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THERMAL HYDRAULICS

THERMAL HYDRAULICS: CHANGES IN
METHODS IN LIGHT OF TMI

Sponsored by Thermal-Hydraulics Technical Group

All Papers invited

1. The Frequency and Consequences of Small
Loss-of-Coolant Accidents, Zoltan R. Rosztoczy
(NRC)

Small breaks in the coolant systems of nuclear reactors
have not, until recently, been subjected to detailed analytical
study comparable to the attention devoted to large breaks.
Typically, small breaks have been analyzed down to the
smallest break size that would produce system depressuriza-
tion without core uncovery. Although the analyses, in
general, predicted acceptable fuel cladding temperatures,
they consideredd only single active failures, and did not
provide sufficient information for operator training and for
the preparation of plant emergency procedures. Furthcrmore,
only the consequences of small loss-of-coolant accidents were
evaluated; little attention was paid to their frequency.

Following the accident at Three Mile lsland (TMI) the
emphasis on small bretks incressed greatly. Licensees of
operating power plants were requested to provide informa-
tion on both the frer 'ncy and consequences of small
breaks. Suppliers of nuclear reactors were required to provide
additional guidance to the operators of the plants through
the issuance of operating guidelines. The licensees had to
initiate plant modifications, retrain the operators, and
modify the emergency procedures based on the new informa-
tion. The purpose of the effort was to substantially reduce
the likelihood for accidents of the type that occurred at TML

The new evaluation of small breaks produced one major
susprise and focused attention on a number of shortcomings.
Throughout the years, applicants and licensees have main-
tained that the worst break size was a large break with a
relatively low probobility of occurrence. The new analysis
revealed that, without any restriction on the operation of
the reactor coolant pumps, the small breaks are limiting and
tre calculated cladding temperatures are well in excess of
the 2200°F limit specified by the ECCS Acceptance Criteria.
Immediate action was taken to climinate this possibility by
requiring prompt tripping of the reactor coolant pumps in
case of a loss-of-coolant accident. While tripping of the
pumps is not an ideal solution, it sulved the immediate
problem. A better, more permanent solution should be
forthcoming from the industry.

The frequency of relief valve challenges was evaluated
based on operating experience and also based on avatlable
plant safety evaluations. In all but one case, there was good
agreement between the two cvaluations. The results shiow

. that BVWRs designed by GE are expected to expericnce
approximately 15 valve openings per reactor year, and that

PWRs designed by Westinghouse, CE, and B&W are expected
to experience 2, 1, and 0.2 valve openings per reactor year,
respectively. The relatively low number associated with the
B&W design results from the design changes initiated after
the TMI-2 accident (changes in relief valve and reactor tnp
setpoints; anticipatory trips on loss of feedwater and on
turbine trip), and is supported by the operating experience
accumulated since the change. The observed failure rate per
challenge’ varies between ¢ and g . Consequently, a stuck-
open relief valve is the most probable cause of a small loss-of-
coolant accident. The probability of this event is at least an
order of magnitude higher than the probability of a small
pipe break (1072 per reactor year) for Westiaghouse and CE
plants and two orders of magnitude higher than a sinall pipe
break for GE plants.

The consequences of a small break depend on break size.
A typical stuck-open PWR relief valve is equivalent to a
1.4-in.? break. With a single failure assumption, this break
size does not result in reactor core uncovery. BWRs have
significantly larger valves, which are ~14 in.* This break size
with & single failure partially uncovers the reactor core, Other
design features such as a tight upper-head design, as used by
Westinghouse, can reduce the water level in or above the core
because of slow upper-head drainage.

The evaluation also showed that protection in the case of
small breaks often requires prompt operator action. Design
changes were required to automate some of the operator
actions; for example, tripping of the reactor coolant pumps.
The inf~mation obtained from the small-break evaluation
was al s used to improve operator training and to upgrade
plant emergency procedures. Special attention was given to
requirements permitting termination of high-pressure safety
injection.

The uncertainty of the calculations has not yet been
evaluated. It could be rather large; for example, equisalent to
a 4- or $-ft level difference in the core. Should this be the
case, a predicted S-ft uncovery could actually be a 10-ft
uncovery. As we learned from TMI deep uncoveries for
extended time intervals are unacceptable.

