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ABSTRACT

The accident on March Z8, 1979 at the Three M i e Island Unit 2 (TMI-2)
Nuclear Power Station located near Harrisburg, Pennsylvania has had a major
Impact upon the design, construction, operation, regulation and safety re-
search of nuclear power plants. It also has had an Impact on utility and
regulatory organizations. This paper presents a review of the TMI-2 acci-
dent scenario, Its consequences and the conclusions of various Investigat-
ing groups. An overview of the nuclear licensing process, computer codes
used 1n safety analysis, safety research, and current issues Is provided,
using as a basis the TMI-2 accident.

Some of the current safety issues which are Included In the proposed
NRC ruiemaking hearings on such subjects as safety goals, siting criteria,
emergency plans, and degraded or damaged core analysis are discussed.

I. INTRODUCTION

There are currently approximately 533 commercial nuclear power re-
actors under construction or In operation in the world, with a total gen-
erating capacity of about 408 GW, with 172 being located In the United
States. At the end of 1980, there were In the United States 71 LVtR power
stations in operation with a capacity of 52 GW, which constitutes about 101
of the total electricity generating capacity of the country. Although the
overall percentage is relatively low, 1t is somewhat misleading because In
such high population density areas as Northern Illinois and the North-
eastern part of the United States, nuclear power generation capacity is SOX
or more of the total generating capacity of that region. In spite of this
significant contribution to the electrical generating capacity of the
country, nuclear power is considered a controversial subject by many
individuals. The principal Issues which have been raised by critics of
nuclear power include safety, disposal of the radioactive waste, possibil-
ity of nuclear weapons proliferation through transfer of nuclear tech-
nology and plutonitm production or recovery from spent fuel, and economics.
Of these, safety represents one of the most Important Issues; therefore,
this paper will discuss various aspects of this subject.

The safe operation of nuclear power stations 1s dependent on con-
servative design with engineered safeguards — careful construction with
appropriate quality control on a considered site; operation with highly
trained and dedicated operators with careful and periodic Inspection and
maintenance, and enlightened utility management. The U.S. safety philo-
sophy is based on a "defense in depth" concept, where engineered safeguards
Involving multiple barriers assist the operators In mitigating the conse-
quences of an accident by preventing or limiting the escape of radio-
activity.

This discussion on reactor safety will commence with a review of the
Three Mile Island Unit 2 (TMI-2) nuclear power station accident because it
represents the first major accident involving a commercial power reactor
where significant damage occurred in the core. As a result of the acci-
dent, significant changes have and are taking place In the licensing,
siting, hardware design, operation, safety analysis and safety research re-
lated to nuclear power reactors. It is proposed to review the various
aspects of reactor safety using the TMI-2 accident as an illustration of
how safely is considered. This overview discussion, in addition to a re-
view on TMI-2, will include topics on nuclear reactor regulation, safety
analysis, safety research and current licensing issues.

II. THREE MILE ISLAND UNIT 2 (THI-2) ACCIDENT

There have been a number of investigations of the accident at TMI-2,
Including those by the NRC staff,[1-3] Nuclear Safety Analysis Center,[5]
the President's Commission (Kerneny Commission)[6] the Special Inquiry
Group,[7] and a U.S. Senate Subcommittee.[8] In addition, there have been
articles such as Collier and Dav1es,[9] IEEE Spectrum Articles,[10] and
Lewis [11] which have described the accident In detail. The reader Is re-
ferred to these references for more extensive details than are presented 1n
this review.

Three Mile Island is on the Susquehanna River about 10 miles southeast
of Harrisburg, In the southeastern part of the State of Pennsylvania. Har-
risburg 1s the capital of the state and has a population of about 68,000.
It 1s also located about 90 miles west of the city of Philadelphia, which
has a population of about 2 million, and about 60 miles north of Baltimore.
On the Island are located two 900 MWe pressurized water reactors designed
and built by Rabcock S HIT cox Co. and operated by Metropolitan Edison Co.,
a subsidiary of General Public Service Company. Unit No. 1 has been in
commercial operation since 1974, and Unit-2 started operation 1n December
1978.

In order to understand the accident scenario, it is important to un-
derstand the heat transfer mechanism of a PWR. The main components of the
heat removal systems and engineered safeguard systems for TMI-2 are shown
in Figures 1 and 2. A typical PWR reactor vessel which contains the nu-
clear fuel is shown schematically 1n more detail m Figure 3. The uranium
dioxide fuel 2.6% enriched In the isotope U-235 is In the form of pellets
encased in zircalloy (zirconium alloy) tubing, as shown schematically In
Figure 4. The zircalloy clad fuel pins are clustered into 15x15 row fuel 527



ed

so

c-
te

528

assemblies {Figure 5) of 14 feet In length. The active core height of the
fuel assemblies 1s 12 feet. Typical thermal hydraulic and neutronic design
parameters of TMI-2 are given In Table I as Illustrative of a typical PUR
nuclear power plant. The TMI-2 nuclear steam supply system consists of the
reactor vessel and two primary coolant loops with two once-through steam
generators In each loop. Light water which 1s used both as moderator and
coolant In the primary system Is circulated through the fuel assemblies In
the reactor vessel and the tubing forming the heat exchanger In the steam
generator by coolant pumps In each of the two loops. Steam generated In
the secondary side of the steam generator 1s used to drive a conventional
turbine generator. The steam, as shown In Figure 1, passes through the
turbine generator, Is then condensed, and 1s returned to the steam gener-
ators with the use of the main feedwater pumps following filtration of the
condensate through Ion exchange resins.

Since It Is vital to always have heat removal capability from the
steam generator, an auxiliary feedwater circuit, as shown In Figure 1, Is
provided so that water can be Injected directly Into the secondary side of
the steam generator. There are two electrically driven (470 gpm) and one
steam driven (940 gpm) separate pumps In the auxiliary feedwater circuit in
order to provide redundant feedwater pumping capability.

The operating temperature and pressure of the outlet side of the pri-
mary circuit Is maintained at 608°F (320°C) and 2185 ps1g 1n order to
ensure that there Is no bulk boiling In the core or the remainder of the
primary circuit. To maintain a high pressure 1n the primary circuit, a
component called the pressurizer Is located In one of the two loops. The
pressurizer Is also used to keep the primary circuit filled with solid
water at all times. The pressurizer Is a large tank with electrical
heaters which provide additional heat within the volume to maintain a
steam-water Interface in the pressurizer. By controlling the water level
trip set point (2355 psig) and the reactor tripped. As the control rods
were Inserted Into the core, the chain fission reaction was terminated and
the heat generation rate started to decrease rapidly, accompanied by a de-
crease In pressure. Within about 13 seconds following turbine trip, the
pressure dropped below the set point (2205 psig) for automatic closure of
the PORV; however, the PORV failed to close and water continued to be lost
from the RCS through the pressurizer. While this was occurring, since
there was no water being Injected Into the secondary side of the steam gen-
erator because of the closed auxiliary feedwater, the steam generator was
rapidly drying out. The RCS pressure continued to drop and at about 1 min-
ute the level In the pressurizer began to Increase. When the RCS pressure
dropped to 1600 psig, the high pressure Injection system (HPIS) of the ECCS
automatically turned on, Injecting borated water Into the cold leg of the
primary circuit which allowed the water to go Into the core. The liquid
level In the pressurizer started to Increase, which the operators Inter-
preted as signifying that the primary circuit was starting to fill up. The
operators were under Instructions not to allow the RCS to go solid with
water because of losing control over RCS pressure. In order to not go
"solid", one of the HPI pumps was turned off at 4 minutes 38 seconds, while
the others were operated 1n a "makeup" mode. It should be noted that In
the BSW PWR design the HPI pumps have a dual function to pump makeup water

or emergency cooling water Into the RCS. Although ECCS Is normally auto-
matically Initiated, It could be manually turned off or operated In a lower
flow mode. In addition to decreasing the flow from the HPI pumps, the op-
erators began to drain coolant from the RCS through the letdown line at a
flow rate In excess of 160 gallons/minute. This action overrode the Isola-
tion of the containment and the water was drained Into tanks In the auxil-
iary equipment building. This became the pathway for radioactive releases
to the auxiliary building and to the environment because there were known
leaks in the letdown line. The operators did not recognize that they were
losing more water from the RCS through the PORV and the letdown line than
gaining through the HPI system action. By about six minutes Into the ac-
cident the RCS had reached saturation pressure and water was boiling in the
RCS maintaining the level In the pressurizer high. Steam and water were
draining Into the drain tank through the F3RV and at about 15 minutes the
tank rupture disk blew because It was full. Radioactivity was now being
released to the containment building through the drain tank opening. Water
from the drain tank went Into the sump, which then transferred to holding
tanks In the auxiliary equipment building and which overflowed In about 30
minutes, releasing small amounts of radioactivity.

The RCS continued to lose water, although the temperature and pressure
appeared to stabilize because of saturation conditions in the RCS, as can
be seen In Figure 8. The operators tripped the two main coolant pumps at
about 1 hour 14 minutes and 1 hour 40 minutes, respectively, because of ex-
cessive vibration due to pumps working on high fractions of steam Instead
of water. Stopping the pumps caused separation of steam and water, which
In turn prevented natural circulation Initiation In the primary loop and
heat removal through the steam generators. The auxiliary feedwater valve
had been opened at about 8 minutes so that some cooling (heat removal) had
been possible until shutdown of the RCS pumps. Once the pumps had been
stopped, the core began to become uncovered because the water level con-
tinued to decline and the fuel temperatures Increased. The steam In the
core tended to displace the water and forced more of 1t Into the pressur-
Izer and out the PORV. Although the operators tried to Initiate natural
circulation for heat removal, they were unsuccessful because of
accumulation of steam In various portions of the primary circuit. As the
water level In the core decreased, exposing larger sections of the fuel,
the fuel temperature Increased rapidly because of the decay heat production
and Inefficient steam cooling. As the fuel and cladding temperatures In-
creased, the zircalloy cladding started to react with the steam, forming
zirconium oxide and releasing hydrogen gas. Oxidation of the cladding
tended to decrease the structural strength of the cladding with accompany-
ing increase In cladding failures which released fission product gases
(volatile fission products and noble gases) from the fuel rod plenum into
the RCS. The generated hydrogen gas was released Into the RCS with steam
and fission product gases and collected In the higher elevations of the
circuit, contributing to further blockage of the primary circuit. Some of
the hydrogen and fission product gases escaped Into the containment through
the still open PORV. The boiling In the core, the further deterioration of
the fuel rods, and the escape of hydrogen and fission products Into the
containment continued until about 2 hours and 22 minutes after the start of
the accident. At this time the operators closed a manually operated block
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TABLE I
Some Design Parameters for THI-2

(TMI-2 FSAR)

Design Heat Output (core), MWt
Design Overpower, % Rated Power
Core Operating Pressure, psig

Coolant Flow
Total Reactor Coolant Flow Rate, Ib/h ,
Coolant Volume, Including pressurizer, ft
Core Coolant Average Velocity, ft/s
Total Reactor Flow, gpm

Coolant Temperature
Nominal Inlet, F
Nominal Outlet, F

Number of Loops

Fuel Pellets
Material
Density, % of theoretical
Diameter, Inches
Length, inches

Control Rod Assemblies
Neutron Absorber
Length of Poison Section, inches
Cladding Material
Cladding Thickness, inches
Number of Assemblies
Number of Control Rods/Assembly

Burnable Poison Rod Assemblies
Neutron Absorber
Length of Poison Section, inches
Cladding Material
Cladding Thickness, inches
Number of Assemblies
Number of Rods/Assembly

