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NRC STAFF REPORT - TMI -2

Achieving and Maintaining Long Term Core Cooling

| INTRODUCTION AND SUMMARY
1.1 Introduction

This NRC staff report addresses acceptability of the proposed method
for long term core cooling of Three Mile Island, Unit 2. The licensee
has proposed* to adopt the B&W recommendation to utilize natural
circulation core cooling in accordance with the “Base Case Summary,"
see Figure 1.1. Other alternative methods of cooling are available,
including high and low pressure injection or recirculation. They do
not offer the same assurance of reliability and fission product contain-
ment as the proposed natural recirculation mode of long term coouling.
The present method of cooling with one reactor coolant pump running is
also preferred over the other alternatives, but it has the uncertainty
of eventual pump and instrument degradation by the environment inside
of containment.

The proposed mode of long term cooling involves a sequence of events
initiated in early April following initial actions to stabilize the
reactor after the accident cn March 28. This sequence is designed to
place both steam generator secondary cooling systems and the reactor
coolant system in a water solid condition for a closed cycle cooling mode,
thus keeping the highly radioactive primary coolant inside containment
while preparations for plant decontamination are completed. For this
preferred mode of operation, B&W has recommended that a feedwater flow

of about 5000 gpm per steam generator be provided. Heat removal to

the ultimate heat sink will be via intermediate heat exchangers,

¥ TSafety Analysis Report for Transition to Natural Circulation,"
transmitted by letter from J. G. Herbein of Metropolitan Edison
Company to Denwood Ross of NRC, April 12, 1979.
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including the condenser for steam generator A in the first few months.
These conditions on the secondary side of the steam generators are
proposed to optimize primary side core flow, core temperature rise,
and average reactor coolant temperature and to result in adequate
natural circulation cooling of the core.

The staff has evaluated the proposed "Base Case Summary" plan and has
considered contingency plans proposed by the licensee. Qur evaluation
has included consideration of various subjects, summarized below in

this Section and discussed at greater length in later Sections, which
might affect natural circulation cooling capability. The staff approves
the licensee's plans with certain conditions as described in this

report and finds that there is no undue risk to public health and

safety in the preferred mode of long term cooling.

On the basis of current understanding of the accident scenario and
available data, the staff reports here on its evaluation of the condition
of the core and the core flow resistance as it might affect ability to
cool the core by natural circulation. The natural circulation cooling
capability of TMI-2 for the estimated core flow resistance and a

variety of other conditions is evaluated and a comparison of the Base
Case and off-nominal plant configurations is presented. The potential
for and effects of natural convection core cooling are addressed, and

the staff recommendations for reactor performance acceptance criteria
upon initiation of natural convection are presented.

Also, a discussion of the short and long term potential for evolution
of noncondensible gas is includad in this report. Based on current
information, it is not expected that quantities of gas large enough to
affect natural circulation cooling capability will form at the expected
operating conditions, as explained in this report.

The staff has also addressed other potential questions regarding long
term cooling in any mode such as boron precipitation, and boron dilution



and recriticality, and has reviewed the proposed contingency alterna-
tives in the event of a loss of natural circulation cooling.

The planned hardware modifications in the TMI-2 balance of plant for
implementing the long term natural circulation cooling mode have been
evaluated day be day by a team of NRC engineers working closely at the
site with the Licensee and its contractors. The staff has also considered
the process and diagnostic instrumentation requirements associated

with operation in the natural circulation mode. Attachment 2 summarizes
the results of this review effort.

Summary

The staff has performed a safety evaluation of the transition to
natural circulation shutdown cooling of the TMI-2 reactor core. Our
evaluation consisted of a review of the Met Ed/GPU SAR submittal of
April 12, 1979, several telephone conversations with B&W technical
personnel to clarify the technical content of that SAR, and extensive
independent calculations by the staff, national laboratories (PNL,
ORNL, INEL, Sandia) and others. We have concluded that there is a
high probability that natural circulation cooling of the TMI-2 core
can be accomplished using either one or both steam generators in
either the steaming or water solid modes. Criteria to accomplish the
transition and to evaluate the acceptability of natural circulation
cooling performance using orly instrumentation which is expected to
remain functional for the long term have been defined. Alternative
cooling modes have also been considered for the unlikely event that
natural circulation cooling fails.

The staff evaluation has considered core conditions ranging from a
normal unblocked core with an average resistance factor (K) of 9.4 to
a core highly blocked (>99%) in the central region by approximately
five feet of debris consisting of fuel and zirconium oxide fragments
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and with 90% blockage in the peripheral regions, which gives an equivalent
average core K of 3760 (96% blockage) or 400 times normal.