In addition to the single failure assumption, two degraded
conditions were also evaluated: loss of auxiliary feedwater
(RCIC in the case of BWRs) for an extended period of time,
and loss of natural circulation for an extended period of
time. PWRs with a high cutoff head, high-pressure injection
system (HPI) were shown to have sufficient time (at least 20
or 30 min) to initiste emergency core cooling and were pro-
tected for these cases. BWRs needed operator action within a
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TMPACTS OF‘TMI ON REGULATORY REQUIREMENTS — |

Sponsored by Power Division

All Papers Invited

1. NRC Action Plans, /farold R. Denton (NRC)

The accident at Three Mile Istand has had unprecedented
immediate and long-range consequences. Many organizations
were assembled with the sole purpose of reviewing the acei-
dent, the response of utility, industry, state, and federal
personnel, and identifying concerns of potential safety sig-
nificance that need to be resolved by modifying the jlant or
procedures, or demonstrating by analysis that corrective ac-
tions are not required. Among the several special NRC groups
established were “The Bulletins and Orders Task Force,"”
“The Lessons Learned Task Force,” “Unresolsed lssues
Group,” “Emergency Preparcdness Task Force,” and the
“Special Inquiry Group.” President Carter also _stablished a
Commission under the chairmanship of John G. Kemeny.

These groups developed recommendations that would
directly or indirectly improve reactor safety 2nd reduce the
risk to the public. After the report of the President’s Com-
mission on Three Mile Island was released, the NRC staff pre-
pared an analysis of the recommendations and identified
ongoing staff ¢fforts. We then developed, from the numerous
recommendations of the various Task Forces, a plan which
was to integrate all the TMI-related recomuicndations. The
resulting document, NUREG-0660, “Action Plan for lmple-
menting Recommendations of the President’s Commission
and Other Studies of the TMI-2 Accident,” has four chapters.

Chapter 1 deals with plant operators, operator training,
and the use of operating experience. The second chapter in-
cludes reliability and risk assessment, and design improve-
ments. The third chapter deals with emergency plins and
improving the understanding among state, local government,
and utilities. The last chapter deals with internal NRC reor-
sanization and utilization of NRC staff.

The draft action plan was first published in early Decem-
ber 1979. Since then it has undergone refinement, such as
assuring recommendations in the Special Inquiry have been
considercd. We will be incorporating these TMI-related items
into the existing reactor review procedures. When this is ac-
cemplished, the licensing basis for nuclear power reactors will
have been improved and ‘he overall risk to the public re-
duced. .

2. Impact of TMI—A Change in Attitude, /. M.
Mills (TVA)

This past year seems to have been “the year of task forces
and reports.” We have become familiar with Kemeny, Les-
sons Learned, Bulletins and Orders, Action Plans, and Rogo-
vin. In addition, many involved in the nuclear industry have
performed self-evaluations in quest of a safer and more
acceptable nuclear program,

-

We, in TVA, believe the future of the nuclear industry in
this country is much more dependent on what we do, and
require of ourselves, than on requirements put forth by any
rgulatory agency. We have scen many new NRC require-
ments related to physical plant modifications, opcrator
training, additional plant personnel, and upgrading’ of plant
and off-site management. All of these are important; how-

t

ever, the most significant impact on nuclear power in this
country is the change in attitude.

This change in attitude can best be exemplified by con-
trasting the current NRC-industry method of reselving prob-
lems with the method of the past. Until recently, the
scenario went something like this: The NRC identified a
problem and set a requirement; industry reacted in many
cases by taking the position that =xisting designs had suffi-
cient margin or that NRC's requirements had little or no
technical merit. After much argument *ack and forth, indus-
try conceded and proposed a fix which me? minimum NRC
requirements and which would be implemented at some
convenient future refueling outage. NRC then applied the
“ratchet” and industry reluctantly implemented the fix. In
contrast, in the post-Three Mile Island era. problems have
been identified by both industry and NRC; fives have been
volunteered by industry as well s required by NRC and, al-
though there are still some throwbacks to the old way, in an
increasing number of situations industry has gone bevond
NRC requirements both in intent and in spirit. We expect a
similar change in attitude from the regulators. The NRC
technical reviewers, in addition to NRC top management,
must recognize that it is possible to provide a completely
satisfactory response on the first try,

There are certain aspects of the nuclear safety program
that can best be served by industry response as 4 whole.
Good examples of this are the formation of the Institute of
Nuclear Power (INPO) and the Nuclear Safety Analysis Cen-
ter (NSAC). Neither of these institutions was a result of im-
posed requirements, but were formed and financed by the
industry on its own initiatives.