Fuel Assemblies
Number
Rod Pitch, inches
Overall Dimensions, inches
Total Weight, lbs/assembly
Number of Spacer Grids per Assembly

2,772
112

2,185

137.8 x 10°
11,800
16.52

369,600

556.5
607.7

UOo sintered
" 92.5

0.37
0.7

5* Cd, 1535 In, 80% Ag
134

304 SS, cold worked
.021
61
16

AI0O3-B4C

Z1rcaloy-4, cold worked
0.035

68
16

177
0.568

8.536 x 8.536
1,550

8

Fuel Kods
Number
Outside Diameter, inches
Diametral Gap, inches
Clad Thickness, inches
Clad Material

Nuclear Design
Fuel Weight, UOo 1b.
Clad Weight (Active Zone), 1b.
Core Diameter (Equivalent), inches
Core Height (Active Fuel), inches

Reflector Thickness and Composition
Top (water plus steel), inches
Bottom (water plus steel), inches
Side (radial, water plus steel), inches

Number of Fuel Assemblies

Fuel Rods/Fuel Assembly

Core Average Enrichment, wtX of U

Control Characteristics
k e f f ( B 0 L )

Cold 70F Clean
Hot, 582F, Clean Full Power
Control Rod Worth (% AK/K)

Moderator Temperature Coefficient AK/K/F
Moderator Pressure Coefficient AK/K/psi
Doppler Coefficient AK/K/F

36,816
0.43
.007

.0265
Zircaloy-4

204,820
42,200

128.9
144

12
12
18

177

208

2.57

1.252
1.169

11.1

+ 0.1 x 10'5 to -3.0 x 10"!
- 3.0 x 10"i to +3.0 x 10"H
- 1.1 x 10'b to -1.7 x 10'3

533
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1n the pressurizer through the addition of heat with the heaters or sub-
traction of heat through a cold water spray, 1t is possible to control the
pressure 1n the primary c i rcui t due to water volume changes from changes in
temperature resulting from such events as reactor power changes or amount
of heat removal by the steam generator. There 1s a power operated rel ief
valve (PORV) at the top of the pressurizer in series with another valve
(block valve) which can be operated by the reactor operators. The PORV op-
erates automatically when the pressure in the pressurizer exceeds a preset
value, normally about 100 psi above the operating pressure, the PORV actu-
ates under such transient conditions as in a turbine t r ip or when the main
feedwater pump is turned off, or in other situations when the heat removal
from the secondary side of the steam generator is decreased for a given
power from the reactor. The PORV is connected to the reactor drain tank so
that steam and/or water from the pressurizer can be discharged to i t . When
the drain tank is f i l l ed to capacity, a rel ief valve on the tank actuates
to discharge the overflow to the containment building sump. Mater In the
sump Is pumped to a radioactive waste storage tank located in the auxiliary
equipment building, as shown in Figure 2.

In order to follow the "defense In depth" philosophy, the nuclear
power plant has been designed to prevent or l imi t the release of fission
products or transuranic elements to the environment. The fuel is in the
form of uranium dioxide pellets which have a high melting temperature of
5100°F and retain the non-gaseous and non-volatile fission products. The
zircalloy cladding which has a melting temperature of 3400°F retains the
gaseous and volati le fission products released from the pellet. The fuel
assemblies are located in an 8 to 10 inch thick pressure vessel. The en-
t i re primary system is located 1n a containment building bui l t to withstand
pressures, in the case of TMI-2, of about 60 psig. At TMI-2, there is a
0.7 to 1.4 km radius area surrounding the reactor which constitutes the
site boundary area. In addition to these passive safeguard systems, a nu-
clear power station has a number of active protection systems. All re-
actors have a reactor plant protection system which wi l l automatically shut
down the reactor when predetermined reactor parameters, such as reactor
power, temperature, or pressure are exceeded. Since 1t Is necessary to
have heat removal capability from a nuclear power plant at all times, even
after the reactor has been shut down due to decay heat generation, a l l LHRs
have an emergency core cooling system which wi l l be activated when there Is
a decrease in primary c i rcui t pressure below 1600 psig, which may be caused
by a leak in the primary system. In the case of the B&W designed reactors,
tha ECCS consists of three principal components. They are a high pressure
injection system (HPIS), consisting of 3 pumps which can Inject borated
water into the cold leg of the primary system. This system is automatic-
ally activated when the primary c i rcui t pressure drops below 1600 psig. A
second system consists of two large accumulators which contain about 10,000
gallons of cold borated water under 400 psig nitrogen gas pressure, and
which automatically inject water Into the reactor vessel when the pressure
drops below 400 psig. The third system 1s the low pressure Injection sys-
tem (LPIS), which consists of 2 pumps which can obtain borated water from a
large storage tank or from the containment sump and inject 1t into the
reactor vessel.

In order to prevent overpressurization of the containment building,
534 there !s a containment water spray cooling system which contains dilute

sodium h.-droxide. The spray cooling is activated upon an increase in

containment pressure and i ts purpose is to condense any steam which may es-
cape into the containment from a leak in the primary c i rcu i t , such as in a
pipe break accident.

In order to prevent the release of fission products to the environ-
ment, the containment building is Isolated manually or automatically after
the in i t ia t ion of an accident. In the case of TMI-2, the containment
building is Isolated automatically when the pressure inside the building
exceeds 4 psig, but not upon ECCS operation. In order to avoid buildup of
hydrogen gas which might result in rapid combustion, hydrogen gas recom-
biners are installed within the containment building. The hydrogen may be
produced under accident conditions due to zirconium-water reaction or radi-
olysis.

Auxiliary systems such as the makeup water and waste treatment plants,
radioactive water storage tanks, and auxiliary feedwater pumps are located
in the auxiliary equipment building.

Since the TMI-2 accident has been described in much detai l , this paper
wi l l only review briefly the outline of the accident scenario, with more
details outlined in Table I I .

TMI-2 was operating at about 97% of i t s rated power of 2772 MWt at
about 4:00 a.m. on March 28, 1979. A schematic of the thermal hydraulic
flow conditions in the two-loop system is shown in Figure 6. I t had gone
cr i t ica l in March 1978 and had been in commercial operation since December
30, 1978. The Ini t iat ion of the THI-2 accident was the accidental closure
of the condensate polishing isolation valves in the feedwater l ine of the
secondary c i rcu i t . This in turn tripped the condensate booster pump, which
in turn tripped the main feedwater pump and a t r i p of the main turbine.
The steam dump valve opened and the auxiliary feedwater pumps automatically
started. Decreasing or stopping the main feedwater flow in the secondary
side of the steam generator w i l l Immediately decrease the heat removal ca-
pability of the steam generator and there w i l l be an increase in primary
ci rcui t water temperature accompanied by an increase in primary c i rcui t
(RCS) pressure, since the reactor is s t i l l operating at fu l l power. In the
B&W designed plants the reactor is not normally tripped when there is a
turbine t r i p . In the case of TMI-2, although the auxiliary feedwater pump
was automatically turned on, there was no flow to the secondary of the
steam generator because a valve in the auxiliary feedwater l ine was closed.
The closed valve did not give rise to the rapid Increase in pressure since
i t takes about 13 seconds for the auxiliary feedwater pumps to reach their
operating pumping speeds. During this period the RCS pressure may exceed
the set point of the PORV. This occurs especially in B&W-designed plants
because they use a once-through steam generator whose secondary side has a
much smaller volume of water thin other reactor manufacturer's U-tube st«am
generators. The B4K steam generators have the characteristic of being
highly sensitive to changes (increase or decrease) 1n the secondary c i rcui t
flow.

Following the stoppage of the main feedwater flow, the RCS pressure
quickly (within ^ 6 seconds) exceeded the set point (2255 psig) of the PORV
and the PORV opened to relieve the pressure in the pressurizer, as shown in
Figure 7, which shows the reactor coolant system parameters in minutes
after the accident In i t iat ion. The opening of the PORV was not sufficient
to start pressure reduction and the RCS pressure soon exceeded the reactor



•narator

•s:

3G
sulation
ng

1.

2.

3.

4:00:36

0

TABLE II
TMI SEQUENCE OF EVENTS
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4.

5.

6

7

0.

9.

10.

11.

12

13.

14

IS.

16

17.

13.

6 sees.

8 sees.

•v. 13 sees.

14 sees.

30 sees.

54 sees.

1-4 min.
"\> 1 min.

2 min.

2 min. 2 sec.

2 min. 28 sec

5 nin. 15 cac

6 min.

3 min.

14 nin.

TEMPERATURE INCREASES IN PRIMARY CIRCUIT
PRESSURE INCREASES
WATER EXPANDS - PRESSURIZER LEVEL INCREASES
AUXILIARY FEEDWATER PUMPS STARTED

RCS P - 2255 psig PORV OPENS STEAM/WATER EXIT

RCS P - 2355 psi<) REACTp.RJRJfS

RCS P - 2205 psifl PORV Dip. NOT CLOSE

AUXILIARY FEEOHATER PUMP REACHES FULL PRESSURE
HOWEVER, NO FLOW TO S/G

RCS P - 1940 psig
PRESS. EXHAUST PIPE T - 239°F

PRESSURIZER LEVEL AT MIN. 158 INCH AND STARTS TO RISE

PREOSURIZER LEVEL RISING RAPIDLY
RCS GENERAL REDUCTION IN DENSITY
ST'iAM VAPOR VOID FORMATION

RCS P - 1726 psig

P • 1600 psitl HPI INITIATION

PRESSURIZER LEVEL AT 225.7" AND INCREASING

HPI FLOW IS THROTTLED

PRESSURUER LEVEL APPEARS LOST

AUXILIARY FEEDWATER VALVES OPENED

RCS PRESSURE UNDER CONTROL OF LOOP SATURATION CONDITIONS

DRAIN TANK RUPTURE DISC BLOWS AT 192 psig
BUILDING PRESSURE INCREASES ONE psi

19. 18 nin.

20. ^ 1 hr.

21 74 min.

22. 87 min.

23. 93 min.

24 101 min.

25. 103 nrin.

26 2 hrs. 18 min.

27. 2 hrs. 54 itrin.

28. 3 hrs. 18 min.

29 4 hrs. 27 min.

30. S hrs. 44 min.

31. "Vi 7 hrs.

32 7 hrs. 30 min.

33. Q hrs. 41 min.

34. -v. 9 hrs. 15 nin.

REACTOR BLDG. RADIATION MONITORS INCREASE FACTOR OF 10
GASES RELEASE TO BUILDING

RCS NEAR SATURATION AT 550°F AN:; 1050 psig

RCP IN B LOOP TRIPPED BECAUSE PUMPS VIBRATINfi

S/G B ISOLATED

RCS P DROPPING

BQP_»!_A_i.OOP_TRIPPEp_
TRIED TO ESTABLISH NATURAL CIRCULATION

P, T, CONDITIONS OUTSIDE OF RANGE FOR NATURAL CIRCULATION

HOT LEG T = G20°F AND IS SOON OFF SCALE

EORV ISOLATED BY BLOCK VALVE CLOSURE
*» 32,000 GALLONS LOST FROM RCS (1/3 OF TOTAL)
RCS PRESSURE BEGINS TO INCREASE
WANTED TO VENT HOT LEG TO TRY NATURAL CIRCULATION
TRIED TO START RCP WITHOUT SUCCESS
NOT ENOUGH WATER IN RCS

ATTEMPTED NATURAL CIRCULATION WITHOUT SUCCESS

MAKEUP PUMP 1C STARTED AND WITH IB FEEDS 250 opm
UNTIL 9 hrs. 4 min.

