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Dear Mr, Tiller:

Enclosed 1s a summary report on efght Semiscale Simulations of the Three
Mile Island Unit 2 nuclear power generating station transient. A tota)
‘ of ten simulations of the Three Mile Island transient have been conducted
fn the Semiscale Mod-3 system., The first two tests were upper plenurm
vent tests that were run during the Three Mile Island transient on
March 30 and 31, 1979 and are documented in the reference. The remaining
eight tests are simulations of the sequence of events during the first
few hours of the Three Mile Island transient as understood by the Semiscale
Program. The objectives of the eight simulations were to (a) to gain a
more fundamental understanding of the thermal-hydrauli~ phenomena which
occured in the Three Mile Island reactor and (b) determiine the Semiscale
capability and problems asscciated with conducting exiremely slow loss-
of-coolant accident (LOCA) transients.

The overall thermal-hydraulic trends observed in the Semiscale simulations
were similar to those observed in the TMI data available. For example, the
Cemiscale pressurizer level behavior indicated trends similar to those exhibited
in TMI. Moreover, the Semiscale simulations showed that the pressurizer
Tevel was not an appropriate indication of the system mass inventory: core
uncovery and core heatup occurred in the Semiscale simulations even though
the pressurizer remained 1iquid full. Superheated steam was observed in
the Semiscale system hot legs in the same time frame as was observed

during the Three Mile Island transfent, indicating the core heatup for
Three Mile Island and Semiscale occurred at about the same time. An
estimation of the Three Mile Island core heatup was made using Semiscale
heat transfer data. Results indicate that significant core damage could
have occurred above the 2.9 m elevation during the first few hours of the

. TMI “ransfent.
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SUMMARY

This report presents the results of a preliminary review and
analysis of the data obtained from eight simulations of the Three Mile
Island Unit 2 Nuclear Power Generating Station transient
(March 28, 1979) that have been conducted in the Semiscale Mod-3
System.

The Semiscale simulations of the Three Mile Island (TMI)
transient were basically conducted from the same sequence of events as
those recorded in the plant. System initial conditions representative
of those in the TMI system were established and the transient was
initiated by terminating steam generator feedwater and steam valve
flow. The steam generator secondaries were drained to control primary
to secondary heat transfer. The pressurizer power operated relief
valve, pressu?izer code safety valve, and core power trip were
operated on system pressure. High pressure safety injection was
activated for about one minute during the Semiscale simulations. In
addition, both primary loop coolant pumps were shut off in the
Semiscale simulation at the same time that the Three Mile Island loop
2A pump was shut off. Results are briefly summarized in the following
paragraphs.

During the first few hours of the TMI] transient three periods
were identified with distinct thermal-hydraulic events for each
period. The first period included a rapid pressure transient. The
second period was quasi-steady state with the primary pumps running.
During the third period the pumps were turned off and core heatup
occurred. The Semiscale simulations followed the basic
thermal-hydraulic trends of the TMI transient for all three periods.

Early in time the rapid pressure transient was shown to be
influenced greatly by steam generator heat transfer charccteristics.
Other system controls such as pressurizer and steam generator
secondary side code safety valve openings and core decay power levels
were also shown to influence timing and levels of system pressure

Mmaxima and minima early in time.
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Ouring the second time period voids in the system were increasing
but the system pressure was fairly stable. Pump head degradation was
more severe in Semiscale than it was in TMI but core temperatures
remained low. The pressurizer level response was noted to be
generally similar in trend to the measured plant pressurizer leve!
behavior. Although there were shifts in the timing, the Semiscale
level basically showed filling trends as the transient progressed It
was clearly demonstrated that the pressurizer level was an
inappropriate reflection of system mass inventory when the system was
in a saturated two-phase state.

The third period began when the loop pumps were shut down which
eventually led to core heatup. During this period the core mass
inventory was noted to be decreasing and the cladding temperatures
increasing even though the pressurizer remained 1iquid full. The
cladding heatup rates were somewhat lower than those computed for
adiabatic conditions. The exposed cladding surface heat transfer
coefficients were shown to decrease as the core collapsed water level
decreased. Application of the measured Semiscale heat transfer
coefficients to the Three Mile Island Reactor core indicates that
cladding temperatures in excess of 1500 K could ha= occurred at the
3.2 m elevation. Such temperatures are well into the temperature
range where the Zirconium-water exothermic reaction is a dominant
factor. The calculated results suggest that significant core damage
could have occurred above the 2.9 m elevation in the reactor core.
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I. INTRODUCTION

The occurrence of the Three Mile Island (TMI) Unit 2
Loss-of-Coolant (LOCA) incident has stimulated increased interest in
the simulation, understanding, and calculation of thermal-hydraulic
phenomena associated with extremely slow off-normal transients in
nuclear power generating systems. To assist in the analysis of the
TMI transient, and to investigate the capabilities of the Semiscale
facility with regard to small break simulation, a series of
experiments has been conducted in the Semiscale Mod-3 system. The
experiments were conducted at the request of the United States Nuclear
Regulatory Commission and were based on a test plan taken from the
best available information regarding the sequence of events attendant
to the TMI transient. The objectives of conducting these experiments
were many. However, two main objectives can be cited. These are:
(1) to gain a more fundamenta) understanding of the thermal-hydraulic
phenomena which occurred in the TMI reactor, and (2) to determine the
capability of Semiscale to duplicate the behavior measured in the TMI
plant and to evaluate potential problemec in conducting extremely slow
LOCA transients,

The Semiscale facility is operated by EG&G [daho, Inc., for the
Department of Energy and the United States Nuclear Regulatory
Commission. The facility is essentially a small-scale mode] of a
typical four-loop nuclear reactor system and is used primarily to
provide transient thermal-hydraulic data that can be used to assess
and help develop computer codes used to calculate nuclear reactor
response to large break LOCA's. The system contains most of the
hardware found on large nuclear systems including a vessel, two active
coolant loops with associated pumps and steam generators, and the
associated peripheral systems such as the pressurizer and emergency
core cooling (ECC) subsystems. The vessel includes a full-length
upper plenum and upper head and an external downcomer. A full-length
(3.65 m) electrically heated 25-rod bundle is contained within the
vessel to provide a sim.lation of the nuclear core. The rods in the
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bundle have an axial chopped cosine power distribution similar to “hat
found in nuclear fuel pins at middle-of-1ife. The vessel, loops, and
Core are extensively instrumented in order to provide information on
pressure drop, volumetric flow, momentum flux, fluid density, and
fluid and metal temperatures

Two completely different classes of experiments were conducted by
the Semiscale Program to support analysis of the TMI transient. Two
exper iments were conducted to investigate the behavior of a postulated
noncondensible gas bubble in the vessel upper head and upper plenum
during system depressurization late in the transient, and eight
experiments were conducted to examine the thermal-hydraulics of the
system for the early part of the transient (basically within the first
two hour period). The experiments conducted to investigate the
noncondensible gas behavior are discussed separately in Reference 1.
The remaining eight experiments focused on simulation of the TMI
transient, beginning with feedwater trip and culminating with core
uncovery. The remainder of this report addresses these latter tests
and is divided into five sections Section Il presents a more
detailed description of the Semiscale facility and its associated
hardware and a discussion of the scaling considerations and potential
distortions in the system that may influence the results and their
applicability to the TMI plant transient. Section I1I discusses the
test plan used to conduct the Semiscale simulations and its relevance
to the TMI sequence of events. The significant results of the
numerous exper iments conducted are presented and discussed in
Secticn IV. followed by conclusions and recommendations in Section V.



II. SEMISCALE FACILITY DESCRIPTION

1. SYSTEM HARDWARE

The Semiscale Mod-3 facility is shown in an isometric view in
Figure 1. The system consists of a high pressure vessel with
associated internal hardware: upper head, upper plenum, core region,
and external pipe downcomer. Two primary coolant loops are used to
simulate the four loops in a typical Westinghouse commercial reactor
system (reference plant). One Semiscale loop is scaled from the
reference plant to simulate three circulating loops and the "broken®
loop (also volume scaled) is used to simulate the single loop where a
postulated double-ended break occurs. Both loops contain coolant
circulation pumps and active U-tube in shell steam generators. The
principal difference between the two loops, aside from the total fluid
volume, is the relative elevations of the steam generators. Elevation
relationships are maintained to match the reference plant in the
broken loop whereas they are not maintained in the intact loop.
Elevations of princizal components in the vessel are generally
maintained relative to the reference plant. The upper plenum and
upper head contain the required hardware to represent a Westinghouse
reactor equipped with upper head emergency core coolant injection.

