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Question CS421.37

Discuss the provisions made for alarming a zero or negative dif fer.ential
pressure (PSAR Section 7.5.5.2.1) as to sensor type, location, setpoints,
testability, and annunctation.

Response

The intermediate loop pressure to primary loop pressure is maintained at
presssures greater ,than 10 psl. When the pressure on the Intermediate loop
drops to within 10' psi of the primary loop, the operator is alerted by an
alarm. The alarm is on a positive pressure dif ferential and not zero or
negative pressure differential.

Each Instrinnent channel includes provisions for Insertion of a test signal on
the sensor side of the signal conditioning electronics.

The sensor type, locations, setpoints and annunciation are described in PSAR
Section 7.5.2.1.1. PSAR Pages 7.5-7, 7.5-8, 7.5-27 have been modified for
clerifIcation.
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provide the. required time response. The themowell is also swaged at the tip.
The thermocouples are spring loaded against the bottom of the well. Although
f ailures of the wells are not expected, as confirmed by tests and analysis,
the head of the thermowell, including the cable penetration, Is sealed to
provide a secondary boundary for the sodium. Tests have shown that this
system will provide a time response less than 5 seconds. Flexible mica,
polylmide and fiberglass insulated thermocouple extension wires in conduit are
used to bring the signals o'st of the Heat Transport System Coll. The signals
are then routed to the containment 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 buf fered signals to the PCS and PDH & DS.

Primarv and Intermediate Hot and Cold Leo T==aarature
.

The primary and intermediate hot and cold leg temperatures are measured to
detemine and record operating conditions and to calorimetrically calibrate
the permanent magnet flowmeters. The measurement is made by two duplex
element resistance temperature detectors (RTDs) per loop, Installed in
thermowel i s. Although f aliures of the welIs are not expectod, as confirmed by

,

tests and analysis, the head of the thermowell, including the cable
j penetration, is sealed to provide a secondary boundary for the sodim. The

signals from the RTDs are routed to signal conditioning equipment whichi

j converts the resistance variation to a standard signal level for transmission
to the PDH & DS.

Primarv and Intermediate Pn=n Discharae Pressure

The primary and Intermediate pump discharge pressure measurements monitor pep
performance, in addition the primary pump outlet in conjunction with the
Intermediate IHX outlet pressure provide the primary loop /intennediate loop
dif ferential pressure. The measurements are made by pressure elements
Installed in the elevated section of the drain line from the discharge piping
of the sodl e pump. NaK filled capillaries from the pressure elements are
connected to pressure transducers which develop electrical signals
proportional to the pressure. These pressure transducers provide a secondary
boundary if the bellows in the pressure elements should f all. The conditioned
signal is supplied to the PDH & DS. Since this pressure element is located in
an inerted celi and replacement would require entry Into the colI and draining
of the loop, two pressure elements per loop are provided.

Intermediate IHX Outlet Pressure

The intermediate IHX outlet pressure measurement is used to monitor the loop
and lHX operational performance history. The measurements are made by
pressure elements installed in the Intermediate loop piping between the IHX
and the superheater. NaK filled capillaries f rom the pressure elements are
connected to pressure trenducers which develop electrical signaii proportional
to the pressure. The pressure transducers provide a secondary boundary If the
bellows in the pressure elemer.ts should f all. The conditioned signal is
supplled to the PDH and DS.

7.5-7
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IHX Differential Pressure

The primary sodium pap discharge pressure and the IHX Intermediate Loop
outlet pressure detectors are used to provide a dif ferential measurement of;

the IHX Primary / Intermediate pressure dif ference ,, which is maintained above
! 10 psi during normal operating conditions. The 61fferential pressure
|

measurement is alamed if the intermediate loop pressure drops to 10 psi above
i the primary loop pressure to alert the operator for corrective action to
|

assure Intermediate to primary dif ferential pressure is maintained above the
minimum required. *'

i

! Intermediate Pn=n inlet Pressure
i

! The intermediate pump Inlet pressure measurements provide a signal to monitor
pump perf ormance. Used with the pump outlet pressure, the dif ferential
pressure across the pump is obtained. In the primary loop, the reactor
pressure is used for this survelllance. The measurements are made by pressure
elements Installed on the piping between the evaporators and the pap Inlet.
NaK filled capillaries f rom 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 elements should f all. The conditioned signal is supplied to the PDH
& DS.

Intermediate Exoansion Tank Level

Two separate level 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 sodium inventory (see also Section 7.5.5).
The level probes are designed to be replaceable.

Evanorator Sodlum Outlet Tamnerature

Three thermocouple (as described above in the paragraph on lHX outlet
temperature) channels are provided to measure the sodium temperature at the
outlet of the evaporators in each loop. The thermocouples are placed just
af ter the pipes f rom each evaporator join to form two single lines. These
three signals are conditioned separately and provided to the Reactor Shutdown
System logic. The Reactor Shutdown System in turn provides buf fered signals
to the PDH & DS.

7.5.2.1.2 Sodium Pumos

Sodium Level

Sodiua level is measured in each pap tank. The signal provides Indication
and al arm. The alarm is used to notify the operator of abnormal operation and
allow initiation 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
Amend. 71
Sept. 1982



. __ - ._ _ _ , _. __ . . . . _
.

page 3 W82-0788 [8,7] 53

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
LWBR operation, smalI leaks from typical piping configurations can be
detected by both Soditan Ionization and Plugging Filter Aerosol Detectors.
Continuity (cable or contact) detectors did not reliably detect seall pipe
leaks under these conditions. Testing in 1978 verified the performance of
aerosol detectors using prototypic CfBRP cell atmosphere recirculation as well
as pipe / Insulation design.

| It is deduced fromLthe test results that the sodium vapor / aerosol systems
will, In conjunction with existing radiation monitoring technology, provide
adequate Indication .of the smal test sizes of leaks of Interest.

Sodium Laaks into an Air Atmosohere

Test results (Reference 2) indicate that the methods applicable to soditan
leaks in inerted cells will also operate when applied in an air atmosphere.
The additional use of smoke detectors and the accessibility of piping located
in an air atmosphere to visual inspection assist in the selection of an
ef fective sodium-to-air leak detection system.

7.5.5.2 Intermediate to Primmev Heat Transoort System Leak Detection

7.5.5.2.1 Deslan DescrIntion

The IHTS pressure (see 7.5.2.1.1 for instrument details) is maintained at
| least 10 psi higher than the Primary Heat Transport System at the IHX to

prevent radioactive primary soditan fran entering the IHTS in the event of a
tube leak. Maintaining a positive pressure dif ferential across the IHX Is a
limiting condition for operation of the plant (Chapter 16 - Technical
Specifications). This provides assurance that a zero or negative dif ferential
will not exist during any extended Interval. A loss of this pressure or a
reversal of it is not expected to occur except during accident conditions.

| Such an occurance would necessitate an orderly plant shutdown to correct thel

problem. Since a reverse dif ferential cannot occur for a significant
interval, the potential leakage of primary sodium into the Intermediate
system, through an IHX tube leak, is smal l.

Leakage of primary soditan into the IHTS, should it occur, will be detected by
radiation monitors provided on the IHTS piping within the SGB. The radiation
monitor system will provide an Indication of the radiation level and will
provide alarms for conditions of excessive radiation Indicative of Ingress of
primary soditsn. Since the only activity expected in the IHTS is a low level
of tritium, the radiation monitors will be very sensitive to the presence of
significant amounts of radioactive primary sodium in the intennediate system..

l For accidents which involve a loss of IHTS boundary Integrity the radiological
ef f ects have been eval uated. The results of these evaluations are presented
in Sections 15.3.2.3, 15.3.3.3 and 16.6.1.5.

[
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Ouestion CS421.38

Section 7.4.2.1.4 of the PSAR states: " Control Interlocks and operator
overrides associated 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 is currently being
reviewed and a Project position will be reflected in the PSAR in November
1982.

QCS421.38-1
Amend. 71
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Ouestion CS421.57

PSAR Section 7.7.1.5 discusses steam drum water level control. Discuss the
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 f rom a steam generator level control channel
failure.,

Be sure to discuss hi-hi (12 inches) steam generator. level logic f or main
feedwater Isolation.

- es.

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:
'

o input signals

o level control circuit
,

o control val ve.

The steam drum level control circuit has a three element (steam flow,
feedwater flow and steam drum level) controller and a median select module for1

each of the three redundant measurement channels for each input signal. *

Failure of one of the input signals will result in the median select circuit
selecting one of the two remaining good channels for control purposes.

Failure of the level control circuit (including median select circult) 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 valves. The
12 inch logic train closes the feedwater isolation valve.

Failure of the control valves which results in an increased steam drum water
level will result in the same trips as discussed above for a f ailure 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 IE trip circuits also isolate the steam generator auxiliary heat
renovel 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
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The steam drum outlet nozzle which provides steam to the superheater is
located 35 inches above normal water level and the steam dryers are also*

located well above the 12 inch trip setting. Since there are two redundant
Class 1E logic trains 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 line need not be considered.

;

i
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7.6.5.3.1 Instrumentation 7.6-39

7.6.5.3.2 Controls 7.6-39,

7.7 INSTRUMENTATIOM AND CONTROL SYSTEMS NOT 7.7-1
BEQUIRED FOR SAFETY

7.7.1 Plant Control System Description 7.7-1

7.7.1.1 Supervisory Control System 7.7-2

7.7.1.2 Reactor Control System 7.7-3

7.7.1.3 Primary and Secondary CRDM (Control Rod Drive 7.7-4
Mechanism) Controller and Rod Position Indication

7.7.1.3.1 Primary CRDM Control 7.7-4
.

7.7.1.3.2 Rod Position Indication System 7.7-6

7.7.1.4 Sodium Flow Control System 7.7-7-
. _.

7.7.1.5 Steam Generator Steam Drum Level Control System 7.7-8 -

- ,

7.7.1.5.1 Feedwater Flow Control Valve Control System 7.7-8
~

7.7.1.5.2 Main Feedwater Isolation 7.7-9
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7.7.1.5 Steam Generator. Steam Drum Level control System

The steam drum level control system regulates the feedwater flow to the steam
drum to maintain a constant 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 level) controller and a median select module. Each of the
input elements have three redundant measurement channels. The median select
module selects the . median signal of the three channels as the input to the

'

controlier.

independent Class IE high steam drum level trip logic trains are provided at 8
inches and 12 Inches above steam drum normal water level. Each logic train
also uses three redundant inputs and a median select module.

The steam drum level control signal, the 8 inch high level signal and the 12
inch high level signal, have separate buf fered signals provided f rom the PPS
instrument channels for isolation and independence.

The control logic is shown in Figure 7.7-1.

7.7.1.5.1 Feedwater Flow Control Valve Control

The startup feedwater control valve conntrols flow in the range of 0 to 15% of
rated f low. 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 operation. When the flow rate increases to
approximately 15%, the control system will automatically open the main
f eedwater 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 loop for the main valve is a three element controller, using drum
normal water ievel, steam fIow, and feedwater fIow, to control the valve
position. Drum drain flow rate, which remains essentially constant at all
power levels, is a manual input to the controller. The controller 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 1,2 inches of the normal water

.' level. Three redundant buf fered 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 dif ferential pressure
,

transmitter which senses the dif f erence between the pressure resulting'

from a constant ref erence column of water and the pressure resulting
i

from the variable height of water in the steam drum. The measurement
is density compensated.

7.7-8
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o Steam Flow - Steam flow is sensed at a flow element in the outlet line
f rom the superheater by a dif f erential pressure transmitter. The
dif f erential pressure signal is compensated f or temperature and
pressure variations and linearized to provide a mass flow signal.

o Feedwater Flow - Feedwater flow is sensed at a flow element in the
inlet line to the steam drum by a dif ferential pressure transmitter.
The dif ferential pressure signal is corrected f or temperature
variations and linearized to provide a mass flow signal.

**
7.7.1.5.2 Main Feedwater Isolation

lsolation of the main feedwater supply is provided to mitigate the consequence
of the loss of feedwater to a steam drum, a steam line break, or to prevent
superheater flooding.

Isolation of the feedwater supply to the af fected loop in the event of a steam
generator system feedwater leak will ensure integrity of the feedwater supply
to the two unaf fected loops and mitigates the consequence of flooding damage
to other equipment. This protection is provided by automatic closure of the
steam drum isolation valve and both feedwater control valves upon sensing a
low steam drum pressure (500 psig) signal and automatic closure of both
f eedwater control valves and f eedwater valve isolation upon sensing a steam
generator building flooding (temperat,ure and humidity) signal.

In the event of a steam line break, steam drum drybut may occur and would
result in damage to the steam generator loop upon re-introduction of
f eedw ater. Protection against the re-Introduction of feedwater is provided by
the closure of the f eedwater isolation, the steam drum isolation, and control
valves on low steam drum pressure (500 psig) signal.

In the event of a f ailure ir the drum water level control components, an

overfilling condition might result in flooding of the steam drum and
superheater. Protection against this is provided by three redundant water
level sensors and by trip f unctions which close the feedwater valves at two
steam drum level s. The first trip level, 8 inches above normal water level,
closes the feodwater steam drum isolation valve, and the f eedwater control

valves. The second trip level,12 inches above normal water level, closes the
feedwater isolation valve.

Protection against flooding of the superheater during steam generator
auz illary heat renovel is discussed in Section 5.6.1.

.

7.7.1.5.3 operational considerations

Normal Ocerations

The steam drum level controller utilized for feedwater control valve operation
is located in the control room back panels. The operator control station f or
the controller is located on the main control panel in the control room.

7.7-9
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During normal operation the steam flow and feedwater flows mismatch is summed
with the drum level signal and compared to level setpoint. The resultant
signal is sent to the main f eedwater control valve to provide a f eedwater flow
balanced to steam flow plus drain flow to maintain drum levels.

Doerator Information

Indicators and alarms are provided to keep the operator Informed of the status
of the system under control. The following measurements are continuously
displayed on the Mqin Control Boerd:

Superheat steam pressure, temperature and flow;

Steam drum pressure, temperature, and level;

Feedwater pressure, temperature and flow.

7.7.1.6 Recirculation Flow Control System

The ref erence design calls for constant speed recirculation pumps.

7.7.1.7 Sodium Dumo Tank Pressure Control System

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

i
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Ouestion CS760.99

What experiments have or will be perf ormed to determine the heat transfer rate
in the evaporator at conditions as expected at full power? How well is the
heat transfer capacity known for these conditions (outlet quality
approximately 0.5). How would a 20% error in heat transfer capability impact
on the expected loop parameters vs. power level shown in Figures 5.7-1 and
5.7-27 What heat transfer correlations were used in those calculat!cns?

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 bo perf ormed until plant start-up, the minimum heat
transfer capacity under these conditions should be known with 100% certainty.
9ue to conservativo assumptions made in the analysis, actual performance may
cxceed that predicted. The analytical models used to predict the performance
of the steam generator units are well established and accepted through out
industry. The validity of these analytical tools 'has been demonstrated
repeatedly through their uso in the design of PWR's, LMFOR's (foreign and
domestic) and non-nuclear equipment. The CRBRP steam generator test program
will specifically demonstrate the accuracy and rollability of these models
when used to analyze the CRBRP steam generators. Test data from the Prototype
Stoom Generator test program includes conditions covering the entire spectrum
of C"4RP inlet sodium temperaturos with exit water qualities varied from zero
to I L J. Data from the in-situ testing of instrumented plant units will
provide an absoluto and final check of steam generator performance over the
entire rer 4 of CRBRP operating conditions.

The response of the part load profile to a 20% reduction in evaporator
performance should not be significant although it was not specifically
e931yzed. The IHTS hot-leg temperature would remain essentially unchcnged
s!nce it is set by the turbine throttle temperature flow in the IHTS which
would ?nn case in response to the degradation in heat transfer coef ficient,
and thus the heat transfer potential (mdT) would increase.

