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LEGAL NOTICE

This report was prepared by General Electric Company as an account of work
sponsored by the Electric Power Re$earch Institute, Inc. (EPRI). Neither EPRI,
members of ‘EPRI, ‘General Electric Company, nor any person acting on behalf of
any of them: (a) makes any warranty or representation, express or implied,

with respect to the accuracy, completeness, or usefulness of the information
contained in this vreport, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights; or
(b) assumes any 1iabilities with respect to the use of, or for damages resulting
from the use of, any information, apparatus, method, or process disclosed in
this report.



PREFACE

This report describes Phase A Extension 2 work performed between August 1 and
December 31, 1978 on the design of a large pool-type LMFBR power plant. The
work is the result of a team effort by Bechtel Corporation and General Electric
Company which was sponsored and guided by Bechtel Corporation and General
Electric Company which was sponsored and guided by the Electric Power Research
Institute (EPRI). The objective of the work was to complete the conceptual
plant design established during Phase A and Phase A Extension 1 during the
period from April, 1977 through July, 1978,

The Phase A effort produced an initial description of the overall plant, structures
and systems. During Phase A, General Electric developed a conceptual design of
the overall nuclear steam supply system (NSSS). It defined specific design
approaches for selected NSSS components and subsystems after analyzing various
design alternatives. Bechtel assumed responsibility for the intermediate sodium
piping arrangement, the access area above the reactor deck and the Balance of

Plant (BOP). The resulting integrated plant design provided the necessary

seismic datda for both the NSSS and the BOP.

The special expertise of several subcontractors was used during Phase A; Byron-
Jackson provided a preliminary design of the primary sodium pump, Foster-Wheeler
provided a preliminary design of the intermediate heat exchanger (IHX), and CBI
Nuclear reviewed the reactor deck design and developed a construction sequence
for the overall reactor assembly.

The Phase A effort by General Electric, Bechtel and the subcontractors was
funded at a level of nearly 1.7 million dollars. Additionally, General Electric
contributed a company-funded effort and both General Electric and Bechtel
utilized their backgrounds of prior work on pool-type LMFBRs and extensive
interaction with foreign LMFBR organizations. The results of the Phase A work
was published by EPRI in April 1978 in report number NP-646, "Pool-Type LMFBR
Plant, 1000 MWe Phase A Design."

During Phase A Extension 1, funded at a Tevel of approximately 1.4 million
dollars, specific areas established during Phase A received further development
and evaluation. These specific areas included the reactor deck, the reactor



assemny, the heat transfer system components; the reactor auxiliary syétems,
and the instrumentation and control systems. Several subcontractors were also
used during Phase A Extension 1; Foster<Wheeler designed an alternate IHX, CBI
Nuclear evaluated an alternate deck support scheme and further developed the
reactor assembly construction sequence, and United Nuclear Industries provided
conceptual designs for removable radiation shielding in the deck. ~The results
of the Phase A Extension 1 work was published by EPRI in September 1978 in
report number NP-882, "Pool-Type LMFBR Plant, 1000 MWe Phase A-Extension-1
Design."

During Phase A Extension 2, funded -at a level ‘of approximately 1.4 million
dollars, the reactor assembly, the reactor deck, heat transport systems, ‘auxiliary
systems, seismic analysis, maintenance studies, construction studies, a safety:
approach, and the balance-of-plant design were all brought to levels consistent
with a completed concept. Assistance in several specialized areas was supplied
by - subcontractors; Chicago Bridge -and Iron provided a fabrication scheme for the
thermal barrier design, Foster-Wheeler developed the IHX design, Bryon-dacksoch
continued work on the primary sodium pump design, Engineering Decision Analysis
Corporation verified and further developed the seismic studies, and CBI Nuclear
studied construction of alternate vessel supports and fabrication of the upper
internals structure.

"Phase A Extension 1" and "Phase A Extension 2" are frequently shortened to
"Extension 1" and "Extension 2" when referred to in this report.

This report of the Phase A Extension 2 work is logically divided into thirteen
parts, which have the general title "Pool-Type LMFBR, 1000 MWe Phase A -
Extension=2 Design:"

Part I Executive Summary

Part II Plant Summary Description

Part I1I - Reactor Assembly

Part IV Reactor Deck

Part 'V Heat Transport Systems

Part VI Auxiliary Systems

Part VIT~ Plant Control and Instrumentation
Part VIII Seismic Analysis

Part - IX Constructibility and Fabricability




Part X Maintainability and Inspectibility

Part XI Safety

Part XII Balance of Plant - Plant Description

Part XIII Balance of Plant - Evaluation of Pool-Related Areas

The report is physically divided into twelve volumes as follows:

Volume I Part I

Volume 2  Part II

Volume 3  Part III, Sections 1 through 2.5

Volume 4 Part III, Sections 2.6 through Appendix IIIB
Volume 5 Part IV

Volume 6 Part V

Volume 7 Parts VI, VII and VIII

Volume 8 Parts IX, X and XI

Volume 9  Part XII

Volume 10 Part XII Appendices
Volume 11 Part XIII
Volume 12 Part XIII Appendices

A Table of Contents for all volumes is included at the end of every volume.
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1.1 INTRODUCTION

The heat transport systems carry heat from the reactor to the IHXs and from the
IHXs to the steam generators. The major components in the primary heat trans-
port system are the primary sodfum pumps and IHXs, and the major components in
the intermediate heat transport system are the intermediate sodium pumps and
steam generators. This section summarizes the history and evolution of the pool
reactor heat transport systems and components during previous study phases. In
addition, highlights of the current study are summarized.

The sodium piping is not discussed in this section because primary sodium piping
is designed as part of the reactor assembly structures (Ref. 1) and the inter-
mediate sodium piping as part of the BOP {Ref. 2). Also, the reactor auxi]iary‘
cooling system is reported under the auxiliary systems design task. However,
the sodium water reaction pressure relief system (SWRPRS) is treated as part of
the intermediate heat transport system. Results of TRANSWRAP analysis which
were documented in the Phase A Report (Ref. 3) are summarized in this review.

The principal design criteria for the heat transport systems were established
during Phase A (Ref. 4). Consistent with guidelines established by EPRI

(Ref. 5), the primary heat transport system incorporates six IHXs and four
sodium pumps. General Electric elected to provide each component with shutoff
valve capability to facilitate operation with individual components out of
service. The use of six IHXs led to the selection of six IHTS loops with a
single steam generator module in each IHTS loop. During the initial pool study
phase, the following diagrams (Ref. 6) were developed and maintained as refe-
rence conditions during subsequent design phases:

o Plant Heat Balance based on 2903 MWt reactor core, 1000 MWe gross
output, and 923 MWe net output (Figure 1-1).

0 PHTS Flow Diagram with tabulated thermal hydraulic conditions for
full power (Figure 1-2).

o IHTS Flow Diagram (Figure 1-3).

o Hydraulic Profile (Figure 1-4).
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1.2 SODIUM = WATER REACTION PRESSURE RELIEF SYSTEM

The analysis of the PLBR sodium water reaction pressure relief system (SWRPRS),
based upon double -ended guillotine failure of one duplex steam generator tube,
was performed at the ‘end of a prior DOE/EPRI loop reactor study and was docu-
mented in the Phase A report. This work is considered generally applicable to
the reference pool IHTS and steam generator systems. Results indicate a single
relief point on the steam generator (SG) module does not provide adequate
protection to prevent over pressurization of the IHX. However, replacing the
single relief point on the SG shell with two relief points, one on the SG inlet
sodium Tine and one on the outlet line, results in acceptable peak pressures in
the THX.

1.3 PRIMARY PUMP AND IHX

Reference design-concepts for the primary pump and IHX were initially estab-
lished during Phase A {(Ref. 7, 8).  This EPR1 sponsored pool concept plant
design study does not include specific studies of the steam generator. Previous
PLBR Toop work had established a reference steam generator design for a four
loop plant for both one and two modules per loop (Ref. 9).

To facilitate systems and building arrangement studies by Bechtel for the pool
reactor during Phase A, General Electric established a reference design for a
new steam generator size corresponding to one steam generator module per loop
and six IHTS loops. . Figure 1-5 depicts:this steam generator arrangement. Table
1-1 Tists the pertinent steam generator data for the Phase A six module plant
and the previous Phase Il four module plant (Ref.:9).

The following major desigh studies were conducted for the primary pump and
the THX in'the heat transport systems duing Phase A and Extensions:

0 In:Phase A, the primary pump was designed for a total system
pressure drop of 90 psi, which is consistent with the reference
core design. In Extension 2, in order to allow for & new core
with higher pressure drop consistent with new EPRI guidance, the
primary pump was redesigned to accommodate an increased total
system pressure drop of 120 psi.
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0o In order to accommodate the differential expansion between the IHX
tubes and shell, a straight tube design with a bellows on the
shell was developed in Phase A; the design was based to a large
extent upon CRBR IHX features, including straight tubes. A bent
tube design (two tube behds) without bellows on the shell was
developed and selected as the reference design in Extension 1.

The added tube-to-tube and tube bundle-to-shell flexibility

of the bent tube concept was a major factor in selecting it as the
new reference design. Studies were made of features to further
optimize the bent tube design for Extension 2, including:

- the potential for using one instead of two tube bends;

- the possibility of eliminating the primary sodium outer tube
row deflector and the lower heat protector; and

- the development of a conceptual design and an analysis of the
diving bell seal for hot pool/cold seal and comparison with the
double bellows approach.

Results of the most recent design studies in Extension 2 for the major heat
transport components are summarized as follows:

A new primary pump design with slightly larger impeller diameter and
slightly greater length than that of the Phase A was established to
accommodate’ the higher total system pressure drop. However, the
revised design did not change the deck penetration diameter nor the
diameter of the pump support flange. Reference 10 provides addi-
tional details of the Byron Jackson pump study.

In an evaluation of one versus two-bend tube geometry, the worst case
thermal conditions and displacement resulted when a tube was plugged.
The single-bend geometry was found acceptable, with low stress and no
tube touching, by locating the bend in the lower bundle region and
cutting the plugged tube above the bend. k

A simplified-inelastic analysis of the lower tubesheet of the IHX

verified that the flow deflector and the Tower head protector could
be eliminated. The diving bell seal was selected over the bellows
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concept as the reference design because of its lower primary pressure
drop, less space requirement and predicted higher reliability.
Reference 11 provides additional details of the Foster-Wheeler IHX
study.

The impact of using constant speed (one or two-speed) pumps in the heat trans-
port system was investigated during Extension 2. For a saturated steam cycle, a
constant speed pump system offers the potential for significant cost reduction,
resulting from reduced building space and improved re?iabiiity, yet impose no
major component design changes nor additional risk to plant operation. However,
the variable speed pump is retained as the reference for the first prototype
plant because of the anticipated need of operatioha] flexibility in a first-of-
a-kind plant. '

1.4 OPERATION WITH (COMPONENTS OUT OF SERVICE

During Extension 1 plant characteristics and limitations were examined with only
four or five of the six IHXs in service or with three of the four primary pumps
in operation (Ref. 12). This study was based upon the reference design using
variable speed pumps. Results indicated that operation with one component,
either an intermediate heat exchanger or primary pump, out-of-service appears
acceptable. Operation with two IHXs out-of-service requires further study due

 to temperature limitations. The pool-type primary system offers the flexibility
‘to-operate all of the intermediate heat ‘exchangers and intermediate heat trans-
port loops when a primary system pump is out-of-service.

1.5 PLANT TRANSIENTS

Plant thermal transients occur during normal operation, including startup and
shutdown, and -during upset, emergency and faulted events. The number of tran-
sients and their severity in terms of temperature change rates are important to
the structural integrity of the plant. During Phase A the severity of the most
important transients such as reactor scram, was determined for a variety of
thermal hydraulic and sodium pump control assumptions: In Extension 1 a plant
duty cycle was estimated and contained the numbers of all types of events ,
expected during a 40 year plant lifetime. Additionally, the thermal hydraulic
model, which described the mixing of post-scram sodium in the hot pool, was
improved and used to analyze the effects of different post-scram sodum pump
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'speeds. In a pool-type LMFBR it is expected that the post-scram pump speed can
vary between full flow and pony motor flow without an excessively severe hot
pool thermal transient. During Extension 1 the post-scram pump speed was
tentatively chosen as 50% of full flow, a compromise which minimizes the sever-
ity of the hot pool transient without entering the uncertain area of sodium
mixing at low flows. During Extension 2 transients involving steam generator
blowdown were investigated and found to be benign on the water side of the
saturated steam generator. The sodium temperature for the blowdown transient
are similar to those where an intermediate pump loses power. The loss of an
intermediate pump causes the primary sodium temperature leaving the affected IHX
to rise rapidly. Methods of alleviating this effect were further investigated
in Extension 2. These studies give confidence that a pool type plant can
withstand the most often encountered severe thermal transients and the flexi-
bility exists in the ultimate choice of the post-scram sodium pump speed.
Further understanding of post-scram thermal hydraulic behavior in a pool reactor
is needed before a final selection of post scram pump speed.
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TABLE 1-1

STEAM GENERATOR DATA FOR PHASE A AND PHASE II
DOUBLE WALL, STRAIGHT TUBE, 2-1/4 Cr-1 Mo, 1 UNIT/LOOP

Number of Loops

Heat Load, MWt per unit
Water/Steam Flow Rate, 1ba/hr
Sodium Flow-Rate, Tba/hr
Outer Tube 0D/ID, inches
Inner Tube OD/ID, inches
Number of Tubes

Active Tube Length, feet
Total Tube Length, feet
Active 0D Heat Transfer Area, ft.
Tube Pitch, inches

2

Bundle Diameter, inches
Vessel Diameter, 0D, inches
Overall Length, feet

Number of Steam Separators
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PHASE 11

4
729
4.77x10.%
30.5x10.°
1.50/1.35
1.35/1.22
2010
79
89
62,300
2.5
118
157.5
137.7
55

PHASE A

6
486
2.10x10.%
20.3x10.5
1.50/1.35
1.35/1.22
1739
62.5
66.7
42,700

113.6

148

109.5
37
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1. INTRODUCTION AND SUMMARY

Further studies were made on specific areas of the bent tube IHX design during
Phase A Extension 2 of the 1000 MWe Pool-Type LMFBR design study.

A feasibility study, including & thermal stress and a tube wear analysis, showed
that the single-bend design was acceptable if every plugged tube is cut in the
span above the bend region. (The value of the double-bend design is questionable
due to its uncertainty in equally distributing differential tube expansion between
the two tubes.) A simplified inelastic analysis of the lower tubesheet verified
that both the flow deflector and the Tower head protector could be eliminated.
Analysis of a proposed new tube support perforation scheme showed that very small
improvement was achieved in the shell side sodium flow and thermal distribution.

A preliminary design for the IRACS (for decay heat removal) support was developed.
A conceptual design of the diving bell seal, for hot pool/cold pool seal at the
bottom of the IHX, and a computer code for sizing the seal were developed. Pre-
liminary designs for a 60-in. I.D. and an 80-in. I.D. double bellows hot pool/
cold pool seal were also developed. The diving bell seal was selected as the
reference design due to its lower primary pressure drop (2.17 psi for one tube
bend design), simpler fabrication, less space requirement and the expected higher
reliability than the double bellows. The Tow primary pressure drop as a result

of using the diving bell seal provides margins for meeting the design goal of

2.5 psi. Cover gas and sodium level requirements for the IHX were further defined.

Foster Wheeler conducted the bulk of the studies as reported in Appendix VA at the
end of Part V. GE conducted the studies on the diving bell seal and determined
the cover gas requirements, the sodium level requirements, and the interface
characteristics for the IHX.
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2. THX DESIGN

The following are the results and discussions of the further studies on specific
areas of the bent tube THX Qesign, performed during Phase A Extension 2.

2.1 Interface Characteristics

The ‘general arrangement drawings for the. IHX are shown in Appendix VA, the Foster=
Wheeler report on the THX.

2.1.1 Deck Penetration Interface

The THX deck penetration design and the shield plug désign, including thermal
analysis, structure analysis, shielding analysis and seismic analysis are described
in Part IV, Reactor Deck, Subsection 2.1 through 2.8..  The deck penetration seals
are described in-Part VI, Subsection 2.1, Component-to-Deck Seals. ~The IRACS
support has been described in Subsection 2.4 of this: report. The new deck
penetration and shield ‘plug design have not been incorporated in the drawings in
Appendix VA.

2.1.2 IRACS Interface

The IRACS coils are located above the upper tubesheet in the IHX. The IRACS

support has been described in Subsection 2.4 of this report. The IRACS will be

used for decay heat removal and is described in Part VI, Subsection 2.2, Reactor

Auxiliary Codling Systems. The IRACS consists of an 8~in. pipe helical coil with
“inlet and outlet piping penetrating the shie]d'pTug, as shown in the drawings

in Appendix VA. :

2.1.3 IHTS Interface

The ‘intermediate sodium from the Intermediate Heat Transport System'(IHTS) flows

through a 10-in. piping which penetrates the IHX protective cover (at the top of

the IHX) and down through the central downcomer, up through the shell side of the
tube bundle and the outlet annulus below the upper tubesheet and exit through the
piping which penetrates the IHX protective cover.

214 Reactor Head Compartment Interface

The IHX protective cover which contains the intermediate piping interfaces with
+the Reactor Head Compartment.  The protective cover containing the cooling gas

is provided to minimize a sodium fire hazard in case of an intermediate sodium

pipe leak.:
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2.1.5 Cover Gas System

The cover gas requirements for the IHX have been described in 2.6 of this sub-
section of the report. The sodium levels in the IHX shown in Table 2-8 have

not been incorporated in the drawings in Appendix VA. The cover gas piping pene-
tration through the deck is described in Part IV, Reactor Deck, Subsection 2.4.
The cover gas system is described in Part XII, Balance of Plant.

2.1.6 Recirculating Gas Cooling System

Nitrogen cooling of the IHX deck penetration and the reactor deck are described
in Part IV, Reactor Deck, Subsection 2.1, 2.4 and 2.6.

2.1.7 Core Support System

The diving bell seal located at the bottom of the IHX interfaces with the core
support system. They have been described in 2.5.2 of this subsection of the
report. The diving bell seal designs shown in Figure 2-1 through Figure 2-4
have not been incorporated in the drawings in Appendix VA.

2.2 One Tube Bend Versus Two Tube Bends

It was identified in Phase A Extension 1 (Ref. 1) that the bent tube IHX design
with the two sine wave tube bends and the hot/cold pool double bellows seal had

a total primary pressure drop of 3.2 psi, which did not meet the design goal of
2.5 psi. A feasibility study of using one instead of two bends in the IHX tubes,
therefore, was conducted in an attempt to reduce the primary bressure drop.

An evaluation of the thermally induced stresses and displacements using a 2-D
ANSYS analysis showed that, for the worst case when a plugged-tube results in
temperature 100°F colder than its adjacent active tube, tube touching would
occur for both the one bend and the two bend designs. It was determined that
thermal stresses for the one bend geometry was acceptable because the bend was
located in the Tower cold end of the bundle and the full BSm secondary stress
range for the allowable bending stress could be used. In addition, tube touching
can be eliminated if the plugged tube is cut in the span above the bend region.
It was concluded, therefore, that the one bend design is feasible for the bent
tube IHX design. See Foster Wheeler's report in Appendix VA for details and
Figures.

V-2.1-3



2.3 Flow Deflector and Lower Head Protector

The results of an ANSYS thermal and thermal stress analysis on the Tower tube-
sheet without the flow deflector (J def]ecter)'and the lower head protector
(thermal shield inner head) showed that the maximum linearized thermal bending
stress and ‘the peak thermal stress in the perforated region exceeded the ASME
Code, Section 111, 3Sm 1imit on the elastically calculated secondary stress
range. However, a 2-D simplified inelastic analysis of the lower tubesheet
vaerified 'that both the flow deflector and the Tower head protector could be

eliminated. The results of the analysis show no fatigue,damage and the maximum
| positive principal strains satisfy the Code Case 1592 allowable strain of 1% for
average strains and 2% for surface strains. Furthermore, the new transient data
(described in Part V, Subsection 2.3 Thermal Transients for Heat Transport
Systems) are less severe than the transient data (from Phase A) which were used
in the analysis. See Foster Wheeler's report in Appendix'VA for details and -
Figures.