The nuclear fuel rods in a reactor are simulated in the Mod-3
system using electrically heuted rods. Each of the rods have
dimensional and axial power generation characteristics typical of a
nuclear fuel pin. Fiqures 2 and 3 depict the rod radial dimensions
and the axial power generation distribution. The electrical power
suppliéﬂE§0'}he rods is variable so that the power generated by a
nuclear Cope during a given transient experiment can be approximated.
The maximum Semiscale core power is 2 MW.

The Semiscale system 1s extensively instrumented both in the
vessel and loop regions. Measurements taken in the loops generally
include volumetric flow, momentum flux, fluid and meta) temperatures
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pressure, differential pressure, and fluid density. Figure 4 shows
the general measurement locations in the Semiscale loops. The vesse)
measurements include essentially the same type of measuremerts as
included in the loops. The external pipe downcomer is instrumented to
obtain fluid density, metal and fluid temperature, and differential
pressure at several different axial locations. The vessel is
instrumented to obtain fluid temperatures, fluid density, and
differential pressure at several different axial locations along the
length of the heater rod bundle in addition to momentum flux and fluid
density at the core inlet and outlet. The locations of in-core
instrumentation (gamma densitometers and core inlet momentum flux
device) are shown in Figure 5. Fach of the individual heater rods is
instrumented with six thermocouples that are located approximately
0.095 cm beneath the surface of the cladding. The thermocouples are
located at various axial positions along the 3.66 m length of the
rods. A plan view of the core showing the azimuthal (referenced to
intact loop cold leg centerline) and axial (referenced to the bot tom
of the heated length) locations of the thermocouples is shown in
Figure 6. Additional detailed information related to the Semiscale
system design, hardware, and instrumentation can be found in
Raeference 2,

2. HARDWARE CHANGES REQUIRED TO SIMULATE TMI UNIT 2

As mentioned in the previous section, the Semiscale system was
basically volume-scaled from a four-loop Westinghouse reactor design.
In order to improve simulation of the T™MI plant, which is a Babcock
and Wilcox Company (BEW) 2 x 4 design (two hot legs, four coolant
pumps and four cold legs), several significant changes to the Mod-3
hardware and operating procedures were made. These changes iacluded
the following:

(1) Addition of orifices, valves, and instrumentation to
simulate the pressurizer code safety relief valves and the
power operated relief valve (POV).



Fig. 4 Instrumentation in the Semiscale system, ‘
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(2) Addition of piping, check valve, and instrumentation
necessary to represent the B&8W vent valve (connection
between the vessel upper plenum and inlet annulus).

{3) The pressurizer surge line was modified to more closely
simulate the hydraulic resistance, elevations, and point of
connection to the loop hot leg in the TMI plant.

(4) Orifices were removed from the Semiscale intact loop steam
generator and broken loop pump discharge in order to
decrease loop hydraulic resistance so that increased leop
flow rates could be obtained with the existing pumps.

(5) An orifice was installed in the vessel intact loop hot leg
nozzle to achieve identical "top invert" elevations in the
intact and broken loops.

The addition of the valves and instrumentation to the top of the
pressurizer was required to simulate the normal venting capabilities
and safety relief valves found in the B&W plant design. In the
Semiscale system, the POV valve was simulated using an orifice with an
area of 6.567E-3 cm2 that was volume scaled from the B&W plant POV
areq (6,774 Lm?, 1.05 |n.?!. The two pressurizer code safety
relief valves in the BAW pressurizer were simulated in the Semiscale
system using a single orifice with an area of 2.850F-2 cmz.

Additional details relative to the scaliny of the orifices and the
Semiscale hardware confiquration can be found in Appendix A,

The B&W vent valves were simulated in the Semiscale system with a
check valve and the piping required to connect the vessel upper plenum
to the downcomer inlet annu‘us. The vent line hardware and
instrumentation are addressed more fully in Appendix A,

The pressurizer surge line for the B&W plant is attached to a
vertical section of pipe at the inlet side of the steam generator (see
Appendix A for details). The surge line extends below the hot leg of
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(1) transient electrical core power control required to simulate

a nuclear fuel rod,
(2) system external heat losses,
(3) steam generator design and elevation, and
(4) loop pump degradation characteristics.

The transient electrical core power and the technigues used in
its derivation are discussed in detail in Appendix B. The primary
system surface area to fluid volume ratio promotes atypical heat
losses in Semiscale. The core power had to be increased to values
above the scaled decay heat value in order to offset heat losses in
the Semiscale system that are large relative to a PWR. Semiscale
steam generator design differences result in secondary volumes that
are oversized from a scaling standpoint* and, therefore, represent a
heat sink (or source) that is disproportionately large. Steam
generator secondaries were drained to help offset the effect nof basic
differences in the design of the Semiscale steam generators (U-tube in
shell) relative to the TMI steam generators (once through design). In
addition to the oversized secondary volumes in both loops, the steam
generator elevations are significantly distorted (shorter) in the
intact loop relative to the reference plant.

* The Semiscale intact loop stzam generator has a volume to surface
area ratio that is a factor of 2.7 more than the TM] ratio. The
broken loop steam generator volume to surface area is a factor of
5.3 larger than the TMI value.
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ITT. SEQUENCE OF EVENTS AND TEST PLAN

The transient at the TMI-Unit 2 plant was initiated by a loss of
the condensate feed pumps in the steam generator secondary feedwater
system. The loss of these pumps induced the main feedwater pumps to
trip which in turn resulted in an electrical turbine trip and main
steam valve isolation. Loss of turbine and feedwater pumps activated
the auxiliary feedwater syscem pumps which should have started to
refill the steam generator secondaries and thus maintain heat removal
capability in the steam generators. The auxiliary feedwater pump
isolation valves were closed, however, and auxiliary feedwater flow
was not initiated until 8 minutes into the transient. Normally, 1t is
expected that in a loss-of-feedwater transient system overpressure
occurs and the pressurizer power operated relief valve (POV) opens to
maintain safe pressure levels. Generally, a reactor scram does not
occur since auxiliary feedwater and steam bypass flow are adequate to
re-establish full heat removal capability,

In the case of TMI transient, the POV opened but the lack of
auxiliary flow to the steam generators helped promote enough system
overpressure to induce a reactor trip due to high pressure. In the
events that immediately followed, it appears that the pressure may
have continued to increase to a level at which the pressurizer code
safety relief valves opened to dec-ease the system pressure. Current
data is insufficient to establish whecher this occurred. Iiinknown to
the operators at this point in time. the POV had not reseated as it
should have when system pressure subsided. An enyineered safequards
(ES) activation occurred when the system pressure decreased to about
11 MPa (1600 psi) and the high pressure injection system (HPIS)
started to inject water into the system. Activation of the 4PIS in
conjunction with system swell due to lack of steam generator heat
rejection and the open POV resulted in an increase in the pressurizor
level. To stem the increasing level (taken as an indication that the
system was going water solid) the ES signal was bypassed and the HPI

pumps were throttled. In addition, maximum letdown rates were
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ectablished when the pressurizer level continued to increase. This
chain of events, in addition to the fact that the POV remained open
and continued t. discharge mass from the system, eventually led to
loop pump head degradation, core uncovery, and apparently a core
‘‘emperature excursion as evidenced by radiation monitors, superheat in
“he hot legs, and the formation of noicondensible gas bubbles in the
sysctem (presumably from cladding-water reaction).