Qur best estimate of the core resistance model after considering both
flow and thermocouple data can be represented by an average core K of
1810 (93% blockage) or 200 times normal. Predicted core flows for
this range of core resistances for the current one pump operating
condition with one steam generator solid and for the minimum natural
circulation condition with one steam generator solid follows.

Average Core One Pump (1bs/sec) *Natural Circulation
Resistance Core Flow Flow (1bs/sec)
Normal 17, 380

Best Estimate 3,610 231

(200 X Normal)

Max imum 3,145¢% 200**

(400 X Normal)

The calculated natural circulation flow rates as a function of core
resistance (K) are linear on a log-log plot. The minimum natural
circulation flow rate of 200 1bs/sec corresponds to an average core
temperature rise of 13.5F at 3 Mwt decay heat level.

It should be noted that the ratio of calculated one pump flow rate to
the calculated natural circulation flow rate for a high core resistance
is approximately 15.7:1 and independent of the high core resistance
considered.

The core AT indicated by individual incore thermocouples during late
April remained approximately constant after a laryge drop in the core
inlet temperature (234F to 175F). Thus, a closed channel enthalpy

rice model provides a reasonable basis for predicting the incore
thermocouple temperatures. Assuming no change in core flow distribution

¥ Based on Core Inlet Temperature = 103°F and 3 Mwt Decay Heat lLevel
** Extrapolated from Table 3 3
t Extrapolated from Figure 2.9
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when the operating pump is tripped, the enthalpy rise in each thermo-
couple channel can be expected to increase by a factor of 15, cor-
responding to the decrease in flow. Predicted equilibrium thermocouple
temperatures 2s a function of decay heat rate on the day the pump

trips are given in Figures 1.2 and 1.3.

The staff has estimated that an incore thermocouple reading of 1000F

is indicative of some core material at 1300F or higher. Due to poor
strength properties of core structural materials at this high temperature
and due to an increasing propensity for additional oxidation of zirconium,
1000F on the incore thermocouples is considered to be an important

limit for effective core cooling. Since up te two thermocouples are
expected to approach this limit in the event of early initiation of
natura) circulation, appropriate precautionary actions are specified

in Table 4.3 for the occurrence of two or three incore temperatures

above 1000F.

A second important limit for acceptable natural circulation cooling is
the prevention of bulk boiling in the core. For operation with two
steam generators, a criterion to maintain 100F or greater subcooling
at the hot leg RTDs is a~ceptable. For one steam generator operation,
low flow or no flow conditicns would best be indicated by incore
thermocouples. The staff recommends that natural circulation cooling
be terminated if the average of incore thermocouple readings exceeds
saturation temperature.

Additional criteria are discussed in Section 4.3.

The staff has also concluded that the alternative operating modes of
high pressure injection or decay heat removal are less desirable and
probably no more efficient than natural circulation cooling. Therefore,
natural circulation should not be terminated prematurely.
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2.0 CORE COOLING
2.1 Assessment of Core Conditions

The staff assessment of the present TMI-2 core geometry is presented
in Attachment 1. It is based upon the preliminary data available from
the plant as of April 13, 1979. An understanding uf core damage is
an important factor in assessing the adequacy of core cooling in the
proposed natural circulation mode, as explained in subsequent sections.
The assessment can be summarized as follows:

The cladding for many or all fuel elements may have ballooned and
ruptured early in the accident. This mode of initial defecting is
probably irrelevant in light of later, more extensive damage by oxidation
and embrittled fracture of many fuel elements.

In the hot upper central region of the core, fuel temperatures probably
exceeded 1750°C releasing large quantities of fission products; radio-
chemical analyses indicate that about 30% of the total core inveatory
of noble gases was released into the primary coolant system. The
1750°C temperature is less than the UD, melting point. Temperatures
sufficient to cause fuel pellet melting (2800°C) were probably not
reached.

It is estimated that about 40% of the Zircaloy cladding reacted with
water. The region of most severe oxidation probably was localized
above the 2 to 6 ft elevation, with more severe oxidation in the
central bundles than in the peripheral bundles. Significant melting

of partly oxidized cladding may also have occurred, ard this material
would have solidified when core cooling was re-established. The
severely oxidized (and perhaps fused) cladding probably fragmented

upon quenching. The resulting fuel element debris is probably composed
of pieces ranging from millimeter size to whole sections of fuel rods.
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The temperature of unfueled components would lag the temperature of
fuel rods by only about 20°F so that they also should have experienced
temperatures above about 1700°C. Consequently, Zircaloy components in
the hot region of the core should have oxidized, and components with
Inconel, stainless steel, and Ag-In-Cd should have melted. Because or
many layers of protective sheathing in the instrument tube the incore
thermocouple tubes have survived even in the damaged corc region,
although the outer sheath of the instrument tube may be badly damaged.