2.4 Shell Side Sodium Flow and Temperature Distribution

A sodium flow distribution analysis on the shell side of the bent tube IHX
design indicates that the bundle entrance velocity is not uniform: the velocity
is much higher near the tubesheet area and more sodium fiows toward the outer
edge of the bundle, as shown in Figure 12 in Appendix VA. An axisymmetric, two-
dimensional thermal analysis shows that, due to the lack of cross flow effects,
the temperature tends to be higher at the outer edge of the bundle. In order to
get radially uniform temperature distribution by divertihg more sodium to the
outer edge of the bundle, the use of perforated tube supports with non-uniform
spacing were investigated. '

A flow distribution and thermal distribution analysis were performed for a tube
support perforation'with 50% perforation for the inner 60% of the bundle and

70% perforation for the outer 40% of the bundle. However, the results show that
the improvement made in the thermal distribution is very small compared to the
current uniform perforation of 70%. - The use of a non-uniform perforation support
will alse introduce a new uncertainty in flow-induced vibration due to cross
flow. Therefore, a uniform perforation of 70% was retained as reference design.
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2.5 IRACS Coil Support

A preliminary design for the IRACS coil (for decay heat removal) supports was
develioped. In order for the IRACS coil support system to result in acceptable
coil stresses during seismic events, the coil is supported at four circumferential
locations around the helix by split support plates. These support plates are
held in place by a shroud which extends down from the shield plug. See Foster
Wheeler's report in Appendix VA for details and drawings.

2.6 Diving Bell Seal

A hot pool/cold pool seal at the bottom of the IHX is needed to prevent the
primary sodium in the hot pool from leaking around the IHX vessel and into the
cold pool. A conceptual design and an analysis for a diving bell seal were
developed. Advantages and disadvantages of the diving bell seal design and the
double bellows design (in Phase A Extension 1) were identified and evaluated.
Based on this study, a reference design for the hot pool/cold pool seal was
selected.

2.6.1 Design Requirements

The diving bell seal design must satisfy the following requirements:

® The cover gas barrier in the seal must be maintained under ail
plant conditions, including normal operating conditions, part
load conditions and transient conditions. Table 2-1 and Table
2-2 show the limiting transients for the IHX.

] Ensure that the cover gas in the seal will not be carried over
to the core. Provisions must be made to prevent the cover gas
in the seal from entering the suction Tine of the primary pumps.

® Provide the capability for adding cover gas to the seal prior
to the IHX operation and in case of loss of the cover gas.

® Since part of the diving bell seal is connected to the core
support structure and part of the seal is connected to the IHX,
allowances must be provided for axial movement and radial move-
ment of the IHX relative to the core support structure due to
thermal expansion and during seismic loadings, as shown in Table
2-3. The axial movement of 2.67 in. and the radial movement of
1.42 in. due to thermal expansion can be accommodated by
intentionally off-centering the diving bell seal during its
installation. However, the axial movement of 1.5 in. and the
radial movement of 0.25 in. due to seismic loadings must be
included in the design of the diving bell seal.

B,
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2.6.2.  Conceptual Design

Figure 2-1 through Figure 2-4 show the conceptual design of the diving bell seal.
A double diving bell seal, instead of a single diving bell seal, was selected as
referece design to reduce the overall length-of the IHX, ATthough the use of a
triple diving bell seal would further reduce the overall Tength of ‘the IHX, it was
- not adopted because it would ‘also reduce the space available for the primary
sodium discharge piping and result in a higher primary pressure drop.

The double diving bell seal consists of two troughs located at the bottom of the
IHX. - The troughs are divided into 2.5 in. width, to accommodate the radial
movement of the IHX relative to the core support structure, by the two troughs
connected to the core support structure. A piping is connected to the bottom of
the: trough for adding cover gas to the seal. An excess gas outlet piping is
provided to prevent the cover gas from entering the suction line of the primary
pump -and to-ensure no cover gas carryover to the reactor core. The excess cover
gas will be fed into the reactor cover gas above the sodium pool in the primary
~tank. " The idea of using a sodium level indicator and/or a thermocouple for
detecting the loss of the cover gas were rejected because it s doubtful that they
will last for 40 years. In addition, maintenance of the instrumentation will be
very difficult because of the location of the diving bell seal.

The diving-bell seal is designed to maintain the cover gaé barrier in the seal
during normal plant operating conditions, part load conditions and transient
conditions. Before adding cover gas to the seal and with no pump flow, the seal
is filled with sodium, as shown in Figure 2-1. The sodium temperature in the
seal, under these conditions, will be close to the cold pool temperature (595°F)
because of the stagnant sodium in the annulus between the IHX and the core support
structure. Figure 2-2 shows the sodijum Tevels in the seal after the cover gas
has been added but zero pump flow. -Figure 2-3 shows the sodium levels in the
seal under horma]'plant operating conditions when the sum of the differént1a1
sodium levels in the two troughs is equivalent to the differential level between
the hot pool and the cold pool in the primary tank. ~The sodium levels in the
seal under transient and part load conditions are shown in Figure 2-4.
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2.6.3 Computer Modeling

A computer code for sizing the diving bell seal was developed. The flow chart,
the code and the nomenclatures for the code are shown in Appendix A, B and C
respectively. Table 2-4 shows the results of sizing the double diving bell seal.
As we can see from the table, the normal plant operating conditions, when the
maximum differential Tevel between the hot pool and the cold pool exists, are
the controlling factors in sizing the seal. The cover gas volume and the height
of the double diving bell seal required under the transient conditions and the
part load conditions are less than that of the normal plant operating conditions.
It is determined that a minimum cover gas volume of 39 ft3 and a minimum height
of 3.4 ft will be required for the double diving bell seal.

2.6.4 Diving Bell Seal Versus Double Bellows

In attempts to reduce the primary pressure drop through the IHX, preliminary
designs for a 60-in. I.D. and a 80-in. I.D. double bellows (compared to 42-in.
1.D. for Phase A Extension 1) for hot pool/cold pool seal were developed, as
shown in Table 2-5. The primary pressure drop through the IHX for the double
bellows and the diving bell seal, with and without the discharge elbow, are
shown in Table 2-6. A 60° discharge elbow is connected to the bottom of the
hot pool/cold pool seal to direct the Sodium discharging from the IHX into the
center of the reactor inlet plenum and away from the primary tank bottom to
prevent thermal shocking at the primary tank, especially under transient con-
ditions. For the one tube bend IHX design with the discharge elbow, the
primary pressure drop through the IHX with the 60 in. I.D. double bellows with
the 80 in. I.D. double bellows and with the diving bell seal will be 2.39 psi,
2.23 psi and 2.17 psi, respectively. The use of a 42-in. I1.D. double bellows
with one tube bend resulted in a primary pressure drop of 3.11 psi, which ex-
ceeded the design goal of 2.5 psi. The lower primary pressure drop for the
diving bell seal is due mainly to the more space available for a larger diameter
discharge piping.

Table 2-7 shows a comparison of the diving bell seal approach and the double
bellows appraoch. The main advantage of the diving bell seal is, due to its
lower primary pressure drop, to provide more margins for meeting the design goal
of 2.5 psi. In addition, the use of a 60-in I.D. double bellows will require
an 18 in. deeper primary tank and a 80 in. I.D. double bellows will require
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a 3 ft. deeper primary tank for accommodating the discharge elbow. Whereas, the
diving bell seal, since it is shorter than the double bellows, does not require
any additional space. Furthermore, it is more difficult to fabricate the double
bellows and it requires removal of the IHX for maintenance and repair. Therefore,
the diving bell seal was selected as the reference design.  The double bellows,
because it is feasible, was retained as a back-up design.

2.7 - Cover Gas/Sedium Level Requirements

Table 2-8 shows the sodium levels in the hot pool, in the cold pool and in the

IHX under mormal plant operating conditions, transient conditions and during

plant startup. Appendix D shows how the hot pool and cold pool Tevels are
determined.  Due to the pressure drop through the entrance region of the IHX,

the sodium level in the IHX 1is lower than the hot pool level. The entrance region
pressure drop consists of contraction loss to the flow shroud, friction loss

in the annulus, 90° turn from the annulus, perforation of the annulus and

through the IRACS coils. The sodium Tevels in the hot pool and the cold pool are
also shown in Figure 2-2 in Part III, Subsection 2.1 (General Arrangement for
Reactor Assembly).

When an intermediate loop is to be taken out of service for maintenance or for
repair, the primary sodium to the IHX can be stopped by a gas valve. It consists
in isolating (from the pool cover gas in the primary tank) and pressurizing the
cover: gas above ‘the sodium in the IHX and depressing the sodium level to below the
perforation (for sodium entering) of the annulus. It is calculated that 5 psig
and 900 ft3 of cover gas will be required for this purpose. When the IHX is

ready for rormal operation, the gas 1ine to the IHX cover gas is opened to make

it common to the pool cover gas in.the primary tank.

The central downcomer pipe-has a double wall with argon gas filled in the space
between the walls as a thermal bartier for protection against the temperature
gradients across the walls. For the same purpose, the THX shell also has a
double wall with argon gas filled in the space between the walls.

3.. - REFERENCES

(1) "Pool-Type LMFBR Plant, 1000 MWe Phase A Design", EPRI NP-646, Volumes 1 and
2, Part 11, Heat Transport Systems, April, 1978.

V-2.1-8




TABLE 2-1

Umbrella Transients for IHX

Phase A Extension 2

Number of Events

Event in 40 Years
B-1b Normal Reactor Scram with Minimum Decay Heat 540
B-14 A Reactor Scram with Minimum Decay Heat and
Pony Motor Post-Scram Flow 16
B-4b A Reactor Scram caused Loss of Pumping Power
in One Intermediate Loop 7
B-10 A Reactor Scram Accompanied by the Blowdown
of One Steam Generator 6
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-~ TABLE 2-2

Transient Conditions for IHX

Pri. Inlet - Pri. Outlet . Int. Inlet - Int. Outlet Pri. Inlet Pri. Outlet Int. Inlet Int. Outlet
Event Na- Flow Na Flow Na Flow Na Flow o NaTemp. Na Temp. Na Temp. Na: Temp:
B-1b 100% 100% 875°F . 548°F 544°F 815°F
50%(60 sec) 50%(20 sec) 570°F (500 sec) (240 sec) (120 sec) 835°F(20 sec)
570°F (500 sec)
B-14 100% 100% 875°F 542°F 542°F 815°F
7%(50 sec) 7%{50 sec) 825°F (40 sec). (600 sec) (600 sec) 840°F (25 sec)
695°F (600 sec) 700°F (100 sec)
650°F (600 sec)
B=4b 100% 100% 640°F(500 sec) 600°F 550°F
47%(80 sec) - 12%(100 sec) : 745°F (80 sec): 535°F(300 sec)
46%(400 sec) 10%(400 sec) 610°F {600 sec) 540°F(600 sec)
B-10 100% 620°F 625°F 550°F 625°F
50%(60 sec) (480 sec) (480 sec) 835°F (800 sec) (480 sec)

625°F (1800 sec)




TABLE 2-3

Allowances for Thermal Expansions

and Seismic Loadings

Diving Bell Seal Design

Axial Movement of IHX Relative to the Core
Support Structure due to Seismic Loading.

Radial Movement of IHX Relative to the Reactor
Deck due to Seismic Loading.

Axial Movement of IHX Relative to the Core

Support Structure due to the Thermal Expansion.

Radial Movement of IHX Relative to the Core
Support Structure due to Thermal Expansion.
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Zh=12-A

Conditions

Normal Plant
Operation

Transient
Conditions

B-1b
B=14
B=4b
B-10
Start Up

TABLE 2-2

Results of Sizing of Double Diving Bell Seal

Minimum vouble

THX Hot Pool Level - Cold Pool: Level Cover Gas- Diving Bell Seal,
Pressure Change Change Velocity Volume Minimum Required:Height
psi ft : ft ft/sec ' ft3 ft

2.500 1.667 5.051 5.630 38.002 3.359

0.625 0.394 1.241 2.815 9.245 0.818

0.012 0.008 0.024 0.394 0.183 0.016

0.529 0.337 1.061 2.590 7.903 0.699

0.625 0.396 1.258 2.815 0.351 0.827

1.089 0 3.716 15.736 1.392

.668 2.115



TABLE 2~5
Double Bellows for IHX

Total Length 60" 55"
No. Convolutions/Bellows 8 6
Total No. Convolutions 16 12
Spool Length 39" 39.5"
Convolution Width ‘ 3.0" 3.0"
Pitch Diameter ‘83" 63"
Thickness 0.036" 0.036"
Pitch 1.3" 1.3"
Raddi 0.3" 0.3"
Bellow Length (Each End) 10.4" 7.8"
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TABLE 2=6

Primary Pressure Drop Through IHX

Double Bellows

Diving Bell Seal

Phase A Ext. 60"1D : 80"1D
42"1D
Without Discharge Elbow o
1 Tube Bend 2.96 psi 2.264 pst 2,08 psi
2 Tube Bends 3,22 psi 2,44 psi 2,26 psi
With Discharge Elbow
1 Tube Bend 3.11 psi 2.39 psi 2.23 psi
2 Tube Bends 3.37 psi 2.59 psi - 2,41 psi

V=2.1-14

2.02 psi

2.22 psi

2.17 psi

2.37 psi



TABLE 2-7

Diving Bell Seal Versus Double Bellows

Diving Bell Seal

Primary AP of 2.17 PSI for One
Tube Bend Design. Allows more
Margins for Meeting Design
Goal of 2.5 PSI.

No Additional Space Required.

Little or No Maintenance Required
Require Piping for Adding Cover Gas
and for Excess-Gas Exit.

Simple Fabrication.

Although with Cover Gas Provisions,
Probably more Reliable due to no Moving
Parts.

Simple and Less Costly Development Tests.

French Phenix has Operating Experience
and Proposed for Super-Phenix - although
of Different Configuration.
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Double Bellows

Primary AP of 2.39 PSI for 60"
I.D. Bellows and 2.23 PSI for
80" I.D. Bellows ~ Both for
One Tube Bend Design.

Requires 18 in. Deeper Primary
Tank for 60" I.D. Bellows and

3 ft. Deeper Primary Tank for

80" I.D. Bellows ~ to - Accom-
modate Discharge Elbow.

Require Removal of IHX for
Maintenance and Repair.

No Cover Gas Piping Regquired.

More Complex Fabrication.

Expected Lower Reliability due
to Moving Parts.

May need some Development Tests.

Probably -Cost more due to more
Complex Fabrication.

Proposed for British CDFR.
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TABLE 2-8
Sodium Levels in IHX

Pressure Drop

Through THX ‘ Sodium Level
Conditions psi ~ Cold Pool Level Hot Pool Level in  IHX
Normal Plant Operation: ~
at 100% Pump Flow 2.500 {-)25'4" {-)18'8" (~)19'8"
at pony motor flow(7% speed). 0.012 (=)20'4" (-)20'a" (-)z0'4"
Transient Conditions: ‘ ~
B-1b 0.625 (-)21'7" (-)19'11" (-)20'2"
B-14 0.012 (=)z0'4" {=Yy20'4" (-)20'4"
B-4b : 0.529 (-)21'5" : (-)20t0" (-)20'3"
B-10 0.625 ~ (-)21'8" (-)19'11" (-)20'2"
Plant Startup:
at 66% flow 1.089 (=)23' 11" (-)21i2" (-)21'7"
~at pony motor flow(7% speed) 0.012 So=)2ron {-)2110" (=)21'10"

Refueling ‘ L (-)2o'7" (=) (-)20'7"
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APPENDIX A

Flow Chart for Diving Bell Seal Modelling

\\Read A1, A2, X1, xz/

Compute V

\Read T, T2, PZ/‘ Startup ® Transient ’\Read T, T2, P}/

Y o Y

Compute V4 \\Read T1,T2, P, R // Compute V4
Compute P1 $=| Compute L1,L2,X3,X4 }“'—-"-——-——-—— Compute P1

Y

Compute RO,R1,R2

Y

Compute H

Y

Compute H2, H1

v

Compute V3

Y

Compute H3

Print P1, H1, H2,
V3, V4, H3
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APPENDIX C

Nomenclature
Surface area of hot pool, ftz.
Surface area of cold pool, ftz.
Differential level between hot pool and cold pool, ft.
Hot pool level change, ft.
Cold pool level change, ft.
Minimum required height of the double diving bell seal, ft.
Thermal expansion of IHX due to hot pool temperature, in.

Thermal expansion of the reactor structure due to hot pool
temperature, in.

Mass flow rate of sodium, 1b/hr.

Increase in sodium mass in hot pool at pump flow, 1b.
Decrease in sodium mass in cold pool at pump flow, 1b.
Pressure drop across THX under normal plant opérétibn, péi:

Pressure drop across IHX under transient and part load
conditions, psi-

Fraction of sodium flow rate (velocity) under transient and
startup conditions compared to normal plant operating
conditions.

Average density of hot3poo1 and cold pool sodium under normal
plant operation, 1b/ft.

Average density of sodium, 1b/ft3. 5

Density of sodium at hot pool temperature, 1b/ft™.

Density of sodium -at cold pool temperature, 1b/ft3.

Hot pool temperature, °F.

Cold pool temperature °F.

Velocity of primary sodium through IHX under normal plant
operation, ft/sec.

Increase-in sodium volume in hot pool at pump flow, ft3.
Decrease in sodium volume in cold pool at pump flow, ft~.

M nimum required volume of cover gas, ft3.

Velocity of sodium under transient and part load conditions,
ft/sec. :

Axial movement of IHX relative to the core support structure
due ‘to seismic loading, t.
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APPENDIX C (Continued)

X2 = Radial movement of IHX relative to the reactor deck due to
seismic loading, ft.

X3 = Axial movement of IHX relative to the core support structure
due to thermal expansion, ft.

X4 = Radial movement of IHX relative to the core support structure

due to thermal expansion, ft.
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Since

and

Therefore

Substituting

where

APPENDIX D

Determination of Hot Pool and Cold Pool Levels

M-l = M2
Moo= Ry
My = V2R2

Ypoo= A

Vo = Al
A1H1RT A2H2R2
H1 = Ho= Hzinto the above equation yields:
; : A]R}H

2

A]R]+ AZRZ

M] = Increase in Sodium Mass in Hot Pool at Pump Flow, 1b.
M2 = Pecrease.in Sodium Mass - in Cold Pool at Pump Flow, 1b.
V] = Increase in Sodium Volume in Hot Pool at Pump Flow, ft3.
V2 = . Decrease in Sodium Volume in Cold Pool at Pump F]ow,ft3.
R, = Density of Sodium in Hot Pool, Tb/ft’.
R, = Density of Sodium in Cold Pool, 1b/ft’.
H] = Rise in Hot Pool Level at Pump Flow, ft.
H2 = Drop in Cold Pool Level at Pump Flow, ft.
A] = Surface Area of Hot Pool, ftz.
A, = Surface Area of Cold Pool, ft2,
H = Total Differential Level Between Hot Pool and Cold Pool,

ft.
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PART V: HEAT TRANSPORT SYSTEMS
Section 2: Work Performed During Extension 2
Subsection 2.2: Primary Pump Design
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1. INTRODUCTION AND SUMMARY

To allow for a new reactor core with higher pressure drop, the Phase A primary
pump design (Ref. 1) was redesigned by Byron Jackson to accommodate a total
system pressure drop of up to 120 psi during Phase A Extension 2. The design
requirements and the potential inputs of the new pump design on the reactor
assembly were evaluated by GE.

The selected pump concept is the same as that of the Phase A: two double-
suction impellers in parallel on a single shaft. However, the impeller diameter
has been increased from 36 in. to 42 in. to provide for the increase in head to
120 psi. The pump speed remained at 870 rpm, the same as Phase A, to provide a
safe margin for NPSH and to avoid cavitation. The selected pump speed is
suitable for either a variable speed motor or a constant speed motor. The new
pump also is 'slightly longer than that of Phase A. The new pump did not change
the deck penetration diameter and the pump support flange of 96 in. 0.D. A
structural analysis, shaft dynamic analysis and seismic analysis showed that no
insurmountable problems are anticipated with the new pump design. UDetails of
the pump design are described in Appendix VB, the Byron Jackson Report on
Primary Pump.

