporization or condensation at the liquid fuel
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Fig. B-1 Schematic Illustration of Accelerating Fuel Slug.
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{interface or the deposition of molten material on the subassembly walls, which
certainly will modify the results quantitatively (see below).

The Taylor instability has been observed under a wide variety of experi-
mental conditions, and the initial phase of the instability has been found to
agree well with linearized wave theory. The experimental results may be
interpreted roughly as showing that the instability follows the first-order
theory during the time

t=yf2/a 1)

where ) is the wavelength of the disturbance and "a" is the acceleration of
the 1iquid slug. Typically, under reactor accident conditions, v = 10 msec.
It therefore appears that the initial development of the instability is of
little interest. The succeeding stages of the instability consist of round-
ended columns of gas or vapor penetrating eteadily through the liquid with
little change of profile (see Fig. B-1) until the opposite surface of the
1iquid slug is reached causing the slug to burst. In spite of the presence of
these gas columns, the main body of the liquid slug 1is accelerated as though
they did not exist. The gas columns penetrating into the accelerating slug
have been found to move relative to the liquid at a constant velocity v given
by

v = \ITE?' (2)

vwhere d is the diameter of the penetrating gas column. Thus the penetration
distance s of the column into the slug (Fig. B-1l) after time t is given
approximately by

.-ﬁ-_: | (3)

Clearly, the distance z travelled by the liquid fuel slug during this time is

z - atz (4)

-

Eliminating t between Eqs. (3) and (4) yields an expression for the column
penetration distance in terms of z:

8 = \[;:: (5)

Zquation (5) has a very simple interpretation as a fuel slug breakup
criterion. It predicts that only the diameter of the gas columns and the
instantaneous location of the accelerating fuel slug influence the breakup of
the slug, which should occur wher s equals the axial thickness of the fuel
slug. To complete the application of Eq. (5) to an accelerating fuel slug in
a reactor subassembly, one need only estimate the diameter of the fuel (or
steel) vapor columns. Here we must rely on experimental observations.
Photographs of the process indicate a progressive change early in the ac-
celeration transient from a number of surface waves and troughs to a much
smaller number of troughs until only one or two round-ended columns of gas
remain and penetrate the liquid slug. Thus taking d to be of the order of the
radius of the subassembly duct (d = 5 cm) we find from Eq. (5) that columns of
core vapor will penetrate approximately 22 cm into the fuel slug after the
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slug has traversed one-half of the active core lengtn (z ~ 50 cm), as compared
wvith the slug depth which is typically between 10 and 20 cm.

It should be mentioned that Fig. B-l falls far short of describing the
later stages of development of the Taylor instability. The penetrating jzas
(vapor) columns compete with one another, the lzcge ones growing et the
swxnense of the small ones. A large quantity of liquid is left adhering to the
sides of the channel (subassembly), with the rssult that the vapor penetrates
through the fuel slug at a faster rate than chat given by Eq. (2). The
vapor-liquid regfons on the sides of the spikes (or film) and vapor columns
are in relative motion which produces additicoal surface instability of the
Helmholtz type. In particular, the final stage of mixing between liquid fuel
and vapor is too complex for detailed description. The important point to be
made here, however, is that it is apparent from the preceding discussion that
conditions conducive to the breakup of accelerating fuel slugs in subassembly
geometry exist following a power burst.

The obvious question of concern is how large can a fuel pool be before
its response to a power Or pressure source is doninated by radial motion of
the 1iquid fuel rather one-dimensional expansion as previously discussed. Our
focus here is to attempt to identify the threshold pool size above whack
purely dynamic fuel motion is possible.

Let us consider a spherical cavity of instantaneous radius R centaining
fuel or steel vapor at high pressure suddenly formed as & result of a power
burst along the axial centerline of a cylindrical pool of molten funl of
diameter D and instantaneous height H (see Fig. B-2). The initial heiyht of
the pool is designated by Bo. The constancy of molten fuel voluwe within the
pool requires that

: o ) g 4 3

zD Ho zD H-E'R (6)
pifferentiating this expression twice with respect to time gives the following
relation between the instantaneous acc¢«leration of the bubble irnterfuce and
that of the surface of the pool:

2 2 2
T e T ni—'2‘+z(:-‘t‘ 8
dt dt
The initisl phase of the bubble growth and pool expansion i3 controulled
by the inertis of the liquid that completely surrounds the bubble. The bubble
is blown up according to the Rayleigh equation for radial motion

2 2 P-P_
né—'z‘»fz(:-’l;) = — (8)
dt

where P is the pressure within the fuel vapor bubble, P_ 1is the ambient

pressure above the fuel pool and p ie the densit” of the molten fuel. Equa-
tion (8) is an approximate form of the Rayleigh equation which gives reason-
able solutions for inertia-controlled bubble growth. Stristly speaking, the
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Fic. B-2 Pool Geametry with "Initial Bubble".
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coefficient of the second term in Eq. (8) should be 3/2. Eliminating the
radial acceleration terms between Eqs. (7) and (8) yielde

2 2
DpdH
O S "

Equation (9) simply expresses the law of motion governing the expansion
of the fuel pool .when the motion within the pool is three dimensional and
little mixing occurs between the expanding vapor cavity and the surrounding
molten fuel. While the early expansion is essentially radial, ultimately the
growing fuel cavity will "feel" the presenc”. of the vertical wall that con-
tains the pool. The pressure will tend to oecome uniform across the width of
the pool (within the vapor space) and t'.e pool expansion may then be ade-
quately treated as one dimensional. During this period the pool growth is
well represented by

a%u

oLES =P =P (10)
dt

vhere L 1is approximately the initial depth of the bubble center (assumed
stationary in time) below the surface of the pool, or, equivalently, the
thickness of the fuel slug that is accelerated upward during the one dimen-
sional expansion phase.

for the one dimensional expansion, the appropriate liquid inertia is
proportional to the mass of the liquid above the bubble center, or pL. The
effective lifuid inertia for the early spherical expansion follows from Eq.
(9) and 1s D“p/16R. It is reasonable to suppose that the pool expansion is
dominated by one dimensional fuel flow when the "one dimensional 1q3rt1,"
becomes somewhat greater than the "spherical inertia", i.e., when pL > p/
16R, or

2
~ D

R > 6L (11)

As a numerical example, suppose we consider fuel-pool motion following a
power burst at L = 25 cm below the surface of, say, a 50 cm deep pool. The
pool is assumed to be about two subassemblies in cross-sectional area, or D =
20 cm. Owing to the discrete control subassembly and blanket assembly array
within a heterogeneous core, this value of D corresponds to about the largest
radially unimpeded region of molten fuel that can form during the MO/APP
within the CRBRP, From criterion (11), we calculate that when the radius of
the power burst bubble is of the order R = 2 cm the pool expansion becomes one
dimensional. It is of interest to note that during the spherical growth
period we calculate using Eq. (6) that the pool surface rises only 0.1 cm.
Thus, for ell practical purposes, the pool response to a power burst is one
dimensional and subject to the instabilities discussed previously for a single
subassembly. The fuel-steel boiling process within a disrupted heterogeneous
core should therefore be stable to mild recriticalities.
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APPENDIX C TO: Question CS760.178B5, -C6, -C7

Reactivity Calculations for Various Configurations of Disrupted BOC-1 Core

This appendix documents neutronics calculations which were performed to
evaluate reactivity levels for the disrupted core configurations at BOC-1.

The primary objective throughout this neutronics analysis has been to
retain as much rigor in the computational mcdeling as possible while retaining
efficient computations. For significantly disrupted core configurations, as
are encountered in the melt-out and large-scale pool phase analysis, the
presence of large internal voids makes the use of diffusion theory suspect.
In order to adequately handle the complex s:ireaming associated with large
internal voids S-4 transport theory with isctropic scattering was selected as
the computational mode. The use of S-4 transport theory in RZ geometry will
adequately handle the isolated blanket islands and control rods while giving
the benefit of a rigorous treatment of the internal voids.

The basic cross-section data used for the neutronics,analysis were
generated from the ENDF/B-IV data files (Ref. C-1). The MC"-SDX (Refs. C-2
and C-3) code package was used to process these data. A base library of
171-groups (fu = 0.1) was generated using a weighting spectrum from a 2040~
group slowing down calculation for an appropriate Pu/U fuclcdz R core
composition (Ref. C-4). Special care was taken in generating U blanket
cross-sections. A blanket fine-group library was obtained using the core
leakage as an external source for the blanket slowing down problem. Using the
combined fine-group base library, broad group libraries were generated with
the SDX code. Resonance self-shielding effects were accounted for in voided
and non-voided driver, internal blanket, and radial blanket assemblies. An
eight group and a twenty group library were obtained for operating conditions
(1500°K) and for an elevated temperature (3000°K). Table C-1 shows bothk group
structures. The reference CRBRP design and BOC-1 masses are taken from the
CRBRP PSAR and are given in Table C-2. Corresponding to the best-estimate
core conditions at termination of initiating phase analysis, a full RZ model
for the BOC-1 core was constructed as shown in Fig. C-1. This model repre-
sents the base case for disrupted core neutronics calculations.

Three disrupted core configurations were analyzed. In all cases, one-
third of the cladding and wire wrap in all fuel assemblies is assumed to
relocate into the UAB region. Another one-third of the cladding and wirewrap
is relocated into the LAB region. The remaining residual steel including the
hexcan walls is assumed to be homogenized with the molten fuel.

Conditions of the core are assumed to be as described in the main text,
(Table QCS760.178B5-4) and the fuel removed from the core is assumed to be
distributed as follows: 11X in the below-core region, 62 in the radial
blanket region, and the remaining fuel removal in the radial shield region.
In Case 3 where a core-wide pool is formed with control assemblies available
for fuel removal, an additional 8% of the total fuel is assumed to be re-
located into the control assemblies.
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Table C-1

GROUP STRUCTURE FOR 8 AND 20 GROUP
CROSS SECTION LIBRARIES

Broad Group 20 Group 8 Group
Energy, ev Library Library
1.0000 x 10’ 1 1
3.6788 x 10° 2

2.2313 x 10° 3

1.353 x 10° 4 2
8.2085 x 10° 5

4.9787 x 10° 6 3
3.0197 x 10° 7

1.8316 x 10° 8 4
1.1109 x 10° 9

6.7380 x 10" 10 5
4.0868 x 10° 11

2.4788 x 10° 12 6
1.5034 x 10° 13

9.1188 x 10° 14 7
5.5309 x 10° 15

3.3546 x 10° 16 8
2.0347 x 10° 17

1.2341 x 10° 18

4.5400 x 10° 19

6.1442 x 107 20
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Table C-2

HEAVY METAL* MASS INVENTORY (kg) FOR CRBRP BOC-1

Fission Produces Driver
239Pu 1468.0
zaoPu 199.7
261Pu 34.0
2&2Pu 3.4
23SU 7.6
23BU 3476.0

Fission Products -

Total Heavy Metal 5188.7

Inner

Blankets**

16.7
8253.0

8269.7

Radial

Blanket**

26.9
13285.0

13311.9

Axial
Blankets

8.6
4216.0

4224 .6

-
Heavy metal excludes oxygen.

*k
Includes axlal extensions.
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Question CS760.178A3

What is the potential for autocatalysis due to plenum fission gas acting
on the fuel column to force axial compaction as disruption occurs in the
initiating phase of the LOF?

Response

An assessment of this question resulted in the conclusion that the
potential for fission gas induced compaction in the CRBRP is negligible, due
to the release of the gas into the coolant channel prior to fuel column
disruption.

The heterogeneous core design minimizes concern for a range of accidents
involving autocatalytic behavior because of the substantial reduction in the
sodium void worth in the driver assemblies and the significant incoherence in
thermal-hydraulic response at EOC-4 conditions. To provide a resolution to
this question, a comprehensive examination of the important physical phenomena
and their implication on the assessment of whole core behavicr was performed.
Included in this examination was a phenomenological review of the response of
the plenum fission gas to both cladding failure (depressurization) as well as
fuel column compaction during the accident scenario described in Ref.
QCS760.178A3-1. In addition, it was recoguized that the potential for the
plenum gas compaction problem may have been exaggerated by the use of known
conservative assumptions in the modeling of fuel dispersal after rod disrup-
tion (Ref. QCS760.178A3-1, Section 7.2.1). Thus, a review of relevant experi-

mental information, a detailed examination of critical phenomenology, and a
modeling effort to describe fuel motion consistent with the experiments were
performed concurrentl;. With such an assessment providing the justification
for fuel dispersal modeling, the whole core dynamic response was re-examined
with the SAS3D code.

A preliminary assessment of the physical phenomena associated with
potential plenum fission gas effects led to several conclusions. Among the
most important of these are: (1) the fission gas plenum pressure is not
likely to cause fuel motion to initiate earlier than would be expected based
on fuel motion thermal criteria, (2) unless the plenum and upper axial blanket
cladding can move far enough upward to clear the blanket fuel pellet stack,
such motion will not reduce the plenum pressure sufficiently to preclude
influence on fuel motion, (3) the gap between blanket cladding and blanket
fuel pellets is expected to remain sufficiently open and free of fission
products so that neither gas release through the gap to a cladding failure
farther down on the fuel rod nor downward motion of the blanket pellets will
be restricted, e=d (4) the timing of events in the CRBRP best estimate analy-
sis (Ref. QCS760.178A3-1) is such that plenum fission gas influence on fuel
moticn in some of the later-failing channels (starting with channel 11) might
be possible.

The approach taken in this report is to reassess the experimental bases
to support a lees conservative fuel mot .n modeling than used in the previous
CRBRP analysis. In performing the reassessment, particular attention is paid
to the TREAT L6 and L7 LOF experiments which are used to calibrate the SAS
3D/SLUMPY fuel motion model for use in whole-core accident analysis. The
SAS3D experiment and whole-core analyses are supplemented with FRAS3 (Refs.
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QCS760.178A3-2, -3, -4) calculations to establish the amount of fission gas
that is likely to be present in the fuel and available to assist in fuel
dispersal following the onset of fuel motion. It 1s concluded that an experi-
mental-analytic bases can be defined to support more realistic lead fuel
channel response to the LOF conditions. When the more realistic modeling is
used, it is found that all channels have time tc release enough plenum fission
gas prior to fuel motion to remove this potential fuel compaction mechanism.

In the remainder of this report, the TREAT LOF tests which have been
conducted during the past several years will be briefly characterized. Then
the FRAS3 code which provides the basis for estimating the amount of fission
gas available to participate in fuel motion will be reviewed. Next, the SAS3D
analyses of the L6 and L7 TREAT tests and the CRBR LOF scenario will be
described. Finally, some of the sensitivities and uncertainties found in both
the test analyses and the whole-core calculations will be identified.

Experimental Basis

A listing of LOF experiments carried out in the TREAT reactor is made in
Table QCS760.178A3-1 (Ref. QCS760.178A3-5). Fuel motion in these experiments
was monitored using the fast neutron hodoscope (Ref. QCS760.178A3-6). Al-
though all of these tests are pertinent to the understandirg of LOF transi-
ents, tests L6 and L7 were selected as the database for calibrating SAS3D/
SLUMPY because only tests L6 and L7 were performed using (1) irradiated fuel,
(2) nearly meter-length fuel pins, and (3) a 1.2-meter hodoscope collimator
viewing height.