Increasing the IHTS flow to maintain a constant power in the steam generators
results in an increase in the IHTS cold leg (evaporator outlet) temperaturo.
Duty spilt between evaporators and superheater remains virtually unchanged as
do DNB location and recirculation flow. The net result of a degradation in
evaporator heat transfer capacity at 100% power is an increase in lHTS flow
and an increase in IHTS cold leg temperature. At lower power levels the steam
gener ators are oversized and the results of a degradation in capacity become
even less significant. At 40% power, the part load prof ilo would be
essentially unchanged.

,

The correlations used in the calculations of the part load profiles of PSAR
Figur*.r. 5.7-1 and 5.7-2 are given in Table QCS760.99-1.

|

!

1

!
!
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ilaLE QCS760.99-1

REGION CORRELATIONS USED AUTHORS * REFERENCE

Nu = C1 + C2 * (Pe)c3 *QCS760.99-1
C1 = 0.25 + 6.20 * (P/D)

Sodium Side C2 = -0.007 + 0.032 * (P/D) Gr'dber and Reiger
C3 = 0.8 - 0.024 * (P/D)
for CRBRP; Nu = 12.35 +
0.555 (Pe)#<763

Water Side Preheat Na = .0204 Re .005Pr .415 Engineering Sciences Data QCS760.99-2
o0

(ESD) Unit - British.

i. P/atso-($")c5
Tw-Tsa

Subcooled Bolling and h: gog* JW-TgJ Thom, et al. QCS760.99-3
Nucleate BoiiIng

lise IS I) Tu>Tsd w hTy Tggg,4

KonkovWater Side DNB g.4 ,

Film BoIIIng Ny=0.8 holt 38e 8/* *8] Bishop, Sandberg and Tong QCS760.99-4

(X+Q-Q/pk ?
g..

= 0.0133 Ref Pr['333 Heineman QCS760.99-5Superheat Nu f
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Question CS760.178Al

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.
QCS760.178Al-1) concluded that a prompt-critical response would not occur for;

,

nominal conditions and would be very unlikely even for combinations of pes-i

! 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

i and the effect of intra-assembly incoherence on fuel sweapout.
!

Reactivity Insertion Rate

The maximum reactivity insertion rate evaluated for TOP events is an
i important consideration in determining the potential for energetic conse-

.
quences. Section 3.3.2 of Ref. QCS760.178Al-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
i shutdown systems and events beyond the protection system design bases were
j considered.
i

} Reactivity insertion rates for the heterogeneous core have subsequently
; been analyzed. Anticipated events, unlikely events, and extremely unlikely
i events were considered. Based updn this analysis, there are no identified

) events that result in reactivity insertions greater than one dollar which

! occur at rates in excess of 12C/s.

j 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 such4

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
j 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
i the transient, as discussed in Sections 6.1.1 and 6.2.2 of Ref. QCS760.
j 178Al-1.

If 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 verye

| 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

,

j could result in a prompt-critical transient.

!

j QCS760.178A14
;

+

i

I

.-- _

_ - _ _ _ _ . _ _ _ _ , . _ . _ _ _ - - . _ - - - - , . - - _ _ _ . , . . _



.- - - - - - -- . - -- -. .

,I

I

I

4

|

| In recognitior a the importance of fuel rod failure location, calcula-
i

tions were perforneo which assumed coherent, fuel rod midplane failures
(Chapter 6, Ref. QCS76b.178Al-1) . These calculations indicated that prompt-

|
critical conditfens did not result from assumed midplane failures in CRBRP.,

i In reaching thh conclusion it was recognized that the use of more realistic
! analytic methods (PLUTO-2) is important in determining the appropriate acci-
j dent progression. These methods, which are experimentally supported, show
i 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,

i due to several unrealistic modeling assumptions, predicts incorrect, ac-
| celerating positive reactivity at high core powers.
!

'

|
The PLUTO-2 calculations which were performed (Ref. QCS760.178Al-1, .

'

:
Section 6.2 and Appendix E) are conservative in that the lat e r time-dependent

j SAS/FCI cavity was used. Although fuel plate-out parameters were not varied, '.

I parametric variations in fuel particle size, based on PLUTO-2 applications to
TREAT experiments, were used to reduce the predicted amount of fuel sweepout.i

| These calculations still indicated that a prompt-critical transient would not
be expected in the CRBRP.

'
s
'

The application of PLUTO-2 to experiments and the phenomenological

j,

understanding gained in representing fuel sweapout is summarized in the
following. A more detailed discussion of the PLUTO-2 modeling and its bases

j is provided as an attachment to this response.

|
Pre- and post-test analyses of TREAT tests E8, H6, and L8 have been

i 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 milliseconds.
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 at 3 $/s and 50
c/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;

j

j fuel sweepout observed by the hodoscope. The observed sweepout was faster

j than that calculated with PLUTO. This is considered to be due to the assump-
|

tion of a single fuel particle size in PLUTO. On the whole, the comparison to
j experiment was very good and on the conservative side; that is slower and less
i zweepout.

;

i The hydraulic parameters for Test H6 were closer to FFTF and CRBRP hy-
|

draulic conditions then Test ES and had a lower reactivity insertion rate of
|

50 c/s. 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.
i 178Al-3). The failure of only one rod was assumed which led to a rapid fuel
j sweepout of about 10 g above the top of the active fuel. The final hodoscope
! data, which were available only af ter the PLUTO analysis, indicate that about
| 10 g of fuel moved beyond the top of the active fuel within 30 meec and 28 g
!
; *Using 34 cm EBR-II irradiated fuel rods.

QCS760.178Al-2
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within 90 usec. 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. QCS760.178Al-3). Only a fair agreement with the flow and pressure data
! could be achieved. This was at least partially due to the limited knowledge
j 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. QCS760.178Al-4) puts the upward dispersal during this
i event at 78 - 12 g within 30 maec.

The fuel sweepout during this event was relatively massive although the
hodoscope data indicate that the rod failures were close to the midplane.

i 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.'

i
The L8 test simulated the condition in an assembly during a LOF-d-TOP

j event (Ref. QCS760.178Al-5). At the time of rod failure the sodium velocity
j had decreased to 1.3 m/see 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 fuel 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
j simulation, the PLUTO-2 calculated sweepout above the top of the active fuel
i again legged behind the measured one (see Appendix A).
j

j In Fig. QCS760.178Al-1 normalized fuel reactivity histories of the
measured and calculated fuel distributions are shown. These fuel reactivitiesj

i 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
j was well represented by PLUTO-2. According to the hodoscope results the fuel
1 motion reactivity became negative about 20 meec af ter rod failure in this test
| (Ref. QCS760.178Al-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.i

\^

|
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
i sweepout. The rapidity of the fuel sweepout does not seem to be strongly
j 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
j

QCS760.178Al-3
i
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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

The first consideration is that any time delay between
fuel failure events.
failure events results in a stretch-out of the positive reactivity effect of
fuel motion and allows more time for fuel sweapout to occur and reduce
reactivity as discussed in Ref. QCS760.178Al-7. The second consideration is
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. QCS760.178Al-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
ofthe positive effect of delayed failure events nor the retarding effect,

| coolant bypass on fuel sweepout introduce a significant uncertainty into the
reference calculations performed. 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. QCS760.178Al-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 L8 test except that
the parameter controlling fuel plate-out was more conservative), concluded
that a sustained prompt-critical condition would not occur for reactivity
insertion rates less than 20 c/s (Ref. QCS760.178Al-9). This conclusion,

which is . consistent with the Project understanding, will be further confirmed
following detailed determination of the EOC-3 neutronics safety parameters. _

|

Mence, for the amount of expected incoherence among fuel assembly fail-
ures in response to an unprotected, < 12 c/s reactivity ramp insertion. ,and
for the limited positive fuel motion prior to sweapout 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 CS760.178Al !
:'

| Fuel Sweepout Modeling in PLUTO-2
3 and Its Experimental Bases

,

i
! This Appendix provides additional detail on the important PLUTO-2 model-
) ing parameters and relevant experimental data used to make judgements on fuel
I sweapout in the CRERP during low ramp rate TOP events.
I
i The available. fuel motion data from the TOP in-pile tests in which fuel
i 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 underestimated by the code). The important

| parameters in these post-test simulations are the fraction of rods failing,
i the axial failure location, and the sodium void fraction below which transi-

j!
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
j parameters. One could decrease the calculated negative fuel motion consider-
j ably by not allowing the particulate flow regime. However, this would make it

impossible to match experimental data.
i

f Two out-of-pile test series to investigate fuel sweepout have been
performed. In the ANL-CAMEL experiments (Ref. A-1) about 30% of the injected:

j UO -M thermite mixture is typically swept upwards in particulate form and the
2

remaining fuel is plated out near the injection location. In contrast, KFK
,

]
experiments using electrically heated UO, rods (Ref. A-2) show a nearly
complete sweepout of the injected fuel. De KTI results, which are in close<

j agreement with the modeling of the early sweepout in PLUTO-2, are more pro-
| totypic of the reactor environment in some important respects.
i

| The following sections provide the additional analytic and experimental
! detail.

,

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

i 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
i 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
! af ter an extensive blowdown has led to a sizeable internal void fraction;

j annular or slug fuel flow may be more appropriate. Homogeneous flow probably
j 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
!

l

QCS760.178Al-Al
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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

Iin-rod fuel motion into the ejection cell which is controlled by the small
cross section of the molten cavity. The latter is considerably smaller than
clad 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 tak'e place based on a PLUTO-2 analysis of the TREAT L8 test2

(Ref. A-3).,

1

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.

i

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

In PLUTO-2 the molten 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 smaller
! ones af ter a time delay which is input. Holten fuel ejected into a coolant
j 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 existinh at a certain elevation will also be deposited
on clad and structure if the liquid sodium fraction drops below CIBBHN.,

Figure A-2 illustrates the possible fuel configurations and flow regimes in an'

| equivalent coolant channel. What fraction of the channel perimeter is wetted
1 by a partially annular flow is determined by a linear interpolation between

zera and an input volume fraction CIANIN which defines the volume fraction!

i above which the entire perimeter is. wetted. If the bulk temperature of the

i annular fuel film drops below an input energy EGBBLY and if the outer clad
temperature has not yet reached an input temperature TECLMN, which should bei

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;

i can remelt due to fission heating and crusts which have completely melted the
underlying clad can slide 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,,

) if the sodium liquid fraction CIBBMN, below which a transition to annular fuel
flow is allowed, is set to a relatively small number, more fuel particles willj
be generated and swept out. A value of 0.33 was used in the reasonably'

| successful L8 and B6 simulations (Refs. A-3 and A-4). A value of CIBBNN which
is below the initial sodium film fraction (usually set to 0.15) can change the

.

calculational results af gnificantly because part of the liquid film has to be
l evaporated or entrained before the transition 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 is
assumed to be of the following form in PLUTO-2:

'

M
(1 - m ,)4sri h *A += + yg,,, g 3/3 r

.
4

A contact area between fuel and liquid sodium,
g y,

!, fuel particle or droplet radius,r

k fuel thermal conductivity,

O M total fuel particle mass in a numerical node,
g

J

a Na void fraction,
Na

i CIA 2 input constant - a value of 2.0 was used in the H6 and L8 TREAT
test analyses.;

The fuel particle radii used for successful simulations of TOP experiments
wre relatively large (0.25-0.17 mm) for tests in which the initial sodium

1 flow velocities and inlet pressures were considerably smaller than expected1

: for realistic TOP conditions. For more prototypical conditions particle radii
j of 0.1 san vere found to give better agreement. The FLUTO-2 results are not

very sensitive to the choice of the above-mentioned input constant CIA 2
: 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
i liquid sodium the fuel flow regime la partially or fully annular. For this3

flow regime the fuel-to-sodium heat transfer coefficient is of the form:

! _1 1 1

+ h,
.

! h hg,y, f

!
! where
i

*C + Re .8/D,0'

h, - CIA 3 + vg f

i and
i

;
,

!

| QCS760.178Al-A5
i

!

|
.

.r . - - _ --,-2.----w w -m-,v4%.-..4 --ew -,e----.-ww,.-w-- - se -,,, y.%.. 4-,,* *----y ...- , , ,



< _._.___-u_ _.._. _ _ _ -_ . . . . _ -... _ _ _ . . _ . _ _ _ _ _ . _

r HCFFMI for aNa < 0.5

2(HCFFMI + (1 - aNa} +

h, = f HCFFMI + 0.01 + (a - 0.5)) for 0.5 < a *1
Na Na

(C1 + (p ,+ p ,+ |u -u,|f

C,/k,)C2 + C3) k,/D, for a =1A

where:

subscript f fuel,

subscript m sodium-fission gas mixture,

Re Reynolds number,

f |u -u,|D/(2v)Re =p
f f ff

CIA 3, C1, C2, C3 input constants,

C specific heat,

k conductivity,

y viscosity,

D hydraulic diameter,

a void fraction

ECFFMI 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
however, 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, H6, 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 af ter 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.

QCS760.178Al-A6
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TREAT Test E8
i

The E8 test simulated a 3$/sec TOP accident in FFTF using the HK-II loop.
The pressure drop provided by the pump was only about 0.2 MPs and the initial
sodium velocity only 3.5 m/sec. Both values are significantly smaller than
prototypic ones and have rather certainly decreased the fuel sweapout poten- |
tial in this test. Nevertheless, there was considerable early fuel sweepout '

observed 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 enhaaced
the sweapout. 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 calculation.
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 sweapout 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.

;

i 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-II loop. The pressure drop of 0.76 MPs and the initial flow velocity of
6.7 m/see 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. Therefore, no

attempt was made to compare the calculated and measured fuel distributions in
detail. However, 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 sweapout again legged 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 post-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.

QCS760.178Al-A7
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Out-of-Pile Phenomenological Evidence on Sweapout

Two series of otst-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
-molybdenummixture,generatedbyathermitereaction,wasinjectedlateral1h
into flowing sodium. in single and 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 location. X-ray

pictures show that the fuel accumulated at least momentarily in the sub-
; channels, occupyi6g a progressively larger fraction of the channel cross

section as it spread among the rods. Local, small-scale FCI'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 percent1

; higher and internal fuel motion in TOP type channels can occur. What are the
i reactivity uncertainties of sodium void, Doppler, axial expansion and lead

! channel fuel motion? How do you interpret the significance of these uncer-

| i..id ies?

Response ;

i A detailed review of the reactivity uncertainties used by the Project has

for the Doppler (pe conservative values preyiously used (Ref. QCS760.178A2-1)
been performed,

,

- 20%) and fuel expansion (- 40%) are still considered;

i 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

1 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.
;

j The impact of the derived coolant void reactivity data on the potential
1 for LOF-d-TOP behavior in CRBRP has been assessed. The EOC-4 core would be
j 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

j and results from TREAT test L8 suggest that the autocatalytic reactivity

j 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

j first with the sodium void worth and uncertainty determination, followed by a
whole-core effect analysis, which supports the absence of LOF-d-TOP.

,

i

Sodium Void Urcertaintiesj
1

| 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 of ten 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,

j 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.
I An alternative approach makes use of the available experimental data to deduce
| a predicted value with associated uncertainties which are independent of the
4 particular methodology. Such an approach has been adopted herein.

QCS760.178A2-1
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During the past decade a large experimental data base has been estab-

' lished on sodium-void reactivity effects in LMFBRs. An assessment of these
i data has recently been completed at ZPPR and provides the input required to
j establish an uncertainty for the CRBRP sodium-void reactivity effect (Ref.
j QCS760.178A2-2). The assessment included analysis of over 100 critical

experiments in LMFBR-type assemblies of CRBR size or larger. The same datai

! 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
'

i 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
i by the critical experiments. Such effects include the impact of fission

products, temperature distribution, fuel rod rather than plate geometry, and;

j sequence of voiding.
1

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 corrections, ENDF/B-IV
cross section data * and ENDF/B-V delayed neutron data. Various methods'

j approximations were investigated as part of the assessment study and the only
! improvements that were found to be significant relative to this reference
i method were for transport and mesh effects in a few isolated 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
i 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'

i not for the more homogeneous EOC core.
i

|
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 zones chosen were:

;
;

1. Core zones with a positive reactivity signal (central core zones),
i 2. Core zones with a negative reactivity signal (external core zones),

{ 3. Axial blanket zones,

! 4. Internal blanket zones.
i
'

;

|

*Although not relevant for the critical experiment analysis, the power reac-'

tor calculations used the ENDF/B-V fission product data,
4

i 1

! QCS760.178A2-2
;

i !