Nearly all of the broken and oxidized fuel element debris should
remain trapped in the upper core region because the fuel assembly end
fittings at the top of the core have a grillage that would act as a
screen. Furthermore, the compaction of fuel debris is limited because
the fuel pellets are fabricated with a packing fraction of about 46%
and the theoretical maximum packing fraction (for a bed of spherical
particles) is only about 63%. It is very likely that fuel debris is
also trapped 1n some mixiny ~ups surrounding the incore thermocouples,
contributing to non-uniform thermocouple readings.

Staff Analysis of Core Cooling

In order to evaluate current core cooling and the planned transition
to natural circulation cooling, calculations were performed by the NRC
staff, and results of calculations performed at Pacific Northwest
Laboratory (PNL), Idaho National Engineering Laboratory (INEL), and
Oak Ridge National Laboratory (ORNL) were discussed with the staff.
The calculations can be summarized as follows:

(1) The staff performed analyses with the computer code Cobra IV to
develop a thermal-hydraulic mode]l of the core based on the core

exit coolant temperature measurements obtained from the post-accident

in-core thermocouples with one reactor coolant pump running.
Pacific Northwest Laboratory performed similar calculations
using Cobra IV and ORNL attempted similar calculations using the
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(3)

(4)

(5)
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SABRE code. The latter calculations are incomplete; however,
preliminary results are consistent with PNL and NRC calculations.

Hand calculations have been performed to further develop the core
model based on the knowledge obtained from temperature and flow
measurements, thermal-hydraulic design data, and COBRA IV
calculations. Considerations in the modeling included:

(a) an agglomerate of fuel particles packed in the mixing cup
surrounding the in-core instrument thimble at the axial core
exit location of the thermocouple.

(b) suspension of fuel particles in a partially fluidized bed
with the present one-pump flow conditions,

(c) accumulation of fuel debris in the bottom of the reactor
vessel.

Analyses are in progress to estimate the kinetics of core damage

by modeling the events that occurred in the course of the accident.
This effort includes hand calculations by the staff to obtain
preliminary estimates based on the transient data and more detailed
computer calculations using IRT at Brookhaven National Laboratory
(BNL) and RELAP4 at INEL.

Calculations were performed at INEL using RELAP4 to evaluate
natural circulation flow with several possible mcdes of steam
generator operation during long term cooling. Natural circulation
test data from Oconee were studied to confirm the calculated flow
rates,

Calculations of the effect of core flow blockage on water flow in
the active and inactive loop have been performed by INEL (using
RELAP), Technology for Energy Corporation (TEC) and by the staff.
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These calculations have been compared with post accident and
startup test measurements of flow in the TMI-2 reactor coolant
system in order to estimate the extent of core flow blockage.

The time history of post-accident thermocouple data from TMI-2

has been examined using a simulation of the damaged core to
evaluate the capability of the model to predict cooling conditions.
The behavior of thermocouple data during the transfer from reactor
coolant pump 1A to pump 2A on April 7 has been interpreted by the
staff to generally confirm the estimated condition of loose fuel
particles suspended in the upper regions of the core. As shown

in Figure 2.1, high thermocoupie readings existed in Region A
prior to tripping pump 1A. After start-up of pump 2A, an improved
flow condition around the core exit thermocouples of Region A was
indicated by decreases of greater than 100F in exit temperature
from several of the instrumented assemblies. At the same time,
core exit temperatures rose on the order of 50F in several sym-
metrically located fuel assemblies in Region B of Figure 2.1.
This cannot be totally explained if the fuel in the upper region
of the core were stationary since the switch in inlet flow distri-
bution would account for a maximum of about 30 percent increase

or decrease in core AT. However, it can be partially explained

by collapse of the fluidized bed during the flow coast down
transient and by a redistribution of fuel particles axially or
radially for the new flow distribution obtained with Pump 2A.

The trends of the thermocouple data both prior and subsequent to
the pump trip also are consistent with this conceptual core

model.