RCS P • 2050 psi
BLOCK VALVE CYCLED BY OPERATORS

OPERATORS RECOGNIZED THEY HAD STEAM BUBBLE IN BOTH LOOPS
PERSONNEL BELIEVED CORE WAS COVERH
RELUCTANT TO START RCP BECAUSE OF VIBRATION

OPENED FORV AND BLOCK VALVE TO DEPRESSURIZE RCS TO
TRY TO REMOVE HEAT WITH DECAY HEAT REMOVAL SYSTEM

RCS P * 600 psig
CFT N z PRESSURE - 600 psig
ONLY SMALL AMOUNT OF WATER FROM CFT

CFT PARTIAL INJECTION
ATMOSP. STEAM PUMP CLOSED - NO COOLING MECHANISM S3S



35. 9 hrs. 50 nrin.

36. i' 12 hrs. 25 min,

37. 12 hrs. 30 win.

38. 13 hrs. 5 min.

39 13 hrs. 30 min.

40. 13 hrs. 32 min.

41. 14 hrs. 39 min.

42. 14 hrs. 43 min.

43. 14 hrs. 47 min.

44 15 hrs. 50 min.

45. 16 hrs.

(-v- 8:00 p.m. 3/28/79)
Wednesday

TABLE II (cont'd)

BUILDING PRESSURE SPIKE OF 20 psig.

HPI OF 400 gpm ESTABLISHED

PORV OPENED TO DEPRESSURIZE
RCS P -v. 385 psig

RCS P 'K 650 psig

START hEPRESSURIZIHG TO COLLAPSE VOID
AND START RCP
RCS P - 623 psig AND INCREASING

RCS P « 2080 psig

HPI FLOW REDUCED TO 120 gpm

RCS P - 2275 psig

RCS P = 2300 psig
STEAMING FROM A S/G LOOP TO CONDENSER
TRYING TO START RCP

RCP - 1A STARTED

RCP - 1A RUNNING
B S/G IS ISOLATED

A S/G IS STEAMING TO CONDENSER
USING NORMAL COOLDOWN PROCEDURES

- Electromatic
relief valve (ERV)

• Relief block valve

• i
CD

Primary Water

Secondary Water

Steam

Steam/Hydrogen

Steam generator

0

P * 2150 psig

Steam generator

Loop A LoopB

Initial conditions - system steady
s! 07% power operating conditions

FIGURE 6 .
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K M PUMP 1A STARTED*

STEAM GENERATORS ORV OUT

HPI PUMP 1C STARTS. I S STOPS*

HPI PUMP 1C STOPPED*

C FLASHES

*HPI HISTORY UNCERTAIN

rRC FLASHEuAUX. FW FLOW INITIATED

(
nci
DISI

.PRESSURIZER LEVEL

Relief valve
isolated

Aux. FW 2 B |
pumps 2 A |

on I I

HPI 1CI

RC
pumps

2BI
1Bi
2Ai

Pressure Level
inches

2000

1800

1600

1400

1200

WOO

BOO

600

400

400

360

320

280

240

200

160

120

80

Pressurizcr level

.Saturation pressure
athoiiegBtemp.

Reactor coolant
system preoure

Saturation pressun
'at hot leg A temp.

Saturation preeeure
<^zt max. cold leg temp.

TIME AFTtH TUMINt TRIP IMMUTESI
3 4 S 6 7 8 9 10 11 12 13 14 15 16

Time after turbine trip (hours)
17 16 19
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valve which Isolated the PORV and stopped the loss of coolant water from
the RCS. The operators at this point appeared not to have recognized that
the core had been uncovered and significant core damage had occurred.

Between about 3 hours and 13 hours after the start of the accident,
various unsuccessful actions, such as attempting to start the coolant
pumps, opening the block valve to depressurize the RCS to allow the low
pressure ECCS accumulators to actuate, were attempted to Initiate heat re-
moval from the core. It was not until about 13 hours and 30 minutes when
sustained HPI was again Initiated to fill the RCS and the coolant pumps re-
started at 15 hours 51 minutes, was 1t possible to start removing heat
using the steam generators. The reactor plant was basically back under con-
trol at this point, although i t still was necessary to remove the gas bub-
ble In the reactor vessel which was composed principally of hydrogen, using
the pressurizer as a degassing mechanism and the letdown system over the
next seven days. The reactor was put into a natural circulation cooling
mode using the steam generator about a month after the accident.

Although there was considerable publicity 1n the news media concerning
the possibility of a hydrogen explosion In the reactor pressure vessel, a
detailed study of the hydrogen chemistry at the existing temperatures and
pressures Indicated that there was no possibility of a hydrogen explosion.
This is because any oxygen produced as a result of radiolysis would Immedi-
ately react with the excess hydrogen at the elevated temperatures and pres-
sures, so there was l i t t le possibility of oxygen buildup. The release of
hydrogen to the containment building via the open PORV was, however, an-
other matter. After the termination of the accident 1t was found that
there was a pressure pulse of about 28 psig at about 9 hours and 50 minutes
into the accident. This pressure pulse appears to be n result of rapid
combustion of hydrogen in the containment building. One of the major con-
cerns of the NRC and industry as a result of the TMI-2 accident is how to
prevent rapid buildup of pressure from hydrogen combustion which would
cause overpressurization of the containment building. Considerations are
being given to the use of glow plugs to Ignite the hydrogen before large
quantities build up In the containment, inerting of the containment, and
filtration and venting of the containment.

Analysis of the accident by various groups has led to some disagree-
ment as to how long and how many times the core was uncovered during the
period of the accident. There is general agreement, however, that the
major damage to the core occurred from about 1.5 to 3 hours following the
turbine trip when a large fraction of the core was uncovered. An estimate
of the core uncovery as a function of time was made by NSAC [5J and Is re-
produced In Figure 9. It was during this period that there was significant
zirconium-steam reaction with the production of hydrogen gss and the re-
lease of fission product gas to the RCS and to the containment. Other
periods when the core may have been uncovered were at about 4 hours and 30
minutes and between 8 hours and 12 hours.

A commission appointed by the President of the United States under the
Chairmanship of John G. Kemeny investigated the TMI-2 accident and made a

technical assessment of the events and their causes (Ref. 6). Analysis of
the TMI-2 accident by the Kemeny Commission resulted in the following con-
clusions.

1. Throttling of HPI had major effect on core damage.

2. Closure of block valve at 25 minutes would have prevented core
damage.

3. Delay in auxiliary feedwater system had l i t t l e effect on extent of
core damage.

4. Only period of core uncovery 1.7 to 3.5 hours.

5. Between 2.5 and 3.3 hours, temperatures in the upper region of the
core were achieved which would lead to: cladding oxidation,
severe damage to integrity of fue;, possibly some fuel melting.

6. Between 3.5 and 10.5 hours, there was sufficient coolant flow
through the core and PORV to carry away decay heat.

7. Hydrogen was vented from the primary system when the surge line
was uncovered 3.2 to 3.8 hours; 8.3 to 9.0 hours; 10.8 to 11
hours.

It has been estimated by the Kemeny Commission analyses that about 44
to 63% of the zirconium in the core has oxidized with a release of 1,000 to
1,300 pounds of hydrogen, and that 90% or more of the fuel has experienced
cladding failures. Several feet of the upper core are estimated to have
collapsed with substantial melting of the control rods which occurred when
fuel temperatures exceeded 4000*F In the upper 30-40% of the core.

The Rogovin Special Inquiry Group t7] reports that the effects of the
radioactivity released to the environment on the population around TMI-2
will not be measurable nor detectable. It is estimated that about 2.5 mil-
lion curies of radioactive noble gases and 15 curies of radioiodine were
released from the containment building to the environment. This is es-
timated to have resulted in a maximum dose per person of 100 mR to persons
within a 0.5 mile radius and less than 0.1 mR to those at a 20 mile radius.
It is estimated that the release resulted in a collective dose of about
2,000 person-rem to the 2,000,000 inhabitants within a 55 mile radius.
This total dose averaged over the population may produce zero to one
additional fatal cancers over the lifetime of the population. In compar-
ison, i t is estimated that about half t million cancers are expected to
develop due to other causes in this population over Its lifetime.

The amount of radioactive iodine retained in the containment was much
larger than that released to the environment. It Is estimated that in
April 1979 there were 7.5 million curies In the primary loop, 10.6 million
curies in the containment water, and about 36,000 curies In the containment
atmosphere. Most of the short-lived iodine has since decayed. No detect-
able amounts of long-lived radioactive cesium and strontium escaped to the
environment.
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The Kemeny Commission concludes that the major health ef fect of the
accident was the immediate and short- l ived mental distress among certain
groups of the population l iv ing within 20 miles of TMI.

The Kemeny Commission, following i t s invest igat ion, made the recom-
mendations outlined below:

RECOMMENDATIONS
(KEMENY COMMISSION)

A. NUCLEAR REGULATORY COMMISSION

1 . Restructure NRC as an agsncy in the Executive Branch

2. Establish 15 member oversight committee

3. Strengthen ACRS

4. Establish and explain safety-cost tradeoffs

5. Locate new reactors at remote locations

6. Improve procedures to resolve safety issues

B. THE UTILITY AND ITS SUPPLIERS

1. Industry must set and police i ts own standards of excellence

2. Establish an operational safety group a t each u t i l i t y which
reports to high-level management

3. Integrate management responsibility a t a l l levels

C. TRAINING OF GPERATING PERSONNEL

1. Improve training of operating personnel, especially to diagnose
and control abnormal events

2. Improve simulators

D. TECHNICAL ASSESSMENT

1 . Improve control room designs
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2. Improve equipment such as:

a) iodine filters
b) hydrogen recombiner
c) vent gas system
d) containment Isolation
e) water level indication in containment
f) radiation monitors

3. Continue probabilistic risk assessment, Including consequences
of meltdown

4. Improve understanding of water chemistry

E. WORKER AND PUBLIC HEALTH AND SAFETY

1. Improve our understanding of biological effects of low level
radiation

F. EMERGENCY PLANNING AND RESPONSE

1. Develop emergency response plan

2. Improve public understanding of nuclear power and radiation

G. PUBLIC RIGHT TO INFORMATION

1. Federal and state agencies should make adequate preparations
to provide accurate and timely public Information during a ra-
diation-related emergency

During the post mortem investigations, i t was discovered that there
had been Incidents closely resembling the TMI-2 accident at the Davis Besse
Nuclear Power Station 1n Ohio on September 24, 1977, and at the NOK-1 plant
in Beznau, Switzerland on August 20, 1974 (Ref. 8 ) , in which a PORV had
stuck open in i t iat ing a small break LOCA and the pressurizer level i n -
creased because of steam formation in the primary system hot leg. In both
cases the operators recognized the stuck open PORV and took appropriate
action to stop the leak relatively quickly so that no damage was done to
the reactor core. In the case of the Davis Besse plant, which 1s a B4W-
designed plant, the Incident was very similar to that at TMI-2, except for
the fact that I t was operating at about 9% of fu l l power. The lower power
and quick closure of the block valve in the PORV prevented damage to the
core. Considerable analysis of the incident had been carried out by BSW
and NRC staff ; however, significance of the malfunction of the PORV, and
the increase of pressurizer level with decreasing pressure was not ef-
fectively transmitted to other u t i l i t i e s having BSW-designed plants. The
Rogovin SIG makes a strong recommendation that the NRC develop a mechanism
for evaluating operating data w that 1t can recognize events, reports and
responses of significance.
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As a consequence of the TMI-2 accident and the various investigations
which have taken place, many changes in plant control systems, operator
training, and reactor safety research have occurred and will occur in the
future. Some changes which were initiated very quickly following the ac-
cident are outlined below:

Hardware Changes

1. Emergency power for pressurizer heaters, valves, and level
indicators for PWRs

2. Performance testing for relief and safely valves

3. Improve instrumentation to aid operators in accident diagnosis and
control

a) Direct position indication for BUR and PMR relief and safety
valves

b) Instrumentation for detection of inadequate core cooling

1) level Indication in pressure vessel

4. Provide containment isolation for PWRs and BWRs on diverse signals

5. Post accident hydrogen control systems

a) Dedicated penetrations for external recombiner or external
purge system

b) Inerting of Mark I and Mark II BUR containments

c) Capability to install hydrogen recombiner

6. Post accident control of radiation In systems outside containment

a) Leakage control

b) Shielding

7. Improve auxiliary feedwater system reliability

a) Automatic initiation of all auxiliary feedwater systems

b) Auxiliary feedwater flow Indication

8. Instrumentation to follow course of accident

a) Improved sampling capability

b) Increased range of radiation monitors

c) Improved in-plant Iodine instrumentation



Operational Changes

1. Operators were Instructed to not throttle or shut off HP! opera-
tion once Initiated, unless the pressure in the primary system
was above saturation pressure or unless the reactor was 1n the
normal shutdown procedure mode.