Even more important are the attitude and initiative of
each utility that operates a nuclear unit. 1 will devote the re-
maining portion of my paper to items that 1 believe reflect
TVA’s current attitude and display our desire to be innova-
tive in the ever important area of nuclear plant safety.

Before the NRC issued its first post-TMI requirements,
the TVA Bourd of Directors established a task force to make
recommendations relating to TVA's nuclear program in light
of the Three Mile Island incident. One of the most significant
improvements recommended was the establishment of a
Nuclear Safety Review Staff. This staff, which has been
functioning for about a year, is completely inuependent of
our operating, design, and construction divisions. Reporting
directly to the General Manager and Board of Directors, the
staff serves as a mechanism for keeping the hichest level of
management informed of nuclear safety matters.

A separate nuclear operating div sion has been established
in recognition that nuclear plants ... ‘st be operated under a
different set of rules than fossil and hydro plants. In addi-
tion, TVA has established a Nuclear Engineering Branch in
the Division of Engincering Design. Personnel with nucleay
backerounds have been placed in hign level management po-
sitions in both the operating and design organizations. These
organizational and personnel changes enhance the awareness
and cnsure the consideration of nuclear safety throughout
the TVA orgunization. Last December, TVA volunteered to




ASSESSMENT OF PLANT INSTRUMENTATION:
MEETING THE CPERATOR'S NEEDS

Cosponsored by Reactor Operations Division and
Human Factors Technical Gioup

1. Nuclear Power Plant Saf .y in the Man-
Machine Interface, R. M. Satterfield, L. Bel-
tracchi (NRC), invited

The automatic portion of a nuclear power plant safety
system consists of the rcactor trip system and the engineered
safety features. These systems act sutomatically in response
to off-normal zvents to ensure their quick termination znd to
mitigate their effects,

The reactor operator is another important componznt of
the plint safety system. The reactor operator is required to
assess plant <afety by evaluating control panel displays and
to take corrective action on detection of an approach to un-
sifc operating conditions. He also must assist in mitigating
ihe effects of transients and accidents, should they occur.
The capability of the operator to perform these actions
effectively is a function of the operator’s training, the ade-
quacy of the control panel to depict the status of the plant,
and the availability of operatour aids to assist in the detection,
analysis, and correction of anomalous operations.

The NRC has recently developed requirements which,
when implemented, should enhance the capability of the
operator as a component of the plant’s safety system. These
include the use of human factors engineering to improve
contiol room design, and improvements in control room
displays to facilitate the operator’s copability to respond to
upset conditions. Research is also under way to develop
computer-based operator aids such as disturbance analysis
systems.

2. Improving the Operator’s Role in Future
Control Room Designs, D. G. Cain, A. B. Long,
L. C. Oakes (EPRI), invited

Present-day nuclear reactors rely heavily on human oper-
ators for both startup and steady-state operation. In addition,
operators are responsible for bringing the reactor to a safe
shutdown condition following system transients when such
transients are outside the capability of the automatic control
devices, ’

Data have been collected over the past few years which
suggest that limitations on human response capabilities have
not been properly considered as a possible constraint on sys-
tem performance, especially during unusual occurrences or
large off-normal excursions from plant steady<tate condi-
tions.

OPERATOR LIMITATIONS

Studies have been made which atteirpt to quantify hu-
man response time and reliability. Fullwood and Gilbert!
report that the optimum data transmission rate for human
comprehension is approximately 1 bit/s, af which point the
minimum error rate of 5.5 X 107 is achicved. At a rate of
~45 bits's the prebatility of error reaches D. The proposed

ANSI Standard N-660 (Ref. 2) uses a value of 10 min as the
minimum time for human thoughtful response. It should be
noted that the 10-min response is a minimum time. Some
off-normal conditions may never be discovered by a particu-
lar observer, giving rise to a possible infinite response time,
Even though one may question the uncertainty associated
with these data, they nonetheless suggest that humans are
tandpass limited to relatively low frequency even for repeti-
tive functions and that their respoiise time deteriorates rapid-
ly when faced with new situations requiring reasoning.