Calculations were performed to determine if the few high thermo-
couple readings that have existed since stable core cooling was
reestablished could be caused by debris in the mixing cup sur-
rounding the thermocouple. For calculational purposes, a spherical
mass was assumed to form around the end of the thermocouple. The
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calculations show that even for the maximum diameter sphere which
fits into the mixing cup, the temperature difference from inside

to outside the sphere is only about 60°F. This is not enough to
explain the high thermocouple readings that have been observed
during the first two weeks following the accident, assuming heat
transfer to subcooled fluid surrounding the mixing cup. Assumptions
used in the calculation are given in Table 2.2.

2.3 Discussion of Staff's Thermal Hydraulic Model

The staff's thermal-hydraulic model consists of a one-eighth core,
coarse mesh COBRA IV model with one radial mesh point per assembly and
13 axial nodes. Flow area reductions were included in the assemblies
which showed the largest temperature difference across the core. The
amount of area reduction was chosen so that the calculated core exit
coolant temperature matched the thermocouple readings taken at 5 PM on
3/30/79. The measured thermocouple readings were corrected for the

bias which was observed at the plant (see Section 2.4, pbelow). When

the thermocouple readings are corrected for such bias, the core tempera-
ture rise in the peripheral assemblies appears to be approximately
consistent with a relatively unblocked core. The measurement uncertainties
for the thermocouples and the resistence temperature detectors in the
coolant loops (RTDs) are so large that the temperature differences
between a normal core and a slightly blocked core would be masked.

The staff model takes account of increased resistance to cross-flow by
greatly reducing the cross-flow areas. The extent of flow area blockage
in the staff model is shown in Figure 2.2. This model has been used

to calculate the core exit coolant temperatures for the period 3/30/79
to 4/10/79 and has also been used to calculate the coolant conditions
under several possible modes of operation for natural circulation.
Figures 2.3 and 2.4 present the calculated and measured core exit
coolant temperatures as a function of time.



2-6

The staff's consultants at Pacific Northwest Laboratory also performed
thermal-hydraulic calculations for the damaged TMI-2 core. The PNL
thermal hydraulic model consists of a coarse mesh, full core model
with 21 radial regions each representing eight or nine fuel assemblies.
The PNL radial modeling is shown in Figure 2.5. The model includes
increased fiow resistance and reduced flow area in the hot regions at
high elevations, as shown in Figure 2.6. As was the case with the
staff calcuiations, it was necessary for PNL to severely restrict
cross flow in order to match the measured core exit coolant tempera-
tures. The area changes and flow resistances shown in Figure 2.6 were
chosen to match the thermocouple readings from 4/7/79.

Both the staff model and the PNL model indicate that extensive blockage
to both axial and radial flow is required to explain the measured
temperatures. In order to infer a core condition from the area reductions
and resistance increases used in the models, we have used the flow and
pressure drop characteristics of various possible flow blockage configura-
tions.

For example, calculations were performed to estimate what type of
particles might be suspended in the core due to upflow from one reactor
coolant pump and to estimate the depth of particulate matter required
to cause the inferred flow blockage (i.e., blockage inferred from
readings of thermocouples above the core).

The average velocity of fluid in the core is estimated to be about 3.5
ft/sec with one pump running and with a normal core geometry. As can
be seen from Figure 2.7, this velocity is high enough to suspend
particles of 0.15 inch, or less, in equivalent diameter. Fuel pellet
cracking, as is known to occur during normal operation, would produce
U0, fragments in a size range that could be be suspended by a 3.5
ft/sec upflow. As fabricated, the pellets are about 0.37 inches in
diameter and approximately 0.5 inches long.



The pressure drop required to fluidize a particulate bed of UO; ranges
from 2.5 psi/ft for 40% porosity to 2 psi/ft for 50% porosity. There-
fore, if the frictional core pressure drop is between one and twelve
psid, a fluidized bed between one-half foot and six foot thick could

be suspended.

The hydraulic resistance of a fluidized bed depends on the porosity of
the bed and the shape of the particles. Therefore a range of shapes

and porosities were considered in calculaiing the resistance coefficient
for the fluidized bed. The porosity was considered to vary from 40%

to 50% and shapes including cylindrical sectors, wedges and parallel-
opipeds were considered. If the pressure drop per foot of bed (psi/ft)
is expressed as

AP _K W
il

c
Where W = mass flow, 1b/sec

A = area occupied by bed of particles, ft2
& = fluid density, 1b/ft3
g. = gravitional constant, ft/sec?