The scenario for this transient has been prepared based on
discussions with the NRC and B&W. A sequence of events for the
Semiscale simulations was assembled from these sources and is shown in
Table I. Since the Semiscale system does not have closed loop
secondary systems. such events as the loss of condensate pumps and
turbine trip were not simulated. The initiating event in the
Semiscale simulations was the termination of feedwater flow, closure
of the steam exit valves, and initiation of the steam generator
drain. Generally, the experiments were conducted with actuating
svents that were similar to those believed to occur in the TMI plant.
“or example, opening of the POV and core scram were actuated on
pressure setpoints of 15.55 MPa (2255 psig) and 16.24 MPa (2355 psig),
~espectively, which are the TMI setpoints. There are several unknown
aspects relative to the actual TMI plant transient that required a
certain amount of educated speculation in order to complete the
Semiscale test plan, such as the value of the actual HPIS flow rate as
a4 function of time and the leitdown/makeup flow histories. Letdown
flow was not simulated in the Semisca’e experiments. Makeup flow was
simulated to the extent required to account for Semiscale loop pump
ceal leakage rates. The HPIS flow characteristics were generally as
listed in Table I except where noted otherwise.

Several attempts were made to conduct the most appropriate
simulation of the TMI transient in the Semiscale facility. 11 some
cases, the actual sequence of events deviated slightly from that
"isted in Table I because of unplanned actions or required changes due
to results obtained durirng the course of the transient. Table II
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TABLE I .

PLANNED SEQUENCE OF EVENTS FOR SEMISCALE SIMULATIONS OF TMI

5 (approximate)

12 (approximate)

60

120

180

30C
4400

6000

Event

Terminate feedwater, close steam valves,
initiate draining of steam generator secondaries

Open pressurizer power operated relief valve when
hot leg pressure reaches 15.55 MPa (2255 psig).

Turn pressurizer heaters off and set to automatic
control.

Scram core power when hot leg pressure reaches
16.24 MPa (2355 psig).

Steam generator secondary level reduced to
approximately 10% of initial level.

Initiate high pressure injection (HPIS) when hot leg
pressure reaches 11.03 MPa (1600) psig. Flow
rate will be 42 ml/s.

Terminate HPIS flow. ‘
Steam generator secondary should be depleted.

Throttle intact loop pump to decrease core flow to
approximately one-half of original.

Te~minate power to loop pumps. Reinitiate HPIS flow
at a rate of 20.8 ml/s.
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PARAMETERS & COMPONENTS

N S A ————

Feedwater off

POV opening (FB-VENT)

POV close (FB-VENT)

Core power trip (VH-HI - VH-10)

CSV opening (FB-VENT)

CSVY close (FB-VENT)

ISGRV open (PI-SD)

BSGRY open (PB-SD)
I1S& drain complete (Di-SG—LL)iiV
(final Mquid level, m)

856G drain complete (DB-551-554)
(final 11quid Yevel, »'

HPLS on-off (FI-HPIS)

Core uncovery

First fncrease of core tempeature
due to uncovery

.............. e e

TABLE 11

SEQUENCE OF OCCURRENCE (SEC)

— S ——

POV Power Opening Valve
CSy: Core Safety Valve

ISGRY: Intact Loop Steam Genera or Relief Valve

HPIS:
N/A:

High Pressure Injection System
Not Applicable

-------------- . —— . .- ..h;»--—-—._---.ro‘-a--»-«r--.‘----~-“-p-—m———~a - -
S-TMI-3C S~-TM1-3F S$-TMI-36 S-TMI-3H S-TM1-31
0 0 0 0 0
.’. - ._ﬁ— - — — - E— —e. e A . e ———
12.5 7 6.9 8.5 38.2
- r—- - _— Emasna o - — Smem—
8870 Not closed Not closed Not closed Not closed
5 18 20 17 12
e e I ——— S—
Not opened Not opened Not opened Not opened Not opened
N/A N/A N/A N/A N/A
S S i . :
12.5 14 14 1 13.5
T S —— - -
Not opened Not opened opened Not opened Not opened
e —— ReRheT— P — _“"""“r“"“"—’_—“‘q
23.3 25 31 17 13.5
(0.4) (0.35) (2.53) {0.65) (0.92)
66.3 22 25 24 30.1
(0.4) (0.4) (3.2) {0.55) (0.61)
SRR SO, [ 'SP i N, maiindll -
164.9 - 2241 215 - 29)
6039 - 7260 orf ore ore 7078 - 7685.5
TR EHSSI—. S — e
early 635] N/A N/A N/A 6462
 late 7758 T
1 3
7::.’ %33 N/A N/A N/A 6500
BSGRY: Broken Loop Steam Generator Relief Valve
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PARAMETER

B

Pressure (Mpa)

Core power (kW)

Core flow (2/s)

Core differential temperature
(K) (TFI-1 & TFI-12)

Hot leg temperature (K) (TFI-1)
e

Cold Teg temperature (¥) (TFI-17)

*S6 level intact

*SG level broken

{(PL-PRIZE)

(AH-HI L

VH-H1 & L0’

(Fv+1)

laop (m)

loop (m)

*Pressurizer level (m)

-~y

- — e ——— ]

TMI-3A

15.2

2030.0

3.0

10.9

0.53

TABLE 111

INITIAL CONDITIONS FOR SEMISCALE TMI TRANSIENTS

TMI-38

- 2 —

12.2

caey

™I

e~

|

B gy o

-3C

4.74

‘e

0.3

-

TMI-DRIO(E)

15.1

1540.0

15.68

3.0

o ——{

0.82

_— ————

e S —— SS— T ———
T™I-3F T™I-36 TMI-3H ( T™I-31
. SRR ———" S—— - .
14.97 14.89 15.0% 15.1
! —_—:-—
1943.0 1950.0 1950.0 1960.9
—— NI R e St
15.94 15.91 15.89 15.94
(— CHCENIEE—— S
29.3 29.15 29,7 29.9
- — SRS ) —,— ]
594 .5 593.85 594 .4 594.1
= e L SR T =
565.2 564.7 564.7 564.2
- —t—— e —
3.0 3.15 a3 3.0
3.6 3.2 3.6 4.1
—_—— +—tt
0,76 0.72 0.72 0.7%

* The calculations were made from differential pre.-ures.
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IV. DISCUSSION OF RESULTS

The Three Mile Island s nulations in the Semiscale system were
made to gain greater insight into the actual thermal-hydraulic events
that transpired during the first few hours of the Three Mile I5]and
transient. In addition, the Semiscale simulations were used to
determine the capability of the Semiscale system to follow the major
thermal-hydraulic trends of a large scale system during a slow
loss-of-coolant type transient. Specific thermal-hydraulic parameters
that were examined for the Semiscale simulations include system
pressures, core collapsed liquid level, core heater rod temperatures,

steam generator and pressurizer liquid levels, loop fluid temperatures
and loop flow rates.

The thermal-hydraulic events noted in the Semiscale simulations
of the first few hours of the TMI transient can be divided into three
distinct time periods. The first period consisted of a rapid system
pressure transient, core power trip, and pressurizer POV opening
following the steam generator feedwater trip. In the discussion that
follows, special attention is given to the pressurizer water level .i
the various parameters that affect system pressure cduring the early
part of the transient. This first section of the discussion considers
the time period from feedwater trip (time zero) to about 60 s. The
second period incluc:c the time from approximately 60 s until the loop
pumps were shutdown at 6000 s. This period was characterized by quasi
steady-state system behavior during which the pressurizer filled, the
loop pumps gradually _avitated, and the mass inventory in the system
gradually decreased. The third period of interes* in the transient
occurred after the primary loop pumps were shut down and includes
uncovering of the core heater rods, the resultant core heatup, and the
increase in hot leg fluid temperatures in the Semiscale system. Each
of these time periods is discussed more fully in the following
subsections. In addition an estimate of the TMI-? core heatup
transient is made based on Semiscale core heat transfer measurements.
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1. EARLY SYSTEM THERMAL-HYDRAULIC RESPONSE

In this section the early time response of the Semiscale system
and its relation to the T™MI plant response are discussed. Those
conditions in the system that were found to have an influence on ti!.
thermal-hydraulics are delineated.