OPERATOR ASSISTANCE

From the previous observations it would seem to be
worthwhile to try to augment the operator's capabilities in
areas where he is already performing near the 'Lait of his
ability. Aa area having potential for improving operator per-
formance that comes immediately to mind is the use of
additional automation. Extensive automation can now be
easily accomplished because of the availability of inexpensive
components for which software develupment costs are rea-
sonable. Also, complex sequences can now be automated
reliably. However, if one attempts to carry the concept of
automation to the ¢xtreme, it soon becomes obvious that the
success of such an effort requires that all possible accident
scenarios be accurately antivipated in advance, Thus, com-
plete automation suffers from the same lack of a privri in-
formation that has severely limited the effectiven~ss of the
event approach now used by operators in arresting the
progress of accidents. Basically, neither can wholly succeed
without a precise understanding of how an accident sequence
is going to proceed before it happens.

Despite the inherent shortcomings of a totally automated
approach, a new look should be taken to see where its use
might be employed to advantage in particular applications.
For exsmple, more automation of predetermined sequences
and procedures and in fast transients can be a good first step
toward freeing the operator from manual operation in pre-
paring him for a more sophisticated role.

REAL-TIME SYSTEMS ANALYSIS

The foregoing discussion suggests there is a fundamental
problem that must be solved if significant improvement is to
be exepcted in the man-machine interface. Namely, we must
develop a system capable of providing the operator with
highquality information during upset ~onditions that may
never have been previously anticipated and analyzed. The
system must have predictive capability to aid the operator in
his decision-making process so he will know in advance of
taking corrective action which of the several options available
to him will produce success.

The approach outlined here is actually a variation on
lintited form of automation. It would provide for an auto-
mated or semizutomated means of analyzing and integrating
plant data. This is presently done “manually” in the oper-
ator’s head, handicapped by the operator’s rather modest
information bandpass capability.




Lessons Cearned from TMI in Reactor Instrumentation and Diagnostics M

TABLE 1 -
Variables Recorded at Time of TMI-2 Accident

1. Nuclear Instrumentation Power Range,
Channel S.

2. PReactor Coolant Loop A, Th’ T‘ and Flow
3. Reactor Coolant Loop B, Th. 'l‘c and Flow
4. Pressurizer Level

5. Makeup Tank Level

6. Pressurizer Spray Valve Position

7. RC Drain Tank Pressure

8. Reactor Coolant System narrow range
pressure (1600-2500 psig)

9. Reactor trip contacts

10. Turbine header pressure

11. Feedvater temperature

12, OTSG A startup and cperate levels
13. OTSC B startup and cperate levels
14. Loop A and 8 feedwater flows

15. OTSC A & B steam pressure

16. Turbine trip contacts
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continuous information about transients and was not depen-
dent on the standard plant computer. As a result, a
Reactimeter® system has been part of the startup of every
B&W plint and some version of data acquicition used during
operation. A typical Reactimeter® cross plot is shown in
Fig. 2.

In retrospect, several improvements and extension of
the Reactimeter® would have reduced remaining ambiguities

Sk = M o R g UM L i Bl e R o B .

associsted with TMI-2 ¢vents. Two of these are: faster
trunsmission of the infonmation to the point of usage in chart
form, and recording a greater number of parameters. A recent
tabulation of desired parameters for the RECALL system
now available from B&W identified 125 of these. The
extension of permanent memory storage capability and
transmission techniques should add greatly to the use of such
systems.

The expanded reactimeter (RECALL system) will include
a highly reliable recording device designed to be in operation
at all times to provide endless loop “flight recorder style™
recording of the data. The objective here is to ensure
transient recording as opposed to relying on a fortuitous
stroke of luck, such as having the reactimeter connected and
operating as it was at TML-2. The paper will describe
other features of the expanded reactimeter data recording
device.