From a review of the results of all the tests listed above, it is possi-
ble to make some general observations. For the tests that were conducted at
nominal power, it was found that fuel which had been irradiated long enough to
accumulate a significant gaseous fission-product inventory compacted at a
slower rate and to a lesser extent than fresh fuel at the time of melting.
When the power levels were at 6 times nominal or higher, the test results
indicated dispersive tendencies. It is judged that fission gas was an impor-
rant contributor to both the slower rate of compaction observed in irradiated
fuel at nominal power and the dispersive tendencies observed in the higher
power tests.

The L6 and L7 tests were designed to simulate accident conditions that
vere identified in SAS3D analyses of the CRBRP homogeneous design. The fuel
rods used in the tests were irradiated in a thermal-neutron spectrum at a peak
linear power of 36 kW/m to a peak burnup of about 3.0 atom percent. The L6
test was designed so that fuel would fail into a voided coolant channel near
the time of peak power in a transient in which peak power would be about 10
times nominal. The L7 test had a similar design except that the peak power
was to be about 20 times nominal. Both tests achieved their respective
objectives.

A description of the tests is given in Ref. QCS760.178A3-7. For the
present discussion, the most important instrument is the 1l.2-meter fast
neutron hodoscope. This device counts collimated fast neutrons produced by
fissions in the test fuel to form an image of the fuel. As fuel moves about,
the count rate of fast neutrons increases in regions where the fuel density
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Table QCS760.178A3-1

TREAT EXPERIMENTS SIMULATING LOSS-OF-FLOW ACCIDENT COKDITIONS

Pissile Hodoscope Peak
Test Number Preirradiation Collimator Transient
Fuel
Desig- of Lanath Neutron Viewing Power ¢
nation Elements :: . Spectrum Height Nominal
m Power
L2 7 340 None 0.5 1
L3 7 340 Fast 0.5 1
L4 7 340 Fast 0.5 1
L5 3 864 Thermal 0.5 6
L6 3 864 Thermal 1.2 10
L7 3 864 Thermal 1.2 20
R3 1 914 Ncue 0.5 1
R4-R6 7 914 None 0.5 1
R7 7 914 None 0.5 b R
R8 7 914 None 1.2 1
Fl 1 340 Fast 0.5 1
F2 s | 340 Fast 0.5 12

.Ignoring preheat power phase, if any.
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increases and diminishes in regions where the density decreases thus enabling
the hodoscope to form a dynamic image of the fuel relocationm.

FRAS3 Calculations

FRAS3 is the current developmental version of the FRAS code which has
been used at Argonne for more than eight years to model transient fission gas
behavior in mixed oxide fuels. The FRAS3 code models transient fission gas
release as a two-step process. In the first step, gas within the fuel grains
is released to the grain boundary. In the second step, gas on the grain
boundary is released to the grain edge porosity. Currently, gas that reaches
the grain edges is assumed to be released. There is likely tc be some time
delay between the release of gas to the grain edges and its ultimate release
from the fuel; however, it is difficult to quantify this delay since some of
the relevant parameters such as the magnitude of the fuel porosity and the
permeability are not well known and may actually change during the course of
the transient. Neglect of the gas in the grain edge porosity is conservative
as far as the whole-core calculations are concerned since a potential con-
tributor to fuel dispersal is not taken intc account.

To validate the modeling in the FRAS3 code, predictions of gas release
based on FRAS3 calculations have been compared with measured gas releases in a
series of FGR tests (Refs. QCS760.178A3-2, =3). In the comparisomns, the
calculated temperature at a radius of 0.9 times the fuel rod radius was
assumed to represent the average temperature of the unrestructured fuel. The
FRAS3 calculations actually represent a local release fraction while the
measurements represent a release fraction based on the total release from the
fuel. A summary of the comparisons is shown in Fig. QCS760.178A3-1, where the
solid lines show the measured releases and the dashed lines show the envelope
of the FRAS3 calculations for the various test conditions. As a result of
these comparisons it was concluded that taking into account the differences
that would be expected between a total and local release fraction, and "given
the uncertainty in the reported FGR fuel temperatures, FRAS3 can correctly
predict the magnitude of the total gas release" (Ref. QCS760.,178A3-2).

FRAS3 predictions of the fraction of the initial fission gas concentra-
tions retained near the time of fuel motion initiation for both the L6 and L7
tests and for channel 6 in the EOC-4 SAS3D reactor model are shown in Table
QCS760.178A3-2., The initial concentrations are based on SAS3D calculatic 3.
The thermal histories used in the calculations for the L6 and L7 tests are
based on SAS3D calculations of these tests, and the thermal history used for
channel 6 is based on the previous EOC-4 LOF best estimate analysis. Use of
these results in the SAS3D analyses will be described later in this report.

Analysis of the L6 and L7 TREAT Tests

The general approach to the SAS3D analyses of the L6 and L7 experiments
is as follows: First, a steady-state calculation was devised to simulate the
irradiation history of the fuel elements used in the tests. Following this, a
20-second transient was computed iIn which the reactor power level, coolant
flow rate, and fuel temperatures were brought to the values that prevailed at
the beginning of the tests. Finally, the test transient itself was simulated.
This procedure was followed not only for each test, but also for the heat
balance transients that were conducted prior to each test.
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Table QCS760.178A3-2
GAS RETENTION CALCULATED WITH THE FRAS3 CODE NEAR THE
TIME OF FUEL DISRUPTION IN TREAT TESTS L6 AND L7 AND

FOR CHANNEL 6 IN THE EOC-4 SAS3D CRBR MODEL

Initial Concentration Percent Retained
Case in Unrestructured Pcrc::tc::;;:ned on Grain
Fuel, atoms/cc Boundaries
L6 1.00 x 10%° 2 9.5
L7 1.00 x 102° 64 4.7
Ch. 6 1.34 x 10%° 54 4.7

Table QCS760.178A3-3
COMPARISON OF MEASURED AND CALCULATED BOILING

TIMES FOR THE L6 AND L7 TREAT TESTS

Test Measured SAS3D
L6 12.6 s 12.1 s
1.7 13.4 s 13.4 s
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The single-channel representation of the fuel elements and their associ-
ated coolant channels is the same as used in the initfal SAS3D analysis of the
L7 test (Ref. QCS760.178A3-8). However, in the present work, the sodium loop
is modeled using the PRIMAR-O option of the SAS3D code. The pump coastdown is
modeled by specifying the coolant inlet pressure as a function of time. The
inertial effects of sodium in the test vehicle loop outside the section where
the fuel elements were located are modeled by adding 59 centimeters to the
effective coolant column inertial length at the channel inlet. Other input
assumptions relating to fuel and cladding properties and heat transfer from
fuel to cladding and from cladding to coolant are made as nearly like those
that would be used in whole-core analyses as feasible. One measure of how
well the heat transfer is modeled is provided by comparing calculated boiling
times with the apparent boiling time as indicated by test instrumentation.
Table QCS760.178A3-3 shows this comparison for the L6 and L7 tests. The
calculations utilized a superheat of 10°C for initial bubble formation. The
close agreement in the case of L7 is probably fortuitious while better agree-
ment with the L6 result would be desirable. Nevertheless, the comparison 1is
considered satisfactory.

Input for the SAS3D fuel motion model SLUMPY was prepared as follows.
fission gas parameters were evaluated on the basis of the FRAS3 calculations
described previously. One of the SLUMPY parameters is the fraction of the
initial gas concentration that is present when fuel motion begins. Since the
FRAS3 calculations assumed the initial concentration that is computed inter-
nally by the SAS3D steady-state calculation, this fraction was set to 0.34 for
the L6 test ard 0.69 for the L7 test (see Table QCS760.178A3-2). A second
parameter specifies the fraction of the gas present at the time of fuel motion
initiation that is to be made immediately available. The immediately aveil-
able gas was assumed to be given by the FRAS3-calculated gas concentrations on
the grain boundaries. This fraction was set to 0.28 and 0.07 respectively for
L6 and L7. That gas which is not immediately available was released from
molten fuel with a time constant of 100 ms and from solid fuel with a time
constant of 3 s; these are nominally employed SAS3D values.

Most of the other SLUMPY input parameters were set to default values or
to values that had been used in previous homogeneous studies (Ref. QCS760.
178A3-9). The number of grams of stainless steel per gram of fuel was set to
a small value (0.001) because such a value was needed in the whole core
calculations to prevent the flow area available to the SLUMPY compressible
zone from becoming excessively large as disrupted fuel was pushed up the
coolant channel. Steel vapor, however, was not considered as a potential
source for fuel dispersal in either the test analyses or in the whole-core
calculations.

1o achieve what was regarded as a reasonable match between the SAS3D/
SLUMP7Y calculations and the test data, attention was focused primarily on
three parameters. The first of these was the fraction of the gravitational
constant used in the equations of motion, the second was a parameter called
QSODUM which establishes coupling between the SLUMPY calculation and the
coolant dynamics calculation, and the third was the parameter VISFU which
permits the viscosity in the compressible zonme calculation to be increased
when significant amounts of unmelted fuel are preseat.
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Of primary interest in the present analysis is the comparison between the
fuel motion as calculated by SAS3D/SLUMPY and that measured in the TREAT
tests. A convenient figure of merit to use for this purpose is the reactivity
feedback that would be obtained if the observed fuel motion were to occur in
an operating LMFBR (Ref. QCS760.178A3-10). Designating this quantity as the
relative fuel worth (REF), it is obtained by weighting the computed or mea-

CRBRP) axial fuel worth distribution and spatially integrating. REF is
normalized so that its value is initially zero and 1s -1.0 if all the fuel is
removed, The critericn for choosing values for the SAS3D/SLUMPY parameters
was that the slope of the REF obtained from the calculations should be reason-
ably close to the slope of the experimental REF.

The parameter values which fit L6 and L7 best are 0.2 for the fraction of
the gravitational constant, 0.02 for QSODUM, and 10,000 for VISFU. A 502 fuel
melt fraction was used as the criterion for initiating the fuel motion calcu-
lation. Calculated and experimental REF's obtained using these parameters are
plotted as & function of the TREAT reactor energy in Figs. QCS760.178A3-2 and
-3. The experimental data were grouped into time bine such that the reactor
energy production within each bin was constant. As a result, each of the
experimental points has the same statistical significance. The calculated and
experimental REF's are plotted in Figs. QCS760.178A3-4 and -5 as a function of
time after 14.1 s. The choice of 14.1 s as the origin in these plots was made
because this is about the time when thermal hydra.lic instrumentation indi-
cated that fuel disruption might have occurred in the 1.7 test. The 502 melt
fraction criterion was reached in the SAS3D calculations at 14.335 s and
14.161 s respectively for the L6 and L7 tests. The agreement between calcula-
tion and experiment shown in the figures is regarded as satisfactoiy and is
believed to justify the use of the chosen SLUMPY parameters (other thsn the
fission gas fraction) for the modeling of irradiated fuel motion in whole core
calculations. Some discussion of sensitivities observed in the test calcula-
tions are given later in this report.

Whole-Core Calculations for CRBR EOC-4 LOF

The SAS3D whole-core calculation for the heterogeneous EOC-4 core which
is most relevant to the issue addressed herein is summarized below. Input
data for this case was essentially the same as was used in the best estimate
analysis (Ref. QCS760.178A3-1, Section 7.2.1) except for the following
changes. First, all driver fuel channels were set to initiate fuel motion
when the fuel melt fraction reaches 50%. Second, integer input variables were
set to permit sodium film motion calculations to continue rather than termi-
nate after two seconds of boiling, to also allow slip between fuel particles
and fission gas in the lead channel, and to ignore stainless steel vapor
pressures in the event of mixing of steel and fuel during the SLUMPY calcula-
tion. Third, except for the two variables which specify the amount of fission
gas that is present when the fuel motion calculation begins, input variables
for SLUMPY were set to the values which were found to provide the best fit for
the L6 and L7 tests.

In channel 6, the fraction of the steady-state fission gas concentration
assumed to be present when the fuel motion calculation started was set to
0.59, and the fraction of gas present that was made immediately available was
set to 0.08. These values are based on the FRAS3 calculations described
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earlier. FRAS3 calculations were not performed for the other driver fuel
channels, so these same fractions were used for these cha:nels as well. Since
the remaining channels have higher burnup than channel 6, .% is not clear that
use of these fractions is conservative, but these channels are of secondary
importance for this case.

An event sequence is shown in Table QCS760.178A3-4. The portion of the
transient prior to fuel motion in channel 6 is very similar to that in the
earlier CRBRP calculation although the fact that the film motion calculation
was allowed to continue in all boiling channels did cause some minor changes
in the power level and in the coolant voiding reactivity. Following the
initiation of fuel motion in channel 6, the scenario changes. Fuel motion
reactivity feedback remains positive in channel 6 for about 146 ms following
fuel disruption and the power level continues to rise throughout most of this
period reaching a peak of about 4.7 times nominal. Then the fuel moticn
reactivity becomes more negative and finally drives the reactor subcritical
about 406 ms after first fuel motion.

While it is felt that SLUMPY can be calibrated to adequately model fuel
motion during the initial disruption, the fact that fuel freezing and plugging
is not modeled makes it questionable to continue using the model for much more
than a few hundred milliseconds after initial fuel motion. The SAS3D calcula-
tion might be terminated at this point. However, to better understand the
whole core conditions and, in the belief that negative fuel motion reactivity
would continue somewhat beyond the time when SLUMPY encountered time step
difficulties, the calculation in channel 6 was stopped and the SAS3D calcu-
lation continued. The time when this occurred along with the power level and
various reactivity feedbacks is indicated in Table QCS760.178A3-4. Beyond the
time indicated, no fuel motion occurred in channel 6, although the fuel was
allowed to continue to absorb heat and to transfer heat to its surroundings.

Following termination of the fuel motion calculation in channel 6, the
reactor remained subcritical for about 323 ms, and then reached criticality on
the strength of coolant voiding and cladding motion. The reactivity remained
above critical for about 163 ms during which time the peak reactivity was
about 16 cents and the peak power was about 1.8 times nominal. The reactor
became subcritical again because of a decline in both the clad motion reac-
tivity and the coolant reactivity. This time the reactor remained subcritical
for about 144 ms and then became recritical because of an increase in both the
coolant and clad motion reactivities. The reactivity continued to cli‘mb until
it reached about 26 cents at which time fuel motion was initiated in channel
2. Following fuel disruption in channel 2 the reactivity increased still
further partly because of positive fuel motion feedback. Both the power and
the reactivity passed through local maxima about the time when fuel motion was
initiated in channel 4. About 380 ms after fuel motion started in channel 2,
the reactor became subcritical again because of negative fuel motion feedback
from channel 2. Reactivity feedbacks from channels 4 and 7 were positive at
the end of the calculation and totaled about 28 cents.