1.1 Semiscale System Response Relative to TMI Response.

As discussed in the sequence of events section, termination of
steam generator feedwater flow during the TMI transient resulted in a
system pressure transient because of the sudden decrease in heat
removal rate from the system. Several Semiscale experiments were
conducted in an attempt to simulate this pressure transient and
associated thermal-hydraulic events. Figure 7 shows a comparison of
the system pressure from the TMI plant and the result from Semiscale
Test S-TMI-3E. The Semiscale simulation follows the trends of the TMT
transient; however, several events are shifted in time. As indicated
in the figure, the initial Semiscale pressure rise rate is not as high
as the TMI pressure rise rate in the 0 to 8 s time period. The
difference is attr buted primarily to steam generator heat transfer.

team generator design differences batween Semiscale and TMI allow a
higher energy removal rate in Semiscale as discussed in Section I1.3.
The excess heat removal potential effactively limited the rate of
system pressure rise in Semiscale during the first 8 s. At 8 s there
was an unexpected inflection in the Semiscale pressure rise rate when
the POV opened. A simple reduction in rise rate was expected. A
possible reason for the inflection is thiat the POV line geometry
2llowed condensate to collect upstream or the valve. The condensate
could momentarily allow a higher sonic velocity at the valve than
would have existed with steam only flow. The condensate induced
moderd&ion further shifted the Semiscale data relative to ™I.
Another event that caused the Semiscale pressure rise to moderate was
the opening of the relief valve on the secondary side of the steram
generator (intact loop) at about 14 s. The secondary side blowdown
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increased heat transfer between the primary and secondary because of

the secondary side temperature decrease and increased turbulence, In
addition, the Semiscale core scram was actuated about 4 s late in the
Semiscale experiment. By then, the rate of primary system energy

removal by the steam generators was low enough that the system
pressure kept rising.

The pressurizer code safety valves opened and induced the rapid
pressure reduction at approximately 21 s, The code safety valve
rlosed in the Semiscale test at 25 s when the system pressure dropped
below the valve closure setpoint (15.3 MPa). The rate of pressure
reduction in TMI and the Semiscale systems (at 12 s in TMI and 21 s in
Semiscale) was approximately the same. This suggests that the
pressurizer code safety valves may have activated in the TMI
transient. Al] available data sources from the plant indicate that
the pressure did not reach the setpoint required (16.89 MPa) for code
safety valve activation. However, the TMI valve set points could have
been reduced considerably due to “weeping". For “his particular test,
the code safety valve closure contributed to the sudden reduction in
aepressurization rate at 25 s. However, flattening of the pressure
trace also occurred during Semiscale tests .n which the code safety
valve had not actuated primarily due to flashing in the pressurizer as
the pressure fell to the saturation v2l.e where flashing and void
formation in the pressurizer liquid tended to reduce the rate of
pressure decrease. The fact that the prominent TMI prescure slope
change at 18 s occurs 1 MPa below the initial system pressure sugyests
several possibilities: (1) If the code saety valve were opened
initially, it closed below the closure set point. (2) Pressurizer
sprays reduced the saturation pressure. (3) Although the pressurizer
began flashing at the initial pressure, steam generator energy removal
was dominant. As will be shown later, the T™MI average system
temperature decreased much faster after core scram than it did in
Semiscale. The reduction in system temperature allowed the hot leg
pressure (shown in Figure 7) to be less than the pressurizer pressure
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and caused the pressurizer liquid level to fall. A more accurate TMI
pressure curve is needed to determine whether or not the code safety
valve opened*,

Following the knee in the precsure curves, the depressurization
rates for TMI and Semiscale were similar, indicating that the POV exit
mass flux values were similar. « comparison of the measured POV flow
rate and the values predicted by the homogenous equilibrium critica!l
flow model (HEM) for the time period between 25 and 60 s, is shown in
Fioure B. The HEM values were calculated using the measured Semiscale
prissurizer pressure and assuming saturated steam conditions. If the
HEM values are multiplied by a factor of 0.84 the POV flow is
predicted quite adequately. Use of the factor of 0.84 has been found
necessary in previous work relative to large break critical
3). These results suggest that for computer code simulations
of the TMI transient in which the HEM mode! is used to predict the POV
flow, the 0.84 factor should be considered in order to promote an

{
flow'

accurate calculation of the mass inventory and pressure response.

One of the items of interest in the Semiscale simulations was the
pressurizer level response and its relation to the TMI-2 pressurizer
level behavior. Figure 9 shows a comparison of the normalized
pressurizer levels from the TMI-2 plant and one Semiscale simulation.
In both facilities, the levels start to increase at time zero because
of the decrease in secondary heat removal rate and the resultant
increase in bulk temperature (Figure 10) and fluid swell (increase in
fluid specific volume) of the fluid in the system. As c.i be seen
from a comparison of the data in Figures 7, 9, and 10, the pressurizer
levels basically follow the trends in the system pressures and bulk
fluid temperature. Pressurizer level changes are correlated with the
system bulk liquid specific volume changes due to the rise in bulk
temperature. The differences in bulk temperature response between the
two systems are primarily related to the steam generator heat removal

* The TMI pressure data was extracted from 8 minute plots.
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c.oaracteristics. Other Semiscale simulations show that the bulk
temperature and thus the pressurizer level can be controlled by the
steam generator secondary drain rate. The dr: n rate used for the
test shown in Figure 9 was too fast to get i« good match of the TMI
press. ~.zer jevel drop following core scram.

The data comparisons presented so far have shown that the
Semiscale system response to the TMI sequence of events showed trends
similar to the TMI thermal-hydraulics. Al“hough the exact TMI plant
response was not simulated, the Semiscale results demonstrated that
the data could be used to infer and help validate the plant
thermal-hydraulic measurements.

1.2 Conditions Influencing Semiscale System Response

Several Semiscale experiments were conducted to investigate the
effect of system hardware and controls on the early thermal-hydraulic
response. Some of the variations investigated included POV opening
time, steam generator secondarv drain rates and relief valve
actuation, and core decay power after scram. These tests were done in
an effort to help establish whether or not the Semiscale pressurizer
code safety valve had to open in order to simulate the TMI pressure
response,

The influence of the POV valve opening time on the system
pressure response is illustrated in Figure 11. In Test S-TMI-3I, the
opening of the POV was delayed until 40 s to test the hypothesis that,
in the TMI transient, the POV isolation valve was closed (so in effect
there was no mass discharge from the system) until an operator action
at 40 s opened the valve. For Test S-TMI-3F, the POV was opened at
the normal set pressure of 15.51 MPa as is evidenced by the inflection
in pressure oscillation at 9 s. As expected, failure to open the POV
caused a mqre rapid pressure rise and, therefore, core scram at an
earlier poinf ;L'time relative to the case in which the POV was
opened. With the exception of the time shift, the pressure decrease
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that occurred shortly after core scram in each experiment was
relativel ' unaffected by the POV status. The pressure response is
dominated by steam generator heat tran:fer and core scram.

The influence of the steam generator secondary mass inventory on
system pressure is shown in Figure 12. Figure 12 compares a Semiscale
simulation in which there was no draining of the steam generator
secondary to one in which draining was imposed. For both cases shown,
the core power was decreased to zero after core scram. Although the
differences are slight between the two simulations, a 60 kPa/s
difference in the depressurization rate exists after peak pressure is
recorded. The secondary liquid levels shown in Figure 13 reflict the
different mass inventory in each steam generator for each simulation.

In addition to the secondary mass inventcry, actuation of the
secondary side relief valves was noted to have an effect on the
primary system pressure response. Uverpressurization of the secondary
actuates relief valves which in turn causes a secondary pressure
reduction and promotes bniling (high heat transfer rates). The
pressure plateau in the Semiscale simulation shown in Figure :2 for
Test S-TMI-3G is a result of secondary side blowdown. Actuation of
the secondary relief valves would be expected to induce a change in
slope of the primary pressure., This effect can be seen in Figure 14
which shows a comparison ot the system pressure and the intact l-op
steam generator secondary pressure for one of the Semiscale
simulations. The change in slope of the secondary pressure at 14 s is
an indication that the secondary relief valves opened. At
approximately the same time, the primary system pressure rise rate
moderated, reflecting an increase in the secondary heat transfer
rate. The secondary relief actuation caused the point at which the
peak pressure was reached to be shifted in time,

Another parameter that influences the system pressure is the core

power generation rate. Two different experiments were run with
different dechQt values to examine the influence of the decay heat
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used in the Scmiscale tests. In one of the experiments, the core
power followed the basic curve discussed in Appendix B, and in the
other simulation the power was set to zero at scram. The differences
induced in the system pressure response are illustrated in Figure 15.
Ce tinued core heat generation results in a higher pressure and a
pressure change rate that is considerably lower after core scram
relative to the case where the core power was tripped to zero.