! !
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Table QCS760.178A2-1
f

RATIOS OF CALCULATED TO MEASURED REACTIVITIES FOR SODIUM VOIDING

C/E Before %StandardDeviajion
Cases Biasing After Biasing

CRBR-EMC BOC-1,'. Positive Part of Core 0.98 10

i 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

i Signals

" Separate bias factors applied to positive and negative components of reac-
tivity. For any subset, the average C/E is 1.0 after biasing.

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

This and the following antries 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

i bias factor if the best estimated 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 in the CRBR-EMC studies.

.

1

QCS760.178A2-3
|

.

.
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' Table QCS760.178A2-2
a

BIAS FACTORS AND UNCERTAINTIES FORj

SODIUM-VOID REACTIVITY IN CRBRP

f Calculationgl
Bias Factor, Uncertainty %

q
.

BOC-1 EOC-4 BOC-1 EOC-4Zone L
4

4

Central Core 1.0 0.82 10 6
'
4

i External Core 1.0 1.0 10 10
4

! Axial Blankets 1.0 1.0 20 20
,

Internal Blankets 1.0 1.0 20 20
;

$ "To be multiplied times the calculated value.
!

bTo be added in quadrature with uncertainties from other sources (see Table
; QCS760.178A2-4).
1

! When extrapolating the above zero-power results to a power reactor.
additional effects require consideration. Since differences in sodium-vota'

between ZPPR and the CRBR are implicitly accounted for in the calculational
j

models, such effects lead only to additional uncertainties.!

i

!
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, no additional uncertainty is required to account for the change in
|

| fuel geometry.

The void worth in the power reactor is calculated by assuming that
j flowing sodium has been voided from all fuel assemblies. The worth tables so

derived are used to determine the sodium-void reactivity for the specifici

reactor configurations throughout the voiding sequence. The uncertainty

introduced by this approximation was determined by comparing ZPPR calculation
[

| with experiment using both the, exact sequence modeling and the more approxi-
mate model. An uncertainty of - 3.5% can be ascribed to this effect.

I Although the CRBR-EMC critical experiments matched the nuclide composi-'

tions very well, r.o atteinpt was made to simulate the build-up of fission
roducts during the fuel cycle. Therefore, an uncertainty arising from the
1sion product inventory is introduced for the EOC-4 configuration. The

I

| fission products increase the non-leakage term in the sodium-void effect
neutron flux. Ca culations were

through changes in the real and adjointIf an uncertainty of (- 20% is assumedperformed to investigate this effect.
QCS760.178A2-4

!
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I 4ntheabsorptioncrosssectionofthefissionproductdata,anuncertaintyof . '|
- 4% is introduced in the calculated sodium-void reactivity. . There ia con- j'

siderable evidence to suggest that such an uncertainty is very 'cnocervative.
The reference calculation made use of a lumped fission product derived from .

the ENDF/B-V data files. A second calculation was run urisg'lumpenlfission
product data from ENDF/B-III which are based on a 20 year old evaluation of
Garrison and Roos (Ref. QCS760.178A2-3) . The difference in the ca.tculated
sodium void reactivity for the two sets of data is 3ess than 0.5%. A recent

NEACRP benchmark calculation compared fast reactor spectrum. averaged fission j

product capture data and some of the results are given in Table QCS7t,0.178A2
-3. It is of interest to note that the ANL results are.4 9% higher than the
mean of all the countries participating in the exercise,.and % 20% higher than
the French results which are adjusted to PF.EFIX operating data. A larger

fission product cross section yields a larger .sodiuo-void reactivity since the _
~

larger absorption in the middle and low energy regions. will reduce the adjoint
-

'

flux at these energies making the slope more positive ind thus increasing the
non-leakage component. Hence, a reduction in the ML fission produ ,t capture '
cross section consistent with the French data would decrease the calculated '

sodium void reactivity worth. Based upon such results, it seems conservatives s
to assume that the sodium-void reactivity calculated'from the reference
fission product data has an uncertainty of ,- 3%.

'

-y
x..

,

Table QCS760.178A2-3' - -C ,

'

NEACRP BENCHMARK SPECTRUM AVERAGED PSEUDO

FISSION PRODUCT CAPTURE CROSS SECTION (barns)
'

:

-w

'

Hean of All Participants * .5002 N

St. Deviation .0807

ANL .5466
,

..

France .4400 x -

.

United Kingdom .5200

Japan .5613
s
"gg

Only four of eight participants are shown in iable-(CS760.178A2-3. '

The zero-power experiments were performed with fuel temperaturec ~ near
room temperature whereas the temperature in the CRBR may range from the normel

3operating conditions to much hotter in an accident scenario. Such variation
in temperature is not represented in the sodium-void model. The main impact
of raising the fg temperature in a mixed oxide fueled core is to change the

- '

capture rate in U and hence the shape of the adjoint flux and the de gnitude
of the real flux at resonance energies. The uncertainty it. the 'sodiut:-void
effect at high fuel temperature can be related to the room temperature results'
through the uncertainty in the Doppler reactivities. It is therefore poasible

to derive an additional uncertainty in the sodium-void effect at high'
QCS760.178A2-5 -

,

'

i
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,' q temptirature relative to room temperature by applying the uncertainties in the
~

YN Doppler effect. Such an analysis leads to an uncertainty of N 2.5% (Raf.
-QCh/60,178A2-4).'

.

g,
'

w' Table QCS760.178A2-4 lists the percentage uncertainties due to effects
,.

>

:
other than those inherent in the calculational method. These tsicartainties. ,

I must be 'added with those given in Table QCS760.178A2-2 to give the total un-^

| cer|tainty. 1
.I

4 Table QCS760.178A2-4.

7
ADfITIONALUNCERTAINTIESINCRBRSODIUM-VOIDREACTIVITY

'
'

,

! . t -
c

- Uncertainty,"

% of Total Reactivity-

s

: Source BOC-1 EOC-4'

; .n
! Etel Rods--Instead of. Plates 0 0

Sequence of Voiding 3.5 3.5.

! S
Temperature-Distribution 2.5 2.5

,

' Fission Products 0 3.0

;

I "To be added in. quadrature with the values from Table QCS760.178A2-2.

'. Using'the refere.nce methods and the appropriate neutronics models, the'

: sodium voidf reactivity was calculated for the BOC-1 and EOC-4 reactor con-'

figurations. Biase(. = region-vise reactivity worths are given in Table
i

, QCS760 173A2-5. The data have also been processed in the form of SAS3D'

channel data to allow,a comparison of these best-estimate predictions with
; earlier values used for CRBR safety analysis. In Table QCS760.178A2-6 the
: biasad worths are comprared with the values used in the CRBR analysis as

s

! doctemented in Tables 4'-5 and 4-6 of Ref. QCS760.178A2-1. The large discre-

) pancies can bF attributsd to differences in computational methodology; e.g. ,
..

ENDF/B-III. vs. E11DF-3/IV' and First Order Perturbation Theory vs. Exact Per-'

rurbation Theory. While the, differences may appear large, the new values,~

even with the uncertainties as discussed below, fall entirely within the
N . uncertainty range documented in Ref. QCS760.A2-1.
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Table QCS760.178A2-5.,

BEST ESTIMATE SODIUM VOID * REACTIVITY WORTHS ($)
,

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

i Lower Axial Extension 0.008 -0.020

Upper Axial Extension -0.007 -0.006

Total 1.382 1.567

" Void flowing sodium, within assemblies (82% of driver and 73% of blanket
sodium removal per mesh cell,

b6 = .0032
:

Whole-Core Analysis

i

i To provide a measure of the sensitivity of predicted accident energetics
j 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 establish 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'

quadratica11y to yield a net uncertainty of 7.9% in the central core (positive
reactivity) region,11.3% 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 15.9%, 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

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

BOC1 EOC4
Current Current

Assembly Number GEFR Best Assembly Number CEFR Best

, SAS Chennel Number Type Assemblies 00523 Estimate Type Assemblies 00523 Estimate
,

'

1 B 7 .056 .089 B 7 .100 .142 '

2 F 12 .096 .159 F 21 .386 454

3 B 15 .152 .229 B 21 .330 463 .
;.-

{4 F 18 .191 .291 F 9 .160 .189

5 B 30 .373 .534 B 36 .559 .735 ij

6 B 6 .068 .101 F 6 .085 .103- |

7 F 24 .144 .287 F 12 .165 .198 f
sa

8 8 B 24 .303 415 B 12 .125 .158 |

9 F 18 .090 .183 F 6 .027 .042 *

F 9 .002 .051 F 12 .113 .141
' $ 10

'f 11 F 9 .002 .052 F 24 .366 425>

e
12 F 12 .071 .025 F 12 .038 .011

13 F 12 .072 .027 F 18 .116 .141
,

14 F 18 .454 .453 F 18 .200 .186 !,

15 F 24 .282 .263 F 24 .082 .059 -

!

: Total Driver 156 -0.354 0.255 162 1.098 . 1.438

[
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 *

88 = .0034 value used for consistency in comparison with Ref. Q760.178A2-1.

bRef QCS760.178A2-1.
.
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respectively, by 41.4%. The net results of these changes are summarized in
,

i 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 input deck, the current best estimate biased worths, and the biased
i worths upwardly adjusted with uncertainties of 15.9%, 22.6%, and 41.4%. The

most conservative result shows an effective increase of 31% in the driver sub-
1 assemblies, 84% in the internal blankets, and 52% overall, when compared to

the original void worths used in Ref. QCS760.178A2-1.
i r

'

! Table QCS760.178A2-7
:
I 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 QCS760.178 A2-1

i

i
j Driver 1.67 1.89 2.19 31%

!
'

Internal 1.12 1.45 2.06 84%

! Blankets
i

j Total 2.79 3.34 4.24 52%

1

|

; 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
i directly compared to the event sequence given in Table QCS760.178A3-4 of the
i 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'

i core involvement. Coolant boiling begins in every driver assembly before fuel
j 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
4 is shown in Fig. QCS760.178A2-1. As this figure shows, at the time of fuel
! notion in channel 6, complete core voiding of all the driver assemblies has
i been achieved in channels 2, 4, 6, 7, 9, 10, and 11. LOF-d-TOP type failures
i 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

i 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
j and initial neutronic shutdown at 17 seconds fo118 wing loss-of-flow initia-

tion.

I 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.

i This figure shows that at this point in time, all of the driver assemblies
j QCS760.178A2-9

i
!

I
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,

Table QCS760.178A2-8'

'
WHOLE CORE ANALYSIS RESULTS WITH ENHANCED COOLANT VOID REACTIVITY WORTHS *

I
:

Time Event CHN P/PO RHO RHOD RHOE RHOV RHOF RBOC .

|
!
>

11.9448 Coolant Boiling 6 0.891 -0.059 -0.168 -0.077 0.186 0.0 0.0 1

! 13.5350 Coolant Boiling 2 0.936 0.006 -0.193 -0.091 0.289 0.0 0.0 'I

13.8150 Coolant Boiling 4 0.927 -0.011 -0.200 -0.096 0.286 0.0 0.0 -

'

i 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 !

| iS 16.2195 Clad Motion 6 4.274 0.686 -0.421 -0.325 1.432 0.0 0.0 !

8.711 0.823 -0.476 -0.396 1.648 0.0 0.047 !

$ 16.3095 Peak Rec.ctivity

$ 16.3555 Coolant Boiling 15 7.645 0.777 -0.514 -0.439 1.664 0.0 0.067 I
-

r 16.3979 Coolant Boiling 14 6.045 0.702 -0.540 -0.465 1.639 0.0 0.068 |*

M 16.5470 Fuel Motion 6 9.827 0.788 -0.607 -0.534 1.889 0.0 0.040
0.785 -0.656 -0.576 1.977 0.001 0.039 -

b 16.6258 Peak Power 10.877 -
-

d.16.6938 Coolant Boiling 5 9.217 0.723 -0.695 -0.605 1.971 0.013 0.039 *

C' 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,.

i 16.7097 Fuel Nbtion 4 8.460 0.694 -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 -0.751 -0.623 1.978 -0.348 0.226

16.9855 Fuel Motion 13 2.519 -0.109 -0.748 -0.623 2.0S1 -1.089 0.270
'

3 17.0392 Clad Nbtion 2 1.649 -0.675 -0.735 -0.622 2.292 -1.883 0.271

1.393 -0.981 -0.716 -0.620 2.647 -2.510 0.308
17.1280 Termination -

4 *
Nomenclature is as follows: CHN - SAS channel number. .

;

P/PO - Core power relative to nominal.
RHO - Net reactivity in dollars.

RH0X - Reactivity in dollars due to Doppler (D), axial expansion (E), sodium void
(V), fuel motion (F), and cladding motion (C).

i

1
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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 l

'

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 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 i

melt-out phase would follow.

This analysis demonstrates that when appropriate and experimentally
verified fuel mot' ion 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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after attack by the pool. A direct calculation of the timing for availability
J of the radial blankets has not yet been performed. However, based on the high
i 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 sufficia.nt volume to assure
{ permanent suberiticality can only be limited temporarily by fuel freezing.
| Experimental results were discussed in Ref. QCS760.178B5-1 which indicated the
j possibility for fuel penetration into the UAB - fission gas plenum region for
j distances on the order of 30 to 40 cm. The details of the applicable freezing

j 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
j model were applied. For UAB penetration, experimental results are precently

used as a best estimate for fuel penetration into the UAB in the absence ofs

prior cladding blockages. A pessimistic estimate is provided by the bulk
:

freezing model which would limit fuel penetration to about the extent of theI

UAB itself (= 30 cm).
.

For interassembly gaps, the conduction theory as discussed in Appendix D|
|

is applied as a best estimate (including accounting for sodium flow impedance)
|

while bulk freezing is used as a pessimistic basis. The primary control

|
channel remains unplugged when tested against either conduction or bulk

j freezing models. On the other hand, plugging cannot be ruled out for the
j 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, is in some cases
! individually insuf ficient to assure suberiticality. However, when collec-

tively coupled with the PCA removal, these paths provide for fuel escape fromi

| the core region in sufficient quantity to assure permanent enberiticality.

Driving Pressures and Hydraulic Limitations
;

1

{ 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

j high power assemblies (% 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 tpe core boundary), thg 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 to 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-
J mately 1.5 bar. Therefore, an initial pressure differential between the

assembly and the gaps would be above 1.5 bar.'

QCS760.178B5-16
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The effect of sodium impedance to fuel flow in the interassembly gaps is
discussed in Appendix D. Based on the conduction model, sodium flow impedance

|
will reduce the gap penetration by no more than 40%. This reduced penetration

!
is still sufficient to accommodate all of the fuel required to assure perma-
nent suberiticality on a time scale that is short (1 to 2 sec) relative to the
time scale of the M0/ APP.

i

The fuel temperature was previously estimated to be 3100-3200*C when the
fuel assembly hexcan walls melt through. If fuel removal through the inter-
assembly gaps is not sufficient for suberiticality, 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.o, below the core / LAB inter-
face) is initially rapid until the molten fuel fills a space above the orifice
region in the PCA's and the low pressure vent tube oc tlet of the SCA's. This

|
space will be filled rather quickly af ter the hexcan walls (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, which corresponds
to N 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
,

'

into 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
I 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.