The potential impact of the new pump on the reactor assembly was studied. Areas
of further work needed for the reactor assembly were identified.

v-2.2-1



2. PRIMARY PUMP DESIGN

2.1 Design Requirements

There are four primary pumps in the 1000 MWe Pool-Type LMFBR plant.  The punps

are located in the cold pool of the primary tank and suspended from the reactor
deck. Figures 2-1 and 2-3 in Part I1I, Subsection 2.1 {General Arrangement

of Reactor Assembly) show the arrangement of the primary pumps, in relation to

the IHXs and the cold traps, on the reactor deck and in the primary tank.

The primary pump design must meet the following requirements:

o 1t must satisfy the operating conditions shown in Table 2-1.
Specifically, in order to allow for a new core with 50% increase
in pressure drop, the total developed head has been increased from
90 psi (237 ft. of sodium) in Phase A to 120 psi (316 ft. of
sodium). In addition, the sodium flow rate to each pump has been
increased from 65,820 gpm in Phase A to 68,450 gpm to include the
expected sodium flow through the dynamic thermal barriers in the
primary tank.

o In Sizing the pump, a runout condition of 116% of design flow
must be considered so that the plant can be operated with only
three of the four pumps running.

0 The pump must operate satisfactori]y at either constant speed
or variable speed.

o The pump design must also satisfy the minimum cold pool level
and the pump sodium level shown in Table 2-2. These sodium levels
affect not only the available NPSH for the pump but also the »
location of the intermediate bearing of the Tong-shaft primary
pump. The analysis and the determination of the minimum cold
pool level and the pump sodium level are shown in Appendix A.
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Table 2-1

Operating Conditions of the Primary Pumps
GE 1000 MWe Pool-Type LMFBR
Phase A Extension 2

Number of Primary Pumps 4

Total Primary Sodium Flow 120.1 x108 1bs/hr
Operating Flow (Each Pump) 68,450 gpm

Location of Pumps Cold Pool

Temperature of Cold Pool 595 °F

Total Developed Head 120 psi (316 ft. of sodium)
Code Classification ASME Section III, Class 1
Seismic Category 1

Operating Reactor Cover Gas Argon, nearly atmospheric
Design Life 40 years

2.2 Reference Primary Pump Design

The reference pump concept consists of two double-suction impellers in parallel,
the same as that of Phase A. The limiting available NPSH remains the predomi-
nant factor in the pump selection. However, in order to accommodate the total
system pressure drop of 120 psi, the impeller diameter has been increased

to 42 in. (from 36 in. in Phase A) but the pump speed retained at 870 rpm (the
same as Phase A). The pump speed was retained, for conservatism and reliability,
to provide a safe margin for NPSH and to avoid cavitation. The selected pump
speed is suitable for either a variable speed motor or a constant speed motor.
The shaft length is 36 ft. 8 in., an increase of 2 inches. The total length of
the pump, excluding the motor, is 44 ft. 10 in., an increase of 1 ft. 4 inches.
The pump length is designed to give an available NPSH of 40 ft. which offers a
satisfactory suction specific speed at design flow as well as at run-out flow.
The slightiy larger impeller diameter and the slightly longer pump did not
change the deck penetration diameter of 7 ft. 6 in. nor the pump support flange
of 96 in. 0.D. for accommodating the pump motor.  The maximum diameter at the
hydraulic section of the pump, which is the maximum diameter of the withdrawable
pump assembly, is 75 in. The required operating pump powér is 6,150 horsepower
and the estimated total weight of the pump (excluding the motor, the sodium,
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the insulation and the steel shot) is 104,400 1bs. Table 2-2 shows the major
parameters of the primary pump. The performance curves for the pump are shown
in Figure 2-2. Since the pump is designed to have an adequate NPSH available
for the upper double-suction impellers, the lower doulble-suction impellers have
more than'adequate NPSH available. In order to prevent gas entraidment due to
vortexing into the pump, a diving bell (flow shroud) will be provided to channel
the sodium flow to the pump.

The key features of the pump design, with emphasis on those which are new or
different from that of the Phase A, are described below. See Appendix VB,
Byron Jackson's report, for details of the pump design and the design drawings.

o Impeller

The pump has two double-suction impellers in parallel. The
double-suction impeller has two single-suction impellers designed
back-to~back. The two double-suction impeller design further
divides the total flow into four suction inlets. The impeller
‘diameter has been increased to 42 in., from 36 in. in Phase A, to
obtain the total developed head of 316 ft. of sodium.

0 Hydrostatic Bearing

The hydrostatic bearing is of the same type as in Phase A.
However, the size and location of the bearing have been changed,
due to an increase in the radial load as a result of the addi-
tional pump head, to satisfy the dynamic analysfs of the new pump.
The bearing has been increased from 16 in. (in Phase A) to 30 in.
diameter. In addition, the bearing was moved from its position at
the bottom of the pump (in Phase A) to a location between the two
impellers. Because the pump is so long another hydrostatic
bearing is located below the minimum sodium level to provide a
satisfactory bearing span and to allow the use of a smaller

shaft,
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o Pump Shaft

Since the pump is larger and the horsepower requirement has been
increased from Phase A, the size of the shaft has been changed., A
coupling is provided at approximately the normal sodium level
because the shaft is too long to be made in one piece. The
upper shaft (16 in. diameter) and the lower shaft (8.5 in. dia-
meter) are joined by a rigid flanged coupling. The shaft is
hollow except in the cold region at the top. A hollow shaft gives
maximum rigidity with minimum weight. Furthermore, it gives
better stability under thermal transients that a solid shaft.

- The journal that was at the bottom of the shaft in Phase A has
been moved to a location between the two impellers.

o Shaft Seal Cartridge

Because the span between the hydrostatic bearings in the pump and
the lower radial bearing in the motor is quite long, an oil
lubricated radial bearing is located in the seal area to keep the
critical speed a safe margin above the operating speed. Seal
leakage tanks are provided to collect 0il leakage and to prevent
it from going into the sodium.

The shaft seal cartridge includes the two mechanical seals, the
pumping ring, the oil lubricated radial bearing and the air-to-oil
heat exchanger, A fixture is provided for convenient removal and
replacement of the . spacer coupling and the seal cartridge assembly
without removing the motor,

0 Motor Support

Adequate space is provided to allow assembly and removal of the
spacer-coupling and the shaft seal cartridge. The pump speed is
suitable for either a variable speed motor or a constant speed
motor. The designs of the motors are discussed in Part VII,
Section 2.1, Plant Control. The effects of the constant speed
pump on the system are described in Part V, Section 2.4, Fixed-
Speed Pump Effects,
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o Shut-0ff Valve

A shut-off valve, located at the bottom of the pump, is used to
prevent sodium backflow through a disabled pump. Two rods 180
degrees apart provide the'vertical motion to open and close the
valve. ~The rods extend vertically to the seal cartridge.

A stuctural analysis, shaft dynamic analysis and seismic analysis
were performed for the new pump design. The analyses shown in
Byron Jackson's report in Appendix VB indicate that there are no
insurmountable problems with the new pump design.

Maintenanée and ‘inspection requirements for the primary pump,
including the maintenance procedures for removal and replacement
of the pump and the shaft seal cartridge are described in Part X,
Subsection 2.3, Maintdinability and Inspectability of the Major
Components.

2.3 Pump Concept Selection

The low available NPSH led to the selection of the double-suction impellers.

The double-suction design keeps the primary pump diameter as small as practi-
cable. The two, parallel, double-suction impeller design further improves the
available NPSH and minimizes the pump diameter. The selected design, two
double-suction impellers in parallel, is particularly suitable for the pool-type
pump in that all the four suction inlets are immersed in the sodium. In Appen-
dix VB, Byron Jackson has presented design data and drawings to substantiate
their claims that large units of four-stage, three-stage and two-stage pumps of
double-suction impellers in parallel, have been successfully built, tested and
are still in service.

The'impe11er diameter required for a pump is proportional to the square root of

the total developed head of the pump and inversely proportional to the RPM of
the pump. The increased total system pressure drop of 120 psi, therefore, can

V-2.2-6



be met by increasing either the impeller diameter or the pump speed, or both.
The following pump designs were considered but were not adopted:

0 A single-stage double-suction design with 725 rpm variable speed
motor was not selected because it required a 50 in. impeller
diameter, resulting in an undesirably large pump. Furthermore, it
is not suitable for a constant speed motor.
motor was not selected because it regquired a 50 in. impeller
diameter, resulting in an undesirably large pump. Furthermore, it
is not suitable for a constant speed motor.

o - The use of two stages of double-suction impellers in parallel with
a 1000 rpm variable speed motor would require a 36 in. impeller
diameter, the same as Phase A. This design is unsuitable for a
constant speed motor. The higher pump speed also reduces conser-
vatism and reliability.

o Two stages of double-suction impellers in parallel at 1180 rpm
is suitable for either a variable speed motor or a constant speed
motor. However, this design has a long shaft (50 ft. 10 in.)
which is undesirable not only from the standpoint of shaft dynamics
but also from the standpoint of the additional space required in
the primary tank. The high pump speed also further reduces the
reliability of the pump.

2.4 Potential Impacts on Reactor Assembly

A prelimihary study was made of the potential impacts of the new pump design on
the reactor assembly. The results are summarized as follows:

0  Because the new primary pump is 1 ft.. 4 in. longer than that of
Phase A, the pump-to-plenum piping seal (a bellows-type expansion
joint for the connection between the lower end of the primary pump
and the reactor inlet plenum) anhd the core subport structure must
be redesigned to match this new elevation of the pump. However,
the pump-to-plenum piping seal, which is designed to 150 psig
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internal pressure, is capable of withsténding the new pump dis-
charge pressure of 120 psi. A less desirable alternative would be
to raise the reactor deck to accommodate the new pump length.

o The shut-off-valve, connected to the outlet nozzle of the primary
pump, was desighed 10120 psig of therma]~hydrau]it pressure and
up to 200 psig of ‘design pressure. Therefore, redesigning of the
valve is not required.

0 Resizing-and redesigning of the fixed flow-splitter and the
variable flow=splitter may be required to obtain the desired

pressure drop through the splitters.

o Studies are needed to determine if the forged nozzle and the wall
thickness of the high pressure plenum are adequate.

3. REFERENCES

(1) "Pool-Type LMFBR Plant, 1000 MWe Phase A Design," EPRI NP-646, Volume 1
and 2, Part II, Heat Transport Systems, April 1978.
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2-2

TABLE

Primary Pump Parameters
1000 MWe Pool-Type LMFBR

Type

Operating Sodium Flow
Total Developed Head
Sodium Temperature
Operating Speed

NPSH Available

Specific Speed

Suction Specific Speed, Design
Suction Specific Speed, Runout
NPSH Required

Impeller Diameter

Pump Efficiency
Pump- Power, Design
Pump Power, Operating
Shaft Length
Max. Hydraulic Section Diameter

Pump Length (Excluding Motor)

Phase A Ext

ension 2

Mechanical, two stages of double
suction impellers in parallel

Pump Weight (Excluding motor, sodium,

insulation and steel shot)

V-2.2-9

68,450 gpm
316 ft. of sodium (120 psi)
595°F
870 rpm
40 ft.

2,150
10,000
10,900

26 ft.
42 in.

78%
7,000
6,150 hp

36 ft.

75 “n.

44 ft. 10 in.

104,400 1bs
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APPENDIX A: DETERMINATION OF COLD POOL LEVEL AND PUMP SODIUM LEVEL 1000 MWe
POOL-TYPE LMFBR PHASE A EXTENSION 2

A-1 Cold Pool Level

At zero sodium flow, the hot pool level is the same as the cold pool level.

If the sodium temperatures in both the hot pool and the cold pool are at 595°F,
the levels will be at (-) 20'-4", based on the top of the shield deck at 0'-0".
During power operation and normal flow, the total differential level between the
hot pool and the cold pool is determined by the pressure drop of the primary
sodium through the IHX (2.5 psi). The total differential level between the hot
pool and the cold pool is equal to the sum of the rise in sodium level in

the hot pool and the drop in sodium level in the cold pool. Figure 2-5 in Part
II, Subsection 2.1 (Nuclear Steam Supply System) illustrates the relative hot
pool énd cold pool areas. Since the hot pool surface area (3063 ftz) is much
larger than the cold pool surface area (968 ftz), the drop in sodium level in
the cold pool is much greater than the rise in sodium level in the hot pool.

The decrease in sodium mass in the cold pool is equivalent to the increase in
sodium mass in the hot pool. However, it should be noted that, due to the
simultaneous change in sodium temperatures in the hot pool and the cold pool and
the resultant expansion and the contraction of the sodium volume, the decrease
in sodium volume in the cold pool is not equal to the increase in sodium volume
in the hot pool. Table A-1 shows how the cq?d pool level during power operation
~and pump flow conditions are determined. The results of the calculations are
shown in Table 2-2. During normal plant operation {cold pool temperature of
595°F and hot pool temperature of 875°F) and 100% pump flow, the minimum cold
pool level will be at (-) 25'-4". At pony motor flow (7% speed), the pressure
drop across the IHX is approximately proportional to the square of the sodium
velocity. It is determined that the differential level between the hot pool and
the cold pool is only 0.4", and the minimum cold pool level is nearly zqual to
() 20 ft. 4 inches. '

During the plant startup, when both the hot pool and cold pool temperature are
at 400°F, the sodium level will be at (-) 21'-10". At 66% pump flow, the
minimum cold pool level will be at (-) 23'-11". At pony motor flow, the minimum
cold pool level is nearly equal to (-) 21'-10",
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Figure 2-2 in Part 111, Subsection 2.1 (General Arrangement for Reactor Assembly)
shows the sodium levels in the cold pool and the hot pool.

A-2 - Pump Sodium Level

The pump ‘sodium level is slightly lower than the cold pool level due mainly to
the pressure drop of the primary sodium through the pump inlet flow structure.
In order to minimize its effect on the location of the intermediate bearings
of the long shaft of the primary pump, a 3" maximum for the differential level
between the cold: pool level ‘and the pump sodium level at 100% pump flow was
selected as a design guide for the pump inlet flow structure. At pony motor
flow, the differential level between the cold pool sodium and the pump sodium
i negligibly small.
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since

and

we have

substitute

where

Table A-l

Determination of Cold Pool Level

= H - H2 into the above equation, and solve for
we get:

Ay D Hy

Ay D+ A0,

= Increase in sodium mass in hot poel at pump flow, 1b.
= Decrease in sodium mass in cold pool at pump flow, 1b.
= Increase in sodium volume in hot pool at pump flow, ft3.
= Decrease in sodium volume in cold pool at pump flow, ft3.
= Density of sodium in hot pool, 1b/ft3.
= Density of sodium in cold pool, 1b/ft3.
= Rise in hot pool level at pump flow, ft.
= Drop in cold pool level at pump fiow, ft.
= Total differential level between hot pool ‘and
c¢old pool, ft.

= surface area of hot pool, ftz.

Surface area of cold pool, ftz.

#
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Table A-2

Cold Pool Level and Pump Sodium Level

Cold Pool Level*

Normal Plant Operation:

at 100% flow (~) 25'-4"(595°F)
at pony motor flow (=) 20'-4"(595°F)
(7% speed)

Plant Startup:

at 66% flow (=) 23'-11"(400°F)
at pony motor flow
(7% speed) (=) 21'-10"(400°F)

*Based on top of shield deck at 0'-0".
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Differential Level
Between Cold Pool &
Pump Sodium Level

3 4n. max.
negligible
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1. INTRODUCTION AND SUMMARY

This report contains the transient predictions of selected plant duty cycle events
for the 1000 MWe Pool-Type LMFBR Plant described in EPRI NP-646 (1). The plant
transient predictions were made using a system model called DEMO-POOL (2). This
model is based on the DEMO simulation model(3) prepared for the CRBRP with changes
necessary to represent a pool system. A Tlist of overall plant design parameters
used in the DEMO-POOL simulation is contained in Table 1-1. This effort was
directed toward generating transient predictions suitable for use in analysis of
system components and for comparison with duty cycle events in loop type LMFBRs.

Data are presented on duty cycle transients for the 1000 MWe Pool-Type LMFBR
Plant. These data are suitable for evaluating the impact of pool system tran-
sients on component requirements. They are also suitable for comparison with
loop-type LMFBR transients to establish whether or not pool and loop systems have
significantly different component requirements.

Two possible modes of post-scram sodium pump operation were evaluated. The base
case involves a post-scram sodium pump trip to 50 percent speed. This was the
basis for evaluation of the majority of the duty cycle events. The possible
alternative mode of post scram sodium pump operation, keeping the pumps operating
at 100 percent of rated speed, was evaluated for several selected duty cycle
events to provide a basis for comparison with the base case transients. In
addition, the effect of increased intermediate sodium pump inertia on the tempera-
ture trangient for two events was evaluated.

Increasing the post-scram pump speed from 50 to 100 percent of rated speed inc-
reases the temperature rates for most events analyzed by a factor of two or more.
Temperature changes are essentially the same. Increasing the intermediate pump
inertia decreases the severity of the loss of power to an intermediate pump but
increases the severity of the loss of off-site power events.

Stress analysis is required to determine the impact of plant transients on system
components and to determine whether it is better to operate the sodium pumps at 50
or 100 percent of rated speed following a reactor scram. The increased tempera-
ture rates associated with full speed post-scram pump operation may or may

not have a major impact on component design.
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TABLE 1-1

Overall Plant Parameters Used in the

DEMC-POOL Simulation Model

Reactor Power, MWt

Number of Primary Pumps/Intermediate
Heat Transport Loops

Primary Hot ‘Leg Temperature; °F
Primary Cold Leg. Temperature, °F
Intermediate Hot Leg Temperature, °F
Intermediate Cold Leg Temperature, °F
Primary Pump Flow Rate, 106 1b/hr
Intermediate Loop Fiow Rate, 106 1b/hr
Steam Pressure at Turbine Inlet, psia
Steam Temperature at Turbine Inlet, °F
Loop Steam Flow Rate, 106 Tb/hr
Evaporator Water Inlet Temperature, °F
Evaporator Exit Steam Quality

Steam Drum Pressure, psia

V=232

2903

4/6
875
595
815
550
28.9
20.1
1000
545
2.09
529
0.167
1045



2. DUTY CYCLE EVENT SELECTION

The 1000 MWe Pool-Type LMFBR Plant duty cycle was prepared and reported in EPRI
NP-882 (5). It contains 1ists having the name, transient number and total number
of occurrences for duty cycle events in the four ASME Boiler and Pressure Vessel
Code, Section III, service levels; Level A Events, Level B Events, Level C

Events and Level D Events. These levels were formerly referred to as Normal,
Upset, Emergency and Faulted Conditions, respectively. The present analysis is an
evaluation of selected duty cycle events from the Level B and Level C Event

lists. The events selected for evaluation are listed in Table 2-1.

The application of duty cycle events to analysis of components requires another
step not included in either Reference 5 or the present analysis. That step
involves the determination of the appropriate number of occurrences during the
plant 1ifetime of specific events selected for component analysis (the umbrella
events). Because not all duty cycle events are selected for analysis of specific
components, the number of occurrences of the events selected is increased from the
number contained in the plant duty cycle to conservatively cover (umbrella) the
events deleted from the analysis. Therefore, the number of occurrences of a
specific event used in component analysis is, in general, larger and sometimes
much larger than that contained in the plant duty cycle (5).
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TABLE 2-1

Duty Cycle Events Selected for Evaluation

TRANSIENT

NUMBER

B-la

B-1b

B-2a

B-2¢

B~4b

B-11

B-23a

TRANSIENT DESCRIPTICON

Reactor Trip from Full Power with
Nominal Decay Heat

Reactor Trip from Full Power with
Minimum Decay Heat

Uncontrolled Rod Insertion

Plant Loading at Maximum Rod
Withdrawal Rate

Loss of Power to One Intermediate
Pump

Inadvertent Isolation and Blowdown
of One Steam Generator

Loss of Feedwater Flow to One Steam
Generator Loop

Loss of O0ff-Site Power
Inadvertent Opening of Steam
Generator Qutlet Steam Line Safety/

Power Relief Valve

Uncontrolled Rod Withdrawal from
100% Power

Water Side Isolation of a Steam

Generator with Failure of the Dump
Valves to Open
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3. BASIS FOR ANALYSIS

The present analysis is based on the assumption that the primary and intermediate
sodium pumps are either tripped to half speed or remain at full speed normally
following a reactor scram. In addition these pumps are equipped with pony motors
that operate at 7% of design speed following the loss of off-site power. The .
steam generator recirculation pumps are assumed to be tripped following a reactor
scram,

The recirculation system provides adequate steam generator water flow by natural
circulation after a reactor scram. Steady state full power operation with
‘natural circulation in a recirculation loop would result in a reduced margin
between the operating condition and the occurrence of departure from nucleate
boiling (DNB) in the evaporator. During the post-scram transient, however, the
margin to DNB in the evaporator is not reduced because the DNB quality increases
sharply as the water flow is reduced and because of full-power steady-state
operation of the evaporator does not occur following the reactor scram and water
flow reduction. Short term operation with DNB cccurring in the evaporator would
be acceptable following a scram but it does not occur except for the steam
generator dryout events.