,2. Operators were to turn off the reactor coolant pumps once HPI
was Initiated.

3. Containment was to be Isolated once HPI operation was Initiated.

Institutional Changes

1. NRC has organized an Office of Analysis and Evaluation of Opera-
tional Data which has the responsibility of systematically ana-
lyzing and evaluating operating data, Including licensee event
reports and making recommendations for corrective or Improvement
actions In procedures, operations, management and hardware.

2. The electric power utilities have organized an organization, the
Nuclear Safety Analysis Center (NSAC), Post Office Box 10412, Palo
Alto, California 94303, for the analysis and evaluation of safety
issues for nuclear power plants. In addition, the Institute for
Nuclear Power Operation (INPO), 1820 Water Plaza, Atlanta, Georgia
30339, has been organized to Improve nuclear power plant operator
training and management.

III. NUCLEAR REGULATION

Since the Nuclear Regulatory Commission (NRC) played an Important role
following the initiation of the accident at TMI-2, and the Kemeny Commis-
sion and Rogovin Special Inauiry Group both have made significant recom-
mendations regarding Its role 1n assuring public safety, this section will
be devoted to a discussion on nuclear regulation.

In the United States the Nuclear Regulatory Commission has the re-
sponsibility for assuring public safety over all aspects of commercial
nuclear power plant operations. It carries out Its responsibilities by
licensing, regulating, and Inspecting the construction and operation of
commercial and other non-military nuclear facilities.

The NRC consists of five Commissioners appointed by the President of
the United States and confirmed by the U.S. Senate. The Commission has a
large staff of about 3,300 technical and administrative people. It is an
independent agency of the Executive Branch of the government and 1s organ-
ized Into a number of offices, three of which are statutory ones. These
are the Offices of Nuclear Reactor Regulation, Reactor Research, and Nu-
clear Materials Security and Safeguards. The Commission also has a statu-
tory advisory body, the Advisory Committee on Reactor Safeguards, consist-
ing of 15 Independent experts, scientists and engineers, which has the
responsibility for reviewing licensing evaluations as well as other aspects
of Commission activities such as reactor safety research.

A utility, in order to build and operate a nuclear power plant at a
specific site, must obtain a Construction Permit (CP) and an Operating
License (OL) from the NRC. In order to obtain a CP, a utility must submit
a Preliminary Safety Analysis Report (PSAR) and an Environmental Report
which includes information on component and system design as related to
safely, site characteristics, public health issues, operating personnel,
management and administration, emergency response plans, hypothetical ac-
cident response, environmental impact, quality assurance, radiation ef-
fluent and waste control, and financial capability. The NRC has specified
in Regulatory Guide 1.70 (Ref. 125 the type of information and its format
which 1s required for a safety analysis report.

One of the major subjects which must be discussed in the PSAR and FSAR
is accident analysis. The NRC has divided possible accidents Into nine
classes, as listed in 10 CFR SO and outlined below:

NRC Accident Classifications

Class 1. Trivial incidents

Class 2. Small releases outside containment

Class 3. Radwaste system failures

Class 4. Events that release radioactivity into the primary system

Class 5. Events that release radioactivity Into the secondary system

Class 6. Refueling Accidents Inside containment

Class 7. Accidents Involving spent fuel outside containment

Class 8. Accident Initiation events considered In design basis eval-
uation in SAR

LOCA
Break In instrument l ine
Reactivity transient
Steam line break

Class 9. Hypothetical sequences of failures more severe than Class 8
accidents

The applicant 1s required to analyze a broad spectrum of accident? in
which he postulates in i t ia t ing events In the following categories:

1 . Increase in heat removal by the secondary system

2. Decrease in heat removal by the secondary system

3. Decrease In reactor coolant system flow rate

4. Reactivity and power distribution anomalies
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5. Increase in reactor coolant inventory

6. Decrease in reactor coolant Inventory

7. Radioactive release from a subsystem or component

8. Anticipated transients without scram

Since it is not possible to analyze all possible accidents in detail,
a spectrum of accidents which serves as a boundary envelope based on fre-
quency and consequence is chosen. The NRC has developed the following
three categories of accidents:

1. Incidents of moderate frequency — those which may occur during a
calendar year for a particular plant.

2. Infrequent incidents — those which may occur during the lifetime
of a particular plant.

3. Limiting faults — those occurrences that are not expected to oc-
cur but are postulated because their consequences would include
potential for the release of significant amounts of radioactivity.

The applicant is required to discuss each of the above eight Initiat-
ing events In terms of the three frequency groups. Analysis 1s to be car-
ried out for the limiting events for each combination of category and
frequency group.

The staff of the Office of Nuclear Reactor Regulation (NRR) reviews
the material submitted by the licensee 1n accordance with a Standard Review
Plan (Ref. 13) and prepares a Safety Evaluation Report (SER) summarizing
its findings. The ACRS reviews the SER and background material and submits
its recommendations to the Commissioners. The staff also prepares a Draft
Environmental Impact Statement for review by other federal, state and local
agencies and the public. A 3-member Atomic Safety and Licensing Board
(ASLB) conducts public hearings on all applications for a CP and makes such
intermediate or final decisions as the Commission may authorize 1n pro-
ceedings to grant, suspend, revoke or amend NRC licenses. If the ASLB
findings are favorable, the Commission issues the CP. Any decision of the
ASLB may be appealed and reviewed by an Atomic Safety and Licensing Appeal
Board with a final review possible by the Commission. The entire licensing
procedure may take about 2-1/2 to 3 years, or longer, depending on the de-
sign, site, location, extent of public Intervention, and any technical is-
sues which require resolution.

In the design of the plant the reactor designer and utility follow the
Regulatory Guides which are guidelines for component or system specifica-
tions. Following Issuance of the CP, the utility may start construction.
As the plant construction approaches completion, the utility submits a
Final Safety Analysis Report (FSAR) which contains the final design In-
formation and operating procedures and plans to obtain the Operating
License. The FSAR contains the final design characteristics of all aspects

of the nuclear power plant, including such information as containment data
and specifications of the radioactive waste handling systems. The NRC
staff reviews the FSAR and supporting information 1n a similar manner to
the CP review, except that no public hearings are required unless requested
by intervenors. When the FSAR is approved, the NRC Issues the OL with
Technical Specifications which provide the operating criteria and param-
eters which the utility must meet to ensure public health and safety.

During the construction stage as well as when 1n operation, members of
the NRC Office of Inspection and Enforcement staff make periodic audit-type
inspections to assure that proper quality assurance procedures ore in ef-
fect so that construction is proceeding according to design specifications,
and when in operation that the operators are fulfilling approved procedures
for operation.

If there are any unusual events after a plant has gone into operation,
the utility must file with the NRC a Licensee Event Report (LER) which de-
scribes the event, its causes, and any remedial action. The Commission
staff maintains close touch with the operating reactors so that any unusual
events which are reported are investigated promptly.

IV. REACTOR SAFETY ANALYSIS

In the licensing process In the United States, analysis of reactor ac-
cidents plays a very important role. Since it 1s not possible to conduct
full scale reactor experiments which simulate various accident scenarios,
it 1s necessary to depend on analytical methods to determine the conse-
quences of such scenarios and the design basis of the plant Is, thus, based
on such analyses. The NRC requires that a series of accidents must be an-
alyzed for the PSAR as a design basis analysis. In addition, a hypo-
thetical loss of coolant accident (LOCA) must be analyzed in accordance
with a specific prescription, as provided in Appendix K of 10 CFR 100 (also
Ref. 14) to show the effectiveness of the ECCS. The analysis must show
that the reactor under LOCA conditions will meet the ECCS effectiveness ac-
ceptance criteria, as given in Table III. Computer codes which Incorporate
the neutronic behavior in the core, the thermal hydraulic behavior of the
coolant (water) in the complete primary and secondary systems, and effects
of control action have been developed to predict both normal and abnormal
reactor transients. Both complete systems codes, as well as stand-alone
codes which describe specific parts of a transient, are currently used,
although the trend is to use the systems codes for LOCA analysis.

Two types of codes are currently used: the evaluation model (EH)
codes which have incorporated conservative models and correlations for
licensing use, and best estimate (BE) codes which utilize the best physical
models and realistic correlations. The BE codes are being assessed by com-
parison with experiment and are used to evaluate the margin of safety
inherent 1n the EH codes.

Fabic [15J and more recently Jackson et al.L16J have reviewed the ex-
isting (as well as those under development) computer codes which can be
used for LOCA analysis and have made a comparison of various computer
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codes. Current BE computer codes are In a modularized format such that
each system component nay have I ts specific thermal hydraulic equations
rather than have the overall system divided Into control volumes and solv-
ing the same conservation equations for each volume.

Because of the complexity, the two-phase flow codes which have been
developed in the past have used the simplification that the two-phase f lu id
was considered as a homogeneous mixture of the l iquid and vapor (steam)
phases and that the two phases were in thermal equilibrium with each other.
These simplified codes were called homogeneous equilibrium model (HEM)
codes, where single phase equations were used to describe the f lu id flow
and steam tables were used to define the properties of the mixture f l u i d .

TABLE I I I

ECC5 Effectiveness Acceptance Criteria

1. Peak Cladding Temperature

Calculated maximum fuel cladding temperature shall not exceed 2200 F.

2. Maximum Cladding Oxidation
The calculated total oxidation of the cladding shall nowhere exceed
0.17 times total cladding thickness before oxidation.

3. Maximum Hydrogen Generation
The calculated total amount of hydrogen generated from the chemical
reaction of the cladding with water or steam shall not exceed 0.01
times the hypothetical amount that would be generated if all of the
metal in the cladding surrounding the fuel, excluding the cladding
surrounding the plenum volume, were to react.

4. Cool able Geometry
Calculated changes in core geometry shall be such that the core re-
mains amenable to cooling.

5. Long Term Cooling
After any calculated successful initial operation of the ECCS, the
calculated core temperature shall be maintained at an acceptably low
value and decay heat shall be removed for the extended period of
time required by the long-lived radioactivity remaining in the core.
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In order to improve the thermal hydraulic modeling to describe
situations where there may be clear phase separation, some current codes
such as TRAC [16] have Introduced modeling which takes into account non-
homogeneity and non-thermal equilibrium of the two phases in what is called
a two f lu id (TF) model. In the two f lu id model the equations for the con-
servation of mass, momentum and energy are developed for each of the two
phases with the assumption that the pressures in both phases are equal
(pj,=Pn=p). In addition to these conservation equations, i t is nec-
essary to have conservation of the interfacial mass, momentum and energy
transfer terms. The TF model thus characterizes two-phase flow as accu-
rately as possible. In the TF model the local instantaneous equations are
time-averaged over a short period of time. The time-averaged equations can
then be used directly or averaged over the control volume, area or compon-
ent of interest.