The results presented in * is section have shown that the
Semiscale system pressure response during the TMI simulations was
sensitive to several parameters in the system. As expected, the steam
generator heat *ransfer characteristics are an extremely important
factor. The .ystem pressure response was influenced Ly POV opening in
that a shift in the point in time at whicn the peak pressure occurred
resulted when the POV was not opened. The status of the POV did not
strongly influence the system depressurization immediately after core
scram. The closest duplication of the TMI depressurization rate after
scram, was obtained in Semiscale when the pressurizer code safety
valve opened. The complicated interactions between the steam
generator heat transfer and the other system conditions along with tra
lack of detailed TMI data preclude a definitive statement concerning
the status of the safety valves during the TM] transient. In general,
the Semiscale result: have shown that for modeling purposes all of
these effects have to be considered.

2. SECOND PERIOD - QUAS!I STEADY-STATE OPERATION

Foll ,wing the initial pressure transient during the TMI accident
there existed a period of almost two hours in which the primary
coolant pumps remained on with the pressure remaining fairly stable.
During this period the core was in nuclcate boiling and the vessel
liquid levels gradually decreased as shown by the out-of-core neutron
detectors. Discussed in this section are the significant
thermal-hydraulic events that transpired during this period for both
T™I and the Semiscale simulation and include: The pressurizer water
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level, the vessel water level, the formation of voids in the system
and resulting pump cavitation, and critical flow from the pressurizer
valve. This second period ended when the primary coolant pumps were
shut off at 6000 s. As mentioned previously, several "12:; term" TMI
simulations were run in Semiscale. Test S-TMI-3I is a reasonable
representation of the sequence of events that occurred during the
quasi steady-state period in the TMI transient; therefore, the
discussion of this second period is limited to thy, =2st.

2.1 Pressurizer Water [evel

Pressurizer water level is a parameter frequently monitored in
normal reactor operations, and its performance during long transients
is therefore of interest. The primary system mass discharge rate was
low enough that HPIS injection caused the Semiscale pressurizer level
to rise as shown in Figure 16. The Semiscale pressurizer was
discharging steam through the POV at this time at about half the HPIS
injection rate*, HPIS flow caused the Semiscale system pressure to
decrease at a reduced rate, as shown n Figure 17. The net mass flow
into the TMI system caused the pressurizer to rapidly fill which
helped cause a pressure rise. The TMI pressure rise at 360 s, shown
in Figure 18, occurred when the pressurizer filled. The TMI POV
voluretric discharge flow rate dropped significantly when the fluid
velocity in the valve was reduced from the sonic velocity of steam to
the sonic velocity of a boiling liquid. The core exit liquid also
approached the boiling point at this time and contributed to the TMI

pressure rise.

Pressurizer level variations for TMI and Semiscale are
illustrated on Figure 19. The Semiscale pressurizer filled at 1700 s
and remained full. The TMI level dropped back into the range of the

* HPIS was on for only 60 s to determine its influence on system
parameters. A longer injection time was not used because the TMI
HPIS injection history was unknown.
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measurement devices at about 600 s due to both throttling the injected
flow and reducing the average system temperature by turning on
auxilary feedwater flow.

2.2 Upper Plenum Water Level

The Semiscale system uti’izes gamma densitometers at various
levels in the primary vessel to measure axial fluid density
variations. These were used to obtain the position of the water level
as it decreased during the transient. The densitometers showed 2
growing steam bubble at the top of the vessel. Below the steam bubble
and above the hot legs was a decreasing mass of solid 1 id. The
position of the liquid/vapor interface within the vessei .s depictec
in Figure 20. Below the hot legs was a steam-1iquid mixture region.
The average density above the hot legs may have been less in TMI
because steam ~enerated in the core must pass through an interial
vertical baffle before exiting through the hot legs. Semisca.e has an
upper plenum which simulates the Westinghouse UHI design and does not
have a baffled barrel.

2.3 Pump Cavitation and Head Degradation

System mass depletion in Semiscale resulted in void formation
throughout the system including the loop coolant pump inlet. Voids at
the pump inlet cause pump cavitation and head degradation resulting in
a reduction in loop flow. Figure 21 shows the pump inlet void
fraction and the pressure rise across the pump for the Semiscale
simulation. The pump head degraded significantly at a void fraction
of about 20 percent and continued to degrade throughout the
transient. Even though there was void formation and head degradation
during the second time period uf the Semiscale simulation, the _ore
temperatures remained low until after the pum, were turned off.
Comparisor. of normalized loop flow for TMI and Semiscale show that the
Semiscale flows were considerably lower than TMI, as shown in
Figure 22. Either the void formation at the pump inlet was not as
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great in the TMI tranisent and/or the large TMI pumps did not degrade
as much as the small Semiscale pumps. Since there is no loop density
data from TMI it is uncertain whether TM] had lower loop void
fractions than Semiscale. It is expected, however, that large pumps
are effected less by density reductions than are small pumps.

2.4 Critical Flow

Loss of coolant accident codes such as RCLAPd(d) use break flow
models to describe the critical flow (maximum discharge rate) from a
break during an accident. The homogeneous equilibrium model (HEM)
used by RELAP4 describes critical flow in terms of stagnation enthalpy
and pressure. The POV flow rate in Semiscale was estimated using the
pressurizer pressure and vent line fluid temperature from Semiscale
and the HEM model. Figure 23 shows the HEM calculated break flow.
When the pressurizer filled at about 1700 s, there was an increase in
mass flow as the calculated flow changed from saturated steam to
saturated water. Multiplying the HEM break flow by 0.84* produces an
average break flow that is comparable to the average break flow
estimated by system mass balance. The average break flow from the
Semiscale test was estimated by taking the difference between the
initial and final mass in the system over a 6400 s period. The
average flow rate using HEM was found by integrating the computed flow
and dividing by the time period covere: Using these methods, the
average flow rate from HEM was 0.0146 + ;' and the average flow rate
from the mass balance method was 0.012¢ g/s.

In summary, the second period included quasi steady-state system
pressure with a full pressurizer. Voids formed in the system and pump
cavitation resulted. The Semiscale simulation Jemonstrated that HPIS

* The 0.84 multiplier when applied to the HEM model has been found
to ¢ 3gare favorably to break flow data from previous Semiscale
tes v
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injection affects both pressurizer level and system pressure.
Integrating the flow calculated with the HEM model and multiplying by
0.84 agrees with a mass balance on the Semiscale svstem,

3. CORE_UNCOVERY - CORE HEATUP

Following termination of power to the primary pumps at 6000 s, a
period of core uncoveiy and eventual heatup of the core occurred in
both the Semiscale and the TMI systems. Turning off the primary pumps
eventually precipitated an increased core fluid depletion rate that
lead to high temperatures in the core. This section discusses and
compares the significant thermal-hydraulic occi rrences that transpired
after the pumps were turned off for both the Semiscale simulation and
the TMI transient. In addition, TMI core temperatures that could have
been achieved 'uring the heatup period were es*imated using heat
transfer information from the Semiscale simulations and data from the
TMI 1ransient,

Prior to turning off the pumps at 6000 s in the simulation the
liquid inventory in the core “ad beer ¢ ntinually decreasing. This
decrease in liguid inventory was caused by more mass escaping through
the POV valve and let-down system than was being injected into the
primary system. At 6000 ¢ the Semiscale collapsed liouid level (the
level that would exist if no steam was in the water) was near the top
of the core. The pressurizer was nearly full during ihe entire period
of core uncovery even though mass was leaving throuch the POV. Thus,
an equivalent amount of mass was entering the surge lin from the hot
'eg. The most likely source of the mass entering the surge line was
steam produced in the core that eventually condensed in the
pressurizer surge line or the pressurizer. Figure 24 compares the
pressurizer level, core collapsed liquid level and cc-e rod
thermocouple response for the Semiscale simulation. When core power
was terminated at 6830 s (due to high core temperatures) the
pressurizer draired. Figure 24 shows that the core midplane rod
temperature rapidly increased after the water level receded below the
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midplane. The collapsed level is somewhat misleading in that it
represents all the liquid in the core collapsed into a pool referenced
to the bottom of the core and thus does not give information about the
fluid density distribution. The in-core densitometer data from the
Semiscale vessel are compared to the core rod thermocounle resnonses
in Figure 25, indicating a definite fluid density stratification in
the core. At about 650C s the fluid density at the 3.32 m elev-iion
decreases suddenly and similar dramatic decreases for lewer positions
(1.73 m, 1.13 m) in the core occur at later times. The tenperature
for the top rou position begins increasing about 60 s 2 ter the frothy
mixture drops below that level, indicating a certain amount of
entrainment induced cooling above the froth. The midplane
temperature, however, begins increasing immediately after the froth
level drops below the midplane (1.84 m). The slope of the temperature
response at the midplane is much steeper than that at the top of core
because of the higher power density at “he midplaro.