To assess the plenum gas release effects on upward steel relocation and
the potential for compaction of fuel by the gas remaining in the fission gas
plena, it was first estimated that release of this p s could not start until
the cladding on the top node of fuel reached a temerature of 1400°C; approxi-
mately the melt point. The time between the achievement of this criterion and
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Table QCS760,178A3-4

EVENT SEQUENCE FOR EOC-4 LOF SCENARIO

Time Event CHN P/PO  RHO  RHOD
12,7655 Coolant Boiling 6 0.821 =0.094 =0.140
14,6697 Coolant Boiling 2 0.819 =-0.068 =-0.156
15.0561 Coolant Boiling 4 0.817 =-0.069 =0.161
15.7772 Coolant Boiling 7 0.851 =0.019 =-0.170
17.1048 Coolant Boilimg 10 1.226 0.234 =-0.235
17.1998 Coolant Boiling 11 1.269 0.253 =0.242
17.5298 Coolant Boiling 9 1.321 0.252 =0.270
17,7792 Coolant Boiling 13 1.241 0,190 =0.287
17.9242  Clad Motion 6 1.320 0.233 =-0.297
18.2117 Coolant Boiling 12 2.225 0.514 =0.333
18.6442 Coolant Boiling 15 2.570 0.531 =0.397
18.8732 Coolant Boiling 14 3.002 0.561 =0.440
19.1867  Clad Motion 2 2,889 0.498 -0.495
19.3417  Clad Motion 4 3.770 0.59% =0.527
19.3617  Fuel Motion 6 3.784 0.590 =0.532
19.4129 Coolant Boiling 5 3.695 0.570 =0.544
19.4930 Peak Reactivity 0 4.654 0.644 =0.563
19.5017  Peak Power 0 4.670 0.643 =0.566
19.6092  Clad Motion 7 3.453  0.492 -0.587
19.6163 Coolant Boiling 3 3.437 0.488 -0.588
19.7705 Coolant Boiling 1 1.744 =0.022 =0.594
19.7730 Coolant Boiling 8 1.722 =-0.036 =-0.59
20,0267 Fuel Motion Off 6 1.049 =-0.600 =0.577
20,1267  Clad Motion 10 0.984 =0.651 =C.579
20.1555  Clad Motion 11 1,004 =-0.601 =-0.578
20.5080  Clad Motion 9 1.514 0.007 -0.588
20.7005  Clad Motion 13 1.506 0.019 =0.597
20.9430  Fuel Motion 2 1.989 0.259 =-0.610
21.1105  Fuel Motion 4 2.863 0.470 =-0.629
21.1342  Clad Motion 12 2.665 0.425 =0.631
21.5380  Fuel Motion 7 0.681 =-1,324 =0.638
21.8117  Clad Motion 15 0.363 =3,377 -0.634
21.8830  Termination 0 0.33 =-3.742 -0.633

RHOE
-0.050
~0.057
-0.061
-0. 068
-0.125
-0,132
-0.159
-0.175
-0.186
-0.223
-0.279
-0.315
~0. 366
-0. 390
-0.393
-0.400
~-0.411
-0.413
-0.426
-0.427
~0.434
-0.434
~-0.433
-0.432
-0.432
-0.433
-.0433
-0.431
-0.428
-0.428
-0.425
-0.426
-0.426

RHOV

0.096
0.145
0.152
0.219
0.5%4
0.627
0.681
0.653
0.715
0.999
1.130
1.241
1.282
1.238
1.233
1.200
1.207
1.201
1.186
1.186
1.145
1.145
1.440
1.365
1,389
1.565
1.586
1.731
1.773
1.760
1.848
1.864
1.837

E
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i e OOOO?.0.0.00000000
N wws

-0.110
-0.123
-0.701
-0.712
-10523
-1.523
-1.523
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-1.402
-1.399
-3.711
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0.308
0.408
0.419
0.428
0.441
0.560
0.559
0.493
0.518
0.543
0.987
0.986
1.092
1.157
1.123
1.602
1.456
1.385

Nomenclature is as follows:
CHN - SAS channel #.
P/PO - Core power relative to nominal.

RHO - Net reactivity in §.

RHO(X) - Reactivity in § due to Doppler (D), axial expansion (E), sodium void
(V), fuel motion (F), cladding motion (C).
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the start of cled motion or fuel motion is listed in Table QCS760.178A3-5.
Also listed in the table is the approximate gas pressure when the release
would start. In those channels where either clad motion or fuel motion or
both had not initiated in & channel, the time listed is the time to the end of
the calculation. An analysis of the conditions at the time the release should
start indicates that the time constant for the release should be about 250 ms.
A test calculation for channel 6 using the SAS3D gas release model agreed
rather well with this time constant estimate; however, a similar test calcula~-
tion for channel 9, which had a much higher pressure than in channel 6 indi-
cated that for the higher pressure channels the time constant is somewhat less
than 250 ms.

From Table QCS760.178A3-5 it is seen that only two time constants exist
for plenum gas release prior to cladding motion for most of the channels. The
plenum pressure will be about 4 atm with a continued release (note that this
1s higher than the sodium inlet plenum pressure) occurring while molten steel
is available to move. The gas release would have stopped the sodium vapor
flow and an upper cladding blockage would not be anticipated. Instead, a
thick lower blockage would form by steel drainage.

Table QCS760.178A3-6 lists the fuel thermal condition in those channels
where fuel motion did not occur at the time when the calculation was termi-
nated. The results listed in Tables QCS760.178A3-5 and -6 provide the basis
for the conclusion stated at the beginning of thic report that the potential
for fuel compaction driven by the gas pressures in the fission gas plena is
very low. The results in Table QCS760.178A3-5 show that for those channels
vhere fuel motion cccurred during the calculation, there is ample time for the
pressures in the plena to be relieved prior to fuel motion. Given that the
reactor is appreciably subcritical at the end of the calculation, and given
the condition of the fuel in those channels that have not yet experienced fuel
motion, it seems likely that pressure will be relieved in the plena of those
channels long before any fuel motion might start.

Sensitivities and Uncertainties

With respect tn the experiment analysis, one of the major uncertainties
is determining precisely when a given SAS3D-calculated thermal condition (e.g.
a 50% fuel melt fraction) actually occurred in the experiment. It was because
of this that no attempt was made to try to get the calculated REF to fall
directly on the experimental REF for the time interval during which fuel
dispersal seemed to be clearly indicated. The systematic trends and scatter
in the experimental data also suggested that such an attempt should not be
made. In the experiment calculations, thz timing of specific thermal events
wvas found to be sensitive, among other things, to the value of the heat
transfer coefficient between fuel and cladding, and to the power coupling
factor betweer the TREAT reactor and the fuel in the test vehicle. This
latter factor is estimated to have a total uncertainty of = 10%.

Among the SLUMPY parameters focused on the analyses of the L6 and L7
experiments, it was found that calculations for both tests showed moderate
sensitivity to the value chosen for QSODUM. While there did appear to be a
preference for a small, non-zero value, the value zero could have been chosen
vithout too much harm to the comparison between calculated and experimental
REF's. Calculations for the L6 test were rather strongly sensitive to the
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Table QCS760.178A3-5
APPROXIMATE TIMES TO CLADDING AND FUEL MOTION RELATIVE TO
CLAD FAILURE AND PLENUM-FISSION-GAS PRESSURES AT FAILURE
(1400°C) OF THE TOP FUEL NODE IN DRIVER ASSEMBLIES AS

DETERMINED FROM THE SAS3D CALCULATION

S R & Peiten, o et Tullurs
atm
. 0.60 2.36 42
4 0.61 2.38 42
6 1.14 2.58 22
7 0.58 2,51 4
9 0.59 1.96% 39
10 0.55 2.31¢* 41
1 0.66 2.39% 42
12 0.7¢ 1.54#% %
13 0.70 1.89% %
14 0.66% 0.66% 26
15 0.79 0.86% 27

*These are times referred to the end of the calculation since the event in
question did not occur.
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Table QCS760.178A3-6
FUEL CONDITIONS IN THOSE CHANNELS THAT HAVE NOT INITIATED

FUEL MOTION BY THE TERMINATION OF THE CALCULATION

Channel Peak Fuel Melt
Fraction or Temperature

9 0.26
10 0.32
11 0.30
12 0.10
13 0.15
14 2656°C
15 0.003

QCS760.178A3-17



value chosen for the fraction of the gravitational constant, while the calcu-
lations for both tests were rather strongly sensitive to the value chosen for
the parameter VISFU.

The key to the conclusions reached on the basis of the whole-core analy-
sis is the fuel modeling that was used for channel 6. While the analysis of
the L6 and L7 TREAT tests appear to provide strong justification for the
modeling used, the most important point seems to be that the fuel in channel 6
was allowed to disperse. A preliminary calculation in the investigation used
a value of unity for the fraction of the gravitational constant, values of
zero for QSODUM and VISFU, and approximately the same amount of fission gas
immediately available. Because of the larger fraction of the gravitational
constant, the reactor power reached about 7 times nominal power before fuel
motion reactivity feedback from channel 6 began to decrease. SLUMPY was
allowed to continue computing fuel motion throughout this case and as a
result, late in the transient, partly aided by a rather large decrease in the
magnitude of the negative reactivity feedback from channel 6, the reactor
became recritical with the reactivity reaching nearly 96 cents. This produced
a power burst in which the reactor power reached 42 times nominal. In spite
of the differences between this result and the present case, the general
conclusions regarding the potential for compaction of fuel by plenum fission
gas were very much the same as described in this report.

Termination of the fuel motion calculation in channel 6 introduces some
degree of uncertainty into the later portion of the transient. If the fuel
motion had been stooned earlier, the negative fuel motion reactivity would
have been smaller in magnitude and the reactor would have been less subcriti-
cal. The transient would then be changed from about 20.02 s onward. However,
the amount of negative fuel motion reactivity computed up to the time of fuel
motion cutoff in channel 6 does not appear to be excessive. It is primarily
due to the movement of fuel away from the midplane of the reactor core; the
total amount of fuel located in the axial blanket at the time of fuel motion
cutoff was less than 5 grams per fuel pin. If all this fuel were moved back
into the first two nodes in the active core the net reactivity increase would
be less than 10 cents and the reactor would still be more than 50 cents
subcritical. The time margins between clad failure and fuel motion shown in
Table QCS760.178A3-5 appear to be large enough so that this reactivity change
would have a negligible effect on conclusions reached herein.

Conclusion

The analyses of the whole core response to loss-of-flow (LOF) without
scram event have been conducted using methods and a data base which are
consistent with the most relevant experimental information. By detailed
examination of TREAT LOF experiments L6 and L7 with the SAS3D code and of
fission gas release experiments with the FRAS3 code, a technically defensible
set of modeling parameters for fuel disruption and dispersal have been iden-
tified. When such modeling is utilized in the whole core analysis of the
EOC-4 LOF scenario, it has been found that early and significant fuel dis-
persal takes place and the possibility of autocatalytic behavior leading to
energetic hydrodynamic disassembly is highly unlikely. In particular, the
mechanism for fuel column compaction by plenum fission gas is generally
eliminated by the significant time delay between the initiation of plenum
depressurization and fuel rod disruption. This results from the relatively
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m!ld power excursion experienced when experimentally consistent fuel dispersal
parameters are used. The sensitivity of the whole core response to fuel
motion modeling is relatively weak and, although specific power histories may
differ, the general conclusion that plenum fission gas compaction is not a
significant concern can be made as long as experimentally consistent fuel
motion assumptions are made.
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Question CS760.178B4

To what extent can steel bleckages form throughout the core to prevent
fuel removal through normal axial blanket flow channels during the early phase
of the LOF? What is the location and character of the steel blockages in
these channels?

Response

A significant time interval exists for molten cladding relocation during
a loss-of -flow without scram event in the CRBRP. This is true for the entire
core burnup cycle (i.e., BOC through EOC) and is principally the result of the
very low effective sodium void worth of the heterogeneous design. However,
very little upward steel relocation or blockage is expected for the irradiated
core condition due to the blowdcwn of the high pressure plenum fission gas.
The gas release opposes the sodium vapor streaming which is the primary
mechanism for upward relcration of molten cladding (see response to QCS760.
178A-3 for the CRBRP transient analysis). This gas release effect has been
experimentally confirmed (Ref. QCS760.178B4-1) and results in only a thick
lower steel blocksg~ for irradiated core conditions.

The remaining discussion is therefore primarily focused on the BOC core
condition where upper steel blockages are expected to form as shown in Chapter
7 of Ref. QCS760.178B4-2. In response to the first part of the above ques-
tion, two additional SAS3D calculations were performed for the BOC-1 core to
maximize the potential effects on the melt-out phase entrance conditions of
the axial location of the blockage as well as uncertainties in core reactivity
feedback parameters. The comparative reference for these new calculations is
Case 1C, Section 7.1.1 of Ref. QCS760.178B4-1 which presents the best esti-
mate; slow drainage of disrupted fuel comparable to PLUTO-2 calculations.

In order to examine the axial location effect in the first analysis
(labeled Case 4) the steel blockage was forced to form upon entering the upper
axial blanket, providing the maximum restriction to fuel removal. The core
transient response history and extent of steel blockages were found to be
quite similar for the reference and modified axial blockage location. Figures
QCS760.178B4~1 and -2 depict the core conditions at the onset of fuel motion
in each analysis; very little independent steel relocation occurs after this
event. Based upon the mechanism of near-fresh fuel melting and drainage, a
power burst occurs (comparable to Case 1C) which disperses fuel and leaves the
core in a subcritical but higher reactivity state. The peak fuel thermal
conditions in the fuel channels which did not disrupt are reasonably similar
as shown in Table QCS760.178B4-1. Hence, the CRBRP coie dynamic behavio. was
found to be only weakly affected by the steel blockage axial location. The
same extent of steel blockages throughout the core was found to exist upon
melt-out phase initiation. In addition to locating the steel blockage at the
entrance to the UAB, uncertainties in reactivity parameters were alsoc repre-
sented in a manner to slow down the transient response, and thereby allow

QCS760.178B4~1
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Table QCS760.178B4~1

FUEL MELT FRACTION (OR MAXIMUM TEMPERATURE)

AT END OF SAS ANALYSIS FOR BOC-1 LOF

SAS Number
Channel of Fuel Fuel Melt Fraction or Maximum Temperature (°C)
Number Assemblies Case 1C Case 4 Case 5
2 12 0.04 0.08 2679
4 18 0.24 0.28 0.01
14 18 0.07 0.11 2632
15 24 0.30 0.31 2679
Time from Start of LOF (S) 20.4 19.9 23.3
Normalized Energy (FPS) 20.5 20.5 20.5

from Ini{tiation of LOF

Energy Produced During 3.5 3.5 3.5
Power Burs:t (FP35)

QCS760.178B4~4



additional time for blockage formation. The specific, additional changes made
to construct Case 5 (beyond Case &) were:

1. Local negative sodium voids more negative by 60Z*,
2. Local positive sodium voids more negative by 602%,
3. Doppler constant more negative by 20%,

4. Steel worth uniformly reduced by 20%.

Nominal fuel reactivity worths were used for Case 5 since it was a-priori
unclear how to bias them; initial fuel drainage has the effect of adding
positive reactivity, while subsequent fuel dispersal results in negative
reactivity. The expected slowdown in core response was obtained with initial
cladding melting and fuel motion occurring approximately 1 and 2.6 seconds
later than in the reference case. The slower developing transient and strong-
er Doppler feedback ect to reduce the peak power attained in the fuel drainage
induced power burst to 61 P_, or about half of the reference case peak value.
However, the longer duratich of the power burst results in an energy addition
comparable to those of the other two calculations. The condition of the core
is actually more benign in this case than in the other two as depicted in Fig.
QCS760.178B4-3 and Table QCS760.178B4-1. At the onset of fuel disruption,
reduced upper steel blockages (Channel 10 blockage is absent) and reduced
sodium voiding exist in the core. Concurrently, at the end of the power burst
the low power channels contain substantially reduced ecergy due to the slower,
lower power transient and enhanced cooling by diverted sodium flow from the
lead channels.