The THI-2 accident clearly showed the need for a thermal hydraulics
computer code which could simulate the two-phase conditions which existed
during much of the accident. There was clearly phase separation and the
more simplified computer codes were unable to simulate the accident con-
ditions once significant amounts of steam were generated in the primary
system.

For those situations where the complexity of the TF model Is not re-
quired, a model called the d r i f t f lux (diffusion) model has been used,
where the vapor and l iquid phases are considered as a mixture. In the DF
model the conservation equations for mass and momentum are considered for
the mixture as a whole and the conservation of energy equations in terms of
the d r i f t velocity (Vg-Vj). The DF model is an improvement over the
HEM model because the effects on the mixture dynamics of the difference be-
tween the steam and l iquid velocities is taken into consideration and the
effects of thermal nonequilibrium are considered in a simplified manner.

Current EH computer codes are used in lumped parameter modes where the
homogeneous equilibrium model is averaged over large control volumes. The
EH codes with their conservative assumptions and HEH models yield bounding
type analyses of LOCAs. BE computer codes such as TRAC and RELAP5 use non-
homogeneous, non-equilibrium hydrodynamic models.

Fable has l is ted practical two-phase flow models which are in current
use 1n various codes. Some of the codes currently in use are l is ted in
Table IV, with the definitions of each of the variables being l isted in
Table V.

Summary descriptions of RELAP5 and TRAC have been given by Jackson et
31.116] where RELAP5 (developed by the Idaho National Engineering Labor-
atory (INEL) 1s described as "an advanced, one-dimensional, fast running
system analysis code. I t is a completely new code based on a non-homoge-
neous, non-equilibrium hydrodynamic model and features top-down structural
design with significant programming elements coupled in modular fashion."
RELAP5 has been developed for system transient simulation of LWR LOCA and
non-LOCA transients. A summary of the general characteristics of RELAP4,
RELAP5 and TRAC, as given by Oackson [16] Is provided in Table VI . 543



TRAC is a multidimensional, non-homogeneous, non-equilibrium systems
computer code developed by the Los Alamos Scientific Laboratory (LASL).
The flow fn the reactor vessel is treated on a three-dimensional basis,
whereas the flow outside of the vessel is treated on a one-dimensional
basis. In the reactor vessel two f lu id , six-equation modeling is used,
while a five-equation DF mode*! is used in the one-dimensional loop com-
ponents to describe the f lu id flow. A five-equation DF model adds a sepa-
rate energy equation for the vapor phase to the standard form DF model.
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TABLE V

TWO-PHASE FLOW MODELS
TABLE VI

Comparison of LWR LOCA Codes

1V2T

1VD2T

2VTkTs

Designation Characteristics

1V1T HOMOGENEOUS EQUILIBRIUM (HEM)

1VS1T SLIP, EQUILIBRIUM

1VD1T DRIFT, EQUILIDRIUM

lVTkT$ HOMOGENEOUS. PARTIAL NON-EQUILIBRIUM

lYSTfcTs SLIP, PARTIAL NON-EQUILIBRIUM

lVDTkTs DRIFT FLUX (DF), PARTIAL NON-EQUILIBRIUM 2

2V1T TWO FLUID, EQUILIBRIUM 1

HOMOGENEOUS. FULL NON-EQUILIBRIUM 2

DRIFT. FULL NON-EQUILIBRIUM 2

TWO FLUID, PARTIAL NON-EQUILIBRIUM 2

2V2T TWO FLUID. FULL NON-EQUILIBRIUM 2

No. Field Equations
Mass Momentum Enemy

1

1

1

1

1

1

2

1

1

2

2

1V1T
ZV2T

Vs
S
0

ONE VELOCITY. ONE TEMPERATURE MOOEL
TWO VELOCITIES. TWO TEMPERATURES MODEL
ONE PHASE AT SATURATION TEMPERATURE
TEMPERATURE OF OTHER PHASE IS COMPUTE
SLIP RATIO IS USED
VAPOR DRIFT IS USED

1

1

1

2

2

1

1

2

2

1

2

Capabilities
Reactor System

PWR
BUR
Control Vol. No.
Dimensions
ECCS-LPI
ECCS-HPI

RELAP4 HOD 7 TRAC (P1A/BDO) RELAP5

Yes
Yes

Yes Yes
Yes No

Dynamic Storage, Computer Storage Limited —
Multi 1

Time/Pressure, Dep. Fill »
Time/Pressure, Dep. Fill 1

Accumulator

Secondary System Yes'

Control Vol.
w/Polytropic Air

- HT

Trip Logic

Check Valves

Motor Act. Valves

Hydrod.ynamic Model
Homog. Equil.

Momentum Flux

Nonhomo. Equil.

Numerics

Arbitrary Network

Model Improvements

Fuel Type

Av/Hot Channel

and/or Logic Added

Yes

Yes

Slip Added

Yes
Explicit Nonhomog.

ECC Mix.

Implicit

Yes

Pin/Plate

Yes

Gap Yes

Thermal Properties Yes (MATPRO)

Conduction Yes

Active Control
Vol. w/air

Adequate Primary/Secondary Model
Steam Generator Only

Complex Trip, Logic Complex Trip, Logic

Yes Yes

Tabular Yes

No

Yes
Two Fluid
6 Eqs.

Semi/Full Implicit

Yes

Pin

Yes, 3-D
Multi Rod

Yes

Yes

Ves

Optional

Yes
Two Fluid
5 Eqs.

Semi-Implicit

Yes

Pin/Plate

Yes
Multi Rod

No

No

Yes
545



TABLE VI (Confd)

Capabilities

Metal Water Reaction

Reactor Kinetics

Phase Separation

Integral Blowdown
Reflood

Metal Heat Cond.

Water/Steam Prop-
erties

Heat Transfer Cor-
relations

FOR/Rev. Loss Coeff.

Pump Model

Choked Flow Model

User Convenience

Plots

Restart

Automatic Steady
State

Input, Free Format

Input, Diagnostics

Computer Used

RELAP4 MOD 7

Yes

Point Kinetics

Var. Bubble Rise

Auto. Renodal.

Yes, Distributed

Extensive Iter.
Table Lookup
with Memory

Improved Correl. &
Logic-Diff. Correl.
for Blowdown/Reflood

Yes

Homologous
Pump Curves

Several Options

Yes

Yes + Renod.

Yes (PWR only)

Yes

Same as RELAP4/H3

CDC 7600

TRAC (P1A/BD0)

Yes

Point Kinetics

TF Model

Auto. Renodal

Yes, Lump-Dist.

Correlations

1 set for entire
trans. Phases
treated separately

No

Homologous
Pump Curves

Num. Choking
Fine Mesh

ves

Yes + Renod.

Yes

No

Limited

CDC 7600

RELAP5

No

Point Kinetics

TF Model

Yes

Yes, Distributed

Extensive Direct
Table Lookup with
Memory

Same as
RELAP4 HOD 6

Yes

Homologous
Pump Curves

TF Boundary
Conditions

Yes

Yes

No

Yes

Yes

CDC 7600
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In addition to the basic conservation equations, there are the con-
sti tut ive equations which describe the transfer of mass, momentum and
energy between the vapor and l iquid phases as well as the interaction of
the phases with the system structure. TRAC has included a flow-regime-
dependent (bubbly, slug, and annular flows! constitutive equation package
in the code.

TRAC also has heat transfer models such as conduction models to calcu-
late temperature distributions in structural materials, and fuel rods and
convection models to calculate the heat transfer between the coolant and
structural materials. The conduction model for the fuel rod takes into
consideration surh effects as gap conductivity changes, metal water reac-
tion and quenching phenomena.

TRAC has been developed in a modular format so that each component 1s
considered a separate module. Any PWR desion or experiment configurator
can be modeled as a system by assembling the appropriate component models
by input data. Accumulators, pipes, pressurizer, pumps, steam generators,
tees, valves and vessels have been modeled separately in a modular format.

Currently TRAC, in addition to further development, is undergoing as-
sessment by comparison with separate effect as well as integral experi-
ments. Assessment efforts are in progress at LASL and at BNL. A l i s t ov
TRAC-P1A assessment analyses is provided in Table V I I .

TRAC was also used by LASL to analyze the TMI-2 accident up to about 2
hours after the start of the accident. The type of noding scheme used in
the analysis is shown in Figure 10. The comparisons of actual system
pressure and primary system temperature as a function of time with TRAC
results are shown In Figures 11 and 12.

V. REACTOR SAFETY RESEARCH

Reactor safety research In the United States is sponsored by the U.S.
Nuclear Regulatory Commission (USNRC), the Department of Energy (DOE},
Electric Power Research Institute (EPRI), reactor manufacturers, and some
u t i l i t i e s . In fiscal year 1981, the NRC and DOE had budgets of $216M and
$35M, respectively, for LWR safety research, and these agencies constitute
the principal governmental sources for funding in this area.

Before the TMI-2 accident, an emphasis was placed on the understanding
of large break loss of coolant accidents (LBLOCA), with the NRC Loss of
Flow Test (LOFT) program having the major role 1n the NRC safety research
program. Since TMI-2, the emphasis on safety research has shifted toward
Improving our understanding of accidents whose frequency of occurrence have
a higher probability. The importance of the small break loss of coolant
accident (SBLOCA) has been recognized and much of the research effort has
been redirected toward improved understanding of this class of accidents.
I t has also been recognized that LWR accidents which result In degraded or
damaged cores with accompanying release of significant amounts of hydrogen
may be possible. Research has been Ini t iated on the effects of severely
damaged cores, methods for mitigating or preventing the combustion of hy-
drogen, and methods for mitigating the effects of rapid combustion and
pressurization of the containment. In this la t ter category, consideration 532



TABLE VII
TRAC-P1A Developmental Assessment Analyses [16]

No_. Experiment

1 Edwards Horizontal Pipe
Blowdown (Standard Problem 1)

CISE Upheated Pipe Blowdown
(Test 4)

CISE Heated Pipe Blowdown
(Test R)

Harviken Fail-Scale Vessel
(Test 4)

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

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

Creare Countercurrent Flow
Experiments

FLECHT Forced Flooding
Tests

Non-nuclear LOFT Blowdown
with Cold Leg Injection
(Test Ll-4, Standard
Problem 7)

Thermal-Hydraulic Effects

Separate effects, 1-D critical
flow, phase change, slip, wall
friction

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

Same as 2 plus critical heat
flux (CHF)

Same as 1 plus full-scale effects

Synergistic and systems effects
1-D flow, phase change, slip wall
friction, critical nozzle flow

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

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

Separate effects, reflood heat
transfer, quench front propaga-
tion, liquid entrainment and
carryover

Integral effects during blowdown
and refill, scale midway between
Semiscale and full-scale PUR

Q_JJ
LOOP "A"

| ~ | COMPONENT WO.

O JUNCTION NO.