The effectiveness of the hot pool for mitigating temperature transients is some-
what uncertain even at high sodium flow rates. Therefore, it was conservatively
assumed that only 50 percent of the sodium in the hot pool participates in the
mixing and transient mitigation process at 50 percent pump speed. This was
assumed to be the normal post-scram mode of operation.

Minimum and nominal decay heat generation rates based on CRBRP analyses are used
to represent power generation rates after a scram. The minimum decay heat data
were taken from W-ARD-D-0005(3). These data are based on a power history that
ramps from O to 10 percent power in 0.5 hours, remains at 10 percent power for 0.5
hours and then ramps to 100 percent power in 0.5 hours at which time the scram
occurs. This power history conservatively represents the scrams that might occur
shortly after the rise to power following refueling or shortly after the weekly
load increases. The nominal decay heat data were taken from W-ARD-D-0090 based on
350 hours of full power operation without adjustment for uncertainties. These
data adequately represent decay heating following scrams that might occur during
sustained full power operation. This decay power profile was judged appropriate
for analysis of most duty cycle events.
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4. PLANT TRANSIENTS WITH POST-SCRAM SODIUM PUMP TRIP TO HALF SPEED

A post-scram sodium pump - trip to-half speed had previously been selected as the
most 1ikely compromise between full speed and pony motor pumpfoperation. There-
'fore, a significant set of duty cycle events have been evaluated on that basis.
The results of the evaluation for each of the selected events are contained in the
paragraphs that follow.

4,1 ~B-la Reactor Trip from Full Power with Nominal Decay Heat

This transient is based on a manual reactor trip from 100 percent power. The
primary and secondary control rods start insertion 0.2 seconds later. The primary
and intermediate sodium pumps begin coasting down to 50 percent speed 0.5 seconds
after the reactor trip: The initial decay heat 1evé1 for this transient is
nominal decay heat-which is associated with a reactor in operation for a signifi-
cant time.

The reactor scram transient with nominal decay heat is shown in Figures 4-1 to
4-12. The primary and intermediate sodium flow coastdowns are shown in Figures
4-1 and 4-2.  The 50 percent post-scram pump speed maintains the primary and
intermediate sodium flow rates at approximately 50 percent of the rated values.
The curve labeled "nuclear reactor power” in Figure 4-1 is the fractional heating
rate which includes decay heat. ~The IHX primary sodium inlet nozzle temperature
shown in Figure 4-4 drops from 875 tou 580°F in approximately 500 seconds with the
majority of the change occurring in 180 secondsy ~This is also fairly represen=
tative of the immediate hot leg temperature transient. ‘The cold leg temperatures
are relatively steady as shown in Figures 4-4 and-4-5.

4.2 B-1b Reactor Trip from Full Power with Minimum Decay Heat

The operational sequence for this transient is the same as that described above
for Event B-la. Minimum decay heat levels are used. Minimum time to reach full
power level and appropriate uncertainties are used in calculating the minimum
decay heat. |
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The reactor scram transient with minimum decay heat is shown in Figures 4-13 to
4-24, The control rod and pump trip sequence is the same as that described for
Event B-la. The IHX primary inlet nozzle temperature shown in Figure 4-15 is not
much different than that shown in Figures 4-4 with nominal decay heat. This
demonstrates that decay heat level is not an important parameter when high post-
scram flow rates are used.

4,3 B-2a Uncontrollied Rod Insertion

A single control rod is inserted at a rate which causes a 40 percent per minute
reduction in reactor thermal power due to an assumed malfunction of the controller
on the rod. (This event is not to be confused with a rod drop which is an unlatch-
ing of the rod resulting in a free fall of the control rod into the core.) The
sodium flows and the turbine admission valve inlet pressure are held constant. It
is assumed that this event occurs when the reactor is operating at 100 percent
power with correspondingly high system temperatures and nominal reactor decay
heating. The operator manually trips the plant at 300 seconds.

The system transient is shown in Figures 4-25 to 4-36. Fiqures 4-27 and 4-28 show
that the primary hot leg temperatures decrease about 270°F prior to the reactor
scram while primary cold leg temperatures decrease moderately. The response of
the steam generator system is quite smooth and satisfactory. The reactor is
essentially shut down prior to the reactor scram which then causes the sodium

and water recirculation pumps to be tripped.

4,4 B-2¢ Plant Loading at Maximum Rod Withdrawal Rate

Two reactor transients were evaluated for this event. The first is based on
having variable-speed primary and intermediate sodium pumps which vary sodium flow
rates over the 60 to 100 percent power load-following range. The second transient
is based on constant-speed primary and intermediate sodium pumps. In that case
the sodium flow rates remain constant as the reactor power is changed from 60 to
100 percent power. In both cases the same rate of power increases, 40 percent per
minute, was assumed. ’
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4.4.1 Variable Speed Pumps

From initial plant operating conditions of 60 percent thermal power and corres-
ponding part-load flow rates of sodium, water and steam, the station supervisory
controller is assumed to require a plant Toad increase. -During the control rod
withdrawal, a mechanical malfunction is then assumed to result in the maximum
mechanical rod withdrawal speed. The reactor power is assumed to increase from 60
t0o 100 percent in one minute. The sodium flow rates .are-assumed to increase from
66 percent primary flow and 72 percent intermediate sodium flow to 100 percent
over the same time period. The turbine increases output at the appropriate rate
and feedwater flow also -functions properly. The result is a rapid ramp increase
in reactor power from 60 to 100 percent. No reactor trip occurs.

The plant transient is shown in Figures 4-37 to 4-48. Figures 4-39 and 4-40 show
that the primary hot leg temperatures increase approximately 60°F while the
primary cold leg temperatures increase approximately 45°F. The intermediate hot
Teg temperatures increase approximately 55°F while the intermediate sodium cold
leg temperatures increase approximately 10°F. The steam system (Figures 4-43 to
4-48) takes approximately 4 to 5 minutes to approach new steady state operating
conditions.

4,4.2 Constant Speed Pumps

From initial plant operating conditions of 60 percent thermal power the station
supervisory controller is assumed to reqdire a plant load -increase.  During the
control rod withdrawal, a mechanical malfunction is then assumed to result in the
maximum mechanical rod withdrawal speed. The reactor power is assumed to increase
from 60 to 100 percent in one minute. The sodium flow rates are assumed constant
at ‘100 percent of rated values. The turbine increases output .at the appropriate
rate and feedwater flow also functions properly. The result is a rapid ramp
incréase in reactor power from 60 to 100 percent. No reactor trip occurs.

The plant transient is shown in Figures 4-49 to 4-60.  Figures 4-51 and 4-52 show
that the primary hot leg temperatures increase approximately 135°F while the
primary ccld leg temperatures dincrease approximately 20°F. ~The intermediate hot
lTeg temperatures increase approximately 110°F while the intermediate sodium ¢cold
Teg temperatures increase approximately 5°F. The steam system (Figures 4-55 to
4-60) takes approximately 4 to 5 minutes to approach new steady state operating
conditions.
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4.5 B-4b Loss of Power to One Intermediate Pump

The intermediate pump in one loop is assumed to coast down to pony motor speed.
The other primary and intermediate pump speeds are assumed to remain at initial
values until the reactor/pump trip. A reactor trip is initiated by pump under
voltage relays or pump drive shaft tachometers. Following the trip, the remainder
of the pumps and the steam/water side are treated as for the normal trip.

The plant transient for this event is presented and discussed in Subsection
V-8.4.2 of EPRI NP-882 (6). The primary concern for this event is the primary
sodium outlet temperature transient of the affected IHX. The maximum temperature
rate for the affected IHX is 2.7°F/sec and the temperature change at the affected
IHX primary outlet is 146°F (see Reference 6 for details).

4.6 B-10 Isolation and Blowdown of Steam Generator Components

The events are assumed to be initiated by one of the following: (a) inadvertent
operator action (b) spurious activation caused by equipment failure, or (c)
operator response to & water-to-sodium leak indication. This transient results in
the water-side isolation and dumping of the steam generators in an individual
loop. The event terminates at refueling conditions. The water-side of the
drained component is subsequently filled with nitrogen gas at 300 psig to maintain
water-side pressure higher than the sodium side.

The event is assumed to be initiated by closure of the normally-open isolation
valves in this affected loop feedwater and steam lines. Simultaneously, the inlet
water dump valves and power relief valves in the affected loop are assumed to
open. The steam/water side pressure decreases until the power relief and dump
‘valves are closed. The modules are then pressurized on the water/steam sides with
nitrogen at 300 psig. A reactor trip occurs based on Tow steam drum level. The
event is characterized by an up~transient in the affected steam generator and its
intermediate sodium loop. The unaffected loops see transients similar to a
reactor trip from full power,

Due to the severe cold leg temperature transient in the affected Toop, two tran-
sients were evaluated. The first assumes that operation of the primary and
intermediate sodium pumps will be the same as following a normal scram. In that
case the primary and intermediate sodium pump speeds are reduced to 50 percent
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following the scram. . The Second transient is based"on tripping the affected
intermediate loop sodium pump to pony motor speed at the time of isolation and
blowdown. This is intended to reduce the severity of the cold leg temperatire
transient in the affected loop. These transients are presented and discussed in
the following paragraphs.

4.6.1 ‘With A1l Sodium Pumps Tripped to Half Speed Following Scram

In this case all: the primary and intermediate sodium pumps are tripped to 50
percent speed following the reactor scram. - The resulting system transient is
shown in Figures 4-61 to 4-72. Figure 4-69 indicates that the affected steam
generator blows down to atmopheric pressure in approximately 30 seconds.  The
detailed steam side-calculation for the affected steam generator was terminated
at 40 seconds because the blowdown was essentially completed. This results in
Tower computer ‘usage with essentially the same consequences. The steam dump  f1ow
rate shown in Figure 4-68 is plotted as the percent of normal loop steam Flow.
The water dump flow rate is plotted-as the percent of the normal total Toop
recirculation water flow rate.

Dumping the water and steam from the affected steam generator causes an- eventual
dryout of the unit. Prior to the dryout the sodium outlet temperature from the
affected unit (Figure 4-66) drops from 550 to 510°F, then it increases to approxi-
mately 775°F before beginning to cool. The temperature change at the affected
evaporator outlet is approximately 265°F with a maximum rate of approximately
3.5°F/sec. This is a severe transient for the entire cold leg of the affected
loop as shown in Figures 4-65 to 4-66,

4.6.2 With Affected IHTS Pump Trip to Pony Motor Speed

The temperature rates in the affected intermediate sodium system cold leg can be
reduced from the previous case by tripping the affected intermediate sodium pump

to pony motor speed at the time of initiation of the isolation and blowdown. =~ This
causes a transient at the affected IHX primary outlet very much like the B-4b
Loss-of-Power-to~One-Intermediate~Pump event discussed previously. The system
transient is shown ‘in Figures 4-73 to 4-84., Figure 4-76 shows the transient at

the affected THX primary outlet. The temperature change and maximum rate at that
location are 146°F and 2.7°F/sec as compared to 220°F and 2.9°F/sec in the previous
case. Therefore, tripping the affected IHTS pump to pony motor speed reduces the
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temperature change at the affected IHX primary ocutlet but does not signficantly
change the maximum rate. The temperature transient at the affected evaporator
sodium outlet is shown in Figure 4-78. At that location the temperature change is
approximately 229°F and the maximum rate is approximately 0.7°F/sec. This com-
pares to a temperature change of 265°F and a maximum rate of 3.5°F/sec in the
previous case. Therefore, tripping the affected IHTS pump to pony motor speed at
the time of the scram reduces the temperature change moderately for the cold leg
of the intermediate sodium system but reduces the maximum rate by approximately a
factor of five. This is a definite improvement over the previocus case (Section
4.6.1).

4.7 B-11 Loss of Feedwater to One Steam Generator Loop

This event can be caused by an inadvertent closure of the feedwater control valve

to one of the steam generator loops. The reactor will scram on low water level in
the steam drum. The transient results in water-side dryout of the affected loop.

The event terminates at refueling conditions.

The system transient is shown in Figures 4-85 to 4-96. The large water supply in
the steam drum delays the water-side dryout until the intermediate hot leg sodium
has cooled following the reactor scram. This is shown in Figure 4-90. The tran-
sient is much less severe than the B-10 Isolation and Blowdown for two reasons:
1) the delayed dryout discussed above and 2) the steam drum water temperature
doesn't drop prior to the dryout because steam drum pressure is maintained.

4.8 B-14 Loss of Off-Site Power

If the loss of main sodium pump power occurs, the sodium flow will decrease to
pony motor flow (driven by emergency power) in all loops. A reactor trip, loss of
main condenser and turbine trip will follow. Two auxiliary feed pumps (of 5%
capacity each) are available to initially maintain feedwater flow. Sufficient
stored water is available to make up for water lost to remove decay and stored
heat by dumping steam until the Reactor Auxiliary Cooling Systems are brought
on-1ine.

The system transient is shown in Figures 4-97 to 4-108. The response of the hot

pool (Figure 4-99) is based on the two-zone mixing model in DEMO-POOL which
conservatively assumed mixing in 50 percent of the volume below the top of the
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chimneys in the reactor upper internals following pool stratification. The
sodium flow coastdowns (Figure 4-97) are based on 5.0 and 6.0 second half-times
for the primary and intermediate pumps, respectively. This transient is not as
severe for most system components as a reactor scram .such as Event B-la. It does
represent a severe test of the reactor vessel cooling system since the hot pool
does not cool very rapidly following the scram.

4,9 B-16 Inadvertent Opening of Steam Generator Qutlet Steam

Line Safety/Power Relief Valve

A steam relief valve is assumed to open at a steam generator outlet steam line.
This causes the steam flow from that unit to increase momentarily. The turbine
steam flow soon drops by the amount of vented flow and a nearly steady plant
operating condition is achieved. It is assumed that the valve cannot be-closed.
Therefore, after 600 seconds, the plant is assumed to be tripped manually.
Feedwater flow in the affected loop is5 stopped at the time of the plant trip to
Jimit the loss of water inventory. The event is ferminated at refueling condi-
tions. This event is -also used to provide coverage for small steam line breaks.
The major allowable size of break will be determined later.

The system transient is shown in Figures 4-109.t04-120. - Since a relatively
steady ‘state condition is achieved shortly after the event is initiated, the
transient was calculated based on a manual reactor scram at 300 seconds instead of
600 ‘seconds to save computer time. The results are essentially the same except
for the extra delay time.

The plant has 4 safety/power relief valves having a total -design steam flow rate
equal to the rated steam flow of the loop at 1320 psia (10 percent above the steam
generator design pressure). Therefore, opening.one valve at normal operating
pressure results in a discharge rate of approximately 20 percent of rated loop
steam flow as shown in Figure 4-116. ~Stopping the feedwater flow to the affected
loop causes a steam generator dryout.  Figure 4-114 shows that the dryout occurs
after the intermdeiate hot leg has partially cooled. ~The transient for the
affected steam generator is-based con closing the relief valve after dryout.

This has no effect on the temperature calculations because the heat transfer
between the evaporator tubes and steam is set to zero on drycut. The pressure
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in the affected steam generator (the "S" loop) shown in Figures 4-117 would drop
to atmospheric pressure rather than leveling off above 990 psia if the valve had
not been closed after dryout.

4,10 B-23a Uncontrolled Rod Withdrawal from 100 Percent Power

An uncontrolled withdrawal of a control rod was assumed for this analysis to cause
the reactof power to rapidly increase from 100 to 115 percent (just below the high
flux scram setpoint). A manual reactor trip is assumed to be initiated by the
reactor operators 5 minutes after the power increase. Sodium flow rates are
maintained at their initial full power values until the reactor trip occurs. The
initial decay heat level is the nominal value for sustained full power operation.
The system response shows the temperature increases caused by the power increase
is followed by a cooling similar to that for a reactor scram from full power but
with higher initial temperature and larger temperature changes.

The system transient is shown in Figures 4-121 to 4-132. Figures 4-123 and 4-124
show that primary hot leg temperatures increase 49°F before the scram while
primary cold leg temperatures increse only 7°F. Intermediate heat transfer system
hot leg temperatures increase approximately 40°F prior to the reactor trip. The
reactor trip causes an additional temperature increase due to the partial collapse
‘of the temperature differences across the IHX at low sodium flow rates.

4,11 C-7 Water Side Isolation of a Steam Generator with Failure

of the Dump Valves to Open

This transient assumes the same conditions as Event B-10 except the water and
steam dump valves on the affected steam generator fail to open. The event is
initiated by closure of the normally open isolation valves in the affected loop
feedwater and steam lines. The steam and feedwater flows stop. The recirculation
water flow through the affected evaporator continues under forced circulation
until the reactor trip, then circulation continues under natural convection. The
steam pressure in the affected steam generator increases until the safety relief
valves open. The reactor trip is initiated on low drum water level in the
affected loop. The water side of the affected steam generator dries out at the
safety relief valve pressure setting rather than low pressure.
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The system transient is shown in Figures 4-133 to-4<144. Figure 4-141 shows the
pressurization of the affected steam - generator to the safety valve opening pres-
sure (1320 psia). - Dryout of the affected steam generator cccurs at approximately
120 seconds after the isolation as shown in Figure 4-140. The dryout occurs after
the intermediate hot leg has partially cooled.  Therefore the cold leg temperature
transient in the affected loop is not nearly as severe as the B-10 Isolation and

Blowdown.,
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5. PLANT TRANSIENT WITHOUT POST-SCRAM SODIUM PUMP TRIP

The possible alternative mode of pést-scram sodium pump operation, keeping the
pumps operating at 100 percent of rated speed, was evaluated for several selected
duty cycle events to provide a basis for comparison with the transients in Part 4
of this Subsection. In addition, the effect of increased intermediate sodium pump
inertia on the temperature transient for two events was evaluated. The events
chosen for comparison are loss of power to one intermediate pump, isolation and
blowdown of one steam generator and loss of off-site power. These correspond to
Events B-4b, B-10 and B-14 from the plant duty cycle. The analysis of each of
these events is described in the following paragraphs:

5.1 B-4b Loss of Power to One Intermediate Pump

The intermediate pump in one loop is assumed to coast down to pony motor speed
following the loss of power. The other primary and intermediate pumps are assumed
to remain at full speed. A reactor trip is initiated by the pump undervoltage
relays. Following the reactor trip, the remainder of the pumps and the steam/
water side are treated the same as for a normal scram. In this case, the primary
and intermediate sodium pumps remain at full speed and the steam generator water
recirculation pumps are tripped.

This event subjects the affected IHX primary outlet to a fairly severe transient.
Therefore, several assumptions were made to produce a conservative transient at
that location. These include the use of maximum decay heat, 100 percent hot-pool
mixing, a 6 second IHTS pump half-time {as a base case) and the cold-pool bypass
of the hot sodium from the affected IHX to the core inlet plenum. These are the
same assumptions used to evaluate the transient for an operating procedure involv-
ing a post-scram pump trip to half speed in Reference 6.