(

I The rate of fuel removal through the PCA orifice region to the inlet
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/see per

i

|
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/see 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

l

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 phe crust. The heat transfer coefficient is
calculated to be roughly 2 w/cm *C, and with the fuel flow at 350*C above its
liquidus the hole diameter is reduced from 1.07 cm 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'

QCS760.178BS-17
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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
i 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%/see to |
1% sec. l

In summary, about 11% 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 1% of the total fuel inventory per second even with
consideration of the effects of fuel crust and reduced mixture density.

,

Termination of Accident Sequence
,

i 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 cannot lead to
j 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

i of the melt-out/ annular pool phase the condition of a large scale homogeneous

| confined pool is not established.
j

| The implications of the preceding discussions can be summarized in Table
i 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 a time scale that is short (1 to 2 see) relative to the time interval of4

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 QCS760.178BS-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,

i cladding blockages cannot be precluded but will not be complete throughout the
However, over the time scale of the M0/ APP phase a best estimate wouldcore.

indicate some fuel removal but in quantities insufficient to lead to permanent

i
subcriticality. A pessimistic estimate would take no credit for this removal
path during the M0/ 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

QCS760.178B5-18
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i
% Driver Fuel Inventory $

*
| Upper Axial Power Level and Time Interval

Blanket and Between Melt-Out/ Annular Pool @'

"
Location Radial Interassembly Control Rod Phase and Homogeneous Pool >|

Blanket Gaps Assemblies Phase ** ,$ |
i

| 0 I-,

! Early* < 10% (1) > 40% = 10% 10 to 5 w/g Bkt. Pwr. Level h f

! 3 Fuel Initial Temp. 1000*C (avg) & !!
*

Removal Based on Rate of Removal A0 = 150 sec .

'

O Limited Opening is Fuel Melt g ;

j in Clad Bkg. Limited a

|- --- ------ -- - ---
C

-

15% > 40% Time Interval Reduced by 1/4 6@ i
i Later* = 20% (1)g Based on BFM(2) (3) Due to Driver Fuel Penetra- Qg

-

| Fuel No fuel Pene- ,

m
; g i Removal tration into and BOC Gaps tion into Bkt. Assembly o :o ; '

) .O UAB - RB only [ A0 = 35 see "g
C.

Nm' .=
Noi

| 5 *
'

k Early* > 25% > 40% 25 to 10 w/R Bkt. Pwr. Inval w
Initial Temp. 2000*C (avg) {|

'* E Fuel -

i Removal Based on Exp. Rate of Removal 0% A0 = 46 sec e
'

O Data Limited is Fuel Melt (4) ss
gfClad Bkg. Limited
g3- -------------- --- --- - --- - --- -- -

C

> 40% > 10% > 30% Time Interval Reduced by 1/2 hLater*
Based on BFM(2) Based on BPM (2) (5) Due to Driver Fuel Penetra- ce *v

-

Fuel
i 4 Removal in UAB (25%) and EOC Gaps tion into Bkt. Assembly *3

Plus (20%) in- A0 = 23 see S
;
i to RB g

? *

]
Relative to the annular pool phase time interval.

**
| Defined by loss of inner blanket fuel assemblies structural integrity.

"

i
-- . . _ _ . _ _ -_
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NOTES FOR TABLE QCS760.178B5-5'

l

I

(1) 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.

i (2) BFM - Bulk freezing model. ORB - Outer Radial Blanket.

(3) The basis for > 40% is (a) 10% inventory to fill control rod channel, (b)'

plus draining through control rods at = 1% 1 see for as long as fuel

supply lasts.

|

; (4) No credit is taken for control channel volumes in the best estimate.

Best estimate emphasizes early fuel removsl through interassembly gaps.;

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

channels at = 1% 1 see for % 20 secs.;

1
!

J

QCS760.178B5-20
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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
2

phase will prevent upper steel blockage as demonstrated in the TREAT R-8 testi

I (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 m'odel 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 regica from the fission gas plenum region. Again the-

above core structure is opened on a time scale less than or equal to the time'

|
to melt-through the inner blanket,

i

j Interassembly Gaps

i The interassembly gaps are also significant pathways for fuel removal.
| Essentially the total driver fuel inventory can be acconunodated 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 suberiticality, but none-the-

j less when added with other removal paths leads to the same result.'

i

i Control Rod Assemblies
;

! The control rod assemblies (CRA) play a part in acconunodating fuel
j 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
I lower axial blanket-core interface removes a fuel inventory of = 10%. Second,I

! drainage through the lower orifice region of the primary control rod assembly
|

1s assumed independent of 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-

j cient fuel inventory is removed prior to inner blanket melt-out to assure
|

|
permanent suberiticality. It is noted that the inlet orifice region of the

secondary control rod assemblies cannot be assured to be free from plugging.j

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 ofI

the CRA on a consistent basis with the best estimate and pessimistic estimate
of the time scale for melt-out of the IB assemblies as discussed in the next
section.

'

QCS760.178B5-21
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Time Scale and Power Level
,

i The overall time scale and power level are interrelated. The best
;

i
estimate is based on the assumption that driver fuel does not penetrate into
the inner blanket region because of rapid removal through the interassemblyi

The pessimistic time estimate assumes that because of limited fuelj gaps.
~ removal through the gaps, driver fuel enters the inner blanket fuel region and
j 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 en consideration that

|
it is most probably; (1) above decay heat levels (10% of nominal power)
because of mild recriticality events, (2) less than 50% of nominal power which

; should be sufficient to preclude recriticality on an assembly scale because ofj
fuel dispersal, and (3) less than 20% of nominal power after assembly melt-4

through reduces the surface to volume ratio in the H0/ 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 timeI

d to melt the IB assemblies.

Additional Considerations4

In the pessimistic consideration above, driver fuel penetration into thei

|
inner 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

j
Various sensitivities have been indicated in Table QCS760.178B5-5. An

! ' additional sensitivity that is not explicitly presented is that of the details
i of the power history during the M0/ 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

,

i melt-out time.

Sodium Re-Entry

With multiple fuel escape paths operating in a surrounding liquid sodium
| environment the question of condensation induced sodium re-entry is natural.
j

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 simulations 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| Thisblockages can cause the liquid sodium to be drawn back into the core.
water hammer which is certainly possible with respect to single component

;

systems, is inapplicable to the two-component steel vapor-liquid sodium system

f
because of the volatility of the liquid sodium surface and, therefore, the,

| QCS760.178B5-22
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! participation of sodium vapor during the steel condensation process. A

! pressure reduction in the steel vapor regien due to condensation is immedi-
ately compensated for by an equivalent pressure increase due to sodium evap-

| oration.
1

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 em of steel vapor condensed,1.3 cubic em of sodium vapori

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.

i

i Response Summary

i e While recriticality events cannot be ruled out during the M0/ APP
phase, these events are inherently mild because of flow regime and

,

j 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.
,

e Viable fuel removal paths exist in the UAB (for some core condi-
i

| tions), through interassembly gaps, through control rod assemblies
and in some cases by melting into the outer radial blankets.

.

4 In view of the variable and parallel nature of these removal paths
the removal of sufficient fuel to assure permanent suberiticality is

i not overly sensitive to freezing mechanisms, sodium constraint, and
j viability of individual pathways.

I e Removal of s 40% of the total driver fuel inventory is sufficient to

! assure permanent suberiticality.
;

6 Because of the above considerations, removal of sufficient fuel to
assure permanent suberiticality can occur prior to melt-out of the.

inner blanket and formation of a large scale homogeneous pool.'

| 0 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 termination of the accident sequence.
;

G During the time when fuel loss is occurring, sodium re-entry isf precluded as a source of pressure compaction of the annular pool
material.

.!
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APPENDIX A TO: Question CS760.178B5, -C6, C7

! Helt-Out of Inner Blanket Assemblies

i The time required to melt out the inner blanket fuel assemblies is
estimated from the f allowing expression derived from an adiabatic energy

,

i equation: ;

(2800 - T ) + /g
A0 = (1)

. ZR
! RC

.

where 60 is the time to melt in seconds, T is the initial blanket fuelg
temperature taken as the radial average at centerline or maximum conditions

; ('C), A is the heat of fusion of fuel (278 j/g), C is the heat capacity of
fuel (0.5 j/g 'C), F is 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 = .1 times nominal power representing

; the short time decay heat level. Thus F = .3 is taken as an average over the
| M0/ APP phase. Utilizing (1) above, the following table indicates the results

for:

EOC-4 BOC-1

F .3 .3
.

Q/C 300'C/s 300*C/s
;

:

A/C 556'C 556'c
;

T 2000'C 1000'C
| f

R 3 10

A0 46 see 150 sec
,

! Helt-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

QCS760.178B5-Al
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heat generated within the molten fuel is transmitted instantaneously to the
i

blanket rods. This results in the expression

dT +1 R
a I)g" CR

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

L

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 see 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 is %
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 is = 3.
Correspondingly, the time to involve the internal blankets can decrease by no

,

more than a factor of four.'

:

.

1

!

!

QCS760.178BS-A2
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I APPENDIX B TO: Question CS760.17855, -C6, -C7

4 Considerations of Recriticality Events in the
M0/ APP of the CRBR Heterogeneous Core

f

i <

,

j 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;

i
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 following discussions focus on the hydrodynamic aspects
|

limiting fluid dynamic sources of large ramp rate recriticality events.
!
j Recriticalities may not be precluded, in particular, shortly after
i

termination of the initiating phase. To address this concern, a recriticality
i 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
i medium-power fuel assemblies experiences a drainage-type collapse. The

reactivity insertion rate associated with fuel compaction, which is the main
, concern in this pessimistic scenario, is estimated below.i

,

| In the case of fuel collapse in the high-power assemblies, the dispersed
j fuel vill settle down displacing the vapor. The collapse rate vill be con-

|
trolled by the rate of vapor separation to the region above the pool. Since

j 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

j results of this reactivity calculation produces a ramp rate of about 10$/sec.
i

t

I 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 200/sec per assembly based on TREAT test data.
J Thus, the simultaneous fuel motion in the medium-power assemblies is expected
j 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-j

|
power assemblies could be no greater than 20$/sec, which is below the range |

| for which hydrodynamic disassembly of the core is expected *. Thus, it is j
'

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
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1 by maintaining power between decay heat level an = .5 times nominal leading to
j a permanc,t subcriticality without an energetic power burst. The response to 1

mild recriricality events is now considered. |'

}

| Early in time, in response to the power source, the molten fuel flows
i toward the axial ends of the subassembly in the form of two intact slugs. The

| liquid slugs are accelerated under the action of the expanding high pressure
i fuel and/or steel vapors at the center of the subassembly. The occurrence of
i fluid mechanical , instabilities, however, will cause the low-density high
! pressure vapor region to penetrate and six- with the more dense accelerating

slugs. At any location af ter 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

;

j wall while a tongue (s) or finger (s) of the vapor of reduced diameter advances
ithrough the center established by the portion of the fuel melt lef t behind.'

Moreover, atomization of the fuel film and the wave (s) or spika(s) produced at
j the lower (unstable) fuel interface will occur 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 lef t behind in
i the form of entrained drops and liquid film in the axial 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)

;

i at the axial ends of the subassembly.

I
j If the vapor flux is large enough to maintain the fluid-mechanical
i balance between interfacial drag and the mass of the fragmented fuel, the
j dispersed annular flow regime will endure and dominate the boiling process
I 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 isi

} 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/see and is
too low to produce anything but a mild recriticality. Thus the breakup of the
accelerating fuel slugs within a single subassembly eliminates the possibility
of severe fuel collapse rates and, therefore, eliminates the amplification ofi

I mild recriticalities into super prompt critical bursts.
1

! The physical process that leads to the breakup of the accelerating fuel
j 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
1 instability, since its motion is largely one dimensional. For simplicity,
! attencion will be focused on a single accelerating fuel slug, as illustrated

in Fig. E-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 constitute order-of-magnitude estimates. Moreover, the analysis does

i not take into account fuel vapori::ation or condensation at the liquid fuel
1
'

QCS760.178BS-B2
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| Fig. B-1 Schematic Illustration of Accelerating Fuel Slug.
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i interface or the deposition of molten material on the subassembly unlis, which
certainly will modify the results quantitatively (see below).

i

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
i theory during the time

l (1)r=fA/a
.

where A is the wavelength of the disturbance and "a" is the acceleration of
} the liquid slug. Typically, under reactor accident conditions, r = 10 maec.
; 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 steadily through the liquid with

little change of profile (see Fig. B-1) until the opposite surface of the;
; liquid slug is reached causing the slug to burst. In spite of the presence of
| these gas columns, the main body of the liquid slug is accelerated as though
j they did not exist. The gas columns penetrating into the accelerating slug
j have been found to move relative to the liquid at a constant velocity v given
I by

y= ad (2)
,

where d is the diameter of the penetrating gas coluen. Thus the penetration
distance a of the column into the slug (Fig. B-1) af ter time t is given;

j spproximately by

(3)
a = fad t

,

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

*

z = f at
(4)!

1

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

(5)s=

Equation (5) has a very simple interpretation as a fuel slug breakup
i 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 when 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

j steel) vapor columns. Here we must rely on experimental observations.
| Photographs of the process indicate a progressive change early in the ac-
j celeration transient from a number of surface waves and troughs to a much
j 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 thee

!
radius of the subassembly duct (d = 5 cm) we find from Eq. (5) that columns of

I core vapor will penetrate approximately 22 cm into the fuel slug af ter the

QCS760.178B5-B4
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slug has traversed one-half of the active core length (z N 50 cm), as compared
with the slug depth which is typically between 10 and 20 cm. ,

'"
'It should be mentioned that Fig. B-1 falls far short of describing the'

later stages of development of the Taylor instability. The penetrating gas -

'

(vapor) columns compete with one another, the large ones growing et the
awpense of the small ones. A large quantity of liquid is left adhering to the _

-

'

sides of the channel (subassembly), with the rt.ault that the vapor penetrates
through the fuel, slug at a faster rate than that given by Eq. (2). The .

vapor-liquid regions on the sides of the spikes (or film) and vapor columns
are in relative motion which produces additicaal 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 dominated by radial motion of
the liquid fuel rather one-dimensional expansion as previously discussed. Our

;

focus here is to attempt to identify the threshold pool size above whichs i,

! purely dynamic fuel motion is possible.
,

I Let us consider a spherical cavity of instantaneous radius R ccatainin|C
fuel or steel vapor at high pressure suddenly formed as a result of a power -

-
'

burst along the axial centerline of a cylindrical pool of molten fuel of _'
idiameter D and instantaneous height H (see Fig. B-2). The initial height of

| the pool is designated by H . The constancy of molten fuel volume within the
pool requires that _ .

fD H,=fD 4 (6)'

H- R

Differentiating this expression twice with respect to time gives the following)
relation between the instantaneous acceleration of the bubble interface and
that of the surface of the pool:

fD = 4R R +2 (7)

The initial phase of the bubble growth and pool expansion is controlled ,

by the inertia of the liquid that completely surrounds the bubble. The bubble
is blown up according to the Rayleigh equation for radial motion

2 I 2 P-P,

d R + 2 |(d
(8)R =

d p
de

where P is the pressure within the fuel vapor bubble, P is the ambient
pressure above the fuel pool and p is the density 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. Strictly speaking, the-

QCS760.178B5-B5
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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

DpdH=P-P, (9)16R 2
de.

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 presence 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'ae pool expansion may then be ade-
| quately treated as one dimensional. During this period the pool growth is

well represented by

2
pL dH=P-P, (10)

: dc
!

! where L is 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 liguid inertia for the early spherical expansion follows from Eq.
j (9) and is D p/16R. It is reasonable to suppose that the pool expansion is
j

dominated by one dimensional fuel flow when the "one dimensional iguertig"/
| becomes somewhat greater than the " spherical inertia", i.e., when pL > Dp

! 16R, or
! -

RIfg (11)

As a numerical example, suppose we consider fuel-pool motion following a
j 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 M0/ APP

,

j within the CRBRP. From criterion (11), we calculate that when the radius of
i the power burst bubble is of the order R = 2 cm the pool expansion becomes one
i 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 all 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.q

,
QCS760.178BS-B7
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| APPENDIX C TO: Question CS760.17855, -C6, -C7
i
j

|
Reactivity Calculations for Various Configurations of Disrupted BOC-1 Core

!