IS CCM>ONENTS
I t JUNCTIONS

24 VESSEL CELLS
4 2 1-D CELLS
66 TOWL CEOS

FIGURE 10. TOK noding schsrattc for m i -2 .
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is being given to the possibility of f i l te r ing and vanting the hot radioac-
t ive gases inside of the containment to maintain Integrity of the struc-
ture. Another area which has gained attention 1s in the improvement of
training of operators with the use of more real ist ic training simulators.
Studies have been init iated on machine-man interactions as well as on the
human factors Involved 1n accident in i t ia t ion . Emphasis has also been
placed on risk assessment studies, including ut i l izat ion of techniques used
in the Reactor Safety Study (KASH-1400),[17] and development of improved
methodology and re l iab i l i ty data.

This overview of reactor safety research wi l l discuss some of the
major programs being carried out under the sponsorship of the NRC. The LHR
safety research In the NRC is divided into the following categories: sys-
tems engineering, LOFT, code development, fuel behavior, primary system
integrity, seismic engineering and site safety, and risk assessment.

In the systems engineering category are conducted experimental studies
of transients ini t iated by small breaks 1n the primary system and tran-
sients in i t ia ted in the secondary steam system. The primary fac i l i t i es
used in this program Include Semi scale at the Idaho National Engineering
Laboratory (INEl) and the Two-Loop Test Apparatus (TLTA) at the General
Electric Company in San Jose, California.

The Semiscale fac i l i t y [18,19] is a non-nuclear (electrical heating)
one-dimensional representation of a PWR f a c i l i t y , as schematically shown in
Figure 13, which has been in operation since 1968 at the Idaho National En-
gineering Laboratory. The fac i l i ty simulates a pressure vessel with com-
plete Internals, intact loop with active steam generator, pump and pres-
surizer, a broken loop with active steam generator, a pressure suppression
system, heater and steam supply system, and ECCS. The f i r s t core had a
length of 5.5 feet , the sane height as LOFT, with 40 electrical test rods.
The second core, MOD 2A, is 12 feet long wUii 25 electrical ly heated rods.
The total power in the core is 2 MM. The components are scaled on a one-
to-one elevation with a four-loop PWR. The Semiscale program has the ob-
jective of providing a data base for transient and LOCA code development
and assessment. Tests which have been conducted on Ssmiscale are sum-
marized in Table V I I I . Studies which are being conducted on Semiscale
Include: overcooling transients, small break LOCAs, steam generator tube
break, steam l ine break, feedline break, loss of feedwater, UHI, alternate
ECC and off-design transients.

Tong [20] reports that the Semiscale program findings to date are:

• Blowdown Heat Transfer - CHF was reached in 0.3 to 4.0 seconds in
the Semiscale cold-leg LBLCCA which is comparable to delays ob-
served in the ORNL BDHT runs.

• Reflood "teat Transfer - The data from the forced flooding tests
were compiled to the FLECHT data with good agreement, and the HOD 1
gravity flooding dats were compared to the FLECHT-SET data, with
some difference because of the differences in core length.

Semiscale
Mod-2A System

Type U steam generator
(broken loop) .Type II steam generator

(Intact loop)

Special Features:

> Instrumented SG
• Honeycomb insulation
< Pipe heat tracing
• New core

Pressure
suppression
tank

Pump suction — • » 1

Vassal downcomer ^

y
Pressure
suppression
header

FIGURE 13. Isometric View of the Semiscale N0D-2A System
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Test Series

500-700

800

900

1000

65

69

TABLE VIII
SEHISCALE TEST SUMMARY

Dates

- 68

- 71

71

72

No. of Tests

-\-100

<\, 40

One Test

9

Description

Vessel Slowdown

Vessel and Single Loop
Blowdown and ECC

As Above. Longer Core

Vessel and Two Loops

72 - 74

Blowdown and ECC

90 Countercurrent Flow and
Hot Wall Tests

1

z
3

4

S

6

7

28

TMI

SB

TR

08/74 - 07/75

05/75 - 11/75

01/76 - 03/76

05/76 - 10/76

10/76 - 03/77

04/77 - 08/77

06/78 - 05/80

07/77 - 09/77

0o/79 - 07/79

11/79 - 05/80

05/80 - <«/«>

8

8

12

9

9

6

10

13

10

10

2

Isothermal Blowdown

Blowdown Heat Transfer

Reflood Heat Transfer

Alternate ECC Concepts

Alternate ECC Locations

Integral LOCA

H0D3 Baseline (LOCA Series)

Tube Rupture, Power Control

Three Mile Island

Small-Break

Preliminary Station Blackout
Transients
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• Alternate ECC Injection Concepts - Lower plenum ECC injection tests
showed substantially earl ier core quench than the cold leg injec-
tion method (75 seconds versus 200 seconds). The combined upper
plenum and cold leg injection tests also showed an earl ier quench
time. An improvement of performance of current ECCS seems
feasible.

• Steam Generator Tube RupV.ure Tests - The t ;s t results showed that
the potential for increased cladding temperature in tube rupture
during a LOCA is largest for a range of ruptured tube numbers
between 12 and 50. However, the computational methods currently
used to analyze this transient appear to be overly conservative.
The peak clad temperature observed in this test did not exceed
1366°K (2000°F) because of the core internal flow recirculation
observed in the Semi scale tests.

The Two-Loop Test Apparatus (TLTA) at the General Electric Company -fs
a fac i l i t y which corresponds to the Semiscale f a c i l i t y for BWRs. I ts pro-
gram is under the jo int sponsorship of NRC, EPRI and GE. The fac i l i ty uses
a fu l l length 7x7 and 8x8 electr ical ly heated fuel bundle in i t s test sec-
tion to determine the thermal hydraulic characteristics under BKR LOCA con-
ditions.

Tong [20] reports that the experiments with a 7x7 fuel bundle have
produced the following results:

• The current licensing BWR LOCA evaluation method, when applied to
the TLTA results, shows a substantial margin In the prediction of
peak cladding temperature during blowdown.

t The system response was observed to be insensitive to large varia-
tions in the bundle power (3 to 6.5 HH).

• Boiling transition (BT or CHF) generally occurs after the lower
plenum flashing surge due to rod uncovering as the two-phase
mixture level Is depleted. However, in the peak power bundle
tests, boiling transition occurred due to exceeding the cr i t ica l
power during the non-typical TLTA core-flow coastdown while the
mixture level remained above the bundle.

• The maximum measured cladding temperature was less than 1030'K
(1400*F) for the peak power bundle tests.

One of the principal components of the NRC safety research program Is
the Loss of Flow Test (LOFT) program. The objectives of the LOFT program
are: (a) to provide data for the assessment of LOCA analysis computer
codes; (b) to Investigate the margin of safety In ECC systems, and (c) to
detect unexpected phenomena which might occur during a LOCA and the i n i t i a -
tion of ECCS. The LOFT Integral test , which is a pressurized water reactor
experimental f a c i l i t y , simulates loss-of-coolant accidents with ECCS opera-
tion using nuclear heating.

In order to provide experimental data for use in LOCA code assess-
ments, the following effects are studied in the LOFT program:

35.
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(1) Break flow area and break location

(2) Pump resistance e f fec t s and coastdown characteristics

(3) Downcomer bypass and mixing of the accumulator coolant with the
primary coolant

(4) Core and system differential pressures, and accelerations oc-
curring during subcooled blowdown}

(5) Heat transfer through the steam generator

(6) Three-dimensional hydraulic e f fects In the core, plena, and
other volumes of the primary system

(7) Two-phase flow resistance of various system components

(8) The ECC flow rates , Injection location Interaction with counter
current steam flow and steam generation from wall heat transfer
in the in l e t annul us and downcomer

(9) The scaling e f fects of the various primary system components

(10) The e f f ec t of redundant test ing on the confidence of the data

(11) The t e s t assembly structural response

(12) The fuel rod cladding deformation and deterioration during a
LOCE

(13) The transient heat transfer behavior from core to the coolant

(14) The behavior and/or Influence of blowdown suppression tank
parameters on the LOCA.

The LOFT f a c i l i t y [21] i s a 55 HW(t) pressurized water reactor de-
signed to simulate the Integral system behavior of a large PWK during a
postulated loss-of-coolant accident (LOCA). The LOFT has a nuclear core
approximately 168 cm long and 61 cm in diameter, with 1,300 fuel rods and
four control assemblies. The primary coolant system has been designed so
that the volume-to-core power ratio 1s similar to that which ex i s t s 1n
PWRs. The three unbroken loops for a PWR are simulated by a single loop in
LOFT and a broken FUR loop 1s simulated by the blowdown loop, as shown In
Figure 14.

The broken loop in LOFT contains an or i f ice so that various break
s izes can be simulated, and also contains a steam generator and pump to
simulate the external hydraulic characterist ics of these components 1n a
broken PWR loop. LOFT can simulate a hot leg or cold leg break by reloca-
tion of the steam generator and pump simulators. To simulate the I n i t i a -
tion of a piping rupture, quick opening valves are used In the broken loop.
A blowdown suppression tank c o l l e c t s the blowdown effluent and simulates
the containment back pressures during a loss of coolant experiment.

FIGURE 14. Major components in the LOFT system.
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Two high pressure Injection system (HPIS) pumps, two low pressure in-
jection system (LPIS) centrifugal pumps and two nitrogen pressurized accu-
mulators are used to simulate the emergency core cooling system (ECCS)
operation In a PWR. These components have the following operating charac-
teristics:

TABLE IX

SUMMARY OF Ll TESTS SERIES PARAMETERS

HPIS

LPIS

Accumulator

Capacity

0.17 - 17 a/s

Up to 18.9 V s

1.72 m3 of coolant

Pressure

Up to 17.2 HPa

99m head

6.9 MPa
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ECCS can be injected In any of five points located in intact hot leg,
intact loop cold leg, upper plenum, lower plenum and vessel downcomer.

For the Investigation of LOCAs, a program consisting of ten test
series (Ll-10) have been planned for the LOFT f a c i l i t y . These series of
tests are brief ly discussed below.

The L l test series which was conducted between March 1976 and April
1978 consisted of six non-nuclear heating loss-of-coolant experiments
(LOCE) with exothermal coolant temperature conditions. The heat for the
experiment* was supplied by the mechanical energy losses from the primary
coolant pumps and pressure was obtained using the electrically heated pres-
surizer. The major parameters which were varied in these tests included:
break size, break "location, break opening time, primary system (PCS) flow
resistance, ECC injection point and PCS pressure. A summary of the test
parameters Is given In Table IX.

The L2 test series consisted of fu l l power double-ended cold leg break
experiments. A summary of the test parameters for the L2 series is given
1n Table X.

The L3 test series consists of LOCEs due to small break in the primary
coolant loop. The following types of small break transients are studied:
break mass flow greater than HPIS; break mass flow equal to HPIS; system
repressurization, and stuck power operated re l ie f valve (PORV) of the
pressurizer c i rcu i t . A summary of the L3 test series parameters Is given
1n Table X I .

The L4 test series wi l l consist of five LOCEs designed to study the ef-
fects of various ECC systems on the LOCA transient from blowdown through re -
flood. A summary of the L4 series test parameters is given In Table X I I .

The L5 te-,t series wi l l consist of 4 LOCEs designed to study the core
and system response to Intermediate sized breaks In the primary coolant
system. Including hot and cold leg ruptures. A summary of the L5 test
series parameters Is given in Table X I I I .