3. Lessons Learned from TMI In-Reactor In-
strumentation: An NRC Viewpoint, John C.
Voglewede (NRC)

During the TMI-2 accident, a condition of inadequate
core cooling existea and was not recognized for many hours.
This resulted from a combination of facturs including
insufficient indicatirz range for existing instrumentation,
unfavorable location of instrument readout, and perhaps
insufficient instrumentation. The Nuclear Regulatory Com-
mission staff has analyzed each of these perceived defi-
ciencies and has made a number of new regulatory
requirements and technical recommendations.

The regulatory viewpoint of the lessons learned from the
‘n-reactor instrumentation at TMI-2 is similar to that of the
owner, the reactor vendor, and the nuclear industry as a
whole. That is, the in-reactor instrumentation played a
prominent role during the first few hours of the accident as
well as the period of time leading to cold shutdown of the
plant. Because of this, the NRC Lessons Learned Task Force
concluded that the as-d::igned and field-modified instru-
ments at TMI-2 provided . 1fficient information to indicate
reduced reactor coolant leve . core voiding, and deteriorated
core thermal conditions.

Three Mile Island was one of the best instrumented
reactors in operation because of the large number of in<ore
thermocouples and other features. Unfortunately, these
positive features did not result in the prompt recognition of,
and the rapid recovery from, a condition of inadequate core
cooling.

In response to this and other findings from the Three
Mile Island accident, the NRC staff initiated a number of
short-term requireinents, based on “TMI-2 Lessons Learned
Task Force Status Report and Short-Term Recommenda-
tions” (NUREG-0578). The status of the industry response
conceming in-reactor instrnunentation is summarized in this
presentation, and the Metropolitan Edison Kestart Submittal
on Three Mile Island Unit 1 is used as an example of the
industry response.

Metropolitan Edison, likc other utilities, is required to
review its present in-reactor instrumentation to determine
kow the condition of reduced coolant level and core voiding
can be detected. The existing instruments examined by
Metropolitan Edison measure coolunt temperature, flow, and
pressure as well as neutron flux and motor current of the
coolant pumps. The staff supports such diversity. However,
these instruments existed at TMI-2 at the fime of the acci-
dent. New instruments, such as the PWR vessel coolant level
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detector, have also been requited and long-term improve-
ments in other arcas are being actively pursued by the staff,
The results of these efforts, however, hise not yet been
implemented.

With regard to existing instrumentation, the staff has
noted that mane instruments at TMI-2 lacked sufficient range
of indication. A notable example was the range of the core
exit thermocouples. As a result, Metropolitan Fdison has
extended the indicating range of these thermocouples as well
as the indicating range of the reactor cutlet resistance
temperature detectors (RTDs) in the Unit 1 facility. This
was done without replacing the sensors. Access to the in-core
thermocouple signa’s from outside the containment building
has also been provided. This feature did not exist on Unit 1
at the time of the Unit 2 accident. The indicating range of
these instruments nuw encomipasses the phyeical limitations
of the seasor rather than the expected response of the device
during normal operation. The change from expected to
extended instrument range reflects the staff position in the
proposed revision to Regulatory Guide 1.97, “Instrumenta-
tion for Light Water Cooled Nuclear Power Plants 1o Access
Plant Conditions During and Following an Acaident,” issued
December 4, 1979.

All PWR owners are al<o required to install a saturation
meter in the control room to provide an indication of the
degree of subcoo’ing in the primary coolant. However, the
use of in<core thermocouples, extended range reactor cutlet
temperature RTDs, and the new saturation meter are en-
hancements of cxisting instrumerts. The staff previously
concluded that reduced coolant level and the existence of
core voiding could be determined with these instruments.
Lorger tenin improvements in the instrumentation w ill make
thic determination easier, provided the operator is aware of
the available information and interprets it correctly.

An important lesson learned from TMI-2 on the subject
of in-reactor instrumentation is that the operator must be
made aware of the available information and must know how
to interpret it correctly. Marked improvement in an oper-
ator’s ability to quickly recognize a condition of inadequate
care cooling, and his ability to act on this information, will,
in my judgment, lie more with improvement to the operator’s
training and instruction than with improvement of the
instrumentation. However, both approaches have been re-
quired by the NRC to ensure that conditions of inadequate
core cooling do not go undetected in the future.