K = resistance coefficient, 1/ft
L = bed length, ft

then the most likely range for the resistance coefficient, K is
37,000 < K < 138,000 for each 12 inches of debris.

In summary, we found that a flow resistance (K-factor) of 37,000 to
138,000 could be produced by each 12 inches of debris, where the
debris consists of fuel and clad fragments ranging down to 1/8 of an
inch in diameter. The flow resistances used by PNL (600,000 and
100,000) would be equivalent to at least 4.3 feet of debris for the
hottest region and between 2.7 feet and 0.7 feet of debris in the
lower temperature regions. The peripheral region is assumed to be



free of a significant amount of debris in the PNL model. The staff
mode] was used to study peripheral regions with two possible configura-
tions, unblocked and 90% blocked. Using a blockage of 90% in the
peripheral region, the total core flow resistance as inferred from the
thermocouple readings is 3760 or 406 times normal.

In order to calculate the core exit temperature readings following the
change to pump 2A on April 7, it was necessary to change the flow
blockage model. Some or all of the observed temperature changes may
have been associated with axial motion of debris; that is, material
that was near the thermocouples (e.g., just under the fuel bundle
upper end fitting) might have settled to a lower elevation. If this
had been the case, then the temperature of the material might not have
been affected when pump 1A tripped; raiher, the temperature at the
thermocouple location might have been lowered as a result of cross
flow from cooler regions. For this reason both the early blockage
model (with pump 1A rurning) and the later blockage model (with pump
2A running) have been used in extrapolating to natural circulation
conditions, as described in Section 4, below.

Figure 2.8 shows a comparison between the temperature behavior predicted
by the later blockage model and the measured thermocouple readings
since the startup of pump 2A. The figure clearly indicates periods of
time during which the readings are changing more rapidly than would be
expected from the changes in decay heat with time. This could be the
result of continuing movement of debris in the region of the hot
assembly (H-8). However, there appears to be a smooth and steady
decrease in the readings from 1600 hours on 4/9/79 until 0800 hours on
4/11/79. This reduction parallels the calculated results and suggests
at least a temporary end to the movement of material near the exit of
assembly H-8. This trend has continued up to the present time.
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2.4 B&W Thermal - Hydraulic Analysis*

A conservative evaluation of core blockage was made by B&W, based on

the use of the core exit thermocouples. Based on the measured temperature
data, the core flow in the current mode with one reactor coolant pump
cperating was estimated to be less than 1 x 10% 1bs/hr. This represents
very nearly total blockage. The comparable calculations by the staff
indicate about 2 x 10% 1bs/hr.

In order to better understand the apparently high core exit thermocouple
readings, B&W performed analyses of the thermocouple data. The chromel-
alumel thermocouples are located in ins. ument thimbles which extend
through the core. The thermocouple junction is within a mixing cup in
the fuel assembly upper end fitting, approximately 9 inches above the
active core. The analysis postulated the presence of fuel accumu-
lation in the upper end fitting and the mixing cup. Fuel debris with

a radius of 3 to 4 inches is needed co produce the highest observed
temperature readings in the early days following the accident when

core temperatures had stabilized (AT = 30Gr from thermocouple to
subcooled coolant externai to the instrument thimble). This amount of
fuel could fit within the upper end fitting, which has an interior
width of seven inches. Debris within the smaller diameter mixing cup
could result only in a small (10F) increase in temperature.

Tests were performed by BaW to determine the etfect on thermocoujle
accuracy of expasing the instrument to 2000F for four hours. Four

test thermocouples read witnin 5% of their caiibration values over a
range of 200F to 1000F after this exposure. Thermocouplie data from
TMI-2 during normal operation were examined for evidence of a systematic
bias. The possibility of de-calibration since the accident was also
evaluated. It was concluded from the results of the thermacouple

tests and evaluations that the temperature readings are generally
accurate, but have a possible +5F bias. Further upward bias of the
thermocouple readings is believed by B&W to be due to fuel debris

¥ Zee Licensee's SAR of 4/12/79, Section 3.7
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packed around the thermocouple. They cite the shift in thermocouple
readings during the switch from pump 1A to pump 2A to further support
the debris theory.

From these studies, B&W concluded that the existance of flow blockage
to reduce the core flow to 1 x 10% 1bs/hr, as can be predicted from
the thermocouple data, was imprcoable.