!

| This appendix ilocuments neutronics calculations which were performed to !

' evaluate reactivity levels for the disrupted core configurations at BOC-1.
4

'

! The primary ' objective throughout this neutronics analysis has been to
| retain as much rigor in the computational modeling as possible while retaining

efficient computations. For significantly disrupted cora 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 screaming associated with large1

| 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 ***1 'I' "***
2 7

| 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 (ou = 0.1) was generated using a weighting spectrum from a 2040-;

| group slowing down calculation for an appropriate Pu/U fueledyR core
! composition (Ref. C-4) . Special care was taken in generating U blanket
I 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
j the SDX code. Resonance self-shielding effects were accounted for in voided
1 and non-voided driver, internal blanket, and radial blanket assemblies. An
j 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 both 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

:

i core conditions at termination of initiating phase analysis, a full RZ model
j for the BOC-1 core was constructed as shown in Fig. C-1. This model repre-

seats the base case for disrupted core neutronics calculations.
j

i

|
Three disrupted core configurations were analysed. In all cases, one-

third of the cladding and wire wrap in all fuel assemblies is assumed to4

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

I hexcan walls is assumed to be homogenized with the molten fuel.

i
Conditions of the core are assumed to be as described in the main text,

(Table QCS760.178BS-4) and the fuel removed from the core is assumed to be;

; distributed as follows: 11% in the below-core region, 6% 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
1

for fuel removal, an additional 8% of the total fuel is assumed to be re-;

| located into the control assemblies.

QCS760.178B5-C1
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Table C-1

GROUP STRUCTURE FOR 8 AND 20 GROUP

CROSS SECTION LIBRARIES

Broad Group 20 Group 8 Group
Energy, av Library Library

'
.

7
1.0000 x 10 1 1

6
3.6788 x 10 2

02.2313 x 10 3

6
1.3534 x 10 4 2

08.2085 x 10 5

4.9787 x 10 6 3

5
3.0197 x 10 7

51.8316 x 10 8 4

51.1109 x 10 9

4
6.7380 x 10 10 5

4.0868 x 10 11

2.4788 x 10 12 6

4
1.5034 x 10 13

39.1188 x 10 14 7

3
5.5309 x 10 15

33.3546 x 10 16 8

32.0347 x 10 17

31.2341 x 10 18

2
4.5400 x 10 19

1
6.1442 x 10 20

QCS760.17dB5-C2
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Table C-2

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

Inner Radial Axial
Fission Produces , Driver Blankets ** Blanket ** Blankets

1468.0239 ,p

240, 199.7

34.0241 ,p

242 3.4p

235 7.6 16.7 26.9 8.6
g

238 3476.0 8253.0 13285.0 4216.0
g

Fission Products --

Total Heavy Metal 5188.7 8269.7 13311.9 4224.6

e
Heavy metal excludes oxygen.

**
Includes axial extensions.

.

j QCS760.178BS-C3
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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 LOF7

Response

An assessment of this question resulted in the conclusion that the
potential for fis'sion 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 behavior 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 recognized 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 af ter 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 concurrently. 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, and (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
motion 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 less conservative fuel mot's.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.

QCS760.178A3-1
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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 is 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
ens 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

i 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 understanding 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-eeter 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-
tant 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'

were 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 f ail 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 1.2-meter fast

| neutron hodoscope. This device counts co111 mated 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;

'

QCS760.178A3-2
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Table QCS760.178A3-1

TREAT EXPERIMENTS SIMULATING LOSS-OF-FLOW ACCIDENT CONDITIONS

.

Hodoscope Peak**' *
Test Number Preirradiation Collimator Transienty

Desig- of Neutron Viewing Power *
Length.

nation Elements Spectrum Height Nomingl
a 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 Neue 0.5 1
,

R4-R6 7 914 None 0.5 1

R7 7 914 None 0.5 15

i R8 7 914 None 1.2 1

F1 1 340 Fast 0.5 1

F2 1 340 Fast 0.5 12

" Ignoring preheat power phase, if any.
;
J

l

i QCS760.178A3-3
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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 relocation.

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 I

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 to 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 into 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 comparisons, 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-;

i 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 calculatie a.

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
t 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.
,

i
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 thej
i irradiation history of the fuel elements used in the tests. Following this, a

| 20-second transient was computed in which the reactor power level, coolant
i flow rate, and fuel temperatures were brought to the values that prevailed at
I 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.
1
i

QCS760.178A3-4
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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

L

Initial Concentration *##*" ** *Percent Retained
Case in Unrestructured on Crain

in Gra aFuel, atoms /cc Boundaries

0
L6 1.00 x 10 24 9.5

0
L7 1.00 x 10 64 4.7

20Ch. 6 1.34 x 10 54 4.7
i

Table QCS760.178A3-3

COMPARISON OF MEASVRED AND CALCULATED BOILING

TIMES FOR THE L6 AND L7 TREAT TESTS

Test Measured SAS3D
|

l

L6 12.6 s 12.1 s

L7 13.4 s 13.4 s

I
i

QCS760.178A3-6
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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 initf.al SAS3D analysis of the
i L7 test (Ref. QCS760.178A3-8). However, in the present work, the sodium loop

is modeled using the PRIMAR-0 option of the SAS3D code. The pump coastdown is
! modeled by specifying the coolant inlet pressure as a function of time. The
j inertial effects of sodium in the test vehicle loop outside the section where
i 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

;

i well the heat transfer is modeled is provided by comparing calculated boiling
i 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 is,

'

j considered satisfactory.
,

f Input for the SAS3D fuel motion model SLUMPY was prepared as follows.
Fission gas parameters were evaluated on the basis of the FRAS3 calculations

,

i 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 and 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
i initiation that is to be made inanediately available. The issnediately avail-

j able gas was assumed to be given by the FRAS3-calculated gas concentrations on
j the grain boundaries. This fraction was set to 0.28 and 0.07 respectively for

L6 and L7. That gas which is not issnediately available was released from
,

! molten fuel with a time constant of 100 as 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.j

| 178A3-9). The number of grams of stainless steel per gram of fuel was set to
i a small value (0.001) because such.a value was needed in the whole core
i calculations to prevent the flow area available to the SLUMPY compressible

from becoming excessively large as disrupted fuel was pushed up the! sone
! 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.
i

! To ach'ieve what was regarded as a reasonable match between the SAS3D/
1 SLUMP 7 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 zone calculation to be increased

when significant amounts of unselted fuel are present.

QCS760.178A3-7 !
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of primary interest in the present analysis is the comparison between the l

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-
Our:d fuel density changes with a normalized (in this case the homogeneous
CRBRP) axial fuel worth distribution and spatially integrating. REF is
normalized so that its value is initially zero and is -1.0 if all the fuel is

'

removed. The criterion 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 50% 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 a 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 hydraulic instrumentation indi-
cated that fuel disruption might have occurred in the L7 test. The 50% 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 satisfactory and is
believed to justify the use of the chosen SLUMPY parameters (other thrn the
fission gas fraction) for the modeling of irradiated fuel motion in whole core
calculations. Some discussion of sensitivities observed in the test calcda-
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 af ter 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

QCS760.178A3-8
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earlier. FRAS3 calculations were not performed for the other driver fuel
channels, so these same fractions were used for these charnels as well. Since
the remaining channels have higher burnup than channel 6, f t 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 the2

earlier CRBRP calculation although the fact that the film motion calculationi

I 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 !i

reactivity feedback remains positive in channel 6 for about 146 as 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 motion
reactivity becomes more negative and finally drives the reactor subcritical
about 406 as af ter first fuel motion.

i

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 morei

I than a few hundred milliseconds af ter initial fuel motion. The SAS3D calcula-
] tion might be terminated at this point. However, to better understand the
j whole core conditions and, in the belief that negative fuel motion reactivity
) would continue somewhat beyond the time when SLUMPY encountered time step
j difficulties, the calculation in channel 6 was stopped and the SAS3D calcu-
i 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 wasi

i allowed to continue to absorb heat and to transfer heat to its surroundings.

I Following termination of the fuel motion calculation in channel 6, the
I reactor remained suberitical for about 323 ms, and then reached criticality on

the strength of coolant voiding and cladding motion. The reactivity remained'

j above critical for about 163 as during which time the peak reactivity was
about 16 cents and the peak power was about 1.8 times nominal. The reactor4

; became suberitical 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 ma and then became recritical because of an increase in both the

i coolant and clad motion reactivities. The reactivity continued to citab 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
i further partly because of positive fuel motion feedback. Both the power and
| the reactivi,ty passed through local maxima about the time when fuel motion was
1 initiated in channel 4. About 380 as af ter fuel motion started in channel 2,

! the reactor became suberitical again because of negative fuel motion feedback
j from channel 2. Raactivity 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
I 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 tes-erature of 1400'C; approxi-'

} mately the melt point. The time between the achievement of this criterion and
j QCS760.178A3-13
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| Table QCS760.178A3-4
!

$ EVENT SEQUENCE FOR EOC-4 LOF SCENARIO
i

Time Event _CH_N P/PO RHO RHOD RHOE RHOV RHOF RHOC

12.7655 Coolant Boiling 6 0.821 -0.094 -0.140 -0.050 0.096 0.0 0.0
14.6697 Coolant Boiling 2 0.819 -0.068 -0.156 -0.057 0.145 0.0 0.0

;

1 15.0561 Coolant sailing 4 0.817 -0.069 -0.161 -0.061 0.152 0.0 0.0
j 15.7772 Coolant Boiling 7 0.851 -0.019 -0.170 -0.068 0.219 0.0 0.0

17.1048 Coolant Boiling 10 1.226 0.234 -0.235 -0.125 0.594 0.0 0.0
,

j 17.1998 Coolant Boiling 11 1.269 0.253 -0.242 -0.132 0.627 0.0 0.0 i

17.5298 Coolant Boiling 9 1.321. 0.252 -0.270 -0.159 0.681 0.0 0.0
17.7792 Coolant Bofling 13 1.241 0.190 -0.287 -0.175 0.653 0.0 0.0

:
17.9242 Clad Motion 6 1.320 0.233 -0.297 -0.186 0.715 0.0 0.0
18.2117 Coolant Boiling 12 2.225 0.514 -0.333 -0.223 0.999 0.0 0.071

; 18.6442 Coolant Boiling 15 2.570 0.531 -0.397 -0.279 1.130 0.0 0.076
! 18.8732 Coolant Boiling 14 3.002 0.561 -0.440 -0.315 1.241 0.0 0.075
! 19.1867 Clad Motion 2 2.889 0.498 -0.495 -0.366 1.282 0.0 0.076

! 19.3417 Clad Motion 4 3.770 0.594 -0.527 -0.390 1.238 0.0 0.273
4 19.3617 Fuel Motion 6 3.784 0.590 -0.532 -0.393 1.233 0.0 0.283
| 19.4129 Coolant Boiling 5 3.695 0.570 -0.544 -0.400 1.200 0.005 0.308
! 19.4930 Peak Reactivity 0 4.654 0.644 -0.563 -0.411 1.207 0.003 0.408
} 19.5017 Peak Power 0 4.670 0.643 -0.566 -0.413 1.201 0.002 0.419 -

! 19.6092 Clad Motion 7 3.453 0.492 -0.587 -0.426 1.186 -0.110 0.428
1 19.6163 Coolant Boiling 3 3.437 0.488 -0.588 -0.427 1.186 -0.123 0.441
i 19.7705 Coolant Boiling 1 1.744 -0.022 -0.594 -0.434 1.145 -0.701 0.560
i 19.7730 Coolant Boiling 8 1.722 -0.036 -0.594 -0.434 1.145 -0.712 0.559
i 20.0267 Fuel Motion Off 6 1.049 -0.600 -0.577 -0.433 1.440 -1.523 0.493

20.1267 Clad Motion 10 0.984 -0.651 -0.579 -0.432 1.365 -1.523 0.518'

! 20.1555 Clad Motion 11 1.004 -0.601 -0.578 -0.432 1.389 -1.523 0.543 ,

i 20.5080 Clad Motion 9 1.514 0.007 -0.588 -0.433 1.565 -1.523 0.987
i 20.7005 Clad Motion 13 1.506 0.019 -0.597 .0433 1.586 -1.523 0.986
| 20.9430 Fuel Motion 2 1.989 0.259 -0.610 -0.431 1.731 -1.523 1.092
1 21.1105 Fuel Motion 4 2.863 0.470 -0.629 -0.428 1.773 -1.402 1.157

21.1342 Clad Motion 12 2.665 0.425 -0.631 -0.428 1.760 -1.399 1.123,

! 21.5380 Fuel Motion 7 0.681 -1.324 -0.638 -0.425 1.848 -3.711 1.602
21.8117 Clad Motion 15 0.363 *-3.377 -0.634 -0.426 1.864 -5.636 1.456

j 21.8830 Termination 0 0.334 -3.742 -0.633 -0.426 1.837 -5.904 1.385

i
|

| Nomenclature is as follows:
!

| CHN - SAS channel f.

P/PO - Core power relative to nominal.,

j RHO - Net reactivity in $.

1
! RH0(X) - Reactivity in $ due to Doppler (D), axial expansion (E), sodium void

(V), fuel motion (F), cladding motion (C).
i QCS760.178A3-14
i
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the start of clad 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 i

1 both had not initiated in a channel, the time listed is the time to the end of 1

|
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 as, i

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 as.

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. Thei

plenum pressure will be about 4 ate with a continued release (note that this
is 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 i

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

i very low. The results in Table QCS760.178A3-5 show that for those channels
where fuel motion cecurred 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 suberitical 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 to 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, tha timing of specific thermal events
was 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 between the TREAT reactor and the fuel in the test vehicle. This
Intter factor is estimated to have a total uncertainty of i 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 QS0DUM. While there did appear to be a ;

preference for a small, non-zero value, the value zero could have been chosen
without too much harm to the comparison between calculated and experimental
REF's. Calculations for the L6 test were rather strongly sensitive to the

QCS760.178A3-15
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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) 0F THE TOP FUEL NODE IN DRIVER ASSEMBLIES AS

DETERMINED FROM THE SAS3D CALCULATION;

#****#*Time to Clad Time to Fuel
Channel at FA11ure

Motion, a Motion, s
atm

2 0.60 2.36 42

4 0.61 2.38 42

6 1.14 2.58 22

7 0.58 2.51 44

9 0.59 1.96* 39

10 0.55 2.31* 41

11 0.66 2.39* 42

12 0.79 1.54* 34

13 0.70 1.89* 36

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.

i
,

QCS760.178A3-16
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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

i

i

!