It is concluded that the incorporation of reactivity uncertainties to
slow the LOF leads to a more benign transient during the initial part of the
LOF. Although the degree of steel blockages is similar to the reference case,
there is actually less propensity for upper steel blockages to form in the
lower power fuel assemblies of the BOC-1 core during the slower, lower power
transient.

Hence, based upon the concept of near fresh fuel drainage upon sub-
stantial melting, the maximum extent of steel blockage formation in the UAB is
well represented by the best estimate calculations of Ref. QCS760.178B4~-1.

In response to the second part of this question, a detailed reassessment
of the location and character of the steel blockages was performed. This new
examination made use of additional experimental and analytic information which
was not included in the understanding represented by Ref. QCS760.178B4-2, see
Section 8.2.1. That earlier assessment can be summarized as the following:

a. In the absence of cpposing plenum gas release, gross upward steel
relocation will occur due to sodium vapor streaming after cladding
m<'*ing extends fully across the fuel assembly.

-

These reactivity uncertainties were originally stated as approximately two
sigma values. Additional, recent information provided in response to
QCS760.178A-2 on sodium void worth indicates these values to be substantially

more conservative.
QCS760,178B4-5
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b. The steel blockages which start to form upon entry to the UAB, are
thin (millimeters) and vented at the time of fuel disruption.

¢c. These blockages will not severely restrict the flow of the hot,
pressurized fuel (which results from the predicted core power burst)
into the UAB.

d. Based upon the judgement that pressurized fuel could penetrate the
initial steel restriction, the axial location of the steel blockage
in the UAB was determined by the SAS calculation. Since SAS3D does
not have a fuel freezing calculation, these steel blockages could
then be used to restrict, but yet allow the latter fuel penetration
into the UAB.

e. Relative to energetics potential, it is conservative to igrnore the
effect of plenum fission gases in restricting the formation of an
upper steel blockage.

The review focused on the above five points and in particular, an explanation
fcr the differences between the upper blockage formations observed in the
TREAT R and SLSF P series experiments and their interpretation for CRBRP. The
experiments reviewed were L3, L4, R4 through R8, P3 and P3A. Test R-8 was
specifically used to confirm the effect of plenum fission gas release on upper
steel blockage formation. The most appropriate analyses in support of ex-
periment interpretation and extrapolation were determined to be t: se dis-
cussed in Ref. QCS760.178B4-3.

The conclusions of the current assessment are in general agreement with
the earlier study, but are modified in the areas of blockage thickness and
fuel penetration of pre-existing blockages. Further, the differences in the
experimentally observed blockage configurations are understandable when
examined in light of the different thermal and flow incoherencies which exist
between them. Relative to the above listed five points, the current under-
standing for CRBRP can be summarized as follows:

a. In the absence of opposing plenum fission gas release, gross upward
steel relocation will occur due to sodium vapor streaming once
cladding melting extends fully across the fuel assembly.

b. The steel blockages start tc form upon entry to the UAB and become
rather thick, especially at the edges, and vented in the CRBRP size
fuel assembly. The experimental data (R5, R6, P3A, P3) indicate
that the blockage is vented prior to and possibly following fuel
disruption. The existence of vents ie a natural consequence of the
direct relationship between the sodium vapor flow required to
relocate steel upward and the flow resistance increase which occurs
as the blockage nears completion. The thickness of the blockage is
governed by the radial, thermal and flow incoherencies and explained
in the following interpretation of the experiments and the CRBRP.
The CRBRP fuel assembly has a larger cross-sectional area and
contains 217 fuel rods, as compared with the R-series test sections
vhich contain seven fuel rods, and the P3A &nd P3 test sections
which contain 37 fuel rods. This will lead to greater transverse
thermal incoherency within a CRBRP fuel assembly. This is
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especially true since the LOF tests were designed to produce radial
uniformity in the power-to-flow ratio, while a CRBRP fuel assembly
is expected to experience larger radial power gradients as well as
flow nonuniformities (more coolant area in the outer row of fuel
rods). In a LOF, the thermal incoherency leads to varying times of
cladding melting initiation among the fuel rods.

The radial incoherency in cladding melting and subsequent
motion results in significant differences in the hydraulic resis-
tance across a fuel assembly. This allows sodium vapor to be
diverted from a higher resistance flow subchannel where flooding is
occurring to a low resistance flow subchannel elsewhere within the
assembly. The net effects are: (1) to sustain sodium vapor flow at
a relatively high rate for a longer period of time and initiate
molten steel sloshing without gross relocation, (2) to enhance
molten steel upward motion in the colder outer subchannels of an
assembly, thus increasing the upper steel plug thickness at the
edges and producing a thinner central region, and (3) to locate the
steel at different elevations, thus leading to irregularly shaped
vented plugs. The results from the 37-rnd P3A test generally
support these conclusions, as compared with the results from the
7-rod R-series tests.

The effects of thermal incoherency on molten cladding
relocation were studied. Calculations have been performed for tests
R4, RS, and F3A, as well as FFIF and CRBRP assemblies. The results
were generally in good agreement with the corresponding tests, and
supported the trend toward thicker upper blockages for the larger
assemblies, (Ref. QCS760.178B4-3).

Based upon preliminary structural calculations, blockage regions

which are near melting (v within 50°C) will not severely restrict

the flow of the hot, pressurized fuel into the UAB. Initial in-

terpretation of SLSF test data indicates that the upper blockage in
the larger scale, constant power P3 experiment may have been move-
able at the time of fuel disruption which would allow pressurized

fuel penetration into the UAB.

The experiment which could most likely provide information on this
condition was TREAT R7 which represented & power burst to 15 times
rominal following steel melting. However, the fuel thermal condi-
tions could not be readily ascertained and it is likely that sig-
nificant pressurization did not occur. In the CRBRP, the extent of
fuel penetration into the UAB will depend upon the relative timing
of steel and fuel relocations throughout the core. There is no
change in the original judgement that a complete fuel blockage in
the UAB, cannot be precluded

For the EOC-4 configuration it appears likely that the plenum
fission gas would be released to the sodium flow channel (time
constant of 0.”5 sec) during the time of gross melting of the
cladding. The cladding failure temperature and gas release time
constants were estimated to be 1400°C (= melting) and 0.25 seconds,
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respectively. TREAT Test R8 shows that under the conditions of
simultaneous gas release and steel melting an upper blockage would
not be formed (Ref. QCS760.178B4-1). Hence, for the conditions
expected in the EOC-4 core (see QCS760.178A3, Table 5) upward steel
relocation would not be expected in much of the core.

In summary, there is ample time for steel relocation prior to fuel motion
in the CRBRP, primarily due to its low effective sodium void worth. However,
since plenum fission gas release from irradisted rods starts almost coincident
with steel melting, gross upward steel relocation is not anticipated for
irradiated fuel conditions. Upward cladding blockages are however, antici-
pated for BOC core conditions. In this case they are characterized as forming
a short distance into the UAB. The blockage is expected to be relatively
thick (cm's) near the bundle edges but irregular and vented to gas flow. The
onset of fueled region pressurization could disrupt regions of the steel
blockage which are within 50°C of the melting point allowing fuel penetration
into the UAB.

The dynamic response of the BOC-1 core and the extent cof upper blockage
formation throughout the core was found to only be weakly sensitive to large
variations in axial blockage location (including the core/UAB boundary) and
reactivity feedback parameters. Hence, the initial conditions chosen for
analysis of the melt-out phase are appropriate (see response to QCS760.178B5).
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Question C$760.178B5, -C6, -C7

-B5. What is the basis for maint ining continuous subcriticality in the
high heat loss environment of early melt-out phase? What are the fuel losses
(quantified), taking into account uncertainties in removal path geometries,
driving pressures and freezing mechanisms?

-C6. What degree of subcriticality is required to prevent pool recriti-
cality from thermal and fluid dynamics upset conditions? What is your posi-
tion on the potential for small recriticalities to amplify? What is the
justification for your position?

-C7. 1In assessing benign termination from the boiled-up pool, justify
the fuel removal mechanisms and rates. In particular, assess the potential
for upper pool sodium entry via rapid condensation of steel vapor pressure.

Response

The key points in the above questions are: (a) basis for continuous
subcriticality. (b) fuel removal uncertainties relative to path, driving
pressure and freezing mechanism, (c) fuel removal required to prevent re-
ceriticality, (d) potential for amplification of recriticality events, (e)
termination of boiled-up pool phase including consideration of sodium re-
entry. Since these poiuts are all related to the case for achieving a condi-
tion of permanent subcritical ity following the initiating phase without large
energetic reactivity insertions, they are addressed in an integrated manner in
this response.

In previous analysis Ref. QCS760.178B5-1 it was shown that early fuel
removal through interassembly gaps prevented the large scale pool phase
(LSPP). In this reference the LSPP was considered as any contiguous molten
mass which is of sufficient size such that its phenomenological behavior will
dominate the accident progression relative to energetics potential.

In this response the terminology LSPP refers to the configuration after
the melt-out of the internal blanket assemblies. The distinction 1is made
between this more homogeneous configuration and that associated with the
merging of molten driver fuel while the inner blanket is intact. The latter
is referred to in this response as the melt-out/annular pool phase (MO/APP).
This refinement is important in the context of the heterogeneous core design
since the phenomenological behavior in the MO/APP introduces additional
considerations with significance regarding energetics potential that would not
be otherwise discussed in the context of a more homogeneous LSPP.

One of the immediate benefits resulting from the above distinction is to
remove the implications that there is an extreme sensitivity to the timing of
fuel removal (of the order of 1 to 2 sec) prior to the formation of the LSPP.
It can be shown that there are at least several tens of seconds available for
fuel removal in the interval from the onset of fuel disruption in driver fuel
assemblies until the inner radial blanket fuel assemblies will experience
melt-out.

So long as the inner blanket fuel remains intact, there is an effective
barrier to coherent dynamic fuel motions which have the potential for
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escalating into large ramp rate reactivity insertions. The time required to
destroy this barrier is found to be long relative to either (a) the time for
fuel removal through several available escape paths such as interassembly gaps
and control channels or (b) the time for removal of obstructions to fuel
escape in the upper axial blanket (UAB) region.

In this response, consideration has been given to the implications of the
extended time scale of the melt-out/annular pool phase (MO/APP) relative to
the homogeneous LSPP. Both the potential for recriticality events as well as
alternate fuel escape paths have been considered including the potential for
sodium re-entry. As a result it is concluded that:

1. Once molten fuel becomes available on a assembly basis, mild re-
criticality events may be possible but they are limited in amplitude
and do not amplify.

2. Multiple paths for fuel removal are available on a short time scale,
relative to the melt-out of internal blanket assemblies. Corres-
pondingly, fuel removal is not overly sensitive to fuel penetration
model assumptions and fuel escape impedances.

3. There is always time for sufficient fuel removal, i.e., about 40% of
the driver fuel, to achieve permanent subcriticality prior to loss
of the annular inner blanket barrier.

4. The accident sequence will terminate benignly without the develop-
ment of a homogeneous large scale confined pool phese as defined in
(Ref. QCS760.178B5-1).

3. Sodium re-entry can be ruled out on the basis of excessive sodium
vaporization when liquid sodium comes into contact with molten fuel
and steel materials.

The details of the response are contained in the following sections.
First, the beginning of the melt-out phase is characterized with respect to
likely conditions in the driver and blanket fuel assemblies. Then a discus-
sion of the possibility of recriticality events is presented supporting
conclusion (1). In the next section fuel removal paths are identified fol-
lowed by a discussion of the time scale on which these paths are made avail-
able. Fuel penetration mechanisms are discussed as well as sensitivity to
external constraints, supporting conclusions (2),(3), and (4). Finally a
discussion relating to the potential for sodium re-entry is provided to
support conclusion (5).

Beginning of Melt-Out Phase

The melt-out phase of the accident sequence begins when fuel within
individual assemblies in the driver core region starts the process of melting
through hexcan wall barriers. For both the BOC-1 and EOC-4 core, this action
begine after = 20 seconds of initiating phase events (sodium boiling, clad-
ding, and early fuel motion). At this time most of the driver fuel assemblies
have experienced fuel disruption (v 1-2 s time scale). Internal blanket (IB)
assemblies are not voided in the BOC-1 core and have an average fuel tempera-
ture = 1000°C at the core midplane. For the EOC~4 core, IB assemblies may be
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partially voided at an average blanket fuel temperature closer to 2000°C at
the core midplane. The ratio of blanket fuel to driver fuel specific power
level is approximately 1 to 10 for the BOC-1 core and approximately 1 to 3 for
the EOC-4 core.

Early in the melt-out phase the driver fuel power level may be about 75
w/g (50% of nominal) tending perhaps to as low as 15 w/g as the merging of
assemblies into a continuous annular fuel region becomes more complete. These
power levels represent bounds below which, recriticality events cannot be
precluded. At higher levels, vapor generation would boilup the pool and
largely preclude such events. Recriticality events which do occur would be
expected to be very mild and infrequent.

Based on the initiating phase analysis performed so far, cladding block-
ages are likely to be formed at the bottom of the core. Upper cladding
blockages may also be formed, but vented in most of the BOC-1 core. In the
EOC-4 core, upper cladding blockages are not expected in view of the effect of
plenum fission gas release on cladding movement, as addressed in Response to
CS760.178B-4. Therefore, it is cuncluded that fuel removal into the upper
axial blanket region is possible depending on core conditions.

The gaps between hexcan walls which are not adjacent to boiling fuel
regions are expected to remain open, not only in the region outside the core,
but also in the core region. In the BOC-1 core, the gap sizes are expected to
be similar to the fabrication dimensions (0.47 cm) because of negligible
swelling of the hexcan steel. In the EOC-4 core driver fuel region, the
hexcan steel swelling reduces the gap sizes on the average to about two thirds
of the fabrication dimension. Therefore, the interassembly gaps are expected
to provide a viable fuel removal path not only in the BOC-1 core but also in
the EOC-4 core.

Based on the relative conditions of the driver fuel and the blanket
assemblies it is estimated that the time interval between the onset of fuel
driver disruption and breakdown of the IB barrier to foim a homogeneous pool
would be = 150 seconds for the BOC-1 core condition and ~ 50 seconds for the
EOC-4 core condition based on adiabatic heating. If driver fuel does not flow
rapidly from the core region it may also enter and penetrate the IB assemblies
causing the IB to melt-out at greater than the adiabatic rate. As shown in
Appendix A to this response this effect would reduce the above indicated time
intervals by no more than a factor of four for BOC-1 and two for EOC-4 condi-
tions, respectively.

Recriticality Events

Recriticality events following the initiating phase have been considered.
Such events cannot be generically ruled out in the high heat loss environment
at the assembly scale as power decreases to decay heat levels. Fuel compac~-
tion is limited by vapor separation and cannot introduce reactivity ramp rates
exceeding 20¢/s/assembly which during the early time period would be mitigated
by core-wide incoherencies.

Vapor condensation due to influx of cladding steel will be limited since
colder steel will be covered by a thermally stable fuel crust. Yo mechanisms

QCS760. 178B5-3



have been identified which can fragment and rapidly distribute cold steel
within the pool.