Experiment
Designa-
tion

Ll-l

L1-2C

H-3

Ll-4

Ll-5*

Break
Size

100*
breaka

200* .
break"1

200* .
breakd

200* .
breakd

200*

Break
Type

Hot
leg

Cold
leg

Cold
leg

Cold
leg

Cold
leg

Break
Opening
Time (ms)

17,5D

50 + 10e

1 7 . 3 D

17.5D

17.5b

PCS
Resis-
tance

Low

High

Low

Low

Low

ECC
Injection
Point

Cold leg

Cold leg

Lower
plenum

Cold leg

Cold leg

PCS
Pressure
(MPa)

9.44

15.45

15.45

15.45

15.45

a. Simulated a 100X (50X of the break area In each leg) double-ended break
in the hot leg of a four-loop LPHR.

b. Blowdown valves orifices opened In 17.5 MS I f PCS pressure was
15.45 MPa. No tolerance given on this limit.

c. Cold leg ECC Injection to be applied after completion of blowdown to
separately evaluate "hot wall" effect.

0. Simulated a 200* (100% of the break area in each leg) double-ended break
in the cold leg of a four-loop LPUR.

'.«. set for PCS pressure of 15.45 MPa.

f . Hutfear core Installed, but not ger.srating heat.
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TABLE X
12 SERIES - POWER ASCENSION TEST SERIESa

Primary
Coolant

Power System
LOCE Level* Flow/ T.

Number (kH/m) (kg/s/K)0

12-2 26.3 186.4/23.9

L2-3 39.4 181.6/35.8

L2-4 52.5 241.9/35.8

Offsite
Power

On

On

On

12-5 39.4 181.6/35.8

L2-6 39.4 181.6/35.8

Off

On

Fuel
Condition

Unpres-
surized

Unpres-
surized

Unpres-
surized

Unpres-
surized

Prepres-
surizcd
center
nodule
(2.41 MPa)

Coimiems

Completed

Completed

The core will be
changed out (both
nondestructive and
destructive examina-
tions will be con-
conducted) .

The center fuel module
will be replaced with
a module with pres-
surized fuel rods for
this test (Type F
fuel module).

TABLE XI

SUMMARY OF THE L3 TEST SERIES PARAMETERS

Test

L3-0
1.3-1
13-2
L3-3
L3-4
L3-5
L3-6

Break*
Size

0.1 ft2

0.0075 ft2

0.0075 ft2

0.0075 ft2

0.1 ft2

0.1 ft2

Break
Location

ILHL
BLCL
BLCL
BLCL
ILHL
ILCL
ILCL

Co-went

a. Break sizes for full LPHR sizes,
to LOFT.

Isothermal; stuck PORV

Dry steam generator
Stuck PORV
Isothermal; pumps off
Isothermal; pumps on

Breaks will be volume scaled

a. Parameters not listed here are defined in the experiment operating
specification (EOS) for each test. All tests are full-area (200%) OECL
breaks and assume loss of one low-pressure injection system (LPIS) and
high-pressure Injection system (HPIS) train.

b. A total core peaking factor of 2.43 was assumed.

03

8 8.0

11 70

Sg
2 o

8 o 4.0
ra
S 3.0

553



TABLE XII

SWUM OF L4 SERIES PARAMETERS

Test"

L4-1

L4-2

L4-3

L4-4

L4-S

Linear Heat
Generation Rate

(MM)

(39.4)

(39.4)

(39.4)

(39.4)

(39.4)

ECC Injection
Location

Lower plenum

Hot leg

Hot leg and cold leg

Downcomer

Cold leg upper
plenuM/downcomer
pressure equalization

a. an tests will simulate a 200* DECL LOCA and will assume the loss
of one LPIS and one HPIS train.
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TABLE XIII

SUMMARY OF L5 TEST SERIES PARAMETERS

Parameter

Power (KH/«)
PCS Flow (Kg/s)
Core AT (K)
Break Size
Break Location
Primary PUMPS

L5-1

39.4
181.6
35.8
14"
HL
Off

L5-2

39.4
131.6
35.8
10"
CL
Off

LS-3

39.4
181.6
35.8
16"
PS
Off

L5-4

39.4
181.6
35.8
16"
PS
On

The L6 test series has been designed to study operational transients
and anticipated transients without scram (ATWS), while the L7 test series
will consist of LOCEs which are designed to study the behavior of steam
generator tubing rupture coincident with a LOCA. Other test series which
are being planned include L8, degraded core tests, L9 transients with mul-
tiple failures, and L10 accident override transients. The degraded core
transients will study core uncovery and fuel response to severe transients,
while transients with multiple failures will investigate accidents of dif-
ferent compounded events. The accident override transients will study
various schemes for operator Intervention during an accident to enable the
plant system to arrive at a safe shutdown condition.

L. S. Tong 120J reports that the major conclusions which can be drawn
as a result of the LI series and L2-2 and L2-3 tests are:

• The ECC water 1s delivered more quickly to Hie core, more reactor
coolant remains in the core region and less ECC water flows from
the break than is predicted by codes based on the conservative
licensing ECC rule.

• Early In the accident, even before the ECCS is actuated, the core
receives a flow of water which rewets the core and significantly
lowers the temperature of the fuel during blowdown period.



• The hydraulic behavior of LOFT experiments is basically predictable
by the "best estimate" codes. No unexpected severe events were
observed. This finding provides confidence in the current
analytical methodology.

• The ECC systems work as expected. Peak cladding temperature in the
LBLOCA tests was less than 980°K (1300T) .

Following the THI-2 accident, the LOFT program schedule was changed to
study small break LOCA and transients. Tests, including a stuck open PORV,
a 4-inch and a 1-inch break simulation in the primary system, and effect-
iveness of various heat sinks have been studied. Tong reports that these
tests suggest that for 4" pipe or larger breaks the break flow is s u f f i -
cient to carry away a l l decay heat, while for small breaks the steam gener-
ator Is the dominant heat sink. In addition, the LOFT program now includes
the study of methods for the operator to recognize, control and mitigate
accidents as well as the study of the ini t iat ion and development of natural
circulation aid methods for the measurement of coolant inventory.

In the code development area the principal effort is in the develop-
ment and assessment of TRAC and RELAP5 which have been described in a pre-
vious section. There Is also effort in the development of COBRA-TF L22]
which, when coupled to a system code l ike TRAC, is a computer code to
analyze full-scale reactor systems under accident conditions, with special
emphasis on hot bundle/hot channel analysis and complex internal vessel
geometry simulation. COBRA-TF is a three-dimensional two-phase flow code
using three f ie ld representation. COBRA-TF has been linked to TRAC-P1A as
a vessel module, thus providing a system simulation capability. I t also
has been linked to FRAP-T6, a transient fuel behavior code for reflood
calculations.

The fuel behavior program provides analytical tools and experimental
data to assess fuel behavior under accident conditions. The program I n -
cludes cladding experiments, in-reactor tests, fuel meltdown and fission
product transport tests, and fuel behavior code development. The principal
fac i l i ty in this program 1s the Power Burst Facil i ty (PBF) at INEL.

The PBF fac i l i t y consists of a 40 HW l ight water moderated and cooled
reactor with a loop for test fuel rods which can be uti l ized In a pulse
mode of operation (maximum power during shaped burst = 1000 MM), and which
has been in operation since 1974. I t can be operated in various modes to
provide test conditions typical of accident conditions such as:

1 . Power Cooling Mismatch (PCM) Accidents

2. Loss-of-Coolant Accidents (LOCA)

3. Reactivity-Initiated Accidents (RIA)

4. Operational Transients With and Without Scram (OPTRAN)

5. Small Break LOCAs (SBLOCA)

Experimental studies at PBF on gap conductance and fuel stored energy
provide data to assess fuel behavior codes such as FRAPCON and FRAP-T,
which are steady state and transient behavior codes. FRAP-T can be used to
analyze fuel transients in LOCA from blowdown through reflood phases of the
accident.

The PBF program consists of a 37 test program to investigate LWR fuel
behavior under accident conditions, as l isted above. In-pile PCM experi-
ments have been performed in which unirradiated, Irradiated fue'i rods and
irradiated cladding and fresh fuel rods have been tested. Some conclusions
123,24,25] which can be drawn from these experiments are: (1) LWR rods can
operate in fi lm boiling mode and incur significant damage without fa i lure;
(2) the primary rod failure mechanism is that due to oxygen embrittiement
of the cladding due to steam-si realloy and UOg-zireal Toy reactions, and
(3) rod-to-rod film boiling and fuel fai lure propagation did not occur.

Single and multiple rod tests under RIA conditions have been per-
formed. Tests with pre-irradiated fuel rods indicated substantial swelling
of the rods caused by fission gas release, cladding fragmentation and fuel
powdering which resulted in flow blockage around separately shrouded i r ra -
diated fuel rods. Bundle cool abi l i ty and coolant channel integrity In a
cluster fuel rod assembly wi l l be studied under RIA conditions of about 220
cal/g UO2 peak fuel enthalpy.

LOCA blowdown tests were carried out with pressurized fuel to deter-
mine rod deformation and ballooning. Fuel behavior with peak cladding
temperatures of 1030, 1190, 1350 and 15O0K are being studied.

The effects of operational transients on fuel rods, especially cumu-
lat ive damage effects, are being Investigated. Such effects as cladding
collapse with dryout, and pellet-cladding interaction combined with stress
corrosion cracking wi l l be studied.

The effects of small break LOCA (SBLOCA) on fuel behavior wi l l also be
Investigated. Effects of slow system depressurization accompanied by
coolant flow reductions similar to that of THI-2 on fuel rod bundles wi l l
be investigated. The program wi l l assess fuel rod damage due to cladding
oxidation, hydriding, zircalloy-UOj eutectic formation and rod fragmenta-
t ion. The program will include tests with peak cladding temperatures up to
about 2300K.

Significant results from the fission product release program from de-
fective LWR fuel rods under prototypic LOCA at ORNL 126] have indicated
that cesium and iodine are released a factor of 10 to 100 less than that
assumed in WASH-1400. Cesium iodide (Csl) appears to be the principal
chemical species released froc fai led fuel into a steam environment. Since
Csl 1s highly soluble in water, the amount of radioactive Cs and I released
into the containment and to the environment would be considerably less than
that previously postulated in WASH-1400 L17J according to Levenson and
Rahn.L27J This explanation is given for the very small amount of iodine
released to the environment at THI-2. Almost a l l of the cesium and iodine
released at TMI-2 from the failed fuel has remained In the coolant water 555



within the containment. Levenson and Rahn contend that the risk of radio-
active iodine and cesium release from LWR accidents is substantially re-
duced from previous postulates in such studies as WASH-14O0.

The primary system Integrity program includes the development of tech-
niques to detect incipient cracks in the pressure vessel and piping, pre-
dicting the growth of cracks and inhibiting the growth of cracks by con-
trolling the coolant chemistry. This program also Includes studies to
improve the understanding of the reduction of fracture toughness of pres-
sure vessels due to neutron irradiation as well as an understanding of the
effects of thermal shock on the structural Integrity of pressure vessels.

There has been increased interest in the effects of thermal shock, es-
pecially because of the possibility of overcooling transients on such re-
actor plants as designed by BSW. The sensitivity of the B&W design steam
generator to changes in the feedwater flow increases the possibility of
overcooling or undercooling transients.

This has been a review of the major highlights of the NRC safety re-
search program. This program continues to evolve in response to the TMI-2
accident. The following represent some additional research needs [28,29]
which are related to the TMI-2 accident:

1. Development of a highly reliable shutdown heat removal system.

2. Development of improved instrumentation such as pressure vessel
water level indicator, accident diagnosis instruments, improved
control console/room design.