Three transients were evaluated to establish the effect of intermediate pump
inertia. The three cases correspond to IHTS pump half-times of 6, 12 and 24
seconds. The 6 second half-time represents the base case for comparison with
Reference 6. The system transients for the three cases are shown in Figures 5-1
to 5-12, 5-13 to 5-24 and 5-25 to 5-36, respectively.

The primary concern for this event is the primary sodium outlet temperature
transient from the affected IHX shown in Figures 5-4, 5-16 and 5-28. The increases
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in-primary outlet sodium temperature from the affected IHX:for the three cases are
182,153 and 115°F, respectively, with 6,:12 and 24 second IHTS pump. half-times.
The maximum temperature rates for the three cases are approximately 6.5, 4.5 and
2.6 °F/sec, respectively. These values compare to an increase of 146°F with a
maximum rate of approximately 2.7 °F/sec under similar assumptions but tripping
the pumps to half speed. - This shows that reducing the post-scram pump speed to 50
percent -does more to reduce the transient at the IHX primary outlet than doubling
the THTS pump inertia.

5.2 B-10 Tsolation and Blowdown of One Steam Generator

These events ‘are assumed to be initiated by one of the following: (a) inadvertent
operator action (b) spurious activation caused by equipment failure, or (c)
operator response to a water-to-sodium leak indication. This transient results in
the water-side isolation and dumping of the steam generators in an individual
loop. The event terminates at refueling conditions.  The water-side of the
drained component is subsequently filled with nitrogen gas at 300 psig to maintain
the water-side pressure higher than the sodijum side,

The event is assumed to be initiated by ¢losure of the normally open isolation
valves in affected Toop feedwater and steam lines. Simultanecusly, the inlet
water dump valves and power relief valves in the affected loop are assumed to
open. The steam/water side pressure decreases until the power relief and dump
valves-are closed. The modules are then pressurized on the water/steam sides

with nitrogren-at 300 psig. A reactor trip occurs based on low steam drum level.
The event is characterized by an up-transient in the affected steam generator and
its -intermediate sodium loop. . The unaffected loops see transients similar to a
reactor trip from full power.

The system transient is shown in Figures 5-37 to 5-48 based on full speed post-
scram sodium pump operation, ~Figure 5-45 indicates that the affected steam
generator blows down to atmospheric pressure in approximately 30 seconds. The
detailed steam side calculation for the affected steam generator was terminated at
40 seconds because the blowdown was essentially completed. This. results in

Tower computer usage with essentially the same conseguences. The steam dump flow
rate shown in Figure 5-44 is plotted as the percent of normal Toop steam flow.

The water dump flow rate is plotted as the percent of the normal total loop
recirculation water flow rate.
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Dumping the water and steam from the affected steam generator causes an eventual
dryout of the unit. Prior to the dryout the sodium outlet temperature from the
affected unit (Figure 5-42) drops from 550 to 525°F, then it increases to approxi-
mately 765°F before beginning to cool. The temperature change at the affected
evaporator outlet is approximately 241°F. This is a severe transient for the
entire cold leg of the affected loop as shown in Figures 5-40 to 5-42.

The cold leg temperature changes associated with this event are somewhat less than
the corresponding transient in Part 4.6.1 of this Subsection with 50 percent
post-scram pump speed. The temperature rates are much higher in the present case,
however, Maximum temperature rates at the affected steam generator sodium outlet
are approximately 6.2 °F/sec in the present case as compared to 3.5 °F/sec in Part
4,6.1. Temperature rates at the intermediate IHX inlet can be reduced by tripping
the affected intermediate sodium pump to pony motor speed at the time of the steam
generator isolation. This will alsc reduce the temperature increase at the
primary IHX outlet.

5.3 B-14 Loss of 0ff-Site Power

Loss of off-site power causes a loss of main sodium pump power and the sodium flow
decreases to pony motor flow (driven by emergency power) in all loops. A reactor
trip, a loss of main condenser and a turbine trip follow shortly after the event.
Two auxiliary feed pumps (5 percent capacity each) are available to initially
maintain feedwater flow. Sufficient stored water is available to make up for
water lost to remove decay heat and stored heat by dumping steam until the Reactor
Auxiliary Cooling Systems are brought on-line.

The system transient for this event is independent of normal post-scram sodium
pump main motor speed since power to the main sodium pump motors is lost when the
gvent is initiated. Therefore, the reference system behavior is as shown in Part
4.8 of this Subsection. This is based on primary and intermediate sodium pump
coastdown half-times of 5 and 6 seconds, respectively. If the sodium pumps are
normally operated at full speed following a reactor scram, the inertia of the
intermediate pumps might be increased to provide a milder transient following
loss-of-power to an intermediate pump. Therefore, the loss of off-site power
event was recalculated using a higher IHTS pump inertia to establish its influence
on the intermediate hot leg temperature transient.
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The system transient with high-inertia intermediate heat transfer system pumps
(half-time = 24 sec) is shown in Figures 5-49 to 5-60. The temperature transient
in the primary system is approximately the same' as the event in Part 4.8. The
intermediate hot leg transient shown in Figures 5-53 and 5«54 'is more severe than
before. The intermediate IHX outlet temperature drops 160°F in a short period of
time (Figure 5-53) due to the mismatch of primary and intermediate pump coast-
downs. ~The maximum temperature rate is -approximately 5.2°F/sec.
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EX NDZ TENP
PUNP TENP.
PUMP TENP.

A

M 1 I l

|

60.00.120.00 180.00 240.00 300.00 360.00 420.00

TINE» SECS

4H0.00 540.00




GZ-E€°Z2-A

MPERATURE + DEG F

TE

B.800E+02

H.200E+02

7.600E+02

7 .000E+02

6.400E+02

5.800E+02

5.200E+02
0.

FIGURE 4-6

POOL REACTOR SCRAM FROM FULL POMER WITH NOMINAL DECAY HERT

RUN DRTED 10-04-78

NUMBER PAPGEGD

SNy 0T

. EUAP. NR 1IN
. EVUAP . NA 1IN
. EuAP. NA EX
. EuAP, NA EX

TENP.
TENP.
TENP.
TEHRP .

60.00 120.00 1H0.00 240.00 300.90 360.00 420.00 4B0.00 540.00 .

TINE,

SECS
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7 PERCENT

FLOW

1.200E+02

1.,000£+02

B.000E+01

6.000E+01

4 .000E+01

2.000E+01

0.

FIGURE 4-7
POOL REACTOR SCRAM FROM FULL POWER WITH NOMINAL DECAY HERT
RUN. DRTED 10,004,708
NUMBER PRAPGEDD

DR FH. NMASS FLOU
DRM FU. NMASS FLOW
STEAM NMASS FLOUW
STEAM NMASS FLOW

DLW
roro

| l | | l l I l

60.00 120.00 1B0.00 240.00 300.00 360.00 420.00 480.00 540.00

TIME, SECS




Le-€ 2-A

y PERCENT

FLOW

1.200E+02

1.000E+02

3.000E+01

6.000E+01

4 .000E+D1

2.000E+01

FIGURE 4-8

pPOOL REACTOR SCRAM FROM FULL POWER WITH NOMINAL DECAY HERT

RUN DRTED 10-04-78

NUMBER PAPGEOD

NOONHL W

S. EVU IN HTR 1AS FLO
L. EVU IN UTR nAS FLO
TURB IN STt NMASS FLO
S. WIR DNMP MASS FLOW
L. HTR DNMP MASS FLOU
S. ST DNP NMASS FLOUW
L. STt DMP MASS FLOW

0. - | l l l ! |

0. 6§0.00 120.00 18B80.00 240.00 300.00 360.00 420.00 480.00 540.00

TINMEs SECS
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FIGURE 4-9

POOL REACTOR SCRAM FROM FULL PDHER WITH NONMIMNAL DECAY HERT
RUN DATED 10,0478

NUMBER PAPGEDD

1.180E+03 \
1 S. DRUM STERN PRESS.
2 L. DRUM STEAH PRESS.
3 S. EUAP IN WTIR PRESS
4 L. EUAP IN WTR PRESS

1.150E+03] _ § §. EUAP EX STH PRESS
6 L. EUAP EX STH PRESS
7 STEANM HEADER PRESS.

1.120E+03

1.090E+03

1.06DE+03

1.030E+03

1 .000E+03 —t—— ] I [ | |

0. 60.00 120.00 180.00 240.00 300.00 360.00 420.00 4HO.00 540.00

TIME» SECS



KRATURE s DEG F

-
-
-

TEMY

FIGHR:E 2.19

PIMIL REAC TR SCRAM Fagm fULL POUER WL HONINAL DECAY HEART
RUN DOHYD 10-04-7H
HUNBES PRPGLEND

5.900E 102 — N e S

L FEEDUATER TEN .

2 S. DRUN STEAN TEMF.
3 L. DRUN STEAN TEHMP.
- \ - ~ 4 §. EVAP. IN UTR TEMP
§ L 400E ) 2| e BB e e PP LR R TE HP
e =G EUHRP TERS T TEMP

\\/) T 7 L. EUAP. EX STH TENP
. €

4.900E+02].

4.400E+92

3.900E 024

3.4007:92) s

e

¥ e ki
2.9008 021 l DN R S R S 1 -

. G0,00 120 e 100 e Sk g 300,00 360,00 420.00 4HG.08 540.00
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y FRACTION

QURLITY

3.000E-01

2 .500€-01}

2.000E-01

1.500E-01

1.000E~01

S.000E-02

0.

FIGURE 4-11
POOL REACTOR SCRAM FROM FULL POHER HITH HOMINRL DECRAY HEAT
RUN DATED 10-04,78
NUMBER PAPGEQD

1 §. EVUAP. EX STH QUAL
2 L. EuAP. EX STH auaL

n | 1 l 1' | l |

60.00 120.00 180.00 240.00 300.00 360.00 420.00 4B0.00 540.00

TIMEs SECS



FIGURE 4-12
POOL REACTOR SCRAM FROM FULL POHER WITH NONMINAL DECRY HERT
RUN DATED 10-04-7H

LE-£72-A

IN

?

LEVEL

8.909E+00

7 .409E+00

5.908E+00

4.409E+00

2.909E+00

1.409E+00

-9.100E-02
0.

NUNMBER PRAPGEDO

I | l

|

t

1 8.
2 L.

|

DRUIT WATER LEVEL

DRUT W

l

!

VEL

60.00 120.00 180.00 240.00 300.00 360.00 420.00 4B0.00 540.00

TINE,

SECS
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POMEREFLDOWS

1.200E+02

4 .000E+02

8.000E+01

6.000E+01

4.,000E+01

2.,000E+01

0.

POOL

FIGURE 4-13 ‘

REACTOR SCRAM WITH 50 PERCENT NMIXING AND PUNP TRIP TO HALF SPEED
RUN DATED - 04-03-78
NUNBER DEPGEOO

MINIMUM DECAY HEAT

1 NUCLEAR REACT POUER
2 S P-PHP NR NMASS FLO
3 L. P-PMP HR HASS FLD
4.5, I-0L0P NA NMASS FLO

| 5 S, I-LOP NA HASS FLO

|

&
1 | | b | | | 4
60.00 :1420.00 180,00 240,00 300.00 360.00 420.00 480.00 540.00

TINEs SECS




FIGURE 4-14

POOL REACTOR SCRAM HITH S0 PERCENT MIXING AND PUMP TRIP TO HALF SPEED
RUN DATED 04-03/78

£E-€72-A

PERCENT

’

FLOW

NUMBER DEPGEOO
1 .020E+02 MINIMUM DECAY HEAT
1 S. P-IHX NA MASS FLO
2 L. P-IHX NAR MASS FLO
3 REACT CORE MASS FLOW
9.300E+04}}
6.400E+01}4.
7 .500E+01}4
i .,
6.600E+01{
5.700E+01}l
k3/ , ' 1
4 .B00E+01 1 { { i i | l N
0. 60.00 120.00 1B0.00 240.00 300.00 360.00 420.00 480.00 540.00

TIMEs SECS




FIGURE 4-15

POOL REACTOR SCRAM HITH S50 PERCENT RMIXING AND PUHP TRIP TO HﬁLF SPEED
RUN DATED 04,0378

PE=€:2-4

DEG F

3

TEMPERARTURE

NUMBER DEPGEOD

MINIMUM DECAY HEAT

9.200E+02
1 RUG CORE DUTLT TENP
2 HOT POOL TEMPERATURE
3 CORE INL TEHPERATURE
4 REACTOR OUTLET TEMP

8.600E+02

§.000E+02

7 .400E+02

6 .BODE+02

6.200E+02).

S .600E+02 | | | | | | I i

o. 60.00 120.00 1B0.00 240.00 300.00 360.00 420.00 480.00 540.00

TIRE, SECS



GE=¢g "2-A

DEG F

'

TEMPERRTURE

8.000E+072

8.400E+02

7.8B00E+02

7.200E+072

6.600E+02

6.000E+02

5.400E+02
0.

paoaL REACTOR

FIGURE 4-16

RUN DATED 04,0378
NUNBER DEPGEOO

MINIMUM DECAY HEAT

—

S. P-IHX IN NOZ TENWP
. P-IHX IN NOZ TENP
. P~IHX EX NOZ TENP
. P-IHX EX NOZ TENP
. PRI. PUNP TENP.
. PRYI. PUNMP TENP.

OGO WN
roror

§ i i i | }
l I i i i I i

60.00 120.00 180.00 240.00 300.00 360.00 420.00 480.00 540.00

TIMEs SECS

SCRAM WITH S0 PERCENT MIXING AND PUMP TRIP TO HALF SPEED



9e~ €224

DEG F

3

TEMPERRTURE

#.300E+02

#.300E+02

7.700E+02

7.100E+02

6.500E+02

S.900E+02

5.300E+072
0.

POOL REACTOR SCRAM HITH S50 PERCENT HMIXING AND PUNMP TRIP 71O HALF SPEED

FIGURE  4-17 : ‘ :

RUN DRTED 04-03-78
NUNMBER DEPGECGO

MINIMUM DECAY HEAT

1
L<2::::F:ﬂi_ﬁ i 3
i ]

I-JHX IN NOZ TENP
I-IHX IN NOZ TENP
I-IHX EX NDZ TENP
I-YHX EX NOZ TEOP
INT. PUNP TENP.
INT. PUNMP TEUP.

18
2L
3s
4 L
§8
6 L

s & % e v .8

i I 1 1 I

60.00 120.00 1B80.00 240.00 300.00 360.00 420.00 4HO0.00 540.00

TIMES

SECS




LE-E 2N

DEG F

s

TEMPERATURE

8.900E+02

H.300E+02

7.700€E+02

7.100E+02

6.500E+02

5.900E+02

5.300E+02
0.

FIGURE 4-18

HALF SPEED

POOL REACTOR SCRAM HITH S0 PERCENT MIXING AND PUNMP TRIP TO

RUN DATED 04-03/78

NUNMBER DEPGEOQQC
MINIMUM DECAY HEAT
1 S. EVAP. NA IN TEHMP.
2 L. EURP. NR IN TENP.
3 S. EUAP. NA EX TENP.
4 L. EVUAP. NR EX TENP.

3 _, 4

} i { | | ] | ]

60.00 120.00 180.00 240.00 300.00 360.00 420.00 4H0.00 540.00

TINEs SECS
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FLOW

.000E+02

.000E+01

.000E+01

.000E+01

.200E+02

.000E+01}

FIGURE 4-19
POOL REACTOR SCRAM WITH S0 PERCENT MIXING AND PUNP TRIP TO HALF SPEED
RUN -DRATED 04-03-78

NUMBER DEPGEDO
MINIMUM DECAY HEAT
1 S, DRM FW. HNMASS FLOUW
2 L. DRH FW, NMASS FLOUW
3 S. STEAM NASS FLOW
4 L. STEAN MASS FLOW

| I | | | | | |

0.

60.00 120.00 1B0.00 240.00 300.006 360.00 420.00 480.00 540.00

TIME» SECS



FIGURE 4-20

POOL REACTOR SCRAM HITH SO PERCENT MIXING AND PUMP TRIP TO HRLF SPEED
RUN DRTED 04-03-78
NUMBER DEPGEQO

1.200E+02 _MINIMUM DECAY HEAT

S. EV IN HIR MRS FLO
L. EU IN WIR NAS FLO
TURB IN STH HASS FLO
WTR DHP MASS FLOM
HTR DMP HASS FLOW
. STHM DHP NMASS FLOH
STH DMP MASS FLOW

1
2
3
4
1.000E+02 5
6
4

rmrw

8.000E£+01

6E=€'2-A

y PERCENT

FLOW

6.000E+01

4.000E+01

2.000€E+01

0.

h s sl 2 |

l

l

60.00 120,00 1B0.00 240.00 300.00 360.00 420.00 480.00 $40.00

TINE,

SECS
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FIGURE 4-21

PODL REACTOR SCRAM HWITH S0 PERCENT HMIXING AND PUMP TRIP TO HALF SPEED
RUN DATED . 04-03-78
NUMBER DEPGEGO

1.1H0E+03 MINIMUM DECAY HEAT

1 S. DRUM STEAN PRESS.
2 L. DRUM STERH PRESS.
3 §. EVAP IN HTR PRESS
4 L. EVAP IN HTR PRESS

1.4150E+03} 5 S. EUAP EX ST PRESS
6 L. EURP EX ST PRESS
7 STEAM HEARDER PRESS.

1.120E+03} -

1.090E+03

1.060E+03

1.030£+03

1 .000E +03| SRR i | [ 4
0.  60.00 120.00 180.00 240.00 300.00 360.00 420.00 480.00 540.00

TINEs SECS



FIGURE 4-22
POOL REACTOR SCRAM WITH 50 PERCENT MIXING AND PURMP TRIP TO HALF SPEED
RUN DATED 04-03-78
NUMBER DEPGEOO

LP-€72-A

DEG F

$

TEMPERRTURE

.560E+02
.500E+02%.
e
.440E+02}
.380E+02
.320E+02

.260E+02

.200E+02

0.

MINIMUM DECAY HEAT

. DRUR STERAH TENP.
. DRUN sTEAn TENP.
. EuAP. IN HTR TENP
. EVAP. IN WTR TENP
. EVAP. EX STH TENP
. EuAP. EX STH TEHP

CNHL WK
romrorog

l

|

l I l |

120.00

180.00 240.00 300.00 360.00 420.00 480.00 540.00

TIME,

SECS
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y FRACTIDN

QUALITY

2.400E-01

2.000E-~01}

1.600E-01

1.200£-01

8.000E-02

4,.000E-02

0.

FIGURE 4-23

POOL REACTOR SCRAM WITH S0 PERCENT MIXING AND PUNMP TRIP TO HALF SPEED
RUN DATED ~04-03-78 ’
NUHMBER DEPGEOO

MINIMUM DECAY HEAT

1 °S. EVUAP. EX STH QUAL
2 L. EUAP. EX STH QUAL

l | ! | | l | I

60.00 120.00 180.00 240.00 300.00 360.00 420.00 480.00 640.00

TIME, SECS



FIGURE 4-24

POOL REACTOR SCRAM WITH SO PERCENT MIXING AND PUMP TRIP TO HALF SPEED
RUN DATED 04-03-7d
NUNMBER DEPGEDOD

ey-€ 2-A

IN

¥

LEVEL

MINIMUM DECAY HEAT

B3.911E+00

7.411E+00

5.911E+00

4.411E+00

2.911E+00

1.411E+00

1 S. DRUM UHATER LEVEL
2 L. VEL

-8.900E~02 | | | { | | | |
0. 60.00 120.00 180.00 240.00 300.00 360.00 420.00 480.00 540.00

TInE, SECS
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PERCENT

POWER FLDOW,

1.200E+02

1.000E+02

B .000E+01

6.000E+01

4 .000E+01

2.000E+01

i
E

FIGURE 4-25

PODL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED HANUAL SCRAM

i

RUN DRAYED 10-06-78
NUNBER PAPGEDS
i NUCLEAR RERACT PDUER
2 S. P=-PHP NA HASS FLD
3 L. P-PHP NA HASS FLD
4 S, I-LOP NP HMASS FLD
b 2.3 4 8§ 5 L. I-LOP HNR HASS FLO
21 4
- 3158

L vV T4—t—t

70.0 140.0 210.0 28B0.0 350.0 420.0 480.0 560.0

TINE, SECS

630.0
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sy PERCENT

FLOW

FIGURE 4-26 ‘
POOL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED MANUAL SCRAH
RUN DRTED 10-06-78
NHUMBER PAPGEOS

1.020E+02
2 3 1 S. P-IHX NR NASS FLO

2 L. P-THX NR MASS FLO
3 REACT CORE MASS FLODU

9.300E+01}

B.400E+01)

7 .SO0E+01}

6.600E+01] 1

S .700E+01} _

[3/, 1
4 .BO0E+01 | | | | 1 | i
0. 20.0 140.0 210.0 280.0 350.0 420.0 490.0 S560.0 630.0

TINE, SECS
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DEG F

¢

TEMPERATURE

9.200£+02

FIGURE 4-27
POOL REACTOR UNCONTROLLED ROD INSERTION UITH DELRYED NANURL SCRAR

RUN DRATED

NUMBER

10,0678
PAPGEDS

B.600E+02
a.oooefoz;*
7 .400E+02}_
6.B00E+02|

5§.200E+02..