!

|

QCS760.178A3--17
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| value chosen for the fraction of the gravitational constant, while the calcu-
i lations for both tests were rather strongly sensitive to the value chosen for
: the parameter VISFU.
I
j 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 thej

i 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;
sero 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
j motion reactivity feedback from channel 6 began to decrease. SLUMPY was

| allowed to continue computing fuel motion throughout this case and as a
i 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

i of the differences between this result and the present case, the general

j conclusions regarding the potential for compaction of fuel by plenum fission
gas were very much the same as described in this report.;

t

| Termination of the fuel motion calculation in channel 6 introduces some
j degree of uncertainty into the later portion of the transient. If the fuel

motion had been stopped earlier, the negative fuel motion reactivity would >

have been smaller in magnitude and the reactor would have been less suberiti-
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'

f motion cutof f 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; thei

total amount of fuel located in the axial blanket at the time of fuel motionj
; cutof f was less than 5 grams per fuel pin. If all this fuel were moved back
i into the first two nodes in the active core the net reactivity increase would
I be less than 10 cents and the reactor would still be more than 50 cents
; suberitical. The time margins between clad failure and fuel motion shown in
j Table QCS760.178A3-5 appear to be large enough so that this reactivity change
j would have a negligible effect on conclusions reached herein.
i

conclusion

,

j 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
i 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
i EOC-4 LOF scenario, it has been found that early and significant fuel dis-
j 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
j eliminated by the significant time delay between the initiation of plenum
,

depressurization and fuel rod disruption. This results from the relatively
1

! QCS760.178A3-18
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mild 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 blockages form throughout the core to prevent i
'

fuel removal through normal axial blanket flow channels during the early phase
t of the LOF7 What is the location and character of the steel blockages in
i these channels?
I

j Response

j A significaEt time interval exists for molten cladding relocation during
j 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
i

core condition due to the blowdevn of the high pressure plenum fission gas.,

! The gas release opposes the sodium vapor streaming which is the primary
| mechanism for upward relecation of molten cladding (see response to QCS760.
j 178A-3 for the CRERP transient analysis) . This gas release effect has been
; experimentally confirmed (Ref. QCS760.178B4-1) and results in only a thick

lower steel blockage for irradiated core conditions.
|

The remaining discussion is therefore primarily focused on the BOC core
|
j condition where upper steel blockages are expected to form as shown in Chapter
i 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 IC, 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.

;
i

| In order to examine the axial location effect in the first analysis
j (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 af ter this1

event. Based upon the mechanism of near-fresh fuel melting and drainage, a
j power burst occurs (comparable to Case IC) which disperses fuel and leaves the
j core in a suberitical but higher reactivity state. The peak fuel thermal
j conditions in the fuel channels which did not disrupt are reasonably similar

as shown in Table QCS760.178B4-1. Hence, the CRBRP core dynamic behavior was
j found to be only weakly af fected by the steel blockage axial location. The
j 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 also repre-
!

sented in a manner to slow down the transient response, and thereby allow'

1

i

!
4

QCS760.178B4-1

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'

1 Time from Start of LOF (S) 20.4 19.9 23.1

Normalized Energy (FPS) 20.5 20.5 20.5
from Initiation of LOF'

Energy Produced During 3.5 3.5 3.5
Power Burst (FPS)

(- ,

-

!

,

'

d

3
1

I

. - -

QCS760.178B4-4'
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additional time for blockage formation. The specific, additional changes made
;

j to construct Case 5 (beyond Case 4) were:
)
! 1. Local negt.tive sodium voids more negative by 60%*, ,

t 2. Local positive sodium voids more negative by 60%*,

; 3. Doppler constant more negative by 20%,

4 4. Steel worth uniformly reduced by 20%.
4

I 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

4

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 secondsi

}
1ater than in the reference case. The slower developing transient and strong-

|
er Doppler feedback act 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 duratioh, of the power burst results in an energy addition1

J 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

i
sodium voiding exist in the core. Concurrently, at the end of the power burst
the low power channels contain substantially reduced energy 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,

i 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
i transient.
I

!

|
Hence, based upon the concept of near fresh fuel drainage upon sub-

stantial melting, the maximum extent of steel blockage formation in the UAB isi

j well represented by the best estimate calculations of Ref. QCS760.178B4-1,
t
! 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
i 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:

In the absence of cpposing plenum gas release, gross upward steela.
relocation will occur due to sodium vapor streaming af ter cladding

; mciting extends fully across the fuel assembly.4

i aThese reactivity uncertainties were originally stated as approximately twoj

| 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
1
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| b. The steel blockages which start to form upon entry to the UAB, are

i thin (millimeters) and vented at the time of fuel disruption.

I
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

i in the UAB was determined by the SAS calculation. Since SAS3D does
} not have a fuel freezing calculation, these steel blockages could
j then be used to restrict, but yet allow the latter fuel penetration
| into the UAB.
i

e. Relative to energetics potential, it is conservative to ignore the
j 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
: for the differences between the upper blockage formations observed in the

TREAT R and SLSF P series experiments and their interpretation for CRBRP. The
i 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,

j steel blockage formation. The most appropriate analyses in support of ex-
j periment interpretation and extrapolation were determined to be tt~ 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 CRERP 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
i cladding melting extends fully across the fuel assembly.
!

b. The steel blockages start to 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 (RS, R6, P3A, P3) indicate

.

that the blockage is vented prior to and possibly following fuel

! disruption. The existence of vents is 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. ),

i The CRBRP fuel assembly has a larger cross-sectional area and !

; contains 217 fuel rods, as compared with the R-series test sections I

which contain seven fuel rods, and the P3A and P3 test sections |

which contain 37 fuel rods. This will lead to greater transverse
thermal incoherency within a CRBRP fuel assembly. This is

f QCS760.178B4-7
i

!

. _ - _ _ , , . , _ _ __ - _ _



- . : . x. . - _ - - . ~ - . , -
_ ., ,, . . . . .

:

!

!

!
-

1

| especially true since the LOF tests were designed to produce radial
j uniformity in the power-to-flow ratio, while a CRBRP fuel assembly
i is expected to experience larger radial power gradients as well as
i 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.
i

|
The. radial incoherency in cladding melting and subsequent

i motion results in significant differences in the hydraulic resis-
tance abross 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

j a relatively high rate for a longer period of time and initiate
molten steel sloshing without gross relocation, (2) to enhance

j

i
molten steel upward motion in the colder outer subchannels of an

j assembly, thus increasing the upper steel plug thickness at the
; edges and producing a thinner central region, and (3) to locate the
j steel at different elevations, thus leading to irregularly shaped

vented plugs. The results from the 37-rod P3A test generally
;

|
support these conclusions, as compared with the results from the

i 7-rod R-series tests.
t

| The effects of thermal incoherency on molten cladding
j relocation were studied. Calculations have been performed for tests
| R4, R5, and F3A, as well as FFTF 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:

i assemblies, (Ref. QCS760.178B4-3).

Based upon preliminary structural calculations, blockage regionsc.
which are near melting (% 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
j the larger scale, constant power P3 experiment may have been move-
i able at the time of fuel disruption which would allow pressurized

fuel penetration into the UAB.*

i
'

d. The experiment which could most likely provide information on this
condition was TREAT R7 which represented a power burst to 15 times
nominal following steel melting. However, the fuel thermal condi-
tions could not be readily ascertained and it is likely that sig-

i

! nificant pressurization did not occur. In the CRBRP, the extent of i

| fuel penetration into the UAB will depend upon the relative timing
i

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;

!
e. 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 see) during the time of gross melting of the
cladding. The cladding failure temperature and gas release time

I constants were estimated to be 1400'C (= melting) and 0.25 seconds,
# QCS760.178B4-8

|
!
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1 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.-

1 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 irradiated rods starts almost coincident

| with steel melting, gross upward steel relocation is not anticipated for
1 irradiated fuel conditions. Upward cladding blockages are however, antici-
; pated for BOC core conditions. In this case they are characterized as forming
i 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 of 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 CS760.178B5, -C6, -C7

-B5. What is the basis for maintaining 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 suberiticality 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. In 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-
criticality, (d) potential for amplification of recriticality events, (e)
termination of boiled-up pool phase including consideration of sodium re-
entry. Since these points are all related to the case for achieving a condi-
tion of permanent suberitica!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 af ter
the melt-out of the internal blanket assemblies. The distinction is 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 (M0/ APP).
This refinement is important in the context of the heterogeneous core design
since the phenomenological behavior in the M0/ 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

QCS760.178B5-1
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escalating into large ramp rate reactivity insertions. The time required to
j destroy this barrier is found to be long relative to either (a) the time for
j fuel removal through several available escape paths such as interassembly gaps

and control channels or (b) the time for removal of obstructions to fuel4

' escape in the upper axial blanket (UAB) region.

| In this response, consideration has been given to the implications of the
j extended time scale of the melt-out/ annular pool phase (M0/ APP) relative to
i 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-
j criticality events may be possible but they are limited in amplitude
i 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
i model assumptions and fuel escape impedances.
i

! 3. There is always time for sufficient fuel removal, i.e., about 40% of
the driver fuel, to achieve permanent suberiticality prior to loss,

of the annular inner blanket barrier.

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

| S. 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
begins af ter = 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 (41-2 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

QCS760.178BS-2
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partially voided at an average blanket fuel temperature closer to 2000*C at i

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 forred at the bottom of the core. Upper cladding
i 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 concluded that fuel removal into the upper

! axial blanket region is possible depending on core conditions.

i 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,i

} 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 negligiblei

; 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
1 the EOC-4 core.
4

! Based on the relative conditions of the driver fuel and the blanket
i assemblies it is estimated that the time interval between the onset of fuel

driver disruption and breakdown of the IB barrier 'to form a homogeneous pool'

i would be = 150 seconds for the BOC-1 core condition and 4 50 seconds for the
! EOC-4 core condition based on adiabatic heating. If driver fuel does not flow
i 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
:

j Recriticality events following the initiating phase have been considered.
; Such events cannot be generically ruled out in the high heat loss environment
{ st the assembly scale as power decreases to decay heat levels. Fuel compac-
| tion is limited by vapor separation and cannot introduce reactivity ramp rates
i exceeding 20c/s/ assembly which during the early time period would be mitigated
I 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. No mechanisms

,

QCS760.178B5-3
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have been identified which can fragment and rapidly distribute cold steel
,

i 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
,

I near saturated pool,' leading to a reduced fissile density. Reoccurrence and
i 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 M0/ 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.,

i

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,
,

j Upper Axial Blankets - The upper axial blanket regions of the driver fuel
| assemblies provide a fuel escape path on two levels of consideration. On an

j early time scale, cladding blockage are likely to prevent upward fuel escape
j 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
j driver fuel removed upward would be % 1% per em of penetration into the UAB
j (on a assembly basis).
.

On a larger time scale (several tens of seconds) cladding blockages in1

j 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 Gaps - 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.

4

1

Thus, the volume of the gaps available for fuel removal from the core'

j 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

j much larger than the total liquid volume of the core materials: fuel, clad-
j ding, and assembly hexcan walls.
i
! The interassembly gap width in the core region has been calculated using
i the SAS3D results for the initiating phase at a point in the transient around
} QCS760.178B5-4
;

4
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Table Q760.178B5-1

TOTAL VOLUMES OF CORE MATERIALS AND GAPS BEWEEN ASSEMBLIES

Location Volume (Liters)

! Region Below Core
i

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

4 Between Core / LAB Interface and Inlet Module 1800

Between Core / LAB Interface and ACLP 250

f Region Between Radial Shield Assemblies
! and Core Barrel
,

Below Core / LAB Interface 1300

Between Core / LAB Interface and ACLP 1200

TOTAL 4830**

=

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
2

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

**This represents 690% of total core fuel volume..
,

.

QCS760.178B5-6
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! the initiation of fuel disruption 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 regions are expected
j; to be approximately 0.48 cm which is a fabrication dimension (0.47 cm) plus
j thermal expansion. .The gap width in the radial blanket regions is taken to be
j an average between the gap widths in the core and radial shield regions. The
i gap sizes are summarized in Table QCS760.17885-2.
I
: Control Rod Channels - The fuel removal flow paths in the nine primary

| and six secondary control assemblies in the reactor core are schematically
i shown in Figs. QCS760.178B5-2 and -3. The primary control assembly (PCA) has
i a moveable inner hexcen (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
i and 5 cm , respectively. The main path for fuel flow is downward into the

i 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).
i The orifice zone consists of seven one em 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
= 6.35 cm, A = 12.47

orf)fice zone the fuel flows into the inlet nozzle (Dthen into the large inlet module and ultimate 1h into the reactor inlet
4

'
cm ,

i plenum.

}
' The secondary control assemblies (SCA) have a different configuration

(Fig. QCS760.178B5-3) withf)he initial path again through an annular regiog)
'

(D = 0.67 cm, A = 38.5 cm past an orifice zone (D = 0.84 cm, A = 7,4 cmu u
1 into the inlet module. After melting through the gui'de tube an alternate path

10 cm) and outlet (D, = 3 cm)j is available through a large open area (D =
g

{ into the SCA low pressure plenum (in the idlet module) and then out9ard to the
; core barrel region. However, no credit for fuel flow beyond the vent will be
j taken since an assessment of freezing and plugging potential has not been

; completed.
{
l Table QCS760.178BS-3 provides the available volumes for fuel removal
! based on the above geometries.
:

Radial Blanket Assembly Void Spaces - In parallel with melt-through of
the inner blanket and control assembly barriers, it is also reasonable to
examine the volume available in the outer radial blanket assemblies due to the

i long time frame available. From geometric considerations the volume readily
i (sodium flow area) available in the first row of the outer radial blanket
! represents about 20% of the driver fuel volume.
|

\ Puel Removat Necessary to Assure Pezmanent Suboriticality - Table QCS
! 760.178B5-4 shows reactivity levels for various disrupted core configurations
| st BOC-1 (see Appendix C for details of the neutronics modeling). Case 1

represents core conditions after approximately 43% 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 controli

: assemblies remain intact. The system is subcritical for this configuration.
j Case 2 is identical to Case 1 except that the fuel removal is reduced to 33%
| of the total inventory. The system is substantially above critical for this
j configuration. In Case 3, about 41% of the total fuel inventory ir again

QCS760.178B5-7
!

!
_ _ _ _ _ ._ _ . _ _ _ _ . _ _ _ _ _ _ _ , , _ _ _ _ . , _ _ _ __ _ _ _ _ _



. . _ _ .

.

.

Table QCS760.178B5-2

WIDTHS OF INTERASSEMBLY GAPS IN CORE REGION

AND EX-CORE REGIONS

4

-

.

Gap Width, em
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
i

Radial Blanket 0.45-0.48 0.35-0.48

Radial Shield 0.48 0.48
,

4

i

.

!

QCS760.178B5-8
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Table QCS760.178B5-3

VOLUMES AVAILABLE TO ACCOMMODATE FUEL IN

PRIMARY AND SECONDARY CONTROL ASSEMBLIES

L

Approximate Co{e
Primary Secondary Fuel Fraction

Number of Assemblies 9 6 -

Volumes Below Core / LAB Inter- 50 29 0.11

faceto{lowRestriction(liters)
0.42Lower Inlet Modules (liters) 292

_,

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. Q760.178BS-2, -3 for details.

3. Fuel loss through PCA lower inlet module to reactor inlet plenum not
indicated here.

QCS760.178B5-ll
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Table QCS760.178B5-4

REACTIVITY LEVELS FOR VARIOUS DISRUPTED'

CORE CONFIGURATIONS AT BOC-1

'

.

Case Description of Core Configuration Reactivity ($)

1 43% of total fuel inventory removed from -1.4

the core. The remaining fuel in the annu-
;

lar regions is homogenized in the core andi

fully compacted with IB and CR assemblies

intact.
.

1

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

total fuel inventory is removed.

3 41% of total inventory removed from core. -10.5

The remaining fuel, the IB and CR (except
B C) assemblies are homogenized and fully4,

compact.

)
i

I

i

,

QCS760.178B5-12
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removed from the core. The remaining fuel, internal blanxet and control
! assemblies (without B C) are assumed to be homogenized and fully compacted.

4This homogeneous pool configuration is substantially suberitical. From theseI

neutronics results, it was concluded that the system will achieve permanent
,

| subcriticality as long as about 40% 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.

;
,

i Time Scale to Make Fuel Removal Paths Available Relative
i 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
f 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
i

| just prior to boiling of the assembly molten pool is plotted in Fig. QCS760.
, 178BS-4.