However, some gradual reduction in vapor flux cannot be precluded with
the resultant compaction of fissile material. The response is self-dispersive
since an increase in power will very rapidly increase vapor production in the
near saturated pool, leading to a reduced fissile demsity. Reoccurrence and
amplification would be possible if the physical event behaved and responded as
continuous liquid slug elements bounded by expanding and compressing vapor
spaces. However, this is not found to be likely because of vapor-liquid
break-up processes resulting from the growth of Taylor type instabilities.
These mechanisms and their application to the MO/APP are discussed in Appendix
B to this response. It is concluded that the fuel-steel boiling process
within a disrupted heterogeneous core should be stable to mild recriticalities
at least as long as the annular geometry dominates the fluid dynamic behavior.

Fuel Removal Paths

Fuel removal paths important to the termination of the accident sequence
include: (a) the upper axial blankets, (b) interassembly gaps, (c) control
rod channels, and (d) radial blanket assembly void space.

Upper Axrial Blankets - The upper axial blanket regions of the driver fuel
assemblies provide a fuel escape path on two levels of consideration. On an
early time scale, cladding blockage are likely to prevent upward fuel escape
for BOC conditions. However, for EOC conditions, downward cladding relocation
driven by plenum fission gas escape, will leave an upward escape path for
subsequent disrupted fuel. Accounting for coolant channel volume fraction the
driver fuel removed upward would be ~ 1% per cm of penetration into the UAB
(on a assembly basis).

On a larger time scale (several tens of seconds) cladding blockages in
the upper axial blanket can be removed as an obstruction to fuel escape by
virtue of ablative melting or in EOC conditions by melt-out of the hexcan
boundary in the UAB region. The latter can reasonably occur on a time scale
of less than 10 sec depending on the fuel penetration.

Interassembly Gape - Figure QCS760.178B5-1 shows the side view of the
gaps in the region below the core, and the radial blanket/shield regions. The
dimensions shown in this figure are fabrication dimensions at room tempera-
ture. Although the gap sizes could be larger in actual cases due to thermal
expansion, the fabrication dimensions are used in the present estimation of
the gap volume. Furthermore, it is assumed that the gaps in and below the
shield block region (.17 cm) will not be available due to fuel plugging as it
flows into this constricted region.

Thus, the volume of the gaps available for fuel removal from the core
region is estimated, and the results are given in Table QCS760.178B5-1. This
table shows that the total gap volume below and outside the core region is
much larger than the total liquid volume of the core materials: fuel, clad-
ding, and assembly hexcan walls.

The interassembly gap width in the core region has been calculated using
the SAS3D results for the initiating phase at a point in the transient around
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Table Q760.178B5-1

TOTAL VOLUMES OF CORE MATERIALS AND GAPS BETWEEN ASSEMBLIES

Location Volume (Liters)

Region Below Core

Between Core/LAB Interface and Shield Block 110

Radial Blanket Region

Between Core/LAB Interface and Shield Block 60
Between Core/LAB Interface and ACLP* 110

Radial Shield Region

Between Core/LAB Interface and Inlet Module 1800
Between Core/LAB Interface and ACLP 250

Region Between Radial Shield Assemblies
and Core Barrel

Below Core/LAB Interface 1300
Between Core/LAB Interface and ACLP 1200
TOTAL 4B30%**

Total Fuel Assembly Volumes in Core Region (BOC-1)

Fuel in Liquid State 700

Cladding in Liquid State 310
(including wire wraps)

Hexcan in Liquid State 210

.
Above~-core load pad at 13 cm into UAB.

..Thia represents 690% of total core fuel volume..

QCS760.178B5-6



the initiation of fuel disruptior in the lead assemblies. The hexcan walls in
the below-core and radial shield regions have experienced little swelling at
both BOC-1 and EOC-4. Therefore, the gap widths in these regiuns are expected
to be approximately 0.48 cm which is a fabrication diwmension (0.47 cm) plus
thermal expansion. The gap width in the radial blanket regions is taken to be
an average between the gap widths in the core and radial shield regions. The
gap sizes are summarized in Table QCS760.178B5-2.

Control Rod Chammels - The fuel removal flow paths in the nine primary
and six secondary control assemblies in the reactor core are schematically
shown in Figs. QCS760.178B5-2 and ~3. The primary control assembly (PCA) has
a moveable inner hexcan (attached to the control rods) which partially pro-
trudes into the active core zone. The annular gap which is formed with the
outer heycan has a hydraulic diameter and flow area of approximately 0.75 cm
and 5 cm“, respectively. The main path for fuel flow is downward into the
large open area (empty hexcan) below the moveable control, then through a 3.7
cm diameter hole in the shield region to the orifice zone (8.4 cm diameter).
The orifice zone consists of seven one cm thick plates, each of which has six
equally spaced and parallel 1.07 cm diameter holes. The plates are separated
by open spaces (8.4 cm diameter) 1.27 cm high. After passing through the
orifice zone the fuel flows into the inlet nozzle (D, = 6.35 cm, A = 12.47
cm ), then into the large inlet module and ultimnte1§ into the reactor inlet
plenum.

The secondary control assemblies (SCA) have a different configuration
(Fig. QCS760.178B5-3) with zthe initial path again through an annular regiog
(DE = 0,67 cm, A= 38.5 cm“) past an orifice zone (D, = 0.84 cm, A = 7,4 cm")
into the inlet module. After melting through the gufhe tube an alternate path
is available through a large open area (D, = 10 cm) and outlet (D, = 3 cm)
into the SCA low pressure plenum (in the 13iet module) and then outEnrd to the
core barrel region. However, mo credit for fuel flow beyond the vent will be
taken since an assessment of freezing and plugging potential has not been
completed.

Table QCS760.178B5-3 provides the available volumes for fuel removal
based on the above geometries.

Radial Blanket Aessembly Void Spacee - In parallel with melt-through of
the inner blanket and control assembly barriers, it is also reesonable to
examine the volume available in the outer radial blanket assemblies due to the
long time frame available. From geometric considerations the volume readily
(sodium flow area) available in the first row of the outer radial blanket
represents about 20X of the driver fuel volume.

Fuel Removal Neceseary to Aesure Permanent Suberiticality - Table QCS
760.178B5-4 shows reactivity levels for various disrupted core configurations
at BOC-1 (see Appendix C for details of the neutronics modeling). Case 1
represents core conditions after approximately 43X of the total fuel inventory
is removed from the core, the remaining fuel in the core annular regions is
homogenized and fully compacted, while the internal blanket and control
assemblies remain intact. The system is subcritical for this configuration.
Case 2 is identical to Case 1 except that the fuel removal is reduced to 332
of the total inventory. The system is substantially above critical for this
configuration. In Case 3, about 41% of the total fuel inventory i- again
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Table QCS760.178B5-2

WIDTHS OF INTERASSEMBLY GAPS IN CORE REGION
AND EX-CORE REGIONS

Gap Width, cm

Locations
BOC-1 EOC-4

Core Regions
Between Non-Boiling Assemblies 0.41-0.51 0.22-0.48
Between Non-Boiling Fuel and IB Assemblies 0.42-0.49 0.24-0.49
Between IB Assemblies 0.43-0.48 0.26-0.50

Ex~-Core Regions

Below Core 0.48 0.48
Radial Blanket 0.45-0.48 0.35-0.48
Radial Shield 0.48 0.48

QCs760
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Table QCS760.178B5-3

VOLUMES AVAILABLE TO ACCOMMODATE FUEL IN
PRIMARY AND SECONDARY CONTROL ASSEMBLIES

Approximate Core

Primary Secondary Fuel Fraction
Number of Assemblies 9 6 -
Volumes Below Core/LAB Inter- 50 29 0.11
face to glow Restriction
(liters)
Lower Inlet Modules (liters) 292 - 0.42
Total Vglume Available 342 35 0.53
(liters™)
NOTES :

1. Based on 6000 kg of fuel at 8.6 kg/l liquid density.

2. Flow restriction assumed to be orifice plates in PCA and low pressure
vent outlet in SCA; see Figs. Q760.178B5-2, -3 for details.

3. Fuel loss through PCA lower inlet module to reactor inlet plenum not
indicated here.
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Table QCS760.178B5-4

REACTIVITY LEVELS FOR VARIOUS DISRUPTED
CORE CONFIGURATIONS AT BOC-1

Description of Core Configuration Reactivity ($)

43% of total fuel inventory removed from -1.4
the core. The remaining fuel in the annu-

lar regions is homogenized in the core and

fully compacted with IB and CR assemblies

intact.

Same as Case 1 except that only 33% of +10.2

total fuel inventory is removed.

41% of total inventory removed from core. -10.5
The remaining fuel, the IR and CR (except
B,C) assemblies are homogenized and fully

compact.
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removed from the core. The remaining fuel, internal blanket and control
assemblies (without B,C) are assumed to be homogenized and fully compacted.
This homogeneous pool" configuration is substantially subcritical. From these
peutronics results, it was concluded that the system will achieve permanent
subcriticality as long as about 40X of the total fuel inventory is removed
from the core. Based upon preliminary calculations, this also appears to
represent a good estimate for EOC conditions.

Time Scale to Make Fuel Removal Paths Available Relative
to the Annular Pool Phase

Fuel escape paths become available on a short time scale. At EOC condi~
tions the UAB is open at the onset of fuel disruption. Other escape paths
become available on a time scale of several seconds following fuel disruption
due to melt-through of hexcan boundaries.

The hexcan wall melt-through time was calculated using a finite-differ-
ence method. This calculation initiates from the time a molten fuel pool has
developed. Initial hexcan wall temperatures for this calculation were deter-
mined based on SAS3D calculations. A typical hexcan wall temperature profile
just prior to boiling of the assembly molten pool is plotted in Fig. QCS760.
178B5-4.

Heat transfer coefficients at the hexcan wall (with stable fuel crusts)
vere determined from the correlation of internally heated boiling pool test
data of Ref. QCS760.178B5-2. Based on this correlation, the heat transfer
coefficient for a beiling pool of fuel-steel mixture was calculated to be
approximately 2 w/cm -°K. The heat transfer coefficient at the bottom of the
pool may be lower than this value because the pool 1is expected to be more
quicscent in this region., The heat transfer coefficient for a quiescent pool
is as low as 0.2 w/em“-°K according to Refs. QCS760.178B5-1 and
QCS760.1788B5-3. This means that the can wall heat transfer coeffiiient in the
bottom region of the pool can be in the range from 0.2 to 2 w/em"=*K. The
boiling pool temperature is expected to be 3100°C - 3200°C which is the steel
boiling point at an assembly pressure of 3-5 bars.

Based on the above thermal characteristics the hexcan wall melt-through
times were calculated using the typical hexcan wall temperature profile (Fig.
QCS760.178B5-4) as the initial temperature profile. The resulits are plotted
in Fig. QCS760.178B5-5, which indicates that the major portion of the hexcan
wall will melt through within 2 seconds after the boiling pool 1is formed
inside the hexcan.

The flow path through the control assemblies will become available
approximately four seconds after being contacted by the boiling (3200°C)
fuel-steel pool. This value is based upon a thermal analysis comparable to
that just discussed for melting of the fuel assembly hexcan, except that the
appropriate internal sodium flow (v 20X of nominal), geometry and temperatures
(v 400°C) are considered. The estimated melt-through time is approximately
proportional to both the driving temperature difference and heat transfer
coefficient. Variations in these parameters, which control heat losses from
the pool are offsetting in that the pool temperature will increase for reduc-
tions in the heat transfer coefficient. Hence, for the expected parameter
variations, the control assemblies become available within several seconds

QCS760.17885-13
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The results of Cases 1, 2, and 3 appear in Table QCS760.178B5-4 in the
main response.

References for Appendix C to QCS760.178B5, -C6, ~C7
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APPENDIX D TO: Question CS760.178B5, -C6, -C7

Freezing Mechanisms

In Ref. D-1, a conduction-limited freezing model was determined to be
most appropriate in analyzing fuel flow behavior in gaps or small tubes.
Since there has been a concern over applicability of the freezing model in the
presence of steel melt layers under fuel crusts and in the case of two-phase
mixtures flowing in the gap, this concern is addressed in this Appendix.
Again, it 1s concluded that the conduction-limited freezing model is applic-
able even when steel melting occurs under the fuel crust, and the gap flow 1is
a two-phase mixture.

Penetration and Freezing of Flow in Melting Channels

when fuel penetration commences between the hottest assembly can walls
exceeding ~ 800°C, the molten fuel-steel hexcan interface temperature will
fall between the fusion temperatures for these materials upon contact, re-
sulting in solidification in the molten fuel and melting of the underlying
hexcan (gap) wall. Even for sufficiently low initial hexcan temperatures such
that melting of the steel hexcan does not begin upon contact with the fuel,
steel melting may begin after convective heating from the molten fuel stream
raises the fuel crust-solid steel interface temperature to the steel melting
temperature. This is likely to occur at locations where the fuel temperature
{8 » 100°C or more above its melting temperature, that is in regions of the
core where the fuel first enters the gaps (entrance region).

The concern with the existence of steel melt layers is that they may
cause the prote tive fuel crust to become unstable leading to rapid fuel
freezing by bulk solidification (Ref. D-2) or steel freeze plugs as a result
of rapid mixing between fuel and steel (Ref. D-3), as have been postulated for
thermite fuel penetration into rod bundle geometry*. It is important to note
that the obse ved behavior of a growing freeze layer on & melting (or fluid)
surface does not support the aforementioned mechanisms for rapid freezing in
simple flow geometries. The formation of stable, growing freeze layers on the
surface of turbulent flows by radiative and convective heat loss to the
surrounding atmosphere is quite common. This situation is most prominent in
rivers and lava flows. Here stable crust covers are formed under conditions
in which the "underlying" fluid is air. In fact, a stream of molten vo
flowing over the lip of a tungsten crucible into a helium atmosphere HI%
observed to form a tube of solid UO, through which the remaining UOQ, was
forced to flow (Ref. D-4). Thus, flé@ing fuel will ignore the presence of the
surrounding steel melt and grow its own channel wall (similar to :he lava
pipes familiar to the geologist (Ref. D-5). This conclusion also is confirmed
by an experimental study in which hot Freon 112A (melting point 40°C) was
injected into a thick-walled ice pipe maintained as its melting temperature
throughout (Ref. D-6). While the major emphasis in this study was on the
melting attack of the ice pipe wall by very hot turbulent flowing Freon,

*
To date, no experiment has been performed that gives direct evidence of bulk
solidification. QCS760.178B5-D1



follow-up studies (Ref. D-7) at low Freon injection temperatures show the
continuous conduction-limited buildup of a stable Freon layer on the melted
ice wall until the pipe is closed to the Freon flow by the solidified layer.

Regarding the problem of mixing between flowing fuel and melted steel in
regions where the gap wall may be subject to severe ablation by the fuel flow,
it is pertinent to note that ice pipe ablation experiments show no appreciable
mixing between the hot pipe flow (Freon) and the melted ice (Refs. D-5, D-7).
In some experiments performed at very high Freon flow velocities (Ref. D-6),
in the range 7.0 - 17.0 m/s, some of the melted ice in the form of water
droplets was entrained by the bulk Freon flow. However, the volume fraction
of entrained water was low and the process did not lead to a flow blockage by
bulk solidification and/or freezing of the water component. In the ice pipe
experiments reported in Ref. D-8, the water film produced along the melting
ice pipe wall was found not to be entrained, despite Freon flow Reynolds
numbers and velocities as high as 53,000 and 3.0 m/s, respectively. Thus,
contrary to the steel-fuel mixing postulated for thermite fuel injected
axially into rod bundle configuratioms, it would appear that very little
mixing would take place between fuel and melted steel within the simple gap
geometry.