S.600E+02

Ui Ly ]

AUG CORE OUTLT TENP
HOT POOL TENPERATURE
COLD POOL TENPERTURE
CORE INL TEHRPERATURE
REACTOR DUTLEY Tene

i
i

i

4 it

0.

140.0

210.0

TINE,

280.0

SECS

boion

420.0 480.0 560.0 630.0
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Ly-¢€ ¢-A

TEMPERBTURE

FIGURE 4-28

POOL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED HANUAL SCRAN
' RUN DATED 10-06-78
NUNMBER PRAPGEDS

9.000E+02

P-IHX IN NOZ TENP
P-IHX IN NDZ TENP
P-IHX EX NDZ TENWP
P-IHX EX NDZ TENWP
PRI. PUNP TENP.
PRI. PUNMP TENP.

6.400E+02

OIS WNF
rorenro,

@ 8 8 &8 8

7 .BDDE+D2

7?.200E+02

6 .600E+02

6.000E+02

S .400E+02 | | ‘
0. 20.0 140.0 210.0 280.0 350.0 420.0 490.0 S60.0 630.0

TIME, SECS



By-€Z-A

DEG F

’

TEMPERATURE

B.300E+02

7.800E+02¢

7.300E+02

6 .BOOE+D2

6.300E+02

S .BO00E+D2

S .300E+02
o

FIGURE 4-29
POOL REACTOR UNCONTRDLLED ROD INSERTION HITH DELAYED HANUAL SCRAN
RUN DATED -~ 10,0678
NUNBER PRPGEOS

I-IHX IN NOZ TEHWP
I-IHX IN HOZ TENP
I-THX EX HOZ TENP
I-IHX EX NOZ TEHP
INT. PUHP TENP.
INT. PUNP TENP.

D UTD W
roronrom

e ¢ @ % @

Tt I U CRY tisns seoun vewiss SO

. 70.0 140.0 210.0 280.0 350.0 420.0 480.0 560.0 630.0

TINEs SECS



67-€°2-A

DEG F

1

TEMPERATURE

8.300E+02
1 S. EVAP. NA IN TEMP.
2 L. EVAP. NA IN TENHP.
3 8. EVUAP. NR EX TENP.
4 L. EVAP. NR EX TENP.

7 .B00E+D2) ..

?.300E+02_

6 .8B00E+021

6.300E+02)

S.BODE~+O02]

3.4
S .300E+0? | | | | T | {
0.

FIGURE 4-30

'

POOL REACTOR UNCONTROLLED RODB INSERTION HITH DELAYED MANURL SCRAN

RUN DRATED 10-06/¢8
NUNBER = PAPGEQOS

70.0 140.0 210.0 2B0.0 350.0 420.0 490.0 £560.0 630.0

TIHE, SECS



FIGURE 4-31
POOL REACTOR UNCONTROLLED ROD INSERTION HITH DELAYED HANUAL SCRAN
RUN DATED 10-06-78
NUNBER PAPGEDS

1.200£+02
1 S. DRIt FU. MASS FLUOH
2 L. DRH FU. HASS FLOW
3 S. STEAKW NMASS FLOU
4 L. STEAM MASS FLOU

1 .000E+O2

8.000E+01

0G6-€ " Z-A

s PERCENT

FLDOW

6 .000E+01

4.000E+01

2.000E+01

0. L | I | | | I |

0. 70.0 140.0 - 210.0 280.0 350.0 420.0 490.0 S$60.0  6€30.0

TIMEs SECS
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LG-€°2-A
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‘ FIGURE 4-32
PODL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED HANUAL SCRAN
RUN DATED 10-06-78
NUMBER PAPGEODS

1.200E+02
1 S. EV IN UTR HAS fFLO
2 L. EU IN UIR HMAS FLO
3 TURB IN STH MASS FLO
4 S. UTR OHP HMASS FLOU

1.00DE+D2 § L. UTR ONP NMASS FLOU
6 . STH DHP MASS FLOU
7 L. STH DHP NASS FLOW

B.000E+01}

6.000E+01}—

4.000E+01}

2.000E+01}]

0. dse 1z | | | | | |

0. 70.0 140.0 210.0 280.0 350.0 420.0 490.0 560.0 630.0

TIMEY SECS
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FIGURE 4-33 ‘

PODL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED NMANUAL SCRAN
RUN DRTED 10-06-,78
NUNBER PAPGEDS

1.180E+03
1 S. DRUM STEAN PRESS.
2 L. DRUM STEAN PRESS.
3 5. EUAP IN WTR PRESS
4 L. EUAP IN WIR PRESS

1.1SOE+03| _ 5 S. EUAP EX STN PRESS
6 L, EUAP EX STH PRESS
? STEAN HEADER PRESS.

1.120E+03|

1.090E+03 ,

1.060E+03

1.030E+03

1.000E+03 I | I I

o. 70.0 140.0 210.0 2B0.D 350.0 420.0 490.0 560.0 630.0

TINE, SECS



FIGURE 4-34

POOL REACTOR UNCONTROLLED ROD INSERTION WITH DELAYED NANUAL SCRAN
RUN DATED 10-06/78

£5-€°2-A

DEG F

s

TEMPERRTURE

NURBER PAPGEOS

§ .900E+02
1 FEEDUATER TENP.
2 S. DRUM STEAM TERP.
3 L. DRUH STERH TEHP.
23 A 4 S. EUAP. IN UTR TENWP
5.400E+02}) ST EURP T INTHTIRTENP
45 T ST EURF - EX STH TENP
? L. EVUAP. EX STn TENP
4.900E+02]
4.400E+02)
3.900E+02] _
3.400€+02) _
\—l—/——\r—\‘ 3 s 1
2.900E+02 | | | | i F—
0. 70.0 140.0 210.0 280.0 350.0 420.0 490.0 660.0 630.0

TINEs SECS
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FIGURE 4-35

POOL REACTOR UNCONTROLLED ROD IMSERTIOM UWITH DELAYED HMAMUAL SCRAN
RUN DATED 10,0678 ‘
NUNBER PRPGEDS

1.800£-01

1 S. EuAaP. EX STIt QUAL
2 L. EVUAP. EX STH QUAL

1.500E-01

1.200E-01

9.000E-D2

6.000E-02

3.00DE-02

0. [ [ | | [ | I I

0. 70.0 140.0 210.0 2B0.0 350.0 420.0 490.0 6&60.0 630.0

TINEs SECS
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FIGURE 4-36

POOL REACTOR UNCONTROLLED RDD INSERTION UITH DELAYED MANUAL SCRAN
RUN DATED 10-06-78 '
NUNBER PAPGEDS

8 .890£+00

RUM UATER LEVEL

7 .390E+00} .

S .890E+00¢..

4.390£+00} -

Z2.890E+00}

1 .3S0E+001.

-1 .100E-014 2 | | | | ] | |
0. 20.0 140.0 210.0 280.0 350.0 420.0 490.0 560.0 630.0

TINEs SECS
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PERCENT

POWNER FLOHS

FIGURE 4-37
POOL REACTOR PLANT LOADING AT HAXINUN RATE
RUN DATED - 10-18-78

{UARTABLE SPEED PUNPS)

NUMBER TAPGEQO
1.0206£+02
o 1 NUCLEAR REACT PgNER
. 275 . P=-PRAP NH HMRSS FLO
J L. P-PHP NA NASS FLO
4.5, I-LOP NA NASS FLO
9.S00E+01 S L. I-LOP NA IASS FLD
0.800€E+01]_
5
B.100E£+0t}—
4
7.400E+01} L.
6.700E ¢ Q1 L
1
6.000E+01 | | | | | | | |
0. S 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480 .0 540.0

TINE. SECS
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FIGURE 4-38

POOL REACTOR PLANT LOADING AT nNAXInun RATE (URRIABLE SPEED PUNPS)
RUM DATED 1C-23.-78
MUMBER TAPGEGO

1.020E+02

1 §. P-IHX NA NASH FLO
Pt P—FHH—NA—HASS FLO
3

REACT CORE NASS FLOUW

9.600E+01

9.000€£+01

B.400£+01}

7 .A00E+01

7.200£+01

6 .600€+01 | | | | | | | |
a. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0 §40.0

TINEs SECS



8G-E'2-A

DEG F

H

1l

UR

=

RE

(83

TENP

9.100€+02

8.500E+02

7.900E+02

?.300E+02

6.72006+02

6.100E+02

§.6500E£+02

PO0L REACTOR

FIGURE 4-39

PLANT LOADING AT NAXINUN RATE (VARIABLE SPEED PUNPS)

RUN OATED 10-1B,78
NUNBER TRAPGEOO

s |

|

1 AVG CORE OUTLTY TERP |
2. 107 PODL TENPERATURE
3 COLD POOL TENPERTURE
TURE
ACTOR DUTLET TENP

IR | | RN

g.

60.0 - 120.0 180.0  240.0

TINE

SECS

300.0  360.0 420.0 -480.0 540.0



“2-A

6G-¢

£ DEG F

TENPERARTUR

9

8

L1006 +02

L0002

L9U0E 02

.30UE 02

00 v0?

L100F 02

LS00 v 02
0.

FIGURE 4-40
POOL REACTAR PLANT LOACING AT nAXIMUM RATE (UVARIABLE SPEED PUNPS)
RUN DATED 10-10-748

NUNBER TAPGEOO
T h 1 S. P-THX IN NOZ TENP
2 L. P-THX IN NAZ TENP
3 S. P-IHX EX NOZ TENP
4 L, P- 2ZYTEnP
- . PRI. PunP TEne.
6 L. PRI. PUne TEMP.
3/Jf:;::;;~—f/w*’"”“”“"‘WJ“aﬁff“ﬁﬂaﬁwwf
S— I | | | | | |
60.0 120.0 18B0.0 240.0 300.0 360.0 420.0 48B0.0 S40.0

TInE, SECS



09-E72-A

DEG F

b

TENMPERRTURE

8.300£+02

7 .0H00E+02

72 .300E+072

6 .800E+02

6.300E+02

$.8006£¢02

5.300E+02

0.

FIGURE 4-41
POOL REACTOR PLANT LOADING AT nAXINUN RATE

(UARIABLE SPEED PUNPS)

RUN DRTED 10-18/78
NUNMBER TARAPGELOO
1.8, I=-IHX IN NDZ TERNP
2 b, I-IHX IN NOZ TERP
M«,,a,s-.’«rmz* TERP|
4 TI=IHYCEX NOZ TERP
- S S. INT. PUNP TENP.
6 L INT . PURP . TENP.
< 8 S 1
——T | | ! | | [ 1
60.0 120.0 180.0 240.0 300.0 360 .0 420.0 480.0 540.0
TINE» SECS



19-E72-A

ERQTURE s DEG F

TENP

8.300L£+02

7.800E+02

7.300£+02

6.8008+02

6 .300E+02

S.H00E+02

§.300£+4072

0.

o

RUN DATED
NUNBER

FIGURE 4-42
POOL REACTAR PLANT LOADING AT nAXINUM RATE (VARIABLE SPEED PUNPS)

10-18-78
TAPGEOO

7 4 L. EVAP. NA EX TENP.

o

16,
2 L.

EVRP .,
cuape .,

NA IN TERP.
NA IN JENP .

3o EVAPTTNR L

0

l

|

|

|

Efe.

60.0 120.0

180.0 240.0

TIne,

SECS

300.0

360.0

420.0

480.0

$40.0



RCENT

-
-
-

P

k2

29-¢72-N

FLOW

FIGURE 4-43

POOL REACTOR PLANT LOADING AT HAXINUNM RATE (UARRIABLE SPEED PUNPS)
RUN DATED  10-1B-7d

NUMBER TAPGEOD

9_.900E+01
1 S. DRNM FU. MASS FLOUW
2 L. DRI Fl. MASSiFLOW
38. ST Lon

—<TEAN MASS FLOU

9 .200E+01

B.SODE+01

7 .B00E+01

7 100E+01

6 .400E+01

§.700E+01 | | | | | | | R |

0. 60.0 120.0 18H0.0 240.0 300.0 360.0 :420.0 480.0 §40.0

TINE, SECS ‘



FIGURE 4-44

POGOL REACTOR PLANT LOADING AT NAXINMUN RATE (VARIABLE SPEED PUNPS)
RUN DATED 10-18-78
NUMBER TAPGEGO

1.200E+02

S. EVU IN HWTR HAS FLO
L. EVU IN UWTR MAS FLO
TURB IN ST NASS FLO
S. UTR DMP HASS FLOUW
L HTR-OHE HASSIFLOU
S. sTr_Dn FLOU
DMP HASS FLOU

1.000E+02) _

1
2
3
4
&
6

8.000e+01

€9-¢¢-A

v PERCENT

FLDW

6.0060E+01

4.000E+01)__
2.000E+01}
0. hsal 2z | L l l 1
0. 60.0 120.0 10.0 240.0 300.0 360.0 420.0 4B0.0 §40.0

TINE,

SECS




r9-& ¢~ A

PSIR

SURE.

o
[1%)

PR

.120E+03

.060E+03

.040E+03

.000E+03

POOL REACTOR PLANT LOAOING AT
RUN DATED
NUNBER

.FIGURE ~4-45

HAXINUN RATE
10-18-78
TAPGEOO

(UARIABLE SPEED PUNPS)

LI0DE+03) -

L0BOE+03)

.D20E+031

l

L.
S.

L

N ns W

Evae IN

|

|

|

|

|

3 S. RUWGTEAR—PRESS.
2 L. DRUM STEAH PRESS.
S. EUAP IN WTR PRESS
UTR PRESS
EVUAP EX STH PRESS
EVUAP EX STH PRESS
STEAM HEADER PRESS.

0.

60

L0

120.0

180.0

TINE>

240.0

SECS

300.90

360.0

420.0

480.0

540.0



G9-€°2-A

DEG F

'

RARTURE

7V

tat
t—

S.600E+02

6.300£+02

S.000E+02

4.7200E+02

4.400E+02

4.100E+02

3.400£+02

FIGURE 4-46

i

POOL REACTOR PLANT LOADING AT NAXIHUM RATE (VARIABLE SPEED PUNPS)
RUN DATED 10-1B-78
HUNBER TAPGEDO
a > 1 FEEDHATER TERP.
o o am— S DRUA—STEAN—IERP .
3 L. DRUN STEAN TENP.
4 S. EVAP. IN UTR TENP
A5 S 1. EUAP . IN UTIR TEMP
6 S. EUAP. EX STn TENP
7 L. EVAP. EX STH TENP

I N | | | | l |

0.

60.0 120.0 1680.0 240.0 300.0 360.0 420.0 48B0.0 S40.0

TINE, . SECS



99-%:2-A

FRACTION

QUARALITY

1.000E£-01

1.500E-01

1.200E-01

9.000E-02

6.000E-02

3.000E-02

POOL REACTOR PLANT LOADING AT nAXINUN RATE

FIGURE 4-47

!

(UARIABLE SPEED PUINPS)

TIRES

SECS

RUN DATED 101878
NUNBER  TAPGEQOD
1 §. EUAP. EX STNH QUAL
2 L. EVUAP. EX STH QUAL
| | | | l l l |
60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 6540.0



L9-872-A

o IN

EL

LEV

4.200E+00

3.500E+00

2.800€+00

2.1080€£+00

1.400£+00

7.000£-01

FIGURE 4-48

POOL REACTOR PLANT LOADING AT nAXINUM RATE (VARIABLE SPEED PUNPS)
RUN OATED 10-1B-/78B
NURBER TAPGEGO

i

1

l i

1 S. DRUnN UATER LEVEL
2 L. DRUN HATER LEVEL

| l | |

60.0

120.0 180.0 240.0

TINE,

SECS

300.0 360.0 420.0 48B0.0 §40.0



89-€°2-A

PERCENT

POWER FLOMS

1.020E+02

9.500E+01

8.800E+01

B.100E+01}

7 .400E+01

6.700E+01

6.000£401
0

FIGURE 4-49

POOL REACTOR PLANT LOADING AT NMAXINUNM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13/78
NUNBER XEPGEOO

NUCLERAR REACT PHUER

5. PTPHP RATTIHSS FLO
L. P-PHP NA NMASS FLO
S, I-LOP NA MASS FLO
Lo I-LOP HA MASS FLO|J

23458

No LM

| | I | IR I | |

S 60.00120.00180.0240.0 - 300.0 360.0 - 420.0 480.0 540.0

TINEs SECS



68-C°2-A

PERCENT

1

FLDU

FIGURE 4-50
PONL REACTOR PLANT LOADING AT HMAXINUN RATE (CONSTANT SPEED PUNPS)

RUN DATED 10-13-78
NUNBER XEPGEODO

1.002E+02 i
1 §. P-IHX NA MASS FLO
2 L. P-IHX NA NASS FLO
3 REACT CORE MASS FLOU

1.0026+02|__

1.0026+02| _

1.001E+02] _

1.001E+02]__

1.000E+02r~

1.000E+02b_2 2a | 1 | | | | | | 4

0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0

TINE,

SECS

§40.0



0£-€°2~A

DEG F

y

TEMPERATURE

9.300E+02

H.700E+02

8.100E+02

7 .500E+02

6 .900E+Q2

6 .300E+02

S.700E+0Q2

FIGURE 4-51

i i

0.

POOL REACTOR PLANT LOADING AT MAXINMUNM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13-78
NUMBER XEPGEOD
1 AUG CORE OUTLT TENP
2 HOT POOL TEMPERATURE
3 COLD POOL TEMPERTURE
4 CORE INL TEMPERATURE
5 REACTOR DUTLET JEMP
ah ! i i | ] { |
60.0 120.0 1B0.0 240.0 300.0 360.0 420.0 480.0 §40.0
TIME, SECS



LL-87°2-A

DEG F

H

TEMPERATURE

8.700E+02

8.200E+02

?.700E+02

7 .200E+02

6.700E+02

6 .200E+02

5.700E+02

FIGURE 4-52

POOL REACTOR PLANT LOADING AT HAXINUM RATE (CONSTQNT SPEED PUNPS)

RUN DATED 10-13-7d
NUMBER XEPGEOOQ

b |

N NOZ TENP
L. P-IHX IN NOZ TENP
§. P-IHX EX NOZ TENP
L. P-IHX EX NDZ TENP
S. PRI. PUNP TENP.
L. PRI. PUNP TENP.

ODOAWN

3 4
ApsE L T ] 1 | 1

Q.

60.0 120.0 180.0 240.0 300.0 360.0 420.0 440.0 540.0

TINE, SECS



el A

DEG F

2

TEMPERRTURE

FIGURE 4-53

POOL REACTOR PLANT LOADING AT MAXINUM RATE (CONSTANT SPEED PUNPS)
RUN DATEDN - 10-13-7d

NUMBER XEPGEQGO

B8.400E+02
1 §. I-IHX IN HNDZ TEHP
2 L. I-IHX IN NDZ TEHUP
3 6. I~ ‘ TEHP

. I-THX EX NDZ TEHWP

7.900E£+02 S 6. INT. PUNP TENP.
6 L. INT. PUNMP TENP.

?.400E+02

6 . 200E+02}

6.400E+02§. .