3. Improved understanding and methods of analysis of anomalous tran-
sients and small break LOCAs.

4. Improved operator action to respond to transients and accidents.

5. Improved simulators for operator training.

6. Reexamination of overall design adequacy.

7. Measures to deal with or mitigate degraded core and core melt
accidents.

8. Improve probabilistic risk assessment methodology and reliability
data.
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VI. CURRENT ISSUES

As an aftermath of the TMI-2 accident, the USNRC Is considering hold-
ing rulemaking hearings on a number of subject? directly related to reactor
safety. These subjects include (a) safety goals, (b) reactor sit ing, (c)
engineered safety features, (d) emergency preparedness for nuclear power
plants, (e) alternative site reviews, and (f) degraded core accidents.

The ACRS L30] has made a trial approach to the development of quanti-
tative safety criteria. It has divided the problem into two tasks; (a) the
social and political task of setting safety criteria, and (b) the technical
task of estimating the risks and determining whether the criteria have been
met. The ACRS has proposed the following safety criteria:

(a) Limits are placed on the frequency of occurrence of certain
hazardous conditions within the reactor.

(b) Limits are placed on the risk to the individual of early death or
delayed death due to cancer arising from an accident.

(c) Limits are placed on the overall societal risk of early or
delayed death.

(d) An "as-low-as-reasonably achievable" approach 1s applied with a
cost-effectiveness criterion that includes both economic costs
and a monetary value of preventing premature death.

(e) A small element of risk aversion i s applied to Infrequent acci-
dents involving large numbers of early deaths compared to a
similar number of deaths caused by many accidents, each involving
one or t»o deaths.

The ACRS has suggested goals for the criteria (a) through (d), and
these are reproduced as Tables XIV to XVII.

The USNRC in August 1978 established a Task Force to develop a general
policy statement on nuclear power reactor siting. This Task Force produced
a report 131J to the Commission which will be the basis for the siting
rulemaking hearings. The Task Force produced nine recommendations which
were to accomplish the following goals.

(1) To establish requirements for s i te approach which are independent
of plant design considerations.

(2) To take Into consideration in siting the risk associated with ac-
cidents beyond the design basis (Class 9) accidents by estab-
lishing population density and distribution criteria.



TABLE XIV

Limits on Occurrence of Hazard States

Hazard State

Significant Core Damage
(> 10% of noble gas inventory
leaking into primary coolant)

Urge Scale Fuel Melt - LSFM
(> 33* of oxide fuel becoming
molten)

Urge Scale Uncontrolled Release
from Containment given LSFM
0 lot of Iodine inventory
and 90% of noble gas)

Probability Goal

Less than 1/100
per reactor lifetime

Less than 1/300
per reactor lifetime

Small, given a Urge
Scale Fuel Melt

Decision 'tales on Mean Frequency

Coal Level

f^OclO"1

per reactor year

fa <lxI0"4

per reactor year

per LSFM

Upper Uni t

f e d <lx l0- 5

per reactor year

f̂  <Sxl0"*

pes reactor year

f R / - < O a

per LSFM

el
n
ir

it
wj
pti
Th
CO
ar

fcd i s the frequency of Significant Cor* Damage per reactor year.

fa i s the frequency of Large Seal* Fuel Melt per reactor year.

fR.a i s the frequency of Large Scale Uncontrolled Release per large Seal* Fuel Melt.

The upper non-acceptance limits must be satisfied for extended operation of a new plant or for
issuance of a construction permit. Between the upper limits and the goal levels i s a discretionary
range for case-by-ca$e consideration of uncertainties and competing risk. Once the risk level
decision rules have been applied, rl \ must s t i l l be reduced i f such reduction is reasonably
achievable within the cost-effective, i s criterion of Table 4.
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TABLE XV

Limits on Risks to Host Exposed Individual

COJ
Th<
wh«
ba:
wh-
poi
rai

Probability Goal

Probability of delayed death
from cancer due to all reac-
tors at a s i te over lifetime
of individual <O.0O0S

Probability of early death
due to a reactor accident
over lifetime of individual
< 0.0001

Mean Frequency per Site-year

Goal Level

fd <sxio-6

per s i te -
year

per s i te-
year

Upper Liait

fd <2.5xlO"S

per site-year

f^ <5xlO"6

per site-year

Decision Rules on Mean Frequecy per
Large Scale Fuel Helt-LSFH

Goal Level

fd/ -<0.01

per ISFH

fea/,<0.002
per ISFH

Upper Limit

fd/,<o.os
per ISFH

fed/« < 0 - 0 1

per LSFH

f, i s the individual risk of delayed cancer death per s i te year.

f., i s the individual risk of delayed cancer death per large scale fuel melt,

f . i s the individual risk of early death per s i t e year.

*ed/« i f t h * i n < l i v i < l 1"1 r i $ k °* «*rly death per large scale fuel melt.

The upper 'non-acceptance limits nust be satisfied for extended operation of a new plant or for
issuance of a construction permit. Between the uppar limits and the goal levels is a discretionary
range for case by case consideration of uncertainties and competing risks. Once the risk level
decision rules have bean applied, risk must s t i l l be reduced i f such reduction is reasonably
achievable within the cost-effectiveness criteria of Table *.
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TABLE XVI
Societal Health Risk Limits

Measure of Risk

B. • the expected value of:

^ (Frequency) (Delayed Ctncer itealhs)
accidents
and noraal operation

E . * the expected valua of:

2 (Frequency) (Early Deaths)1*2

accidents

Decision Rules on Societal Health Risks
Goal Level

E d < 2

per 1010 kffli

E e d < 0 . 4

per 1010 V1S1

Upper Nbn-Acceptanca Limit

E d < 1 0

per 1O10 kWh

H e d < 2

per 1010 kHh

is the avcraga number of delayed cancer deaths per 10'
electricity generated.

,10 win of

E . i s tha average number of equivalent early deaths per 10
of electricity generated.

kWi

1010 kWi i s tha amount of electricity generated by a large (1200 M*e)
power plant operating at full capacity for one year.

The upper non-acceptance limits must be met for extended operation of a new plant or for issuance
of a construction permit. Between tha upper limits and tha goal levels i s a discretionary range
for casa by casa consideration of uncertainties and competing risk. Once tha risk level decision
rules have been applied, risk must s t i l l ba reduced i f such reduction i s reasonably achievable
within tha cost-effectiveness criteria of Tabla 4.

Desionat'

1V1T

1VS1T

1VD1T

lVTkTs

lVSTkT,

lVDTkT,

2V1T

1V2T

1V02T

2VTkTs

2V2T



TABLE XVII

Quantified ALARA Cost-Effectiveness Criteria.

Expenditure Limits for Impact Reduction

$ 1 Bi l l ion par delayed cancer death averted

$5 million per early equivalent death averted

2 t iaes the economic loss (due to resource
dosage) averted

$1 X 106 / ( iE, L)

$5 x lO /̂CAE ,̂ L)

2/(AEr L)

A particular improvement i s "cost-effective"
and required i f

Cost <, [ 2ABr • (*Sxl06)(6Eed)+£$lxl06)(AEd)] L

AE. is the change (due to the proposed improvements) in the expected
value of:

y ] (Frequency) (Delayed Cancer Deaths)
accidents

and
noraal
operation

AIT. is the change (due to the proposed improvements) in the expected
00 value of:

(Frequency) (Early Deaths)lt?

accidents

AE is the change (due to the proposed improvement*) in the expected
value of:

'^ (Frequency) (Economic Losses)
accidents

L is the remaining lifetiae of the plant in units of 10 1 0 xWh to be generated
and the frequencies are calculated per 10 1 0 KNh. This is the amount of elec-
tricity generated by a large (1200 MNe) plant operating at full capacity for
one yeas.

(3) To require that sites selected will minimize the risk from energy
generation.

The three most significant recommendations of the Task Force are re-
produced below:

1. Revise 10 CFR 100 to change the way protection 1s provided for ac-
cidents by incorporating a fixed exclusion and protection action distance
and population density and distribution criteria.

a) Specify a fixed minimum exclusion distance based on limiting the
individual risk from design basis accidents. Furthermore, the reg-
ulations should clarify the required control by the utility over
activities taking place in land and water portions of the exclu-
sion area.

b) Specify a fixed minimum emergency planning distance of 10 miles.
The physical characteristics of the emergency planning zone should
provide reasonable assurance that evacuation of persons, including
transients, would be feasible if needed to mitigate the conse-
quences of accidents.

c) Incorporate specific population density and distribution limits
outside the exclusion area that are dependent on the average
population of the region.

d) Remove the requirement to calculate radiation doses as a means of
establishing minimum exclusion distances and low population zones.

2. Revise 10 CFR 100 to require consideration of the potential haz-
ards posed by man-made activities and natural characteristics of sites by
establishing minimum standoff distances for:

a) major or commercial airports,

b) LNS terminals,

c) large propane pipelines

d) large natural gas pipelines,

e) large quantitites of explosive or toxic materials,

f) major dams, and

g) capable faults.

3. Revise 10 CFR 100 by requiring a reasonable assurance that Inter-
active measures are possible to limit groundwater contamination resulting
from Class 9 accidents within the Immediate vicinity of the site.
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Perhaps one of the most significant Issues raised by
dent Is that of whether degraded or melted core (Class 9)

the TMI-2 acci-
accidents should

be considered In the safety analysis and whether there Is a need to design
improvements to the plant and containment to cope, with such events. The

TMI-2 accident caused core damage more severe than that considered in cur-
rent design basis accidents 1n safety analysis reports, although the f i s -
sion product release to the environment was less than the limits in 10 CFR
100.

The USNRC is thus planning to hold rulemaking hearings L32J to con-
sider amending i ts regulations to determine to what extent, i f any, nuclear
power plant designs need to be evaluated over a range of degraded core
cooling events with resulting core damage, and what design improvements are
needed to cope with such events.

The Commission is planning to have rulemaking that would have the f o l -
lowing features:

" 1 . Require that a broad range of accidents of both lesser and
greater severity than the design basis accidents be considered in plant de-
sign, plant operation, and reactor protection analysis; design and analysis
might be required for a range of loss-of-cooling events and resultant core
damage, including a ful ly melted core, so that certain predictable conse-
quences might be prevented or substantially mitigated.

"2. Require more coherent consideration of core damage and release of
radioactive materials in design of plant structures, systems, and compon-
ents, and eliminate uneven treatment of accident classes by different parts
of the regulation."

Some of the considerations which wil l go Into these rulemaking hear-
ings are:

1. The need for incorporating into the containment system mechanisms
for controlling or suppression of the combustion of hydrogen. Discussion
on inerting of the containment vs. the use of controlled burning devices
such as catalytic combustors, open flames, etc.

2. Should containments be designed to have controlled f i l tered vent-
ing systems to protect the containment from overpressures due to hydrogen
combustion?

3. Is there a need to incorporate a molten core retention system into
the containment in order to mitigate the consequences of a molten core ac-
cident?

4. What sort of seismic cr i ter ia should these additional safety sys-
tems iiieet?

VII. CONCLUSION

The TMI-2 accident has had a major impact on a l l aspects of commercial
nuclear power plant design, construction, maintenance and operation, l i -
censing and regulation, and safety research in the United States, as well
as in other countries where nuclear power plants are under construction or
in operation. This paper has tr ied to show the relationship between some
of the developments in regulation, safety analysis, safety research and the
accident. Other important questions which are being considered include:
improvements in operator training, studies of human factors in accidents,
man-machine interactions, abnormal event diagnostic instrumentation devel-
opment and control room design improvement.

I t is the hope of the author that as a result of the actions following
TMI-2 taken by al l members of the nuclear power community — government,
u t i l i t i e s , manufacturers and research institutions — that nuclear power
plants wi l l be operated safely without accidents which release significant
amounts of radioactivity to the environment, and wil l thus regain public
confidence and acceptance in the United States.
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