Rather than a blockage model based on the thermocouple data, B&W
advances another model of core thermal hydraulics. This model applies
the B&W PUMP code to the TMI-Z plant for different reactor coolant

pump configurations and corrects for the pre-accident flow split
measurements. Core resistance was then increased until the calculation
predicted the hot leg, post-accident flows as measured by the two flow —
meters in the present one-pump operating condition. This calculation
results in a prediction of core flow of 13 x 10® 1b/hr and a core
pressure drop of 18 psi for the one-pump operating condition. These
conditions are calculated with an average core flow resistance approxi-
mately 200 times the normal resistance, or a form loss coefficient of
1100 for a single-node core representation or 1650 for separate modeling
of core and bypass. This model thus yields a more optimistic view of
core flow than do the models based on the thermocouple data.

-

BA&W considered the current estimate of material available for core
tlockage to determine if their best estimate core resistance was
feasible. They concluded that 167 cubic feet of debris spread evenly
across the core in a three-fool-thick packed bed would produce a form
loss coefficient of 1700, which is in good agreement with the total

core resistance calculated using the measured flow splits. Therefore,
this is considered to be their best estimate of current core conditions.

The Licensee's submittal of the B&W analysis does not address the
validity of the post-accidenc, one-pump flow data tubes. These tubes
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are located in the hot legs; typical post-accident readings for the
one-pump operation are 24% forward flow in the active loop and 17%
reverse flow in the inactive loop. The staff has been informed in
telephone conversations with B&W engineers that the one-pump flow
measurements, including reverse flow, are accurate to within one
percent. The validity of this information is of primary importance in
evaluating the actual core resistance tha. now exists.

B&W has calculated an unrecoverable core pressure drop of 18 psid for
the present one-pump operation. The pressure drop was determined by
adjusting the core resistance in the hybrid computer code PUMP until
the calculated flow in the hot leg of the loop A matched the measured
flow in the "A" hot leg of TMI-2. The calculation was confirmed by
comparing the reverse flow calculated for loop B with the measured
reverse flow for loop B. B&W claims that measured and calculated
reverse flow agreed very well. Further confirmation of these relatively
large loop flows can be obtained by comparing the post-accident power
input to the pump with its normal power input. The pump is drawing
approximately 10,000 HP or 7 46 Mw with approximately 6.3 Mw of pump
heat input to the water Normal pump heat is 4.5 - 5.0 Mw.

Because B&W's calculated core coolant velocity is low (1.26 ft/sec on
the average) most of the core pressure drop must be due to form loss.
B&W calculated a dimensionless form loss coefficient, K, of 1100 for
the combined core flow and bypass flow, as follows:

2
= K g
c

where AP = core pressure drop in psi

v

core coolant velocity in ft/sec

3
&5 = coolant density in Tbm/ft

9. gravitational constant in ft/sec?
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The measured core pressure drop for four-pump operation under normal
conditions is 14.5 psi. Initially, B&W assumed that 50% of the pressure
drop was due to friction and 50% due to form loss. They thus calculated
a normal form loss coefficient of 5.47 and noted that the form loss
coefficient for the damaged core was approximately 200 times the

normal form loss coefficient. Other form loss coefficients reported

by B&W (1100 and 1650-1700) correspond to the calculated 18 psid
pressure drop acruss the damaged core using different models in the
pressure drop calculation. The K=1100 was for a model which lumped

the core and bypass regions. The K = 1650 -1700 was for a model whch
considered separate core and bypass flow.

B&W provided a parametric study of natural circulation for form loss
coefficients ranging from 18 times normal with 5% bypass to 1000 times
normal with 5% bypass. The best estimate case of 200 times normal
with 30% bypass was also included. They conclude that even with the
most pessimistic form loss coefficient of 1000 times normal, the core
flow during natural circulation is adequate to cool the core.

The staff has evaluated the core and loop flow analysis by B&W. The
measured flow rates in the active and inactive hot legs have been
studied in an attempt to infer core blockage on the basis o7 changes
in these values from those expected in an unblocked core. Calcula-
tions of loop flow rates with various amounts of core blockage hove
been performed by the staff, by INEL and by TEC. Figure 2.9 shows the
calculated changes in loop flow with increasing core blockage. As
discussed above, the measured flow rates in the active and inactive
loops are 24% forward flow and 17% reverse flow, respectively. Table
2.1 presents the measured inactive loop flows on each of three reactor
protection system channels for pump 1A running and for pump 2A runn ng.

These measured inactive loop reverse flow rates of cbout 17% were used
to infer an amount of core blockage by using the infoimation on Figure
2.9. The core flow blockage corresponding to 17% reverse flow in the
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inactive loop is approximately 96%. This is in reasonably good agree-
ment with the results of B&W calculations which indicated that a core
resistance of 200 times normal is required to produce this value of
inactive loop flow; i.e., a core resistance of 200 times normal cor-
responds to approximately 93% core blockage.