5.800E+02L

i & @& 1 § 3 8 i 3 R R |
5.400E+02 i 1 I i | | i i
0. 60.0 120.0 . 180.0  240.0.  300.0 360.0 420.0 480.0 §&40.0

TINE,

SECS




EL=€2-A

DEE F

TEMPERATURE

8.400E+02

7.900E+02

7.400£+02

FIGURE 4-54 ' i

POOL REACTOR PLANT LOADING AT NAXINMUNM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13-/74d
NUNBER - XEPGEOO

1 S. EVURAP. NA IN TENP.
2 L. EuAP. NA IN TEHP.
3 6. ELR Ene.
URP. NR EX TENP.

e e o ettt e

6.900E+02}
6.400E+02}__
5.900E+02|_
5.400E+02 o i § i I i i i I
0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 §40.0

TINE, SECS



2= A

pL-t’

PERCENT

4

FLDW

9.B00E+01

NURBER

FIGURE 4-55

POOL REACTOR PLANT LOADING AT MAXINUM RATE (CONSTANT SPEED PUNMPS)
RUN DATED  10-13/78

XEPGEQOO

9.100£+01]

8.400E+0%}

7.700E+01

?.000E+01F

6.300E+01L

5 .600E+01]

|

|

[

|

|

““DRH FU. MASS
3 §. STEAM MASS FLOW
4 L. STEAM MASS FLOW

|

FLOu
FLOU

0.

60.0

120.0

180.0 240.0

TINE,

SEES

300.0

360.0

420.0

480.0

£40.0



“Z-A

SL-¢

s PERCENT

FLOW

POOL REACTOR PLANT LOADING AT MAXINUN RATE (CONSTANT

FIGURE 4-56

SPEED PUNPS)

RUN DATED 10-13-78
NUMBER  XEPGEGD

1.200E+02
1 §. EU IN UTR HAS FLO
2 L. EU IN UTR HAS FLO
3 TURB IN STH 1ASS FLO
4 S. UTR DRP. NASS FLOU

1.000E+02} S L. UTR DR HASS1FLOM

P—HASS- FLOU

7 L. STH DNMP HASS FLOW

B.000E+01|

6.000E+01}

4.000E+01}

2.000E+01]

0. hs el 2 | | | l | |

0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 §40.0

TINE,

SECS



9L-€8"2-A

PSIRA

PRESSURE

1.120£+03
1.100E+03
1.086E*03
1.060£+03

1.040E+03

1,020E+03}

1.000E+03
4]

FIGURE 4-57

POOL REACTOR PLANT LOADING AT MAXINUM RATE (CONSTANT SPEED PUMPS)
RUN DATED 10-13-78
NUHMBER XEPGEQOD

M PRESS.
DRUN STEAN PRESS.,
EUAP IN HTR PRESS}
EVAP IH WTR PRESS
EUAP EX STH PRESS
EUAP EX STit PRESS

EAN HEADER PRESS.

T e (b2
et

L R R R T IR Y

o

w | l a : |

. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 §40.0

TINE:s SECS



DEe F

H

LL=-€72=A

TEMPERRTURE

FIGURE 4-58
POOL REACTOR PLANT LOADING AT HAXINUM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13/78
NUHMBER XEPGEGO

5.600E+02
. , 1 FEEDWATER TENWP.
1 7% BRUF-GTERR TENP .
3 L. DRUM STEAN TENP.
4 S. EVAP. IN WTR TEMP
5.300E+02—4-8 S L. FuaP. IN UTR TEMP
6 S. EUAP. EX STH TENP
7 L. EVAP. EX STN TENP
§.000E+02}__
4.700E+02] _
4.400E+02]
L 1
4.100E+02
3.B00E+02 | | | | | | i
Q. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 640.0

TINE, SECS



QL-E 2~ A

s FRACTIDON

QUALITY

1.800E-01 _

1.500E~01

1.200E~01

9.000E-02

6 .000E-02

3.000E-02

NUHBER

FIGURE 4-59

POOL REACTOR PLANT LOADING AT HAXINUM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13-78

KEPGEDO

i

|

|

|

1 S, EVUAP. EX STt QUAL
2 L. EURP. EX STH GURAL

i | |

60.0

120.0

180.0 - 240.0

TINE,

SECS

300.0

360.0 420.0 480.0 540.0




IN

6L-€72-A

LEVEL

FIGURE 4-60 ?
POOL REACTOR PLANT LOADING AT MAXINUM RATE (CONSTANT SPEED PUNPS)
RUN DATED 10-13-78 -
NUNMBER XEPGE 00

4.200E+00

1 §. DRUN UHATER LEVEL
2 L. DRUNM UATER LEVEL

3.500E+00

2.8B00E+0O

2.100E+00

1.400E+00

7.000E-01

0. I | | I I I l

0. 66.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 §40.0

TINE, SECS



PERCENT

Q8- 2~A

POWER FLDO s

; FIGURE 4-61 , .
POOL REACTOR ISOLATION AND BLOWDOWN OF ONE STERM GENERARTOR
RUN DRTED 10-04-78
NUMBER SUPGEODL

1.200E+02
' UCLEAR RERCT PDHER
P-PHP NA NMASS FLO
P-PHP NA MASS FLO
%“LBP NA HMASS FLO

1 .000E+02]} -LOP NA MASS FLO

8.000E+01

6.000E+01

4 ,000E+01

2.000£+013

i i i i ; i 1 !
0. , : i | S i i i ¥ i a——

0.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 48B0.0 540.0

TIttEs SECS



PERCENT

18-€'2-A
b

FLOW

FIGURE 4-62

POOL REACTOR ISOLATION AND BLOWODUH OF OHE STERAL bENERHfWR
RUN DRTED 10-04-78

NUMBER SUPGE 01
1.060E+02 o i
1 S. P-IHX NR MASS FLO
2 L. P-THX NR MASS FLO
3 REACT CORE MASS FLOM
9.500E+01
8.400E+01
7 .300E+01
6.200E+01
2
5 .100E+01 - [
\\\ . 4‘#—"“‘1
~_ e
4 .000E+01 ‘ l I e l |

0.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4BO.0 540.0

TINE, SECS



¢8-£7°2-A

DEG F

H

TEMPERATURE

9.300£+02

B8.700E+02

8.100E+02

7.500E+02

6.900E+02

6 .300E+02

5.700€e+02
0

FIGURE 4-63

PORL REACTOR ISOLATION AND BLOWDDWUN OF ONE STEAN GENERATOR

RUN DRTED
NUMBER

10-04-78
SUPGEO1

TR W

§. RERCT
L. RERCT
AUG CORE
HOT POOL
CORE INL

REACTOR DUTLET TENP

VES IN TENP
VES IN TENMP
DUTLY TENP
TENPERATURE
TENRPERATURE

.0 60.0

120.0

180.0

Tine,

240.0

300.0

SECS

360.0

420.0

480.0.  540.0




- A

£g-¢"

DEG F

TEMPERATURE

POOL REACTOR ISOLATION AND BLOWDOWN OF

FIGURE 4-64

ONE STEAM GENERATOR

RUN DRTED 10-04-78
NUMBER SUPGEOD1
8.900E+02
1 §. P-IHX IN NOZ TEMP
2 L. P-IHX IN NOZ TEMP
3 5. P-IHX EX NOZ TEHP
4 L, P-IHX EX NOZ TENP
A.300E+02} _ 5 S. PRI. PUNP TEMP.
6 L. PRI. PUMP TEMP.
7 .700E+02]_. 3
7 .100E+02]
2
6.500E+02}
5.90054:02\
\
‘ 4 . . . . .
5.300E+02 i i i | i |
0.0 60.0 120.0 1B0.0 240.0 300.0 360.0 420.0 4B0.0 540.0

TINE,

SECS



P8-E"¢-A

DEG . F

¥

TEMPERATURE

POOL . REACTOR

B.700E+02

FIGURE 6-65

ISOLATION AND BLOHUDOWUN OF ONE STERM GENERRATOR

RUN DRTED ~10-04-78
NUMBER SUPGEOL

8.100E+02

7 .500E+02{

6.900E+02L

6.300E+02}

5.700E+02L

5.100E+02

N

A

I-IHX IN NOZ TENP
I-IHX IN NOZ TENMP
I-IHX EX NOZ TEHP
I-IHX E¥ NOZ TENP
INT. PUNP TENP.
INT. PUNMP TENP.

o0 ¢ e la e

DU W
Qe wro

i ! ! l {

0.0

60.0 120.0: 18BO.0 240.0 300.0 360.0 420.0 480.0  540.0

TINE,

SECS




§8-£°2-A

DEG F

’

TEMPERATURE

FIGURE 4-66

POOL REACTOR ISOLATION AND BLOWODOWN OF ONE STEQN GENERATOR

RUN DATED 10-D4,78
NUMBER SUPGEO1

B..700E+02
1 5. EVAP. NA IN TENHP.
2 L. EVUAP. NA IN TEMP.
3 S. EUAP. NA EX TEMP.
4 L. EVAP. NA EX TENP.

8.100e+02[2

7 .S00E+02|__

6.900€+02}

6.300E+02|__

S.700E+02}__

4 4
b
5.100E+02 | l | | | L
0.0 60.0 120.0 1R0.0 240.0 300.0 360.0 420.0 480.0 540.0

TINE,

SECS



FIGURE 4-67
POOL REACTOR ISOLATION AND BLOWDOWN OF ONE STERM GENERATOR
RUN DRATED 10-04-78
NUNBER SUPGEOL

1.200E+02
1 S. DRM FH. MASS FLOU
2 L. DRRM FU. NMASS FLOW
3 S. STEAM MASS FLOW
4 L. STEAN NASS FLDU

1 .000E+02

8.000E+01%

98- 2-A

s PERCENT

FLou

6 .000E+01

4 .000E+01

2.000E+01L

o N 1 1 t ; 1 |4

0.0 60.0 120.0 1BO.0 240.0 300.0 360.0 420.0 480.0 540.0

TINEs SECS



FIGURE = 4-68 _
POOL REACTOR ISOLATION AND BLOWDOUN OF ONE STERM GENERATOR
RUN DRTED 10-04-78
NUMBER SUPGED1L

1.950E+02

S. EU IN WTR NAS FLO
L. EV IN HTR MAS FLO
TURB IN STH MASS FLO
S. HIR DNMP MASS FLOU
L. WTR OHP MASS FLOU
S. STt ONP NMASS FLOU
L. STh DNP MASS FLOW

1.550E+02)

NOUIHWN e

1.150E+02} ]

L8-€°2-A

s PERCENT

FLOoW

?.500E+01

3.500E+01

-5 .000E +00
-4 .S00E+01 | | | | | | |
0.0

60.0 120.0 18B0.0 240.0 300.0 360.0 420.0 4B0.0 540.0

TIMNE,

SECS




888 2-A

PSIA

PRESSURE

FIGURE  4-69

POOL REACTOR ISOLATION AND BLOUDOWN OF ONE STEAN GENERATOR
RUN DRTED 1060478

NUMBER SUPGEOY
1.214E+03
1 6. DRUM STEAN PRESS.
2 L. DRUM STEAM PRESS.
3. S, EURP IN UHIR PRESS
4 L. oFURP IMN HIR PRESS
1.014E+03 5 S$T-FUAP Ex- STHUPRESS
6 L. EURP EX STH PRESS
72 STEAM HERDER PRESS.
AB.140E+021_ | .
6.140E4+020L
1
4 .140E+021
t
2.1406+02}_°
caeesiid 1 | i L 1 L.
0.0 60.0 120.0

180.0  240.0 300.0. 360.0 420.0 480.0 540.0

TINEs SECS
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DEG F

b

TEMPERARTURE

POoL

B.700E+02

FIGURE 4-70

REACTOR ISOLATION AND BLOUDOUN OF ONE STEAM GENERATOR
RUN DATED 10-04-78
NUMBER SUPGEOD1

?.600E+02}

6.500e+020

FEEDURTER TENP.

. DRUM STERN TERP,
DRUN STEAN TENP.,
Evap, IN UTR TENP
gEuaP . IN UTR TENP
EuAP ., EX ST TENMP
EVUAP . EX STH TENP

N U B WN -
[l *220 wul =+ T gl #5

e ¢ b & &

5.400E+02

4 .300E+02

IT

3.200E+02L_ {g

2.100€E+02 4

| I | | | ] | |

0.0

60.0 120.0 1B0.0 240.0 3006.0 360.0 420.0 4B0.0 540.0

TIMEs SECS
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s FRACTIDN

QURLITY

FIGURE 4-71
POOL REACTOR ISOLATION AND BLOWDDUWN DF ONE STEAM GENERATOR

RUN DATED 10-04-/7H
NUMBER SUPGEO1
1.020E+00
1 1. S. EUAP. EX STiy QUAL
// Z L. EURP. EX STH auAL
B.500E-01}L
6.800E-01{].
S.100E-01}
3.400E-01
1.700€-01 ‘\\\\\\
‘\\“ 2
\\M‘M,
0. 1 l & Lo d Lo
0.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0 540.0

TINEs SECS
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FIGURE 4-72 .
PODL REACTOR ISDLATION AND BLOUWDOWN OF ONE STEAIT GEMERATOR
RUN DATEND 10-04,/78
NUNBER SUPGEOD1

5.000E+01 -

S. DRUM HATER LEVEL
L.

1
2 DRUIM HATER LEUVEL

2.000E+01{

-1.000E+01}

IN

~ -4 000E+01}.

~7.000E+01}{

LEVEL

-1 .000E+02LL

I B - — . i
~1.300E+02 | | | ! | | | |

3.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 S540.0

TIMEs SECS



A T MR A

PERCENT

POWEREFLDOW,

1.200E+02

1,.000E+02

B.000E+01

6.000E+01

4.000E+01

2.000E+01

0.

FIGURE 4-73

POOL 'REACTOR ISDLATION RND BLOUDOWN DF ONE STEAM GENERATOR

RUN DRTED ~11-/20-/78

NUMBER SUPGEODOD

WITH AFFECTED IHTS PUMP TRIP

1 NUCLERR REACT POWER |

2 S. P-PHP NA MASS FLD

3 L. P-PHP NA MASS FLD

4 6. I-LOP NA MASS FLD

- S L. I-LDOP NA MASS FLD

!

1 SR

i i | i } | | = 1

8 100.0

200.0.  300.06  400.0

TINES

SECS

500.0 600.0° 700.0.  800.0 :900.0
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CENT

PER

FLDOUW

FIGURE 4-74
POOL REACTOR ISOLATION Anp £ . T TRt SEREF T
RUN DHTEDN 11.7v- /R .
NUHEE § LUITLE U

WITH AFFECTED IHTS PUMP TRIP

1 5. P-IHY bt bl By
2 L. P-IHX NA DRSS FLI
3 REACT CORE nAss FLON

1.020E+02,

9.200E+01¢§}

‘l\)

B.Z200E+01

7. 200E+014}

€6.2000 +0 13 ]

5.200E+01

R T R R

0.0 100.0 KT ¢ RINAN T EYRIAENS S con e PR Y Buo .o 9500.0

4 2006+ 011

TIME, SECS



v6-€°2-A

DEG F

5

TEMPERARTUFRE

POOL

9.200E+02

RERCTOR ISOLATIDNH
RUN DATED
NUTBE -

FIGURE 4-75

AND BLDUDOUN DOF ONE STERN GENERRATOR
11-,20-78
SUPGEOD

WITH AFFECTED IHTS PUMP TRIP

8.600E+07?

8.000E+02}

7.400E+02

6 .AC00E+ 02}

6.200F 071

SLEULE 0D

|

|

S. REACTY VES IH
L. REACT UVES T

U DB WN

TeEry
TE
AUG COPE DUTLT TENp
HOT POOL TERNFEFHTLEFL
CORE. INL TENMPEFHTUFE
REGTTOR DUTLET TEIW

i 3 ! l

il

0.0

100.0

200.0

300.0  400.0

TINE,

SECS

S00.0 600 .0 700,00  BOo. U

2000
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DEG F

3

TEMPERRTURE

FIGURE 4-76

POOL REACTOR ISOLATION AND BLOWDOWN OF ONE STEAN GENERATOR
RUN DATED 11-20/78

NUMBER SUPGEOD
§.900E+02 WITH AFFECTED IHTS PUMP TRIP
1 5. P-IHX IN NOZ TENP
2 L. P-IHX IN NDZ TEWP
3 S. P-IHX EX NOZ TEWP
4 L. P-IHX EX NDZ TENP
8.300E+02|_ § S. PRI. PUMP TEMP. _
6 L. PRI. PUMNP TENP.
7.700E+02|__
7 .100E+02}_
6.500E+02} _
? 3
/DG
5.900E+02F° >
] 1 | .
5 .300E+02 | i i I | i | |
0.0 100.0 200.0 300.0 400.0 S00.0 600.0 700.0 B00.0 900.0

TINEs SECS
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DEG F

E

TEMPERATURE

FIGURE 4-77 ‘

POOL REACTOR ISDLATION AND BLOUDDUWN 0OF DNE STERAM GENERATOR

RUN DATED 11,20-/78
NUNBER SUPGEODOD

8.600E+02 WITH AFFECTED IHTS PUMP TRIP

1 §. I-IHX IN NOZ TEMP
\, 2 L. I-IHX IN NDZ TEMP
3 5. I-IHX EX NOZ TEMP
4 L. I-IHX EX NDZ TENP
8.000E+02] _ 5 §. INT. PUMP TEMP.
6 L. INT. PUMP TENP.
7 .400E+02}
6.80DE+02|
6.200E+02} !
5.600E+02| 5
S.000E+02 | | | | | | |

0.0 100.0°200.0 300,00 400.0 §00.0 600.0

TINE, SECS

700.0 - BO0O.0 300.0:




L6-E 2-A

DEG F

’

TEMPERATURE

FIGURE 4

-78

POOL REACTOR ISOLATION AND BLDWDOUN DOF DONE STEAM GENERRTOR

RUN DATED 11-20-78
NUMBER SUPGEOD
B.600E+02 WITH AFFECTED IHTS PUMP TRIP
1 S. EUAP. NA IN TENHP.
2 L. EVUAP. NA IN TEMP.
3 S. EUAP. NR EX TENMF.
4 L. EUAP. NA EX TERP.
B.000E+02
7 .400E+02) e
6 .B00E+02
6 .200E+02
\\\\‘—,—_
e
5.600E+02 "
. S -
S .000E+02 | | | | | |
0.0 100.0 200.0 300.0 400.0 S00.0 600.0 700.0 B00.0 $00.0
TINE, SECS
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s PERCENT

FLOW

FIGURE 4-79

PODOL REACTOR ISODLATIDN AND BLOWDDUN DF ONE STEAN GENERATOR

RUN DATED 11-20-78
NUNMBER SUPGEODOD
1.200E+02 WITH AFFECTED IHTS PUMP TRIP
1 S. DRM FH. NMASS FLOU
2 L. DRI FUH. NMASS FLDU
3 S. STERM PASS FLOU
4 L. STEAR MASS FLDUW
1.000E+02 .
B8.000E+01
6.000E+01
4.000E+01
2.000E+01
——
0. 3 | | t | | | l | 1
0.0 100.0 - 200.0 300.0  400.0 S00.0  600.0 ?700.0 800.0 900.0

Tine,

SECS

¥
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sy PERCENT

FLDW

FIGURE 4-80
PDOL REACTOR ISOLATION AND BLDUWDOWH OF DNE STERPM GENERATOR

RUN DATED 11-,20-78
NUMBER SUPGEOO
L 950E+D2 WITH AFFECTED IHTS PUMP TRIP
1 S. EV IN WIR AAS FLO
2 L. EU IN WTR MAS FLO
3 TURB IN STM MASS FLD
4 S. WIR DNP MASS FLOU
1.550E+02] 5 L. WTR DMP MASS FLOU
6 S. STH DHP MASS FLOW
7 L. STH DRP NMASS FLDW
1.150E+02]
7 .SO00E+01
;
s.sooe+01f ] Voo 2
e e
\\B\x\
a5 6 2 - . 1
-5 .000E +00[[7
1
-4 .500E+01 | | | | | | | |
0.0 100.0 200.0 300.0 400.0 S00.0 600.0 700.0 8600.0 900.0