Recently, measurements of the penetration of U0, into & thick-walled
steel tube have been reported (Refs. D-9, D-10). We present below in some
detail a discussion of this so-called TRAN series of in-pile experiments since
it represents one of the few series of experiments carried out with pure vo
melts (including the conditions of steel wall melting upon contact with fue
and since there seems to be some confusion in the literature regarding the
interpretation of the experiments (Refs. D-9, D-10).

In the TRAN series of in-pile experiments, pure U0, is melted using
neutronic heating in the Annular Core Research Reactor .% Sandia. The U0
melt is then accelerated upward into a 130-cm long, steel freezing tube vit% a
0.32-cm diameter channel by the application of high pressure helium gas tr the
base of the fuel. Four such experiments have been performed to date, with the
injection pressure held approximately constant at 1.0 MPa, the initial steel
temperature varied from 400 to 900°C, and the initial fuel temperature varied
from 2900 to 3500°C (Ref. D-11). Post-test analysis of cross sections of the
tube indicated that melting of the steel wall occurred in the test where the
{initial steel temperature was 900°C. In all the experiments, the observed
final fuel distribution consists of a frozen fuel layer that covers the inside
surface of the tube and fuel debris located above the end of the fuel layer
(Ref. D-11). The length of the fuel layer varies between 48 and 87 cm,
depending on the amount of fuel injected into the tube during any given test
(see below). In one experiment, a complete fuel blockage ~ 2 cm long was
observed between the fuel debris region and the end of the frozen layer.

A plausible explanation for the existence of the frozen fuel layer, as
opposed to a long fuel plug that £111s the tube cross section is that when the
fuel melt is forced upward into the cold tube the ensuing fuel penetration and
freezing process is influenced by the rapid formation of an annular fuel
film-helium gas flow. That annular flow is likely due to the limited quantity
of fuel material that enters the tube. A possible explanation for the pre-
sence of loose fuel debris and, in one test, a short blockage beyond the
frozen fuel layer is that in annular flow the gas (helium) core usually
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contains a significant number of entrained droplets (fuel) or suspended liquid
slugs which can be carried upward by the gas flow to the "clean" tube wall
above the fuel layer. While the observed fuel penetration distance is postu-
lated to be due to the limited quantity of fuel material employed, the frozen
fuel-layer configuration is demonstrated below to be compatible with the
simple conduction-limited freezing mechanism.

In the TRAN tests, about 40 g of U0, was rapidly melted; however, only
about 20 g of U0, entered the freezing tu&% (Ref. D-11). Vortex motion in the
fuel sample may 2I;uve been responsible for the reduced amount of fuel forced
upward into the tube. Whatever the mechanism responsible for the limited
quantity of fuel injected into the tube, one could reason as follows: the
melt first enters the tube as an all liquid advancing flow, with the only
gas-melt interface present being that at the flow front. After the ~ 20 g of
fuel melt inventory enters the tube, the flow pattern instantaneously changes
into a slug flow in which a single fuel slug (or column) now occupies * 25 cm
of the tube, followed by the high pressure helium gas. The lower helium
gas-fuel interface that must now appear at the tube inlet is highly unstable
such that a long finger or bubble of the less dense helium gas penetrates the
U0, melt slug. That is, at any location after the helium gas-fuel (lower)
1n§erfuce has passed, the heavier molten U0. is not completely expelled or
replaced by the lighter helium gas. A film“of molten U0, will adhere to the
tube wall while a tongue or finger of the helium gas ofzttduced diameter
advances through the tube core established by the portion of the fuel melt
left behind. The helium gas finger should penetrate steadily through the fuel
slug with little change in profile until the upper fuel-gas interface or flow
front is approached causing the fuel slug, now greatly diminished in size, to
burst. The bursting of the slug could result in the "throwing" of some of the
melt material above the region occupied by the fuel film, which would explain
the presence of loose fuel debris and small blockages beyond the end of the
frozen fuel layer. Alternatively, portions of the fuel film may be entrained
by the helium gas flow and redeposited on the tube wall downstream of the fuel
layer.

There is much direct evidence for the transient slug annular flow transi-
tion described in the foregoing. In boiling experiments reported in Ref.
D-12, a rapid depressurization technique was used to initiate vapor growth in
superheated liquid Freon-113 within a tube. The vapor bubble so formed was
observed to act like a piston, pushing the 1iquid slug out of the tube as it
expands, but leaving behind a residual liquid Freon film on the tube wall., In
a series of experiments reported in Ref. D-13, air was used to accelerate
wvater or water to accelerate mercury through a tube. Interface displacement
measurements clearly indicated that a film of the heavier fluid was left
behind after the interface had passed. The explanation for the more demse
fluid being left behind is rather straightforward: given an initial tendency
for a residual liquid film of the more dense fluid to be left behind in such
slug flow processes, this tendency is enhanced by the effect of the pressure
gradient acting over the fluids of unequal density (Ref. D-13). The less
dense driving fluid is accelerated more rapidly than the more dense displaced
fluid. This explanation is the familiar Taylor (Ref. D-14) description of the
{nstability of a bump (or wave) of small amplitude at an interface between a
heavy fluid and a light fluid vhen accelerated in the direction of the heavy
fluid. The simple Taylor theory suggests that molten UO2 fuel and helium gas
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in the TRAN tests cannot be separated by a stable interface. The experiments
described sbove (Refs. D-11,D-12) #ndicate that transient fuel penetration in
the Sandia freezing tests is best characterized by a fuel-film annular flow
pattern.

With regard to the problem of fuel film survival after the gas scurce is
depleted, we note here that there is more than sufficient time to fre:ze the
film in place by conduction before any significant film drainage car take
place. In the TRAN series of experiments the thickness of the frozei. fuel
layer was observed to be between 0.015 and 0.03 cm. Depending on the film
thickness and the initial fuel temperature, which was in the range 2900 -
3500°C, we estimate using conduction-freezing theory (Ref. D-15) that the time
required to freeze the film is between " 10 ms and "~ 100 ms. Assuming laminar
fuel-film flow we calculate a loss of less than 10Z of the fuel material due
to film drainage before freezing.

In summary, it appears highly likely that the final fuel distribution in
the Sandia TRAN freezing tests can be attributed to the limited quantity of
fuel employed. The "driving" helium gas displaced and penetrated the fuel
melt, causing the rapid formation of an annular fuel film helium gas flow
pattern. Furthermore, we expect that the fuel film is frozen in place by
conduction-limited solidification; that is, the TRAN tests provided strong
evidence for conduction-limited fuel crust growth into an annular two-phase
fuel flow in the presence of both solid and melted steel backings. Had an
unlimited quantity of fuel been available for injection into the freeze tube,
we predict from Ref. D-16 a fuel penetration length of at least 250 ecm.

Penetration and Freezing of Two-Phase (Fuel-Gas) Mixtures

The flowing core debris during the melt-out phase of the accident se-
quence is a two-phase gas (or vapor)-fuel melt mixture. Also, the core debris
that enters into the gaps between assemblies may contain some amount of molten
steel and solid fuel particulate. The presence of molten steel and solid fuel
in large quantities will accelerate the freezing rate and increase the fric-
tional resistance that retards the fuel flow, respectively, both of which will
tend to reduce the fuel penetration distance into the gaps. Fortunately, only
small quantities of these materiale are expected to be carried from the
disrupted assemblies into the gaps by the escaping fuel,

The source of solid fuel particulate is the unmelted portions of the fuel
pellets. The unmelted fuel represents at most about 202 of the total fuel
within a disrupted assembly. A large fraction of this solid material (= 15%
volume fraction of total fuel) is located at the bottom of the assembly, away
from any potential fuel escape opening in the hexcan wall, and is likely to
remain at the bottom owing to its large density ccmpared with that of molten
fuel. The remaining urmelted fuel, which is located at the top of the as-
sembly, would be carried with the fuel flow into the gaps. However, since
this solid material represents less than approximately 5% volume fraction of
fuel and is continuously being eroded by melting, the solid fuel debris that
enters the pool from above will not retard the fuel flow in any significant
way.
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As with solid fuel particulate, very little molten steel 1is anticipated
to be mixed with the molten fuel within a disrupted assembly. The time
{nterval beiveen the complete melting of cladding and that of fuel 1s such
that most of the cladding is moved out of the core region undar the influernce
of both sodium vapor streaming and gravity. Thus, the melting fuel begins ¢
lose i{ts geometry when only a small portion of molten cladding (~ 10%) 1is
stil]l present in the heated fuel region. Molten steel will also form at the
boundaries of the disrupted assemblies. However, unlike the residual cladding
f41lms which are "trapped" within the melting rod bundle matrix, the melt films
that clings to the hexcan wall are likely to be stable and not entrained by
the disrupted fuel. The evidence in support of this conclusion is provided by
the observations (mentioned in the foregoing) of stable melt-film behavior in
highly turbulent channel flows with an without crust formation (Refs. D-6,
D-8).

The molten fuel will move out of the core as a two-phase gas-fuel melt
flow. Thus, prediction of the fuel penetration length will depend on our
ability to predict (a) the pressure gradient associated with the penetrating
flow of the two-phase mixture and (b) the rate of fuel crust buildup in the
two-phase mixture. Methods for handling item (a) above are well established
and have been reported in numerous papers on two-paase flow. A careful
examination of the literature has shown that relatively few papers have dealt
with item (b). However, on physical grounds, one would expect the solidifi-
cation rate of a two-phase mixture to be equal to or less than that of its
pure liquid component. In fact, since the rete of deposition of liquid
material in a turbulent two-phase flow alway: exceeds the rate of phase
conversion at the channel wall, one would expect “he solidification rates to
be the same in bcth cases. Interestingly enough, some experimental work has
been reported by Greene, et al., Refs. D-17 through D-20 that appears contrary
to this line of reasoning.

In & series of abstracts and government reports, Gresne, et al., (Refs.
D-17 through D-20) reported the results of an experimental investigation of
the transient solidification of a gas-liquid mixture, while flowing downward
through a vertical tube with a fixed freeze length. Tro liquids used in this
study were Wood's metal (melting point 74.6°C) and parafiin wax (melting point
54°C) and nitrogen gas served as the lighter phrae. Exreriments were per-
formed over a range of gas injection rates (or v.id frection) and at two-phase
mixture temperatures equal to and above the sciidification temperature. The
experiments with liquids at their freezing temperatures are of most interest.
Since convection heat exchange at the solid gas-liquid -ture interface is
absent in this case, these experiments should permit a clear definition of the
effects of the gas phase. The experimental results indicated that as the gas
flow rate (or void fraction) increased, the time to completely freeze the test
section (plugging time) as well as the mass displaced through the test section
decreased. While the observed decreased mase flow rate with incressed m:88
flux could, in a qualitative sense, be attributed to the two-phase friction
multiplier, the corresponding decrease in plugging time is aifficult to
rationalize. In the earlier publications by Greene, et al., (Refu. D-17
through D-19), the authors postulated the entrapment of nitrogen gas bubbles
within the solid phase that grows inward from the wall and concluded from
their experimental results that the rate of solidification may be seviral
times faster for the two-phase case than for the single-phase case. However,
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the solidification of a two-phase structure (solid plus gas) was refuted in a
later report (Ref. D-20), as this process was not indicated by post-test
cbservations of the frozen material.

Soon after, Petrie, et al., (Ref. D-21) reported results of an experiment
designed to measure directly the growth of an ice layer in a water-nitrogen
gas mixture. A planar test section on which ice crusts were grown was ver-
tically suspended in a pool of water contained within & lucite bubble column
of square cross section. Nitrogen gas bubbles were formed at a perforated
plate located at the bottom of the column. A lateral-traversing thermocouple
probe was used to measure the instantaneous ice crust thickness as a function
of time. Different water pool temperatures were studied, corresponding to
saturated (0°C) and superheated (> 0°C) conditions. The experiments covered a
range of void fractions from O to 90X. The following conclusions may be made
from these experiments. For void fractions up to S0Z, the presence of a
discontinuous gas phese in a ss:urated flowing liquid does not affect the
freezing of the liquid. The crust surface remains smooth and the void in the
two-phase mixture is not trapped in the crust in asgreement with the results
reports in Ref. D-20. The effect of 1iquid superheat on the freezing of a
flowing two-phase mixture is to enhance the convective heat transfer from the
liquid to the crust. The crust surface remains smooth in this case with no
evidence of entrapment of the void. In both cases, the crust growth behavior
c2n be modeled by ignoring the presence of gas (except for the effect of the
gas flux on the convective heat flux). Obviously, these more direct observa-
tions regarding the rate of solidification are not in conformity with the
gas-induced decrease in solidification time proposed in Refs. D-17 through
D-20.

Effect of Liquid Superheat

- —

The fuel temperature is 3100 =~ 3200°C 4in the z.:-2mblies, and decreases
slong the flow direction, ultimately to the 1iquidus point. The heat transfer
creificient, h., can be calculated using the forced convection part of Chen's
correlation.

k p., (1 ~a) u D‘\ 0.8
h = 0.023 = | £ st P04 1)
f Dh vt

The molten fuel flow velocity is high initially and then decreases with
increased pen=tIallun distance. Based on typical gap flow conditions with a,=
0.5, the heat transfer coefficient is calculated to be approximately 5 w/c
-*K on the average. Based on the average heat transfer coefficient, 5 w/cm
-°K, the thickness £ fuel crust on the steel wall initially at B800°C is
calculated for various fuel temperatures as shown in Fig. D-1.

Tt can be seen that the fuel crust thickness is reduced substantially
vhen the fuel tumperature is above the liquidus. At above-liquidus fuel
temperat.res, “he crust thicknes: growth is vapid initially, and then levels
off, or e/en gets reversed before the gaps are plugged (original gap = .47
cm). MNviely, the gaps would not be plugged at all if the fuel temperature is
as high 15 shown in Fig. D-1.
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The fuel is initially at 3100 - 3200°C when flowing into the gaps and
cools down to 2800°C after traveling about 30-40 cm. This indicates that the
crust thickness in the 30-40 cm distance would level off at approximately 0.3
mm (see Fig. D-1); the gaps (4. - 5. mm) would remain open in this region.
However, the fuel crust will continue to grow beyond this distance where the
fuel is at its liquidus. Therefore, an approximate solution for this type of
gap flow can be obtained by using a closed-form solution developed in Ref.
D-43 tor the case where the fuel is at 1its liquidus temperature. This closed-
form solution is applied to the flow beyond the 30-40 cm distance with the
pressure drop adjusted for flow inertia and friction loss in the 30-40 cm
distance.

Accordingly, the distance of fuel penetration into the gaps before
plugging is calculated by

xp ve 7/11 AP D: 4/11
ik 0.085 -5 p— (2)
h A" a p Vv
8 f

X = fuel penetration distance,
p, = gap initial hydraulic diameter,
p = molten fuel density times (1 - a),
C = total wetted perimeter for outward gap flow,
= kinematic viscosity of molten fuel,
A = growth constant (Ref. D-22),
a = thermal diffusivity of frozen fuel,
AP = driving pressure differential.