Based on measured core pressure drop of 14.5 psid and a calculated
frictional pressure drop of 3.8 psid for normal four-pump operation,
the staff has calculated a normal-core form loss coefficient of 9.4.
Assuming that the reported TMI-2 core pregsure drop of 18 psid is
correct and that the core flow is 13 x 10 1b/hr as estimated by B&W,
the resistance coefficient is 1810 or approximately 200 times normal.
The most optimistic estimate of core conditions is based on the assumption
that the periphera] region of the core is unblocked. This assumption
gives a core frictional pressure drop of 1.5 psid and a core average
flow of 21 x 106 ib/hr; this corresponds to a form loss coefficient of
57.5 or 6.1 times normal. The value of core resistance which is
inferred from the thermocouple readings is 3760 or 400 times normal.

The rarge of core resistance factors for the cases discussed above is
given in Table 2.3. This complete range of core resistances was
considered in the natural circulation calculations reviewed in Section
3, below.

Staff Evaluation of Ccre Cooling

On the basis of the available meas.rements, our own calculations, our
consultants calculations, and B&W's calculations, we have developed

the following conclusion. It is reasonably certain that the central
region of the cor: is severely damaged and almost entirely blocked to
normal coolant flow. This blockage is probably due to a 3 ft to 6 1t
thick layer of fuel and structural debris. The lower elevations in

this central region of the core might be relatively undamaged and
unblocked. The condition of the core peripheral region is more difficult
to evaluate. The core exit thermocouples in the peripheral region




2-14

indicate temperatures approximately 10°F higher than the indicated
cold leg temperature. However, these readings are thought to be
slightly biased as described in Section 2.4. Therefore the AT measure-

ments in the peripieral region are not sufficiently accurate to dist nguish

between unblocked and partially blocked (i.e., up to approximately 90%
blockage). The hot leg venturi flow meter readings have been used by

B&W and by the staff to infer a total core blockage of approximately

95%. This amount of blockage is consistent with the core exit thermo-
couple readings if the center region is more than 99% blocked and the
peripheral region is approximately 90% blocked. This appears to be an
intuitively reasonabie core description and is consistent with or
conservative relative to other core descriptions that have been developed
(Attachment 1). we conclude that the core resistance is in the range

of 200 times normal to 400 times normal. Since the loop flow measurzments
are expected to provide better information on the average core resistance,
we conclude that the best estimate of core resistance is close to the

200 times normal value as calculated based on the measured Toop flows.

The value of core resistance inferred from the thermocouple readings
(i.e., 400 times normal) has also been considered in the bounding
calculations of lccal core temperatures which might occur during

natural circulaticn.
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TABLE 2.1

INACTIVE B LOOP FLOW RATE MEASUREMENTS

April 1, 1979 reactor coolant pump 1A running

Reactor Protective System Channel

A

B

C

D
Average Value

April 9, 1979 reactor coolant pump 2A running

Reactor Protection System Channel

A
B
¢
D

Average Value

Flow Rate

-6850 1b/sec
-6889 1b/sec
-6794 1b/sec

-6844 1b/sec
(16.9% of full)

Flow Rate

-6870 1b/sec
-6844 1b/sec
-6541 1b/sec

6752 1b/sec
(16.7% of full)
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TABLE 2.2

Assumptions Used in The Calculation

of The Spherical Mass

One dimensional conduction
Decay heat = 0.5% of 2772 Mw
Thermal conductivity of U0, = 2 Btu/hr-ft-°F

The ratio of volumetric heat generation to the thermal conductivity
does not vary with porosity.




TABLE 2.3
STAFF CALCULATFD CORE RESISTANCE FACTORS

- AP o AP) (288 W -6 v
Condition Total _g Form v CORE, 1b/Hrx10 ft/sec
1b/Hrx10 (PSID) (core area =
49.17 ft?)
4 Pump 130.1 10.7 9.4 (normal) 120.2 15.47
(Design)
1 Pump -
(Normal) 62.02 9.4 (normal) 39.8 7.38
1 Pump 39.7 18 1810 (200 X normal) 13.0 1.26
B&W Calculated Core AP
1 Pump 40%
Core Blockage - LS 57.5 (6.1 normal) 21 2.04
1 Pump, 95%
Blockage from