Figure 26 illustrates the progression of the froth front level
[f am the densitowmeter data) and the collapsed liquid level. The
fruth level and collapsed level approach similar values below the
midplane. One reason the froth level collapses after dropping below
the midplane of of the core is the presence of subcooled water in the
lower core does not support the boiling necessary to maintain a froth
level. For core positions above which saturated 1iquid is present,
boiling produces steam that supports a froth level. However, this
saturated region evidently boils off leaving the subcooled pool of
water with a small froth level. As the steaming rate dacreases, the
rate of heat removal in the upper part of the core becomes smaller.
Subcooling in the lower regioin of the Semiscale core is due to system
heat losses in the downcomer. This is illustrated in Figure 27 which
compares the fluid temperatures at various elevations in the downcomer
to the saturation temperature. A definite stratification of fluid
temperature exists with about 10 K subcooling in the lower plenum. If
the TMI lower plenum liquid was less subcooled than in Semiscale. heat
transfer in the core would be higher since the froth level would be
higher. The available TMI graphical data can not be interpreted
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accurately enough to determine the degree of subcooling, however the
subcooling in the TMI cold leg appears to be less than 10 K. Another
reason the froth and collapsed level approach each other is because
the integrated power below the froth level is continually decreasing
resulting in fewer voids.

vhe sudden temperature increase at a particular core rod location
(see Figure 25) is caused by a departure from nucleate boiling to film
boiling. Predicting the time of this departure is a difficult and a
significant challenge to analytical reactor models used to predict
Semiscale or TMI transients. The rapid heatup of any rod position in
the core is expected to be a function of system pressure, power
density at the position, and the relative position of the liquid or
froth level. However, for the Semiscale simulation the rod
t2mperatures consistently increase rapidly at positions above the
collapsed liquid level regardless of the value of other system
variables. This is illustrated in Figure 28, which presents a
comparison of the rod position at the time of temperature rise
(departure from nucleate boiling) versus the collapsed level at that
time for several Semiscale transients. The Semiscale simulations
involved different bundle power lsvels (25 - 120 kW), system pressures
(400 - 1100 psia) and loop hydraulics yet the relationship between the
rod position at the time of temperature rise occurs at about the same
collapsed liguid level for all these simulations. For the bottom
three-fourths of th: core, rod positions at the time of temperature
rise are a linear function of the collapsed liquid level. However,
for the top one-fourth of the core the data is considerably .cattered,
much like bottom up reflood data*. The variation in position of
temperature rise versus collapsed level for the top one-fourth of the
core is probably due to the interaction of entrained fluid with upper
plenum structures.

*  Both Semiscale and Flecht(5) bottom reflood data show a linear
narrow band for a rod position versus quench time cross-plot for

the bottom part of the core and quite a scattered band of data at
the top part of the core,
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The "external-core" detector (NI-1) information from TMI
indicated that shortly after the primary pumps were shut off the
vessel level increased dramatically as shown in Figure 29. When the
pumps were shut off in the Semiscale simulation at about 6000 s, the
resultant loss of flow allowed fluid in the primary side of the ste
generators to drain back into the vessel (supported by steam generator
level measurements and loop densitometers). As a result, the core
liquid level remained fairly stabi- even as the downcomer levél began
decreasing.

An indication of core uncovery and core heatup in TMI is the
observance of superheated fluid temperature in the hot leq. The
superheated fluid could only have come from a core region that had
uncovered and heated up to temperatures above saturation. The
Semiscale simuiation indicated the presence of superheated fluid in
the hot legs at about the same time as occurred for the TMI transient,
as shown in Figure 30. Despite hardware limitations such as heat
losses and sequential variations, Semiscale simulated this most
important event of the TMI transient fairly well. This agreement
between Semiscale and TMI data is probably because the uncovery of the
core and core heatup is principally controlled by mass discharge out
the POV valve.

Core heatup in TMI, as discussed in this report, is intended to
stimulate further thinking about the physical processes that occurred
in the TMI transient and to illustrate what a direct extrapn~lation of
Semiscale data would yield for the TMI peak cladding temper. 2., The
assumptions used in extrapolating Semiscale data to TMI will be
noted. The fact that superheating in the hot legs of both Semiscale
and TMI occurred at about the same time suggests that the general
trends between the two facilities were similar.

Heat transfer coefficients in the core are a function of the core
water Tevel. By assuming that the TMI loops drained to give the same
collapsed water level in the core as in Semiscale, and that at similar
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rod power densities the boiloff rates were the same, the TMI core
water level decrease was calculated. Figure 31 shows the estimated
TMI core collapsed liquid level. At about 8300 s the downcomer leve)
began to increase again, possibly due to increased steam condensation
in the steam generators as the feedwater flow was increased. At
10449 s reactor coolant pump 2B was restarted. The puwp pulled water
out of the loop seal and forced it into the vessel causing core
requenching.

Heat tranzter coefficients for various elevations in the
Semiscale core wire obtained from the rod temperature response and an
inversion calculation. These heat transfer coefficients are plotteE ’
versus collapsed level on Figure 32*. The TMI water level curve shown
on Figure 31 was used with the Semiscale heat transfer coefficient
versus water level data to obtain TMI heat transfer coefficients at
various elevations. Estimated heat tranfer coefficieats for TMI at
four elevations are given in Figure 33. Because of cscillations in
Semiscale of heat transfer coefficients at low values fce the 3.2 m
elcvation, a nominal and a minimum value are given, These estimated
TMI heat transfer coefficients were used in a rod conduction model to
calculate TMI core temperatures. The rod conduction model included
metal-water reaction. Additional assumptions used for the heat up
calculations were that:

(
1. Decay power was 1.0 times the proposed ANS'G) value for
infinite operating time.
2. Metal-water reaction rate was 0.6 times the Baker-Just(7)
rate.

* The oscillation at 1.4 meters resulted when the rod power was
switched to a lower value. The high value was needed to maintain
system pressure and the low value was needed to obtain boil off
rate data at the proper power level,
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3. The axial power shape was as defined by the GRASP code

results from the SPND data taken on the center fuel assembly

in TMI on March 19, 1979. Appendix C gives the GRASP

results and compares the TMI power profiles with Semiscale.

The calculated TM] clad temperatures are shown in Figure 34,
Us ng the estimated heat transfer coefficients and the above
assumptions implies that severe rod damage may have occurred in the
TMI core above the 2.9 m elevation. Elevations below 2.9 m remained
below 1000 K. If the cladding at the 3.2 m elevation did get as hot
as indicated, regions above and below could have suffered adverse
effects due to flow channel blockage. The calculated oxide layer
following cool down, for the lower 3.2 weter elevation calculation

shown on Figure 34, was 40 percent of the initial cladding thickness.

The 3alpha layer underneath Zr02 is also brittle and is similar in
thickness. In addition, oxygen in the UO2 diffuses into the
zircaloy to form a brittle oxygen stabilized alpha layer. Thus the
cladding at the 3.2 m elevation is expected to be completely
embrittled as a minimum. The effects cf eutectic reactions with the
inconel grids were not considered.
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V. CONCLUSIONS AND RECOMMENDAT [ONS

The following conclusions were reached regarding the results of
the Semiscale Three Mile Island simulations:

(1) The overall thermal-hydraulic trends observed in the
Semiscale simulations were similar to those observed in the
TM] data.

(2) Complex interaction between the steam generator secondary
heat transfer, relief valve characteristics, core power
decay and the pressurizer relief valyve characteristics
control the early time period pressure response.,

(3) When modified with a multiplier of 0.84, the homogeneous
equilibrium mode! appears to predict the flow rate through
the Semiscale pressurizer POV reasnnably well,

(4) As expected, the Semiscale loop coolant pumps degraded
significantly earlier than the ™I reactor coolant pumps .