Using D, = 0.8 ,cm (EOC-4 value), p = 4.3 g/cns. v, = 0.005 cnzlloc. ) o=
0.93, a_ = 0¥b064 cm“/sec, and AP = 1 bar. The fuel plietration distance is
calculafed to be » 250 cm (the additional 3040 cm penetration associated with
above-liquidus fuel temperatures is neglected) which is much larger than the
gap flow distance between the core boundary and the core barrel (~ B0 cm).
Therefore, all the gaps outside the core could be filled with molten fuel
without plugging the gap. Since the volume of the gaps in the ex-core region
1s much larger than the total volume of fuel, all the molten fuel could be
removed from the core through the interassembly gaps while the gaps still
remain open. Thus, it is concluded that fuel removal through the inter-
assembly gaps is limited by the rate of fuel melting in the core, rather than
by pluggiig of the gaps.

Bulk Freezing

In the discussion in the foregoing, prediction of fuel penetration into
the gaps between assemblies is based on the conduction model, which involves
the growth of a stable frozen layer at the channel wall. The results of some
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experiments on U0, (thermite) fuel flow and freezing in subassembly structure,
however, are not tonsistent with conduction-controlled freezing behavior. The
conduction model predicts as much as an order of magnitude longer penetration
distance then that observed in many of the thermite freezing tests. It has
been concluded from these tests that U0, flowing over steel may behave in a
manner that prevents the formation of a Ztnblc frozen U0, layer at the channel
wall and, therefore, U0, penetration (or freezing) is céﬁttollcd by turbulent
heat transport from the z!uel front to the channel wall ("bulk freezing model"
D-2). While no direct experimental evidence exists to support this view of
freezing, it has gained some popularity in the field of fast reactor safety as
it provides a lower (theoretical) bound to the penetration distance of fuel in
the channel geometries of interest. Accordingly, the bulk freezing model is
utilized here to quantify or bound the effects of uncertainties in freezing
mechanisms on fuel escape from the active core region.

According to the bulk freezing concept, the region just behind the
leading edge of the penetrating fuel flow, where freezing is expected to occur
first, appears as a "slush" and freezing is complete when the latent heat of
fusion is "removed" from the slush by further (turbulent) heat loes to the
channel wall. Assuming that turbulent heat loss within the complex "tumbling"
flow pattern that must exist in the vicinity of che fuel front is well repre-
sented by Reynold's analogy, the penetration X of fuel limited by bulk
solidification is readily shown to be given by 2,

D h, /e + (T ~-T )
ol _h _fi ) mp”
Lo%1 T -1, (3

where f is the dimensionless coefficient of friction (f = 0.005), D, 1s the
hydraulic diameter of the channel, h 2 and c are the latent heat of fusion and
the heat capacity of the flowing fuei respectively, T and T _ are the fuel
temperature at the channel entrance and the fucl nelfﬁng teﬂ%&rnture respec-
tively, and Tv is the temperature of the channel wall. Within the context of
bulk freezing theory, it is assumed that T 1is equal to the melting tempera-
ture of the steel channel wall (T _ = 1400°cy.

Referring to the process of fuel ejection into the gaps between as-
semblies, we get from (3) X_ = 32 cm. This result is equivalent to the
removal of 15X of the BOC cobe fuel inventory and 10X of the fuel from the EOC
core. The reduced amount of fuel removed from the EOC core simply reflects
the smaller gap spacing for this case.

Effect of Sodium on Flow of UO2 in Caps

The gaps between assemblies are interconnected and are filled with liquid
sodium during normal operation. A small leakage flow from the inlet module 1is
maintained through the lower assembly support plate structure. The sodium in
the interassembly gaps flows to the upper plenum with the most restricted flow
paths at the above core load pad (ACLP) locations*. The pressure in the gaps
is approximately 1.5 bar which is the upper plenum pressure plus hydrostatic

-
The frictional resistance to sodium flow in the interassembly gaps is negli-
gible compared with the resistance to sodium flow at the ACLP.
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head. The total area of the most restricted flow paths b,tvtcn the inter-
stitis]l geaps and the upper plenum 1s roughly A > * 600 cm” with most of the
area provided in the radial blanket/shield rcngk.

In the initiating phase snalysis, liquid sodium in the gaps is treated as
a heat sink by increasing the thermal mass of the hexcan walls. At termina-
tion of the initiating phase analysis, the temperature of the fuel assembly
hexcan walls with augmented thermal mass is calculated to be 900 to 1200°C in
the core region. Therefore, the interassembly gaps are considered to be
voided in the core region at initiation of the present melt-out phase analy-
sis. However, the gaps below and outside the core regicn are not likely to be
voided when molten fuel starts to flow in the gaps after melt-through of the
fuel assembly. In Ref. D-1, it was concluded that the presence of liquid
sodium in the gaps would not introduce significant, sustained fuel-coolant
{nteraction pressurization to retard fuel removal from the core. This con-
clusion was based on first-principle arguments and supported by applicable
experiments. It is shown here that the liquid sodium flow (impedance) to the
upper plenum has little effect on fuel penetration into the gaps.

As the fuel flows from the active core region into the gaps, the liquid
sodium displaced by the fuel produce a pressure drop at the ACLP locations of
magnitude

e 2
8Ppctp © 7 Pna VAcLP (“)
where C. is the effective drag or loss coefficient (c, = 5.0), o,  1is the
density of liquid sodium, and u is the sodium flow velocity t§fough the
ACLP. Assuming fuel crusts of ngtantancous uniform thickness are left behind
on the walls of the interassembly gaps penetrated by the fuel (conduction
model), the pressure drop over the i{nstantaneous fuel length X can be shown to
be given by

R \3
f 2 [*) X
APBIP 7 OUOZ Yosp (T) E (5)

where f is the friction factor for turbulent channel flow (f = 0.005), ¢ 0 i
the density of molten fuel, R 1is the gap half width (radius), R is éﬂé
instantaneous '"radial locatiof of the fuel crust-melt interface (measured
from the channel centerline), and u {s the instantaneous fuel flow velocity
in the gap. gap

Since the sodium volumetric displacement rate must equal the volumetric
fuel escape rate from the core, we can write the equality

“glp Acore = YacLp AACLP (6)

where A is the gas cross-sectional area through which the fuel passes as
it lenvfgtfhe active core region. Eliminating u, in Eq. (4) in favor of
:“E via Eq. (6), adding the result to Eq. (5), S%S solying for “SIP = dX/dt
et
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dX
de [(Ec_’ X + E_JL plh Ac:oro 7]1/2
R lo £ pUO2 AACLP

Since the fuel crust thickness, Ro - R, is related to time t through the
familiar conduction-theory result

. 1/2
Ro - R Zl(uuozt) (8)

where uy is the thermal diffusivity of the fuel and )2 is the fuel crust
growth gﬁstunt (A = 0.9), Eq. (7) can be transformed to

3/2
B(1 - R/Ro) (R/Ro)

X pNa Acore é R 31172
S 2 Y R
(6} UO2 ACLP o

where B is defined as

ax
dR

B = 3 (10)
2A ag

The final fuel penetration length X 1is obtained by numerically integrating
Eq. (9) in the negative R-direction'?rom R = Ro (open gap) when X = 0 to R = 0
(closed gap) when X = xp.

In order to explore the effect of the sodium impedance on fuel penetra-
tion into the gaps, X_ has been plotted against the area for fuel escape,
Ac . in Fig. D-2. Bhe results shown are based on total fuel driving pres-
siPEAP = 1 bar and a channel half-width R = 0.2 cm. The dashed curve in the
figure corresponds to the fuel penetratiog length in the absence of liquid
sodium. We note from the figure that even for A as large as 4000 cm™,
which is just about the maximum possible croul-légvT%nal area for fuel escape
from the core via the gaps between assemblies, the penetration length is
reduced by only 40% by the sodium flow through the ACLP. The reason the fuel
penetration length is rather insensitive to the sodium impedance is that in
the conduction mode of f:iysing the penetration length is a weak function of
the pressure drop (X_~ AP"' 7). Interestingly enough, since the penetration
length based on the Bulk freezing model is practically independent of pressure
drop (or flow velocity), we can anticipate an even smaller effect of sodium
impedance on fuel penetration in this case.
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APPENDIX E TO: Question CS760.178B5, -C6, ~C7

Sodium Re-Entry in the Presence
of Steel Vapor Condensation

This Appendix considers the processes of vapor condensation in the
presence of a second component subcooled volatile liquid in the context of a
steel vapor sodium system. The distinctions between this system and a one-
component system are drewn out and discuseed relative to sodium re-entry in
the CRBR safety evaluation.

The volatility of saturated or subcooled liquid sodium subjected to an
on.oning stream of pure steel vapor is readily demonstrated by considering the
thermal respunse of the surface of the liquid sodium. Immediately fcllowing
liquid-vapor contact, the heating of the liquid sodium surface takes place via
the kinetic rate of impact and deposition of steel vapor molecules upon the
1iquid, which form a condensed layer of steel separating the liquid sodium
surface from the steel vapor phase. As the condensed steel layer grows, its
temperature increases. Heat conduction through the condensed steel and the
cold sodium begins to limit the condensation process as the surface tempera-
ture of the condensed liquid-steel layer approaches its vapor (boiling)
temperature Tb . This kinetically controlled "preheating period" is
estimated to b b¥ = 0.01 usec duration and leaves a steel condensate layer of
A 0.1 u thick on the liquid sodium surface. During the preheating period, the
liquid sodium-condensed steel interface temperature rises from its initial
temperature, T , and approaches a constant maximum value, T , when the conden-
sation process becomes conduction limited. If T, 1lies bciow the boiling
temperature of liquid sodium, T , the steel condensation process will
continue on the cold liquid oodh}’n?'r@rfue after the transition from kinetic-
o1'y controlled to couduction controlled condensation is made. This condition
would result in the rapid depressurization of the steel vapor region and
sodium re-entry into the core. Alternatively, 1f T > Tb , the liquid
sodium just behind the thickening steel condensate aayet ‘d&i reach 1its
boiling point during the preh-ating period, become slightly superheated and
burst the steel layer. At this point ip time sodium vaporization will begin
and "f111" the void left by the condensing steel (see below).

In order tn determine T, , we consider the prcoblem in which the region x
> 0 initially contains liquia sodium at temperature T . The region x < 0
initially contains steel vapor a:t its boiling temperature 'rb . Condensa-
tion of the steel vapor starts at the plane x = 0 and moves %2°%he left into
the steel vapor region. An approximate solution for the interface temperature
T, can be obtained by neglecting the transient term in solving the conduction
ejuation in the steel condensate layer, so that the temperature distribution
T'. in this region is approximately that corresponding to steady state, that
i

T, =T, +x(T, -T )/ &(t) 1)

E i bp,ss

where x = - &§(t) is the surface of separation of the vapor and liquid steel
phases. QCS760.178B5-E1



We impose the energy balance wvhich equates the instantaneous latent heat
of steel condensation to the conductive heat loss to the steel condensate
layer:

. T
d3 CL
Pos Yo dt =~ kn( ax >"__6 (2)

vhere Pep’ L‘ and k are the liquid density, latent heat of condensation,
and liqufd thermal coﬂﬁuctivity of steel, respectively. Heat flux continuity
at x = 0 requires that

3T 6T kg (T, - T))
K ( ’u) < ( Na) . & 0 (3)
ss\ox/ __o kNl ax 20 "“Nat

where a is thermal diffusivity, t is time and the subscript Na refers to the
properties of the liquid sodium. The right-hand term in Eq. (3) follows from
the fact that the liquid sodium region may be considered to extend to infinity
in the positive x-direction; it is the flux of heat at the surface of a
semi-infinite medium. Substituting Eq. (1) into Egs. (2) and (3), the fol-
lowing system of equations 1is obtained.

k (T, -T )
, gg - . 88 i bp,8s %)

88 L" dt 8

koolTy - Thp,ll) I nalTy - T,)
Tt

6
Integrating Eq. (4) and substituting the result for &(t) into Eq. (5) gives
the steel condensate-liquid sodium interface temperature

(5)

L% _ast?-g i)
pr’.. - To 2A
where
(koc) c (T -T)
Az %'(kpc)u. , _88 bpios 0 N
v 8s

Equation (7) is valid for thick thermal boundary layers in the condensate
layer or, equivalently, when c__ (T - T,)/L__ << 1.0, Fortunately, for
the steel-sodium system treatéd hggé'!hio 1neq3‘11ty is always satisfied.
Moreover, the parameter A is also a smill quantity for the steel-sodium
material pair so the Eq. (4) can be simplified by expanding the square-root
term to obte‘n the final result.
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Ti o To

pr.ao - %

o (8)

Using Eq. (8), it is of interest to calculate the temperature T, that would
result from the filmwise condensation of steel vapor onto a 11quid sodium
surface at T = 500°C (subcooling = 400°C). For this system A = 0.07 and from
Eq. (B) we estimate T, = 2640°C. Not only does the interface temperature
exceed the sodium boiling point (» 900°C) but it exceeds its critical tempera-
ture (n 2784°C) as well. It is clear that under these conditions the forego-
ing analysis 1is inapplicable and that steel condensation without sodium
vaporization is impossible.

It is interesting to note that sustained sodium vaporization in neayly
pure ateel vapor is also impossible. To demonstrate this let us suppose that
1iquid sodium can vaporize into pure hot steel vapor. The sum of the steel
vapor partial pressure and the sodium vapor partial pressure at the liquid-
vapor interface must equal the total system pressure (the steel vapor pressure
far from th: interface):

= Pll v Psnt.Na(Ti) (9

where P is the total “ressure and is constant, P. is the partial pressure of
steel vapor and P N (T,) is the equilibrium Sartinl pressure of sodium
vapor and 1is utric!f§’c‘fu&ction of the interface (sodium surface) tempera-
ture. We now ask the following question: How low can the liquid sodium
surface temperature be before sustained sodium vaporization becomes impossi-
ble? This thresliold temperature, T#, should be the dew point temperature for
steel vapor at the liquid sodium .u#face, defined by the condition P (T;)
« P where subscript sat,ss refers to the equilibrium partial preJﬁh S%or
lte!f vapor. If the steel vapor pressure at the sodium surface exceeds

P condensation of vapor on the liquid sodium surface will occur and
lsaidasvnporization must terminate. This reasoning leads to an implicit
relation between T*, and the svstem pressure*:

P (Tz) + P

sat,ss (T;) -¥ (10)

sat ,Na

Equation (10) reveals that sustained sodium vaporization is impossible
when the liquid sodium-steel vapor interface temperature drops slightly below
the sodium boiling point (by much less than 1°C) at the system P. Even
accounting for the fact that radiation from "white-hot" steel fog particles
will be the predominant form of energy transfer on the steel vapor side of the
interface, because of the initial, highly subcooled state of liquid sodium at,
say, 500°C. The energy requirements for maintaining the liquid sodium surface
at its boiling temperature cannot be met. Thus, sufficient quantities of
steel vapor will reach the liquid sodium surface such that steel condensation

.The essential difference between a two-component and a one-component system
{s that there is only one partial pressure interface temperature relation
which determines whether the energy exchange leads to condensation or
evaporation. Furthermore, in a one-component system phase change in only
one direction is permissible.
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upon the sodium surface will occur. The condensed steel will probably form
vgteel frost" on the surface, since the steel vapor temperature must fall
below its triple point temperature (sublimation) as it diffuses through sodium
vapor toward the vaporizing 1iquid surface. If the frost layer is sufficient~
1y porous, stable counter-diffusion of steel and sodium vapor at uniform total
pressure will occur. Alternatively, the liquid sodium surface may become
unstable with respect to vaporization, frequently becoming superheated and
shattering any condensed steel layer that tends to form on its surface,
resulting in surface temperatures that oscillate about the sodium boiling

point.