TCs - - 3760 (400 X normal) - .
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1 ) 3 4 5 6 7 8 9 10 11 12 13 14 15
292 | 292 T
287 | 2¢8
296 307 | 593 795
289 303 289
— 297
2
5 295 293
e JUZ 287
300 298 i 400
229 287 320 23
— <71 214 285 13
301 %65 A 293 53{
- - o, %77
4 - 316 294
293 372} 32 323 tid 288
zg; 4 30 B
589 = 285
362 74 797
297
755 | 595
288 | ——— 31 B 8
$§o
295 798 1316 383
288 290 2
79% 07
292 300 294
795 | 305 796
594 | 296 290 gg;
;30 i
296 "
297 %32
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
XXX 4/06/79 @ 1000 hrs w/PUMP 1A (Tin = 285F)
XXX 4/07/79 @ 1205 hrs w/PUMP 2A (Tin = 285F)
XXX 4/11/79 @ 0800 hrs w/PUMP 2A (Tin = 280F)

\\AMA\\ A indicates blocked region w/Pump 1A

reeeety

TMI-2 Incore Thermocouple

Figure

" %

B indicates blocked regions w/Pump 2A

Indications of Flow Blockage
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T™I-2 Flow Blockage Model

Based on T/C Readings from 3/30/79

90%
.94

90%
+79

90%
.49

RADIAL RPD 76 Assemblies Blocked
101 Assemblies Unblocked

CONSUMERS POWFR COMPANY
MIDLAND PLANT UNITS 1 & 2
4 EFPD 100-30-100 Design
Transient Power Distribution
at 136 EFPH, 100% FP

Figure 2.2
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ved Area Channels 1, 2, 3, &4, 5, 9, 14, 15, 18, 19, 20,

PNL COBRA IV Model for TMI

Figure

. ]
' ] 2 3
e
D
F 4 5 8
.
H 9 10 11 12 13
T I8S 199
T
M 14 15 16 7 18
. 302°1 312%F
19 20 21
! 4 5 6 7 8 9 10 11 12 13 14 15
Region 1 Channels 8, 10, 16, 17
Region 11 Channels 6, 11
egion 111 Channels 7, 12



2-23
Flow Resistance and Flow Areas
for

PNL COBRA IV Model

Region 1 Region I1 Region I1I
Fitting
K = 500,000 K = 50,000 K = 50,000
———— (rid 8 Area = .43 x |Area = .43 x JArea = .43 x
Nominal Nominal Nominal
K = 50,007 K=25,000 K= 25,000
. Orid 7 Area = .43 x |Area = .43 x |Area = Nomina]
Nowrinal Nominal
K = 50,000 K = 25,000 K = 25,000
Grid 6 Area = .43 x | Area = NominaJArea = Nomina
B e e
Nominal
Grid 4
casmmsssames Grid 3
Grid 2
Fitting
-3

Region 1 Gap Size = 10 in.

Region 11 Gap Size .03 in

Region 111 Gap Size = .03 in.

Figure 2.6
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3.0 Long Term Natural Circulation

Natural circulation flow rates in the reactor coolant system for post-accident
TMI-2 conditions have been calculated by B&W and by the staff's consultants

at INEL for four different plant configurations. The following section
addresses these different modes of natural circulation. The INEL calculations
were performed with RELAP. The B&W calculations are reported in the
Licensee's SAR of April 12, 1979. Each of these models calculates natural
circulation flow by modeling the system volumes and elevations and by
balancing the frictional and elevation pressure drops throughout the

system. The RELAP model used for these calculations is the same model

used by INEL for Loss of Coolant Accident analysis.

3.1 Alternative Steam Generator Configurations

a) One Steam Generator Steaming and One Isolated

Both B&W and INEL calculations indicate that this is the least effective
mode of natural circulation. One B&W calculation has been reported for
this condition; four INEL calculations were performed. Table 3.1 presents
the results of these calculations; they are reasonably consistent. The
Tower flow in the B&W calculation appears to be the result of the higher
value of core resistance that was used.

b, Both Steam Generators Steaming

Table 3.2 presents the results of the B&W and INEL calculations for this
plant configuration. As with the previous case, the results of the B&W
and INEL calculations are reasonably consistent.

c¢) One Steam Generator Water-Solid and One Isolated

This configuration is an expected long term mode of operation while
modifications are being made to the secondary system. The results of the
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B&W and INEL calculations for this configuration are given in Table 3.3;
they are reasonably consistent. The importance of the core flow resistance

can be seen by noting the sensitivity of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>