(5) The Semiscale pressurizer level showed trends similar to the
TMI pressurizer level.

(6) Semiscale data showed that when the system was operating in
a saturated two-phase condition, a liquid full pressurizer
indication was not an appropriate indication of core liquid
inventory. Core uncovery and heatup occurred even though
the pressurizer remained full.

(7) Based on the Semiscala results, it would appear that the TMI
pressurizer level instrumentation was 2 valid measurement of
pressurizer liquid inventory for at least the first few
hours of the transient,
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(8) Superheated steam was observed in the Semiscale system hot
legs in the same time frame as was cbserved in the Three
Mile Island Reactor. This result suggests that core heatup
in the TMI reactor occurred shortly after the loop pumps
were shutoff, as occurred in Semiscale.

(9) After core uncovery occurred, the Semiscale core heat
transfer coefficients were corr:2latable to the core
collapsed liquid level.

(10) Assuming applicability of Semiscale core heat transfer data
and assuming that the TMI core mass invento-y was similar to
that in Semiscale, results in calculated TMI cladding
temperatures at the 3.2 m elevation in excess of 1500 K. 1In
fact, the calculated cladding temperatures were high enough
that the exothermic Zirconium-water reaction is important
and severe cladding embrittlement could occur. Positions
below the 2.9 m elevation did not show excessive calculated
temperatures.

(11) Scaling distortions (most notably system heat losses) must
be considered and accounted for when performing slow
transients in the Semiscale facility.

In general, the Semiscale simulations conducte were successful
in terms of representing the general thermal-hydrau ic phenomena
observed in the TMI plant transient. However, several recommendations
can be made with respect to future simulations of slow transient in
the Semiscale Facility.

One of the more significant distortions in the Semiscale system
relative to a large reactor is heat losses to ambient. As was
discussed earlier, this loss was accounted for in the simulations by
increasing the core power above the required decay heat value. This
complicates analysis efforts and is not a suitable long-term solution
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to the heat loss problem. For future slow transients performed in the .
Semiscale system alternatives methods of heat loss reduction need to

be investigated. Viable alternates include system insulation upgrades

and/or the use of electric heat tape in selected portions of the

system.

Steam generator design and secondary surface heat transfer area
per unit volume were found to be important considerations during the
TMI simulations. To achieve proper secondary to primary heat transfer
both manipulation of steam generator secondary levels and improved
designs need to be examined.

In some cases during the TMI simulations, the Semiscale system
fluid leakage rates were of a magnitude comparable to the flow rate
through the pressurizer POV. Generally, the largest contributor to
the system leaks were the loop pump seals, although small leaks also
existed at some of the instrument port penetrations. Currently leaks
are compensated for by makeup pump flow. Technigues for reducing the .
system leakage rates to an absolute minimum need to be reviewed.
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APPENDIX A
SCALING RATIONALE AND HARDWARE CHAMGES FOR THE TMI SIMULATIONS
1. INTRODUCTION

This appendix contains additional information that supplements
the previous discussions on scaling and hardware changes made to the
Semiscale Mod-3 system in order to perform Three Mile Island
simulations. The first part of the appendix discusses the scaling
criteria used to size the pressurizer power operated (POV) and safety
relief valves and the hardware modification< made to the pressurizer,
The second and third parts discuss the hirdware modifications required
to simulate the Babcock and Wilcox (B&W) vent valve and the loop
resistance changes made to allow better simulation of the TMI plant
initial conditions.

2. PRESSURIZER SCALING AND MODIFICATIONS

Several modifications had to be made to the Semiscale pressurizer
in order to better represent the B&W plant hardware. These changes
included adding components to represent the POV valve and the two code
safety valves in addition to the installation of a new pressurizer
surge line.

The scaling philosophy used to size the POV and code safety
valves for the Semiscale simulations was that of attempting to
maintain the ratio of valve full open area to total system liquid
voiume between the two systems. In equation form this can be stated as

(

(1)

)
(V Three Mile Island

-<| >

)Semisca7e

where:

valve area (full open)
total system liquid volume

"
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The resulting values for the Semiscale valve areas using the
above scaling technique are listed in Table A.I. For most of the
simulations conducted in Semiscale, however, the POV area listed in
Table A.T was not used. The area was increased to
6.567 x 10’3 cm2 after initia) experiments showed that the choked
steam flow through the simulated valve was less than it should have
been based on scaling from the quoted steam flow characteristicsA‘l
for the TMI POV valve. The extremeiy small areas listed in Table A.l
made it impossible to actually use valves ir the simulations.
Instead, in the Semiscale experiments, the desired areas were
simulated with specially made sharp-edged orifices. Since the relief
Flows were expected tu be choked, the use of the orifices was deemed
to be appropriate.

The pressurizer surge line in the Semiscale system was modified
to simulate both the resistance and elevation characteristics of the
TM1 pressurizer surge line. The desi ed surge line hydraulic
resistance was scaled in order to maintai. *he same pressure drop as
the reference plant using the followina equation:

v?
. S PWR
Rss“’m;?‘ (2,
S
where:
R = hydraulic resistance
VPNR = PWR system liquid volume
vS S - Semiscale liquid volume

The resistance of the TMI surge line was calculated using the
basic definition of hydraulic resistance and the geometry of the line
as given in Reference A.1. By definition

i g
R = Kentrance * 7 * ¥

5
2 A

+ K

exit bends (3)
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TABLE A.I

SEMISCALE AND THREE MILE ISLAND UNIT 2 PRESSURIZER

VALVE AREAS

System System Flgid POV Area Safet; Area
Volume (m9) (em?) (em€)

Three Mile Island 314.556(a) 6.774(b) 43.110(b)

Semsicale 0.207(¢) 4.458 x 10-3 2.837 x 10-2

(a) Data obtained from TMI-II Safety Analysis Report
(Reference A.1).

System fluid voiume obtained by subtracting

pressurizer gas volume from listed total primary volume.

(b) Data from Reference A.l.

(c) Data from Refercnce A.2.
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= line entrance losses ( 1.0)
= line turning losses ( 3.6 for four 90°
hends )

Kentrance
Kbends

= line exit losses ( 0.5)
= friction factor (estimated at 0.015)

exit

surge line length ( 13.72 m)
. surge line hydraulic diameter ( 22.22 cm)
= surge line flow area ( 3.8807 cm2)

>~ o
]

These values substituted into Equation (3) give an approximate
PWR line resistance of 2.0391 x 1072 s?/cmz-m3). Substituting
this value and the system fluid volume values into Equation (2) gives
the desired Semiscale line resistance of
4.6146 x 10°% s%/cnl-m3.
required to size a new surge line for the Semiscale facility. Because
of the limited time and hardware available, the new line was sized
from 1.27 cm 0.D., 0.165 cm wall thickness, drawn tubing. After

accounting for pressure drops due to instrumentation, bends, line

An iterative process was then

losses, and entrance and exit losses, the total resistance was
calculated to be approximately 3.3797 x 10'4 szlcmz-m3. A
schematic of the pressurizer and associated hardware is shown in
Figure A-1.

3. MODIFICATIONS FOR VENT VALVE SIMULATION

Reactors manufactured by the Babcock and Wilcox Company are
fitted with a series of "vent" valves which connect the vessel upper
plenum to the downcomer inlet annulus. Under normal operation the
valves remain closed since the inlet annulus pressure is higher than
the upper plenum pressure. Situations in which the upper plenum
pressure is higher will cause the valves to open and allow the
pressure in the two parts of the system to equalize. Since the vent
valves had the potential to play a role in the TMI transient,
appropriate modifications were made to the Semiscale system to

~ -
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simulate the vent flow path. The modifications consisted of the
addition of piping to connect the Semiscale vessel upper plenum to the
top of the inlet annulus. The pipe was fitted with a swing check
valve and a turbine flowmeter. Line hvdraulic resistance was scaled
as closely as possible to the PWR value using the equations cited in
the previous section. The calculated hydraulic resistance for the
Semiscale vent line (including turbine meter, piping, and check valve)
was 62 sz/cmz-m3. Figure A-2 shows a schematic for the vent

Tine as installed in the facility.