4. PWR Instrumentation: Recommendations
for Improvement from TMI-2 Experience,
R. L Shepard,J. L. Anderson (ORNL)

Instruments in the Three Mile Island plant, Umt 2
(TMI-2), were insdequate to unequivocally indicate critical
plant parameters to the plant operators during the accident
in March 1979, As a resuit, the operators were uncertain
about the level of coolant in the reactor vessel, the total
inventory of coolant in the system, whether there was boiling
in the core, the volume and composition of the gas phase
above the core, and whether coolant was flowing in feed-
water and relief lines during the onset of the accident as .cll
as during the attempts to regain control and stabilize the
plant during the postaccident period. The instruments had
been judged adequate to license the TMI-Z plant and to
operate it under nonmnal conditions. However, during the
accident, the information from these instruments was cither
etroneous or conflicting or both. The instrumcnts were not
required to meet Regulatory Guide 1.97 (Ref. 1) for post-
sccident monitoring, and, indeed, many fuiled later in the
accident sequence owing to effects of moisture or radiation.

- 3 -
Lessons Learned from TMI in Reactor Instrumentation and Disgnostics

Uncertainties in the readings from (and the condition of) in-
core, self-powered neutron detectors and thermocouples,
differential-pressure gauges used to measure coolant level in
the pressurizer, primary-leg resiccance thermometers, and
valve position indicators limited efforis to maneuver the
reactor from an accident condition to a safe shutdown. In
some cases, the instrument readings could not be verified
because provision for the use of i situ calibration venfica-
tion had not been made in the installation and cabling of the
SENSOTS.

In response to the alarming and costly TMI-2 accident,
many organizations began to restudy and reevaluate many
factors to which the severity of the accident may be
related: containment, plant equipment, instruments, pro-
cedures, operator training, plant supervision and regulation,
conttol room layout, and man-machine interaction. Seme
programs acknowledge the need demonstrated in the post-
accident recovery work at TMI-2 for improved instrumenta-
tion and the value of diagnostic and surveillance methods.

We submit our view that the development and qualifica-
tion of improved instrumentation are of paramount impor-
tance in response to TMI-2, and are prerequisites to meeting
several of the needs identified above. An operator cannoct be
expected to assess properly the severity of an upset condition
or to respond effectively unless the critical plant parameters
are displayed accurately and in a comprehensible form.
E jually important, the value of a sophisticated information
display system can be no greater than permitted by the
validity of its input information. Verified plant data are
essential to effective man-machine interaction and therefore
to skillful plant operation. Verified data can be obtained, we
belisve, only by the application of a hgher state-of-the-art
of instrumentation design philosophy; namely, (s) direct
measurement of some plant parameters that are now merely
inferred, (b) development or application of developed meth-
ods of sensor signal venfication, and (¢) application of a
computerized model of the plant process for displaying to
the operator, in real time, information about the status of
the plant.

To be more specific, we suggest six approaches that may
be undertaken effectively for improving plant instrumenta-
tion by retrofit or for new designs.

1. Design instruments for direct measurement of plant
parameters that are now inferred from other measurements;
for example, incore liquidlevel detectors and relief-valve
flow indicators.

2. Develop instruments for diverse measurement of criti-
cal, safety-rclated plant parameters where redundant sensors
susceptible to common-mode failure are now employed, such
as resistive or ultrasonic level detectors for the pressurizer
or a combined thermocouple-resistance thermometer for
temperature measurement of the primary coolant.

3. Develop multifunctional instruments that could mea-
sure more than one process condition, such as a resistance
thermometer that would also serve as a level detector for the
pressurizer.

4 Improve instrument sensors, cables, connectors, and
transmitters so they would operate reliably under environ-
n.u-nul conditinns of high moisture, temperature, and radia-
tion exposure. Reconsider the location of critical instruments
in the reastor containment.

S. Develop, qualify, and apply methods for in situ
venfication of the continuity, isolation, calibration, and
response of plant instruments. Some verification methods
already developed for plant thermometers to meet require-
meats of Regulatory Guidss 1.118 (Ref. 2) and 1.105