-
t

i Heat transfer coefficients at the hexcan wall (with stable fuel crusts)
were determined from the correlation of internally heated boiling pool test

i data of Ref. QCS760.178B5-2. Based on this correlation, the heat transfer

i coefficient for a bgiling pool of fuel-steel mixture was calculated to be
| approximately 2 w/cm 'K. The heat transfer coefficient at the bottom of the
i pool may be lower than this value because the pool is expected to be more

The heat transfer coefficient for a quiescent pool'

quiescent in this region.2 'Kis as low as 0.2 w/cm - according to Refs. QCS760.178B5-1 and
QCS760.178B5-3. This means that the can wall heat transfer coeffigient in the

i bottom region of the pool can be in the range from 0.2 to 2 w/cm *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 results are plotted
in Fig. QCS760.178BS-5, which indicates that the major portion of the hexcanI

; wall will melt through within 2 seconds after the boiling pool is formed
i 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 (N 20% of nominal), geometry and temperaturesI

1 (% 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-j

|
tions in the heat transfer coefficient. Hence, for the expected parameter

|
variations, the control assemblies become available within several seconds

QCS760.178B5-13
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The results of cases 1, 2, and 3 appear in Table QCS760.178BS-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 is concluded that the conduction-limited freezing model is applic-
able even when steel melting occurs under the fuel crust, and the gap flow is
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

j fall between the fusion temperatures for these materials upon contact, re-
i sulting in .olidification 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,

:

i steel melting may begin af ter 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'

is % 100*C or more above its melting temperature, that is in regions of the

{
core where the fuel first enters the gaps (entrance region).

i The concern with the existence of steel melt layers is that they may
|

cause the proter.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 rved behavior of a growing freeze layer on a melting (or fluid)
t

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'

i in which the " underlying" fluid is air. In fact, a stream of molten UO2
flowing over the lip of a tungsten crucible into a helium atmosphere was
observed to form a tube of solid UO through which the remaining UO2 was

2j
forced to flow (Ref. D-4). Thus, flowing fuel will ignore the presence of the
surrounding steel melt and grow its own channel wall (similar to the lava
pipes f amil' ar to the geologist (Ref. D-5) . This conclusion also is confirmedit

| by an experimental study in which hot Freon ll2A (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
i 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
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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 inj
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 L 17.0 m/s, some of the melted ice in the form of water
j droplets was entrained by the bulk Freon flow. However, the volume fraction
j 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 pipei

experiments reported in Ref. D-8, the water film produced along the melting
j 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 configurations, it would appear that very little

3

mixing would take place between fuel and melted steel within the simple gap'

geometry.

int a thick-walled
| Recently, measurements of the penetration of UO2

steel tube have been reported (Refs. D-9, D-10) . We present below in somej 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 UO2'

| melts (including the conditions of steel wall melting upon contact with fuel)
|

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 UO, is melted using
neutronic heating in the Annular Core Research Reactor aE Sandia. The UO
meltisthenacceleratedupwardintoa130-emlong,steelfreezingtubewitka
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 variedj

| from 2900 to 3500'C (Ref. D-11). Post-test analysis of cross sections of the
j 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
i

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.
t

! A plausible explanation for the existence of the frozen fuel layer, as
opposed to a long fuel plug that fills the tube cross section is that when the; fuel melt is forced upward into the cold tube the ensuing fuel penetration and

i

freezing process is influenced by the rapid formation of an annular fuel,

j
i

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

|

| QCS760.178BS-D2
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contains a significant number of entrained droplets (fuel) or suspended liquidj
slugs which can be carried upward by the gas flow to the " clean" tube walli
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

4
i fuel-layer configuration is demonstrated below to be compatible with the
j simple conduction-limited freezing mechanism.
1 In the TRAN tests, about 40 g of UO, was rapidly melted; however, onlyi

i about 20 g of UO entered the freezing tuFe (Ref. D-ll). . Vortex motion in the
fuel sample may hve been responsible for the reduced amount of fuel forced

[ upward into the tube. Whatever the mechanism responsible for the limited
the;

quantity of fuel injected into the tube, one could reason as follows:
!

melt first enters the tube as an all liquid advancing flow, with the only.

j gas-melt interface present being that at the flow front. After the 4 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'

i 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 unstablej such that a long finger or bubble of the less dense helium gas penetrates the
UO, melt slug. That is, at any location af ter the helium gas-fuel (lower)

is n t completely expelled orinterface has passed, the heavier molten UO2
|, replaced by the lighter helium gas. A film of molten UO, will adhere to the

tube wall while a tongue or finger of the helium gas of reduced diameterj advances through the tube core established by the portion of the fuel melt
i

|
1 eft 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 the3

:
i 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-
i 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 liquid slug out of the tube as it,

| expands, but leaving behind a residual liquid Freon film on the tube wall. In,

j a series of experiments reported in Ref. D-13, air was used to accelerate
water or water to accelerate mercury through a tube. Interface displacement

measurements clearly indicated that a film of the heavier fluid was lef t-

behind af ter the interface had passed. The explanation for the more dense
fluid being lef t behind is rather straightforward: given an initial tendency
for a residual liquid film of the more dense fluid to be lef t behind in such
slug flow processes, this tendency is enhanced by the effect of the pressure;

The lessgradient acting over the fluids of unequal density (Ref. D-13).
i

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

i instability of a bump (or wave) of small amplitude at an interface between a
!
; heavy fluid and a light fluid when accelerated in the direction of the heavy

fuel and helium gas
fluid. The simple Taylor theory suggests that molten UO2

| QCS760.178B5-D3-
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in the TRAN tests cannot be separated by a stable interface. The experiments |
'

described above (Refs. D-11,D-12) indicate that transient fuel penetration ini

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 seurce is |

!

depleted, we note here that there is more than sufficient time to freeze the
film in place by conduction before any significant film drainage car take,

place. In the TRAN series of experiments the thickness of the frozet. 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 N 100 ms. ' Assuming laminar-'

fuel-film flow we calculate a loss of less than 10% 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
i pattern. Furthermore, we expect that the fuel film is frozen in place by
|

conduction-limited solidification; that is, the TRAN tests provided strong
i

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 cm.

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

The flowing core debris during the melt-out phase of the accident se-
,

i 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

4

steel and solid fuel particulate. The~ presence of molten steel and solid fuel
,

in large quantities will accelerate the freezing rate and increase the frie-*

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 materials are expected to be carried from the
disrupted assemblies into the gaps by the escaping fuel.

! The source of solid fuel particulate is tha unmelted portions of the fuel
|pellets. The unmelted fuel represents at most about 20% of the total fuel;

: within a disrupted assembly. A large fraction of this solid material (= 15%
j volume fraction of total fuel) is located at the bottom of the assembly, away
j from any potential fuel escape opening in the hexcan wall, and is likely to

remain at the bottom owing to its large density ecmpared with that of moltenj
i fuel. The remaining unmelted 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 is anticipated -

|

to be mixed with the molten fuel within a disrupted assembly. The time
interval between the complete melting of cladding and that of fuel ia'such
that most of the cladding is moved out of the core region under the influence
of both sodium vapor stressing and gravity. Thus, the melting fuel begins tc~

i

lose its geometry when only a small portion of molten cladding (N 10%) is
still present in the heated fuel region. Molten steel will also form at the
boundaries of the disrupted assemblies. However, unlike'the residual cladding
films which are " trapped" within the melting rod bundle matrix, the melt films _

that clings to the hexcen 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 an 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-phase 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 alwaya -exceeds the rate of phase
conversion at the channel wall, one would expect the 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 a series of abstracts and government reports, Greene, et al., (Refs.
D-17 through D-20) reported the results of an experimentaf investigation of
the transient solidification of a gas-liquid mi.xture, whils flowing downward
through a vertical tube with a fixed freeze length. Th: liquids used- in this
study were Wood's metal (melting point 74.6*C) and paraffin wax (melting point
54*C) and nitrogen gas served as the lighter phrae. Experiments were per- -

'

formed over a range of gas injection rates (or vuid fraction) and at two-phase ~
Themixture temperatures equal to and above the snidification temperature.

experiments with liquids at their freezing terperatures 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 resultr. 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 mass flow rate with Lincreued asse'

flux could, in a qualitative sense, be attributed to the two-phase friction
multiplier, the corresponding decrease in plugging time is difficult to

rationalize. In the earlier publications by Greene, et al., (Refa. 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

- rtheir experimental results that the rate of solidification may be sevaral .

times faster for the two-phase case than for the single-phase case. However,
QCS760.178BS-D5
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| ~~ ' the solidification of a two-phase structure (solid plus gas) was refuted in a j

j inter report (Ref. D-20), as this process was not indicated by post-test
observaticos of the frozen material.'

1 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-nitrogen3

'

gas mixture. A planar test section on which ice crusts were grown was ver-
4_
! tically suspended in a pool of water contained within a lucite bubble column

of square cross section. Nitrogen gas bubbles were formed at a perforatedj
' plate located at the bottom of the column. A lateral-traversing thermocouplei
probe was used to measure the instantaneous ice crust thickness as a functiond

of time. Different water pool temperatures were studied, corresponding to
saturated (O'C).and superheated (> O'C) conditions. The experiments covered a

; range of void fractions from 0 to 90%. The following conclusions may be made~

i from these experiments. For void fractions up to 90%, the presence of a
|

discontinuous gas phase in a suturated flowing liquid does not affect the
L freezing of the liquid. The crust surface remains smooth and the void in the i

Q two-phase mixture is not trapped in the crust in agreement with the results
reports in Ref. D-20. The effect of liquid 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

; .

|
avidence of entrapment of the void. In both cases, the crust growth behavior
can 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-i

tions regarding the rate of solidification are not in conformity with the
gas-induced decrease in solidification time proposed in Refs. D-17 through)

;
s D-20.
1

I Eff act of Liquid Superheat

!
'

' The fuel temperature is 3100 - 3200*C in the tuemblies, and decreases|
~ ' alen'h the flow direction, ultimately to the liquidus point. The heat transfer ;

j coefficient, h , can be calculated using the forced convection part of Chen's
f

correlation.

g f (1 - a) u D 0.8k p
Pr .4 (1)0

h' = 0.023 UhN t
U

|
The molten fuel flow velocity is high initially and then decreases with

I
' increased penet:n ion distance. Based on typical gap flow conditions with a "2

0.5, the heat transfer coefficient is calculated to be approximately 5 w/cm2
- K on the average. Based on the average heat transfer coefficient, 5 w/cm*

the thickness of fuel crust on the steel wall initially at 800*C is*
j -K,

calculated for various' fuel temperatures as shown in Fig. D-1.
i
:

!
It can be seen that the fuel crust thickness is reduced substantially

,

| when the fuel temperature is ,above the liquidus. At above-liquidus fuel
temperatures, the crust thicknesq growth is rapid initially, and then levelsk'

'

off, or eran gets reversed before the gaps are pingged (original gap = .47
| cm). . Ernely, the gaps would not be plugged at all if the fuel temperature is'

as hiib a 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,

i crust thickness in the 30-40 cm distance would level off at approximately 0.3
) em (see Fig. D-1); the gaps (4. - 5. ma) 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
I gap flow can be obtained by using a closed-form solution developed in Ref.
j D-U for the case where the fuel is at its liquidus temperature. This closed- :

form solution is applied to the flow beyond the 30-40 cm distance with the
i

i 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
1 2 4/11[v h7/11gp9f X

f
- = 0.0851 j 1 f (2)p

i

(A a,) (pv/D
! h
i
a

! X = fuel penetration distance.
p*

D = gap initial hydraulic diameter,
; h

! p = molten fuel density times (1 - a),

f C, = total wetted perimeter for outward gap flow,

f f = kinematic viscosity of molten fuel,v

! A = growth constant (Ref. D-22),
:

j a, = thermal diffusivity of frozen fuel,
I 6P = driving pressure differential.

0.005 cm /sec, A =
=Ob064cm/sec,and6P=1bar.= 0.8 cm (EOC-4 value), p = 4.3 g/cm , v[ne=tration distance is! Using D 2 The fuel p

i 0.93, a
j calculaEed to be % 250 cm (the additional 30-40 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 (N 80 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
|
' is 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
;

i by pluggiag 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
j the growth of a stable frozen layer at the channel wall. The results of some3

~ QCS760.178B5-D8
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experiments on UO, (thermite) fuel flow and freezing in subassembly structure,
| however, are not Eonsistent with conduction-controlled freezing behavior. The

'

conduction model predicts as much as an order of magnitude longer penetration
distance then that abserved in many of the thermite freezing tests. It has :

been concluded from these tests that UO, flowing over steel may behave in a
manner that prevents the formation of a stable frozen UO, layer at the channel
wall and, thereforei UO7 penetration (or freezing) is cAtrolled by turbulent
heat transport from theTuel front to the channel vall (" 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 loss to the
channel wall. Assuming that turbulent heat loss within the complex " tumbling"
flow pattern that must exist in the vicinity of the fuel front is well repre-
sented by Reynold's analogy, the penetration X of fuel limited by bulk

3solidification is readily shown to be given by D h4.

D hfg/c + (T, - T ,p)1 h (3)X =YT T -Tp o w,

where f is the dimensionless coefficient of friction (f = 0.005), D is theh
hydraulic diameter of the channel, h,g and c are the latent heat of fusion and
the heat capacity of the flowing fud respectively, T and T are the fuel
temperature at the channel entrance and the fuel selfing tem %Erature respec-
tively, and T is the temperature of the channel wall. Within the context of
bulk freezing" theory, it is assumed that T is equal to the melting tempera-I

tureofthesteelchannelwall(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 15% of the BOC coIe fuel inventory and 10% 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 UO in Gaps
2

| The gaps between assemblies are interconnected and are filled with liquid
sodium during normal operation. A small leakage flow from the inlet module is
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
1s 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,

QCS760.178B5-D9;
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head. The total area of the most restricted flow paths bgtween the inter-
stitici gaps and the upper plenum is roughly A 600 cm with most of the
area provided in the radial blanket / shield regf k =

i

j'

,

In the initiating phase analysis, liquid sodium in the gaps is treated as:

i e heat sink by increasing the thermal mass of the hexcan wsils. At termina-
j 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 inj

| the core region. Therefore, the interassembly gaps are considered to be
voided in the cose region at initiation of the present melt-out phase analy-
sis. However, the gaps below and outside the core region 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

This con-
! interaction pressurization to retard fuel removal from the core.
!

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 of4

magnitude'

.

; C
b)

0 ACLP " #a CLPN

! (C = 5.0) , p is the
l where C is the effective drag or loss coefficientisthesodiumflowvelocitytNfoughthe11density of liquid sodium, and u!

Assumingfuelcrustsofkk}dantaneousuniformthicknessareleftbehindj ACLP.
on the walls of the interassembly gaps penetrated by the fuel (conduction

!

model), the pressure drop over the instantaneous fuel length X can be shown toi

be given by
;

(5)
0 Egap " UO geP

2
i
1

where f is the friction factor for turbulent channel flow (f = 0.005), pis the gap half width (radius), R is tYe' is;

the density of molten fuel, R'

instantaneous " radial" locatioti of the fuel crust-melt interface (measured
from the channel centerline), and u is the instantaneous fuel flow velocity.

'

geP
| in the gap.
1

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

i

" gap core " "ACLP ^ACLPA

| .where A is the gas cross-sectional area through which the fuel passes as
i it leavEE#fhe active core region. Eliminating u in Eq. (4) in favor of

u via Eq. (6), adding the result to Eq. (5), solving for u = dX/dt
' geP

wE*|et
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Since the fuel crust thickness, R - R, is related to time t through the

familiar conduction-theory result
L

} (}R, - R = 2A(aUO
2

where a,,m is the thermal diffusivity of the fuel and A is the fuel crust
growth EJdstant (A = 0.9), Eq. (7) can be transformed to

B(1 - R/R,) (R/R,)dX

E~~'X #a [^ core \ IRNC

P A
- UO ACLP /-

2

where B is defined as

0 (10)BE -

2 A a, UO
2

The final fuel penetration length X is obtained by numerically integrating
EEq. (9) in the negative R-direction from R = R (open gap) when X = 0 to R = 0

(closed gap) when X = X .p

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,
A in Fig. D-2. She results shown are based on total fuel driving pres-

,

s6N*AP = 1 bar and a channel half-width R = 0.2 cm. The dashed curve in the
figure corresponds to the fuel penetratio8 length in the absence of liqujd
sodium. We note from the figure that even for A as large as 4000 cm ,
which is just about the maximum possible cross-se#Wonal area for fuel escapec
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

inpenetration length is rather insensitive to the sodium impedance is that
the conduction mode of frging the penetration length is a weak function of
the pressure drop (X % AP ). Interestingly enough, since the penetration
length based on the Eulk 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.