4. SEMISCALE COOLANT LOOP ORIFICE MODIFICATIONS

In order to achieve the initial conditions in the Semiscale system
required to simulate the TMI plant initial conditions, modifications
were made to reduce the hydraulic resistance in both coolant loops.
These changes were made primarily so that the present loop coolant
pumps could develop the head required to achieve core mass flow rates
necessary to obtain a 27.8 K fluid temperature rise across the core.
Changes to the intact loop consistea of the removal of an orifice on
the steam generator inlet and the addition of a similar orifice at
the vessel hot leg nozzle. The orifice installed in the vessel hot
leg nozzle was intended to provide the same effective "top-of-pipe"
elevation in the intact loop as exists in the broken loop* (see
Figure A-3). In the broken loop, the only change made was to replace
the pump discharge orifice with a venturi. The orfice was previously
used to simulate pump locked rotor resistance during large break
loss-of -coolant simulations and was not required in the TMI
simulations. The venturi was installed in order to facilitate
reassembly of the loop. Table A.II provides a summary of the
Semiscale loop hydraulic resistance values.

* The intact loop and broken loop pipes have the same centerline
elevation but the intact loop pipe is of larger diameter.
Therefore, the effective "top-of-pipe" elevation in the irtact
loop is above that in the broken loop. This difference was
thought to be an important cons i deration during slow transients
where upper plenum draining into the loops was of interest.
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APPENDIX B
ELECTRICAL CORE POWER CONTROL

The purpose of this appendix is to explain the need for use of a
transient electrical core power control during the Semiscale Three
Mile Island (TMI) simulations that is different from the standard
nuclear core power d.cay curveB'1 for the first 30 s. The
analytical technique used to determine an appropriate electrical power
control is also described.

The material property differences between the Semiscale
electrical rod and a nuclear rod and the lower peak temperature limit
on the electrical rod result in a somewhat different thermal
performance. Since the thermal diffusivity of a U02 rod is much
lower than that of boron nitride (principally cemposition by volume
inside the cladding of the electrical rod), the nuclear rod will
contain a greater amount of stored energy at a given temperature than
will the electrical rod. Therefore, in order for the electrical rods
to adequately model a nuclear core during a transient, the transient
electrical power must be adjusted to account for differences in the
stored energy of the rods.

The criterion for selecting an electrical rod power control is to
cause the surface temperature of an electrical rod to approach as
closely as possible the surface temperature calculated for a nuclear
rod. This criterion was met by matching the transient surface heat
flux calculated for an electrical rod with the transient surface heat
flux calculated for a nuclear rod, assuming that both rods were
subjected to the same transient boundary conditions. These
calculations were performed using one-dimensional analytical heat
conduction models of the electrical and nuclear rods. The power decay
curve applied to the nuclear rod was the proposed standard power decay
discussed in Reference B.1. Since the Semiscale electrical heater
rods have a fixed axial peaking factor of 1.55, use of this technique
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allows the matching of electrical and nuclear rod surface heat fluxes
at oniy one axial location. The rod axial location of peak power
generation (the hot spot) was the point at which the nuclear and
electrical fluxes were matched.

Figure B-1 shows a comparison of the electrical core power curve
required to simulate nuclear rod decay heat for the Semiscale TMI
simulations. The electrical power curve was developed assuming that
the peak linear power generation rate of 39.36 kW/m and that the
surface heat transfer mechanism was nucleate boiling. The boundary
condition (pressure) required for use in the nucleate boiling heat
transfer correlation was taken from data received from the Three Mile
Island Unit 2 plant. The convergence of the two power traces at about
60 s indicates that the nuclear and electrical rod stored enerjy
differences at that point in time are minimal and that the electrical
power required to simulate nuclear rod thermal performance is

equivalent to the nuclear rod decay value.

Although the curve shown in Figure B-1 represents the electrical
power required in Semiscale to simulate the core decay heat
characteristics for the TMI plant, in most of the experiments
conducted, the actual core power used was higher than that shown.
This was required to offset atypically large heat losses in the
Semiscale facility.

6/
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APPENDIX C

CORE POWER PROFILE FOR SEMISCALE AND TMI

The calculation of TMI core cladding temperatures based on heat
transfer coefficients from the Semiscale sim:'ation was made using
only one axial power profile. This appendix presents a one-eigth
segment power map and compares the power profile for the central
assembly used in the TMI heat up calculations (Section 4) with
profiles in other rod bundles and with the Semiscale profila. The TMI
power profiles were calculated from output of the GRASP computer
program. The GRASP program used self powered neutron detector data
taken one week before the TMI transient. Table C.I gives the detector
data.

A sample of TMI axial power profiles is presented on Figure C-1.
For comparison, the high power Semiscale axial power density profile
is also shown. Although heatup calculations for TMI were for assembly
H-8 other radial positions could have had severe damage above 2.9 m
elevation because the upper elevation power densities are similar for
these different radial positions.

The Semiscale power density profile is slightly lower than the
TMI profile for positions above about 2.5 m; however, the heat
transfer coefficients at upper elevations are governed by fluid
hydraulics rather than by local power density. The integral of the
power from the bottom of the core to the point in question influences
the hydraulics to a greater extent than the loca) power.
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' . Table C.I TMI-2 Gi’tore Power Map : .

CONDITIONAL CERTIFICATION * * CONDITIONAL CERTIFICATION * * CONDITIONAL CERTIFICATION * TM2FAHYV
G::SSE V‘EF:S.L3 CREATED 12/ 6/78
- TMI-2 CYCLE 1 GRASP ANALYZE PDQ 03-19-79 CYCLE BURNUP = 79.60 EFPD POWER = 2710.5 MWNT
03/22/79 PLANT: JERSEY CENTRAL P&L 3 MILE ISLAND 2 CORE BURNUP = 2662. MWD/MTU % FULL POWER = 98.%
DAEK TAKEN ON 03/19/79 8:10 EST ANALYZE BANKS 6/7/8 = 96/ 95/ 27 ¥WD BORON = 1037. PPM
: SEGMENT mAP
PDO-ITEM:R

LEv=CS Ug?:: !’SWFU‘Y;gxsTED{SES'TB\@GTToi;:N 1~cn§Astﬂc SROEE
8 ! 1 B 1

HE Ty 18T TRT7S 1.9372 1.8428 1.931% 2.1545 1.3868

;.é{;i 21707 28143 2.9233 2.4290 2.8899 3.¢435 0.130¢
P8 WA S A58 ;i‘1 34 /l.sf:u'u“
$.8317 2.9926 3.19(] 1 2.7 34
J >%27 A >
ToVe37 1714 R j Yo . 0=
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2159'; 2.3955 2.%5§5 z.;}gi'z.sggz 2.5841 1.971)
3.06C7 3.1580 2.7531 2.7233 2.6270 2.4587 2.0798
L1 d.0816 X 1982 27,7457 2.2129 2.4358 2,843S 2 (784«
w 5.1135 3.2577 2.8937 ¢.9716 2.7985 2.7184 2.0491+
¢.8837 31.0210 2.7687 (.9159 2.6468 2.5082 1.7229+
1.66860 1.234% 1. 5605 1.6203 1.4222 1.358¢ .BC41x
* L 1.8064 1.9365 1.7899 1.7769 1.7852 .9373+
A1l numbers listed are powers 2 gzsq 2.8083 24..213 2 tsu%g 2 17;823 1 g?}g.
in MW per segment of a bundle g- L§; 2.7238 1.9789 2.52 2.738% 1,.5689-
. .807C €84 .78 ¥ o $ 2919+
:2‘-‘ segment powers from top to ‘z.aiss'; 5,79;2“5 3.7‘;{1 22.4.“395;1 %_a:.gsss 1’.2:5; g
ttom on the page represen: ¢.83¢7 L.v31y 2.7369 2.6882 2.6414 1.509
from bottom to top in the core. 1+609 1.5827 1.3535 1.4373 ©.46%9 3081
Each segment represents 0.52 m M 1.7461 1,7458 1.4548 1.2789: 1y
7> and each bundle has 208 rods. ¢.5350 2.5596 2.1689 2.0100«
Therefore, the kii/m of any position is: ¢.4304 ¢.40086 2.125C 2.0124~
2.7076 2.7312 2,2953 2.1090+
£.2340. 20199
5 Yo 1.12
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