Regardlese of the precise mechanism of energy exchange between hot steel
vapor and subcooled sodium, it is clear that sodium evaporation must accompany
steel vapor condensation. A simple energy balance reveals that this dual
phase conversion process rgfultl in a vapor volume 1ncrcns§ at constant
pressure. For every 1.0 cm of steel vapor condensed, 1.3 cm” of sodium vapor
is produced from subcooled sodium at T = 500°C. Ir summary sodium re-entry
into the core by rapid steel vapor dé%reslutiz.tion is prevented by sodium

vaporization.
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Question CS760.178D8

what is your estimate of the force required to produce a mechanically
{nduced relief path via upper internals structures displacement?

Response

Forces of structural significence to the upper internals structure (UIS)
can only be produced by an energetic core disassembly, which is a very low
probability event in the CRBRP. The Project approach to provide for struc~-
tural margin beyond the dJesign base (SMBDB) is presented in detail in Ref.
QCS760.178D8-1. In summary, an extreme core temperature condition was chosen
to both provide a substantial margin for the expected nonenergetic outcome of
an HCDA, and to accommodate a large degree of uncertainty and conservatism
(including potential work augmentation by sodium) for generic HCDA conse-
quences. Included in the approach was the selection of a fuel isentropic
expansion calculation for the thermal-to-mechanical energy conversion process.
The UIS has been shown in scale model tests to accommodate the forces which
result from the SMBDB specification without major deformation of the support
columns, although limited buckling was observed (Ref. 760.178D8-1).

In direct response to the question an assessment of the forces required
to significantly displace the UIS has been performed.

Based upon a finite element analysis (ANSYS computer program) of the UIS
support columns an9 a failure noée due to plastic hinging, an estimated static
force of 2.90 x 10° N (6.52 x 10 1bf) would be required to cause buckling and
collapse of all four columns, producing a relief path via eignificant UIS
displacement. The following assumptions were made in obtaining this force:
(1) a column temperature of 538°C (1000°F), (2) average column dimensions of
30.5 em 1% and 22.56 em (1 in.) wall thickness, (3) a typical yield stress of
1.47 x 10° N/m° (1.25 times the minimum) Ref. QCS760.178D8-2, and (4) the UIS
motion limited to the axial direction. The UIS is laterally restrained until
key disengagement occurs at a displacement of 18.8 cm.

One way to help characterize the above force required to buckle the UIS
columns is to assume that all of the above core structural flow paths are
blocked, and that the structure is 1ifted up against the bottom of the UIS by
a uniform core pressure. For this assumed configuration, the required pres-
sure is calculated to be approximately 91 atm.

The ANSYS model utilizes plastic pipe elements for the support columns
and elastic shell elements for the UIS structure. The columns are modeled
with a slight initial deformation, which in combination with the geometry
updating procedure allows column buckling to be analyzed. Figure QCS760.
178D8-1 shows the resulting estimate of vertical force on the UIS versus
vesticaa displacement. This result utilized a minimum y1e1d7otte.l of 1.17 x
10° N/m° and resulted in a maximum axial load of 2.32 x 10" N where column
buckling occurred. Assuming a maximum value for .the yield stress (Ref.
QCS760.178D8-3), a maximum axial load of 5.03 x 13° N is expected when column
buckling would occur. Figure QCS760.178D8-2 provides the bilinear stress-
strain relationship used for 316 SS at 538°C in the ANSYS model. The bilinear
curve is very good for strains below 0.05 and within 15% of expected values
(Ref. QCS760.178D8-1) for strains below 0.10. Hence, a force of approximately
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2.7 % 107 N would cause gross upward displacement of the UIS. As stated

previously, such large forces would be extremely unlikely in the CRBRP, even
under HCDA considerations. The analysis and judgement which support the
position that the defined SMEDB core thermal conditicns envelope a very .iarge
range of uncertainty and conservatism in evaluating core behavior are pre-
sented in Ref. QCS760.178D-1. In addition, the choice of a ccre fuel isen-
tropic expansion process to calculate the resulting structural loads contains
further margin relative to real processes. The remainder of the response to
this question provides the project basis which support the position that the
estimate of the post-disassembly expansion (PDE) structural loads based on the
assumption of an isentropic expansion of the fuel is conservative.

Studies, both experimental and analytical, have shown that non-isentropic
hydrodynamic and heat transfer processes play a net mitigating role. The
combined effect of the non-isentropic processes is to produce a work energy
that is substantially lower than the isentropic value. The major non-isen-
tropic processes are:

1. Fuel self-mixing.
Non-uniform bubbtle expansion.
Hydrodynamic effects of the UIS.
4. Heat transfer to sodium.

. Heat transfer to structures.

These processes are discussed below, including a discussion of the supporting
experimental and/or analytical evidence. All of these processes have been
clearly shown to be mitigating in nature except for heat transfer to sodium
which has the potential for work augmentation. The actual sodium work aug-
mentation however, is considered to be negligibly small for expected CRBRP PDE
conditions, and in the limit can be bounded via thermodynamic considerations.

1. Fuel Self-Mixing: The pressure gradients in the core and in the
expanding bubble cause the higher temperature fuel to accelerate
toward the colder fuel. The resulting mixing produces a net heat
loss from the hot fuel to the cold fuel, thus reducing the tem-
perature of the hot fuel. Since the fuel vapor pressure is an
exponential function of the temperature and steep, local temperature
gradiente exist in the core, self-mixing has the effect of reducing
the core pressurization, and therefore the mechanical loading on the
vessel structures. The mitigating consequence of fuel self-mixing
for the CRBRP PDE, although clearly based on physical principle and
understanding, has not been currently quantified and substantiated
for CRBRP. An analytical study did estimate the effect as a 15% to
35% reduction of isentropic potential due to axial or combined
axial-radial self-mixing in the homogeneous core (Ref. QCS760.
178D8-4).

2. Non-Uniform Expansion : The pressure gradients in the core, and the
resultant pressure gradients inside the expanding two-phase bubble,
cause the force acting on the sodium pool to be less than if all the
fuel vapor was uniformly participating in accelerating the pool. In
other words, the relatively low pressure fuel vapor near the
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bubble/pool interface dominates the pool acceleration, while the

higher pressure fuel vapor farther away from the interface plays a
much smaller role in the pool acceleration, and therefore in the

subsequent sodium slug impact on the vessel head. Also, vortexing
occurs at the bubble/pool interface, which is dissipative.

The mitigating effects of non-uniform expansion were verified
experimentally in Purdue University and SRI International nitrogen
expansion tests (Refs. QCS760.178D8-5 and -6). These tests employed
simple scaled-down models of the CRBRP vessel. The high pressure
nitrogen was initially at room temperature. It was released into a
water pool containing no structures at the start of the test. Both
tests confirmed that the expansion work was substantially less
(30%-40%) than the isentro»ic value. The reduction is attributed
primarily to non-uniform ecpansion of the nitrogen, and to the
compression of the cover jas. The non-uniformity in the bubble
expansion for the CRBRP would be even greater due to the pressure
gradients existing in the core, whereas the nitrogen expansion tests
started with a uniform pressure of the nitrogen source.

Analysis of the Purdue tests using straightforward analytical
models derived from basic hydrodynamic principles (Ref. QCS760.
178D8-5) showed good predictability of the test results, and veri-
fied the mitigating role of non-uniform bubble expansion. Analysis
of the SRI tests using the more complex SIMMER-II code (Ref. QCS
760.178D8-5) also confirmed the basic effect of non-uniform expan-
sion.

Hydrodynamic Effects of UIS: The presence of the UIS alters the

expansion of the bubble hydrodynamically by: (a) laterally di-
verting the flow beneath it, (b) throttling of the flow, and (c)
impeding the fluid flow through friction. The lateral diversion of
fluid flow (Item a) produces turbulence and vortexing that consumes
energy without contributing to the acceleration cof the pool and
subsequent mechanical loading on the vessel head. This mechanism is
very effective in reducing the PDE work energy. Throttling of the
flow through the UIS (Items b and c) causes the expansion of the
bubble to slow down and to act on a smaller mass of the pool (sodium
above the UIS), with approximately the same acceleration as when the
UIS is abseant, such that the impact loading on the vessel head is
reduced.

The hydrodynamic effects of the UIS have been experimentally
confirmed via the previously referenced Purdue and SRI programs.
Straightforward analyses of the bubble expansion in the presence of
the UIS (Ref. QCS760.178D8-8) have verified a correct understanding
of the basic flow effects. Again, the more complex analyses of the
SRI experiments with SIMMER further substantiate the significant
role of the UIS in reducing the isentropic work potential; analy-
tically estimated as a 502 reduction for CRBRP geometries.

Heat Transfer to Sodium: This is the only mechanism identified as
having a potential for significant augmentation of the PDE work
energy relative to the isentropic expansion case. The thermal
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{interaction between fuel and sodium produces a mitigating factor;
the cooling of the fuel due to net heat loss to scdium, and an
augmentiug factor; the vaporization of 1iquid sodium which increases
the bubble pressure. The trade-off between the two factors 1is
dependent on the relative masses of the sodium and fuel, the fuel
temperature, and the compliant space available for component separa-
tion. As discussed in Ref. QCS760.178D8-9, Sectiomn 8.2.6, the pre-
ponderance of experimental evidence supports a benign or mitigating
role for the sodium. Two contact modes of importance are the
ejection of fuel from rods into sodium within fuel assembly geome-
try, and the entrainment of sodium into an expanding fuel bubble in
the upper vessel sodium pool.

The highest fuel energy tests relevant to the first mode were
the TREAT S-11, S-12 and Sandia PBE series, of which PBE-55 and -9S
have been reviewed in additional detail. As discussed in the above
reference, care must be used when interpreting energy conversion
efficiencies in these limited compliance volume autoclave tests. Of
the above tests, only PBE-9S reported a significant pressurization
event after piston stoppage (i.e., constant volume system), which
wvas interpreted by some as a pressure wvave induced fragmentation
FCI. However, the interpretation, stated in Ref. QCS760.178D8-9, is
that the pressurization resulted from the constant volume enforced
mixing and heating.

Some comparisons will help to illustrate this point., The
specific sodium mass (defined as the mass of sodium per fuel mass)
which is a measure of overall quenching potential has a value of 5
and 0.1 for tests S-11 and PBE-9S. Another comparison is offered by
the specific displacement (defined as the compliant volume per fuel
mass) which is a measure of the sodium ability to disengage from the
hot 1iquid fuel. The S-11 and PBE-9S values are 1.2 and 0.25 while
the corresponding CRBRP value is 3. These comparisons serve to
demonstrate that the PBE-9S experiment was, relative to S-11 and
CRERP, an extremely constrained environment which strongly affects
the potential for system pressurization. The more compliant S-11
experiment conditions, which are much closer to the CRBRP, resulted
i{n substantially reduced work potential.

Based upon both simulant and real materials experiments wherein
thermite produced high temperature fuel was injected into sodium
pools (Ref. QCS760.178D8~10) no augmentation of fuel isentropic work
potential is expected by sodium entrainment into an expanding fuel
bubble. Additionally, the maximum effect of this augmentation
process can be limited to a factor of two based on thermodynamic
considerations (Ref. QCS760.178D8-11).

Heat Transfer to Structures: The UIS and above-core structure will
have a substantial mitigation effect on the core work potential due
to the net energy loss from the fuel and its synergistic effect on
fuel self-mixing in the core. However, the non-isentropic mitiga-
tion role of the heat transfer mechanisms is currently less amenable
to quantify and substantiate as compared to the hydrodynamic effects

for the CRBRP. QC3760.178D8-5



In summary, non-isentropic processes during the post-disassembly expansion
will produce a substantial reduction in the work energy from the isentropic
valuz. Although a potential has been indicated for sodium to sugment the fuel
expansion work, it would be outweighed by the many demonstrated mitigation
processes and be enveloped by the Project selection of an isentropic process.
The net reduction is conservatively estimated to be at least 352 to 70X, based
on only consideration of major contributing processes which can reasonably be
quantified by analysis and/or experiments. Hence, the SMBDB specified forces
on the UIS and other primary heat transport system components are considered
appropriately conservative.
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Question CS760,179

Dimensioned design |ayout drawings are required by the steff and Its

consul tants to provide an accurate baslis for the gecmetries used In analysis
of hypothetical core disruptive accident energetics. Please provide design
layout drawings, Including dimensions, materials and weldments, for all the
components and structures In the reactor vessel Including:

a) fuel, blanket, control and removable radial shleld assembl les;
b) the upper Internal structure and all Its components;
¢) the core support plate and all Its components;

d) the reactor vessel Inlet plenum, Including the Inlet piping and core
support cone;

e) the core barrel, the core formal rings, the fixed radlal shlelding, the
horizontal baffle, the fuel transfer and storage assembly (FT&SA) the
bypass flow modules, the reactor vessel thermal |iner, and any component
or structure connected to the core barrel; and

f) +the reactor closure head, with Its 3 rotating plugs, Including the reactor
vessel walls, the reacor vessel thermal |Iner, the gas Intralnment
suppressor plate, the thermal and radiologlical shielding plates, the upper
Internal structure (UIS) Jacking mechanisms, the |lquid level monitor
plugs, the vessel flange, the riser assembl les (inner and outer for all
plugs), the riser dip seals, the riser elastomer seals, any component or
structure conncted to the reactor closure head, and all penetrations
thereof.

Response

The requested design layout drawings have boﬁ$ supp! led under separate cover In
Reference QCS76(C.179~1.

References

0CS760.179-1. Letter HQ:5:82:085, J. Longenecker (DOE) to P, Check (NRC),
"Transmittal of Information", dated August 20, 1982.
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LIST OF DRAWINGS PROV IDED IN RESPONSE TO QUESTION CS760.179

Drawing No. Rev. Title

1384501 4 Upper Control Rod Drive Mechanism Design Layout
1384502 4 Lower Control Rod Drive Mechanism Design Leyout
1384503 4 Lower Control Rod Drive Design Layout

2138225 17  Secondary Control Rod System Design Layout

766J611 12 Primary Heat Transport System Design Layout
7664613 44 Reactor Closure Head Smal| Rotating Plug
766J614 78 Reactor Closure Head Intermed!ate Rotating Plug
766J615 77 Reactor Closure Head Large Rotating Plug
766J616 22 Reactor Closure Head Arrangement

766)648 15 Upper Internals Structure Design Layout
766J653 2 Core Support Structure Module Liner Design Leyout
7660662 13 Bypass Flow Module Design Layout

766)667 12 Lower Inlet Module Layout

766)681 12 Core Former Structure Design Layout

766,688 12 Primary Control Assembly Design Layout

7661689 11 Radlal Blanket Assembly Design Layout

7664697 9 Fuel Assembly Design Layout

76607123 4 Removable Radial Shield Design Layout
766839 3  Inner Blanket Assembly Design Layout
1182631 78 Reactor Vessel Design Layout

1182E55 6 Core Support Structure Des!gn Layout
1182E86 4 Fuel Rod Design Layout

1183E16 82 Riser Design Layout

1183E25 5 Radlal Blanket Rod Assembly Design Layout
1184E21 7 Fixed Radlal Shield Design Layout

1184E56 13 Horlzontal Baffle Assembly Design Layout
1535E45 21  Reactor Closure Head Assembly
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