QCS760.178B5-Dil
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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 drawn out and discussed relative to sodium re-entry in
the CRBR safety evaluation.

The volatility of saturated or subcooled liquid sodium subjected to an
oncoming stream of pure steel vapor is readily demonstrated by considering the
thermal response of the surface of the liquid sodium. Immediately following
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
liquid, 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 T This kinetically controlled " preheating period" is.

bestimated to b/ bY = 0.01 usec duration and leaves a steel condensate layer of
4 0.1 p 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 lies bekow the boiling

g
temperature of liquid sodium, T the steel condensation process will
continue on the cold liquid sodit!@'E8r, face af ter the transition from kinetic-
elly controlled to conduction controlled condensation is made. This condition
would result in the rapid depressurization of the steel vapor region and

Alternatively, if T T the liquidsodium re-entry into the core.
steel condensate ka>yerbyd1 reach its

! sodium just behind the thickening

! boiling point during the preh-sting period, become slightly superheated and
l burst the steel layer. At this point in time sodium vaporization will begin

| and " fill" the void lef t by the condensing steel (see below) .
1

In order to determine T , we consider the problem in which the region x
> 0 initially contains liqufd sodium at temperature T . The region x < 0
initially contains steel vapor at its boiling temperatu,re T Condensa-.

btion of the steel vapor starts at the plane x = 0 and moves gsh hf t hto
the steel vapor region. An approximate solution for the interface temperature
T, can be obtained by neglecting the transient term in solving the conduction
equation in the steel condensate layer, so that the temperature distribution
T * in this region is approximately that corresponding to steady state, that
iI

(*) (1)T,, = Tg + xC - Tbp,ssg

where x = - 6(t) is the surface of separation of the vapor and liquid steel
hP ases. QCS760.178B5-El
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We impose the energy balance which equates the instantaneous latent heat
I

of steel condensation to the conductive heat loss to the steel condensate
layer:

f
d5 se

|b "~
#ss es dt as( ax --6

1

where p ,L and k are the liquid density, latent heat of condensation,
and liq 8fd td/rmal coE8uctivity of steel, respectively. Heat flux continuity
at x = 0 requires that

6T ba( i o}
~

T,, Na

ax / x=0 " ba\ ax / x=0 gua,t
"~

ss
y

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 Eqs. (2) and (3), the fol-
lowing system of equations is obtained.

bp , ss) (4)ss(Tg -

,_,

bp,ss) ba i o (5)k,,(T1 -T ~

=-

"Na*

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

,

* (1 + 4 A) !T -T -1| g o
2AT - T,bp,ss

,

! where

i

| _ 2,I ##}Na , #ss( bp,ss
~

o (7)
w (kpc),, L,,-

Equation (7) is valid for thick thermal boundary layers in the condensate
-T << l.0. Fortunately, for

layer or, equivalently, when csteel-sodium system treat 88(ThN4*Ihisk)ne/Lq$Ility is always satisfied.the
i Moreover, the parameter A is also a sell 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.d

QCS760.178B5-E2
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.

T -T
= 1 - A' (8)'

T -T
|

bp,ss o

Using Eq. (8), it is of interest to calculate the temperature T that would4
: result from the filmwise condensation of steel vapor onto a liquid sodium'

surface at T = 500*.C (subcooling = 400'C) . For this system A = 0.07 and fromi

Eq. (8) we 8 stimate T = 2640'C. Not only does the interface temperature
exceed the sodium boilkng point (N 900*C) but it exceeds its critical tempera-

;

ture (s 2784*C) gs well. It is clear that under these conditions the forego-
;

:
ing analysis is inapplicable and that steel condensation without sodium

! vaporization is impossible.

It is interesting to note that sustained sodium vaporization in nearly
pure steel vapor is also impossible. To demonstrate this let us suppose that
liquid 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 t interface):

)P = P,, + Psat,Na( i}

f is the partial pressure of
where P is the total pressure and is constant, P [artial pressure of sodiumsteel vapor and P T is the equilibrium *

|
vapor and is stric!fy'!"(fuk)etion of the interface (sodium surface) tempera-

|

i ture. We now ask the following question: How low can the liquid sodium
surface temperature be before sustained sodium vaporization becomes impossi--

? ble? This threshold temperature, T*, should be the dew point temperature for
steel vapor at the liquid sodium surface, defined by the condition P (Ty)
=P where subscript sat,ss refers to the equilibrium partial presN'Ior

.

,

stelf vapor. If the steel vapor pressure at the sodium surface exceeds'

P condensation of vapor on the liquid sodium surface will occur and
j sS8Idm" vaporization must terminate. This reasoning leads to an implicit
,

relationbetweenTy,andthesystempressure*:I

( }sat,ss($)+ sat,Na($)"P

4

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
4

i 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

,

* he essential difference between a two-component and a one-component systemT
is 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.

{ QCS760.178BS-E3
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upon the sodium surface will occur. The condensed steel will probably form
" steel 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 liquid surface. If the frost layer is sufficient- |
J

ly 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.

L

Regardless 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 refults in a vapor volume increase at constant3
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. In summary sodium re-entry
into the core by rapid steel vapor depressurization is prevented by sodium
vaporization.

(
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I., Question CS760.178D8,

I What is your estimate of the force required to produce a mechanically
induced relief path via upper internals structures displacement?

4,

'

| Response

Forces of structural significance 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 design base (SMBDB) is presented in detail in Ref.

i In summary, an extreme core temperature condition was chosenQCS760.178D8-1.
to both provide a substantial margin for the expected nonenergetic outcome of

,

j an HCDA, and to accommodate a large degree of uncertainty and conservatism
! (including potential work augmentation by sodium) for generic HCDA conse-
,

Included in the approach was the selection of a fuel 1sentropicquences.
expansion calculation for the thermal-to-sechanical energy conversion process.

,

j
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
f

| 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.
'

i
Based upon a finite element analysis (ANSYS computer program) of the UISi

| support columns anf a failure moge due to plastic hinging, an estimated static
j force of 2.90 x 10 N (6.52 x 10 lbf) would be required to cause buckling and

collapse of all four columns, producing a relief path via significant UIS
| The following assumptions were made in obtaining this force:displacement.j (1) a column temperature of 538'C (1000*F), (2) average column dimensions of

30.5 cm ig and f.54 cm (1 in.) wall thickness, (3) a typical yield stress of
;

j 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 lif ted up against the bottom of the UIS byj

For this assumed configuration, the required pres-,

| a uniform core pressure.

i
sure is calculated to be approximately 91 atm.

The ANSYS model utilizes plastic pipe elements for the support columns
i
! 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 versas
This result utilized a minimum yield stress of 1.17 x

vegtica{ displacement.and resulted in a maximum axial load of 2.32 x 10 N where column
7'

10 N/m
buckling occurred. Assuming a maximum value for the yield stress (Ref.s

7

| QCS760.178D8-3), a maximum axial load of 5.03 x 10 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

j (Ref. QCS760.17SD8-1) for strains below 0.10.
Hence, a force of approximately

! QCS760.178D8-1
|
i

i
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2.7 x 10 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 SMBDB core thermal conditiens envelope a very large
range of uncertainty and conservatism in evaluating core behavior are pre-
sented in Ref. QCS760.178D-1. In addition, the choice of a cere 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.
'
a

;. Studies, both experimental and analytical, have shown that non-isentropic
hydrodynamic and heat transfer processes play a net mitigating role. The
combined ef fect 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.

| 2. Non-uniform bubble expansion.

3. Hydrodynamic effects of the UIS.
4. Heat transfer to sodium..

.

5. 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

4

_

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
j 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

i exponential function of the temperature and steep, local temperature
gradients exist in the core, self-mixing has the effect of reducing
the core pressurization, and therefore the mechanical loading on the

1
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
1

for CRBRP. An analytical study did estimate the effect as a 15% to
i
j 35% reduction of isentropic potential due to axial or combined
! axial-radial self-mixing in the homogeneous core (Ref. QCS760.

178D8-4).

j 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,

QCS760.178D8-3
.
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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 accelerstion, and therefore in the

l subsequent sodium slug impact on the vessel head. Also, vortexing

j occurs at the bubble / pool interface, which is dissipative.

| The mitigating effects of non-uniform expansion were verified
i experimentally in Purdue University and SRI International nitrogen
j expansion tests (Refs. QCS760.178D8-5 and -6) . These tests employed

simple ' caled-down models of the CRBRP vessel. The high pressures

|
nitrogen was initially at room temperature. It was released into a
water pool containing no structures at the start of the test. Bothi

,

tests confiracd that the expansion work was substantially less
(30%-40%) than the isentro pic value. The reduction is attributed'

i primarily to non-uniform ecpansion of the nitrogen, and to the
compression of the cover tas. The non-uniformity in the bubble

j expansion for the CRBRP would be even greater due to the pressure
| gradients existing in the core, whereas the nitrogen expansion tests
j started with a uniform pressure of the nitrogen source.
!

]
Analysis of the Purdue tests using straightforward analytical

i models derived from basic hydrodynamic principles - (Ref. QCS760.
178D8-5) showed good predictability of the test results, and veri-

i fled 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.-

1
3. Hydrodynamic Effects of UIS: The presence of the UIS alters the-

expansion of the bubble hydrodynamically by: (a) laterally di-'

I 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'

j energy without contributing to the acceleration of 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 thei

UIS is absent, such that the impact loading on the vessel head is'

reduced.

| The hydrodynamic effects of the UIS have been experimentally

f
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 50% reduction for CRBRP geometries.

I

l 4. 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

QCS760.178D8-4
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1 interaction between fuel and sodium produces a mitigating factor;
the cooling of the fuel due to net heat loss to seidium, and an;

augmenting factor; the vaporization of liquid sodium which increases
the bubble pressure. The trade-off between the two factors is
dependent on the relative masses of the sodium and fuel, the fuel;

;

j temperature, and the compliant space available for component separa-
tion. As discussed in Ref. QCS760.178D8-9, Section 8.2.6, the pre-
ponderance of experimental evidence supports a benign or mitigating

j role for the sodium. Two contact modes of importance are the

|
ejectiog of fuel from rods into sodium within fuel assembly geome-
try, and the entrainment of sodium into an expanding fuel bubble in

1

I the upper vessel sodium pool.
a

The highest fuel energy tests relevant to the first mode were
| the TREAT S-ll, S-12 and Sandia PBE series, of which PBE-5S and -95
|
i have been reviewed in additional detail. As discussed in the above
j reference, care must be used when interpreting energy conversion

Ofefficiencies in these limited compliance volume autoclave tests.
{ the above tests, only PBE-9S reported a significant pressurization
| event after piston stoppage (i.e. , constant volume system), which

interpreted by some as a pressure wave induced fragmentationwas
> FCI. However, the interpretation, stated in Ref. QCS760.178D8-9, is
!

that the pressurization resulted from the constant volume enforced
! sixing and heating.
i Some comparisons will help to illustrate this point. The

specific sodium mass (defined as the mass of sodium per fuel mass)j which is a measure of overall quenching potential has a value of 5
! and 0.1 for tests S-ll 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 thea
j
,

hot liquid fuel. The S-ll and PBE-95 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
i

i
CRBRP, an extremely constrained environment which strongly affects

i the potential for system pressurization. The more compliant S-11
experiment conditions, which are much closer to the CRBRP, resulted

;

in substantially reduced work potential.
j

Based upon both simulant and real materials experiments wherein
! thermite produced high temperature fuel was injected into sodium
j pools (Ref. QCS760.178D8-10) no augmentation of fuel isentropic work

]
potential is expected by sodium entrEinment 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 UlS and above-core structure will
have a substantial mitigation effect on the core work potential due

i
i

to the net energy loss from the fuel and its synergistic effect on
! fuel self-mixing in the core. However, the non-isentropic mitiga-

1
tion role of the heat transfer mechanisms is currently less amenable

I
to quantify and substantiate as compared to the hydrodynamic effects
for the CRBRP. QC3760.178D8-5:

i

l
i
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In summary, non-isentropic processes during the post-disassembly expansion
; will produce a substantial reduction in the work energy from the isentropic !

'

| valus. Although a potential has been indicated for sodium to augment the fuel
expansion work, it would be outweighed by the many demonstrated mitigation

i

| processes and be enveloped by the Project selection of an isentropic process.
The net reduction is conservatively estimated to be at least 35% to 70%, based1

on only consideration of major contributing processes which can reasonably be
,

quantified by analysis and/or experiments. Hence, the SMBDB specified forces'

1 on the UIS and other primary heat transport system components are considered
appropriately conservative.

.
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Ouestion CS760.179

Dimensioned design layout drawings are required by the staf f and its
consultants to provide an accurate basis 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 shield assemblies;
'

) -

| b) the upper Internal structure and al| Its components;
i

c) the core support plate and ali Its components;

j d) the reactor vessel inlet plenum, including the inlet piping and core
support cone;

e) the core barrel, the core formal rings, the fixed radial shielding, the
horizontal bef fle, the f uel transfer and storage assembly (FT&SA) the'

bypass flow modules, the reactor vessel thornal liner, 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 rencor vessel thermal liner, the gas intrainment

,

suppressor plate, the thermal and radiological shielding plates, the upper
internal structure (UIS) Jacking mechanisms, the liquid level monitor
plugs, the vessel flange, the riser assemblies (Inner and outer for all'

plugs), the riser dip seals, the riser elastomer seals, any component ors

structure conneted to the reactor closure head, and all penetrations-

thereof.,

Response

The requested design layout drawings have bed supplied under separate cover in
Reference QCS760.179-1.

| References

QCS760.179-1. Letter HQ:S:82:085, J. Longenecker (DOE) to P. Check (NRC),
" Transmittal of Information", dated August 20, 1982.

QCS760.179-1
Amend. 71
Sept. 1982
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LIST DF DRAWINGS PROVIDED IN RESPDNSE TD QUESTlDN CS760.179
)

.

DrawIna No. h Title

) 138J501 4 Upper Control Rod Drive Mechanism Design Layout
| 138J502 4 Lowor Controf Rod Driye MachanIam Design Lsyout

138J503 4 Lower Control Rod Drive Design Layout
'

.
,

273R225 17 Secondary Controf Rod System Design Lsyout
|

766J611 12 Primary Heat Transport System Design Layout
3

1 766J613 44 Reactor Closure Head Small Rotating Plug
766J614 78 Reactor Closure Head intermediate Rotating Plug
766J615 77 Reactor Closure Head Large Rotating Plug
766J616 22 Reactor Closure Head Arrangement

;

. 766J648 15 Upper Internals Structure Design Layout
! 766J653 2 Core Support Structure Module Liner Design Layout

766J662 13 Bypass Flow Module Design Layout
766J667 12 Lower inlet Module Layout
766J681 12 Core Former Structure Design Layout
766J688 12 Primary Control Assembly Design Layout
766J689 11 Radial Blanket Assembly Design Layout

.

! 766J697 9 Fuel Assembly Design Layout
j 766J723 4 Removable Radial Shield Design Layout

| 766J839 3 inner Blanket Assembly Design Layout
i

i 1182E31 78 Reactor Vessel Design Layout
. 1182E55 6 Core Support Structure Design Layout
! 1182E86 4 Fuel Rod Design Layout
;

1183E16 82 Riser Design Layout'

1183E25 5 Radial Blanket Rod Assembly Design Layout
,

i 1184E21 7 Fixed Radial Shield Design Layout
1184E56 13 Horizontal Baf fie Assembly Design Layout'

i

! 1535E45 21 Reactor Closure Head Assembly
|

|
|
!

.

QCS760.179-2
Amend. 71
Sept. 1982

..