TINE, SECS
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PSIR

PRESSURE

FIGURE 4-81

PODL REACTOR ISOLATION AND BLOWOOUN OF ONE STEAN GENERRTIF
RUN DRTED 11-20-78

NUMBER SUPGEOD
1.214E+03 WITH AFFECTED IHTS PUMP IBIP
1 5. DRUM STERAN FPRESS.
2 L. DRUM STEANM PRESS.
3 S. EUAP IN WTR PRESS
4 L. EUAP IN WTR PRESS
1.014E+03 e GG EYAP T EX ST PRESS
6 L. EUAP EX STH PRESS
7 STEAM HEADER PRESS.
B.140E+02L1
6.140E+02}L
1
4.140e+021 1
8
2.140E+02] |
1.400e+01 4 | | | | L | | | 1
0.0 100.0 200.0 300.0 400.0 S00.0 600.0 ?700.0 B00.0 900.0

TIHNES

SECS
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DEG F

s

TEMPERRTURE

FIGURE 4-82

POOL REACTODR ISDLATION AND BLOWDDUN DF ONE STERAM GENERATOR®

RUN DATED 11-20,78
NUNBER SUPGEDO
B.700E+02 WITH AFFECTED IHTS PUMP TRI
1 FEEDUATER TENP.
2 S. DRUM STEAM TENP.
3 L. DRUM STEAN TEMP.
4 S. EURP. IN WTR TERP
7 .600E+02| _ § L. EVAP. IN WTR TENP
6 S. EVAP. EX STH TEMP
7 L. EVAP. EX S§Tn TENP
6 .500E+02| _
5'4005*025§4i~:1,/ﬂﬂﬂ_¢,,v-,~ : s
4 .300E+02} ]
L\
AN
2\
3.200€+02]_ ——
———— .
6
2.100E+02} 4 L. L L dJoo bbb
0.0 100.0 200.0 300.0 400.0 5S00.0 600.0 7?700.0 B00.0 900.0

TIME,

SECS
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» FRACTIODN

QUALITY

1.020E+00

8.500E-01

6.800£-01

$.100E-01

3.400E~-01

1.700E-01

FIGURE 4-83
PODL REACTOR ISOLRATION AND BLDUDDUN OF DOHE STEAN GENERATOR

RUN DATED 11-,20-78
NUMBER SUPGEODO
WITH AFFECTED IHTS PUMP TRIP
1 1 S. EUAP. EX STN QUAL
,'{/"““*““"“*"*'“’“ T TUTTEVURAP TEX CSTH WURL
1
\\\ 2
| | | | [ ] s e

0.0 100.0 200.0 300.0 400.0 500.0 600.0 7?700.0 BOO.0 900.0

TINE

SECS



FIGURE 4-84

PODL PELTTIR T e TTE 0D BLIMIDOLN F e S TR it I
RUN DATED 11-20-/7B

E0L-g"2-A

IN

1

LEVEL

NUMBER SUPGEDD
S.000E+01 WITH AFFECTED IHTS PUMP TRIP
1 S. DRUM WATEP L EUEL
2 L. DRFUDN URTER LEYYYL
2.000E+01)__
2
’_2/
IR ST VYR
-4 ,000E+011_
-7 .000E+01}_
-1 . 0GUE+G?
1
=1 LIRS (7 l ‘ l l l l ! l
0.0 100.0 200.0 300.0 400.0 500.0 600.0 70D0.0 Buo g '

TINE,

SECS




vOL-E72~A

PERCENT

POWEREFLOWS

FIGURE 4-85

&

PO0L REACTOR LOSS OF FEEDUATER TO ONE STEAH GENERATOR
RUN DATED 40-06-7H

NUMBER  PAPGEOJ
1.200€E+02 , ;
1 NUCLEAR REACT POWER
2 S§. P-PHP NR MASS FLO
3 L. P-PNP NA MASS FLD
| 4 §. I-LOP NA MASS FLO
1.000E+02} § L. I-LOP NA MASS FLO
8.000E+01{}.
6 .000E +01
4.000E+01}}
2.000E+01}]
ot
0. I I f 1 i 1 — } 1
0. 90.0 180.0 270.0 360.0 450.0 540.0 630.0 720.0 B10.0

TINE,

SECS
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s PERCENT

FLOW

POOL REARCTOR

1.040E+02

FIGURE 4-86

LOSS OF FEEDUATER TO ONE STEAN GENERATOR
RUN OATED
NUMBER

10,0678
PAPGEDJ

9.400Ef01}_
8.400E+01 111

7 .400E+01}]

6.400E+01

S.400E+01}.

V\\‘,\Ls
4 .400E+01 | | !

2

16
VARN
3 R

. P-IHX NR NASS FLO
. P-IHX NA MASS FLOD
EACT CORE MASS FLOUW

l

l

l

0.

90.0

180.0

270.0

TINES

380.0

SECS

450.0

540.0

630.0

720.0

B10.0
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DEG F

3

TEMPERATURE

FIGURE 4-87
POOL REACTOR LOSS OF FEEDUATER TO ONE STEAN GENERATOR
RUN DRATED 10-,06/7H
NUMBER PRAPGEOGI

9.100£+02

AUG CORE DUTLT TENP
HOT PDOL TEMPERATURE
COLD PDOL TEMPERTURE
CORE INL TEMPERATURE
REACTOR OUTLET TENP

I

8.500E+02}

1 WM

7.900E+02

7.300E+02

€.700E+02

6.100E+02

5 .S500E+02 | | | | | i i t

0. 90.0 1B0.0 270.0 360.0 450.0 540.0 630.0 ?20.0 B810.0

TINEs SECS.
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DEG F

H

TEMPERARTURE

POBL RERCTOR

FIGURE 4-88

RUN DATED 100678
NUNMBER PAPGEDI

LOSS OF FEEDUATER 7O ONE STEAN GENERATOR

B.900E+02
1 5. P-INX IN NOZ TEWP
2 L. P-THX IN NOZ TENP
3 S. P-IHX EX NOZ TEMP
4 L. P-THX EX NOZ TENP

8.300E+02]__ 5 5. PRI. PUMP TEMP.
6 L. PRI. PUMP TENP.

7 .700E+02]__

7 .100E+02}__

3
6 .500E+02| _
A
5.900E+02H- .
A,
4 } \ .
5 .300E+02 | i I I [ I
0. 90.0 180.0 270.0 360.0 450.0 540.0 630.0 ?720.0 B810.0

TINEs SECS
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DEG F

]

TEMPERATURE

FIGURE 4-89

POOL REACTOR LOSS OF FEEDUATER TO ONE STEAM GENERATOR
RUN DATED 10-06-78
NUMBER PRAPGEOD3

8.B00E+02
1 6. I-IHX IN NOZ TEMP
2 L. I-IHX IN NDZ TEMP
3 §. I-IHX EX NOZ TENP
4 L. I-IHX EX NOZ TERP

B.200E+02 6 S. INT. PUMP TENP.
6 L. INT. PUMP TEMP.

7.600E+02| _

7 .000E+02}__

6.400E+02| \\l\

- 4
5.000E+02] _
T T, Y5 :
2
S .200E+02 = i | | | i
0. 90.0 1H0.0 270.0 360.0 4S0.0 540.0 630.0 720.0 810.0

TINE,

SECS
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DEG F

s

TENMPERATURE

FIGURE 4-90

POOL REACTOR LOSS OF FEEDUATER TO ONE STEANM GENERATOR
RUN DATED 10-0€-/7H
NUNMBER PAPGEOD3

B.800E+02

EuaP.
EVAP.

SN
roro,
s & 3 »

8.200E+02

7 .600E+02

7 .000E+02

6 .400E+02

S .800E+02

NR IN
NA IN

TENP.
TENP.

5.200E+02 e | | | |

|

0. 0.0 180.0 270.0 360.0 450.0 6540.0 630.0

TINE, SECS

720.0

810.0



FIGURE 4-91

POOL REACTOR -LOSS OF FEEDUATER TO OME STEAN GENERATOR
RUN DATED  10-06-78

OLL~€72-A

s. PERCENT

FLOW

NUMBER PAPGED3J

1.200E+02
i §. DRM FU. NMASS FLOU
2 L. DRM Fl, MASS FLOU
3 §. STERM NMASS FLOU
4 L. STEARMN MASS FLOW

1.000E+02

8.000E+01

4

6.000E+01 -

4 .000E+01}

2.000E+01}

0. | l I | | l | I 1

0. 90.0 1B0O.0 270.0 360.0. 450.0 $40.0 630.0 ?720.0 B10.0

TINES

SECS
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Lie=g

» PERCENT

FLOW

1.200E+02

1.000E+02

8.000e+01

6 .000E+01

4.000E+01

FIGURE 4-92

POOL REACTOR LOSS OF FEEODUATER TO ONE STEAN

RUN DATED 10-06-/78

NUNMBER PAPGEOS3

GENERATOR

NO A WN

S. EV IN HTR MAS FLO
L. EU IN UTR §MAS FLO
TURB IN STH NMASS FLO
S. WIR DMP MASS FLOU
L. UTR DHP MASS FLOUW
§. STH ONMP MASS FLOW
L. STi DMP MASS FLOM

2.000E+01

0. 4 g v | | ] | | | 1

0. 90.0 180.0 270.0 360.0 450.0 540.0 630.0 720.0 810.0

TINEs SECS



SLL-E72~A

PSIR

PRESSURE

1.170E+03

1.140E+03

1.110E+03

1 .0BOE+0O3

1.0S0E+03

1.020E+03

9.900E+02

0.

FIGURE 4-93

POOL REACTOR LOSS OF FEEDUATER TO ONE STEAM GENERATOR
RUN DATED 10-/06-78
NUNMBER PAPGEOD3
1 S. DRUM STEAM PRESS.
2 L. DRUM STEAM PRESS.
3 §. EVUAP IN WTR PRESS
4 L. EURP IN WTR PRESS
L S S. EURP EX STM PRESS
6 L. EURP EX STM PRESS
7 STEAM HEARDER PRESS.
4
1 .
I { | ! | | |
90.0 180.0 270.0 360.0 450.0 S40.0 630.0 720.0 810.0
TIME, SECS
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DEG F

?

TEMPERRTURE

5.900E+02

S .400E+02

4.900E+02

4.400E+02

3.900E+02

3.400E+02

2.900E+02
6

FIGURE 4-94
PODL REACTOR LOSS OF FEEDUWATER TO ONE STEAN
RUN DATED 10-06/78
NUNMBER PAPGED3

GENERATOR

1 FEEDUATER TENP.

2 §. DRUM STEARAM TEMP.

3 L. DRUM STERM TENP.
=S 4 §. EUAP. IN UTR TEMP
- & “ STTCUEURPTTTINTWTRTENP

6 ST EURP L. EX STH TENP

7 L. EuaP. EX SsTh TENP

| | l l

1

i 1

. 0.0 180.0 270.0 360.0 450.0 540.0 630.0 720.0

TINE, SECS

g10.0
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s FRACTION

QUALITY

3.600E-D1

3.000E-01L

2.400E-01

1.800E-01

1.200€-01}

6.000E-02

| FIGURE 4-95

POOL REACTOR LOSS OF FEEDUATER TO ONE STEAM GENERATOR
RUN DRATED  10-06-/78
NUNMBER PAPGEDGS

1 §. EUAP., EX ST QUAL
2 L. EUAP. EX STH QUAL

{ I | | | | | |

90.0 - 180.0 . 270.0. 360.0 450.0 540.0 630.d 720.0: 810.0

TINEs SECS
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FIGURE 4-96

POOL REACTOR LOSS OF FEEDURTER TO ONE STEAR GENERATOR

6 .000E+D01

3.000E+01

IN

~-3.000£+01

LEVEL

-6 .000E+01

~-9.000E+01

-1.200E+D2
0

RUN DATED 10-06-78
NUMBER  PAPGEO3
1 . DRUM WATER LEVEL
2 L. DRUM WATER LEVEL
2
i 2
| i I i i —+ i f !
. 90.0 180.0 270.0 360.0 450.0 540.0 630.0 720.0 810.0

TINE,

SECS
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FIGURE ~ 4-97
REACTOR LOSS OF OFF~SITE POWER UITH MINIRUR

RUN DRATED - 11-03,78

DECAY HEAT

NUMBER PRAPGEDY

1.200E+02

. 1 NUCLERAR: REACT POUER
26, P-PMP HA MASS FLO
3 L. P=PMP NA fASS FLO
4 S. I~L0OP NA MASS FLO

1.000£+028 S L. I-LOP NRA MASS FLD

B.0D0E+01L

6. 0D00E+D18.

4. 000E+01

2.000E+01

0. | l | | I I o4

g. 200.0  400.0 - 6€00.0 800.0 1000.0.1200.0 1400.0 1600.0 1800.0

TINEs SECS



LLL=E 2-A

; PERCENT

FLDW

1.200€+02

1.000E+02

H.000E+01

€ .000£+01

4 .000E£+01

2.000E+01

FIGURE 4-98

REACTOR LDSS OF OFF~SITE POUER WITH HMINIMUM DECAY HEAT
RUN DATED 11,0378

NUMBER PAPGED4

1 S. P-IHX NA MASS FLO

2 L. P-IHX NAR MASS FLO

3 REACTYT CORE MASS FLOU
-
i
-

1

- 200.0 400.0 600.0 HBOO.0 1000.0 1200.0 1400.0 1600.0 1800.0

TINE, SECS
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FIGURE 4-

99

REACTOR LOSS OF OFF-SITE POUER HITH MINTIUN PECAY HEART

RUN DATED 11-03-78
NUMBER PAPGED4

9.300E+02
1 AUG CORE OUTLT TEMP
2 HOT °00L TEMPERATURE
3 COLD PDOL TEMPERTURE
4 CORE INL TEMPERATURE|

8.700E+02f, 2 S REACTOR DUTLET TEMP

8.100e+02} _

7 .S00E 02}

6.900E+02)

¥
6.300e+0z2| N
- NM
* £ N
S .700E+02 | | | ! 1 f | |
o 200.0 400.0 6€00.0 €00.0 1000.0 1200.0 1400.0 1600.0 1800.0

TIMEs SECS



6Ll-g 2¢-A

RATURE » DEG F

-
-
o

TENMP

.BO00E+02

.200E+02

.600E+02

.000E+02

.400E+02

.B00E+02

.200E+02

REACTOR

FIGURE  4-100

NUMBER PAPGEO4

LOSS OF OFF-SITE POWER WITH MININUM DECAY HERT
RUNM DATED 14-03-78

P~IHX TN NOZ TENP
P-IHX IN NOZ TEMP
P-IHX EX NOZ TENP
P-IHX EX NDOZ TEMP
PRI. PUNMP TEMP.
. PRI. PUNMP TENP.

DNDWNE-
ronrnro,

l

l l [ l

g.

200.0 400.0 600.0 H©H0D.0 1000.0 1200.0 1400.0 1600.0 1800.0O

TIMES

SECS

+
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DEG F

H

TEMPERRTURE

REACTOR

8.800E+02

FIGURE 4-101

NUHBER PAPGED4

LOSS OF OFF-SITE POUHER UITH MINTHMUM DECAY HERT
RUN DATED 11-03-78

B.200E+02

7.600E+02

7.000E+02]_

6.400E+D02

5.4800E+02

I-IHX IN NOZ TEMP
I-IHX IN NDZ TEMP
I-IHX EX NDZ TEMP
I-IHX EX NOZ TEMP
INT. PUNP TENP.
INT. PUMP TENP.

v e

s . w

rounrronrn

1
2
3
4
=Y
6

liil}‘:;ﬂf:—/'
S.200E+072 I

|
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FIGURE 4-102

REACTOR LOSS OF OFF-SITE POHER WITH MININMUM ODECAY HEAT
RUN DATED 11-,03/78H

NUMBER PAPGED4
8.800E+02 ‘ _
1 S. EVAP. NA IN TENP.
2 L. EVAP. NA IN TEMP.
3 8. EUAP. NR EX TENP.
4 L. EVAP. NA EX TENP.
©.20DE+02

7 .60DE+02

7 .000E+02

6 .400E+02

S .A00E+02}
s.200E+02\<g“““”fﬂlvd'~T—* | | | | | |
0. 2700.0 400.0 6€00.0 800.0 1000.0 1200.0 1400.0 1600.0 1B800.0

TIMEs SECS
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FIGURE 4-103

REACTOR LOSS OF OFF~-SITE POWMER WITH MINIMUM DECAY HEAT
RUN DRTED 11-03-78 .
MUMBER PAPGED4
1.200E+02
1 S. DRM FU. MASS FLOU
2 L. DRM FU. MASS FLOU|
3 S. STEAM MASS FLOU
4 L. STEAM MASS FLOW
1 .000E+02
6 .000E+01{{_
2
1
6.0D0E+01R.
4 .000E+01L{
2 .000E+01
4 [
0. l | 1 "1 v | S
0. 200.0 400.0 600.0 ©00.0 1000.0 1200.0 1400.0 1600.0 1800.0

TINE, SECS
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1 PERCENT

FLDOW

1.200E+02

1.000£+02

9.000E+01}

6.000E+01

4 . 000E+01

2.000E+01

FIGURE 4-104

REACTOR LOSS OF OFF-SITE POUER UITH MINIMUIM DECAY HEAT
RUN OHTED 11-03-78
NUMBER PAPGED4
1 §. EV IN WTIR MAS FLO
2 L. EU IN UTR MAS FLO
3 TURB IN STM MASS FLO
- 4 S. UTR OMP MASS FLOW
- S L. WTR DOfP MASS FLOU
6 S. ST DNP MASS FLBU
7 L. ST OMP MASS FLOU
|
2
'“““"‘2‘“—-\-«%
L\ 4
|4 l | | ! |

400.0 600.0

TIME, SECS

800.0 1000.0 1200.0 1400.0 1600.0 1800.0




PZL=E 2N

PSIA

H

tud

SUR

(6]
[$1])

PR

FIGURE 4-105
REACTOR LOSS OF OFF-STTE POUER WITH MINIMUM

RUN ORTED 11-03-78

DECAY HEAT

NUMBER PAPGED4

1.1H0E+03 .
1 S. DRUM STEAM PRESS.
2 L. DRUM STERM PRESS.
3 S. EUAP IN WTR PRESS
4 L. EUAP IN UTR PRESS

1 .150E+03] S S. EVAP EX STM PRESS
6 L. EUAP EX STH PRESS
7 STEAM HEADER PRESS .

1.1206+03}

|

1.0390E+03]_

1 .060E+03}]

1.030E+03

A
1”UOUE+03\‘ k l i i | | L1
0. 200.0 400.0 600.0 BOD.0 1000.0 1200.0 1400.0 1600.0 1800.0

TIMEs SECS
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FIGURE 4-106

REACTOR (.0SS OF OFF-SITE POUHER WITH MINIMUM DECAY HEART
RUN DATED 11-03-78 .
NUMBER PAPGEO4

5.900E+02 e e

FEEDWRTER TEMP.

S. DRUM STEAM TEMP.

L. DRUM STEAM TENMP.
- S. EUuAP. IN UTR TENMP

S.4DOE+OZ§?’S < ST ETTETTIN UTR TENMP

\ﬂﬁaJL--’”"”ﬁ— 6 S. EUAP. EX STM TENMP
7 L.

EuAP. EX STH TEMP

4.900E+02}

tu
O

Woq 400E+02)

Y
—

[

Q; 3.900€+02
1

3.400E+02

l TS

~e

$ R i i } 1 1} 1
t | l 1 | ] |
. 200 .¢ 400 .0 600.0 800.0 41000.0 1200.0 1400.0 1600.0 1800.0

-9u0E+Q2

TIfNE, SECS
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GURLITY

1 .H00E-CG1

1.200E-01

3.000E-02

6.0U0E-02

3.000E-02

0.

FIGURE 4-107

REACTOR LOSS OF OFF -SITE POMER WITH MINTIMUN DECAY HEAT
RUN DATED 11-03-78
NUMBER PAPGED4
o 1 S. EVAP. EX STM QUAL
2 L. EVUAP. EX STN QUAL
b

|

i i

|

| l I |

0.

200.0

400.0 . 600.0. 800.0 1000.0 1200.0 1400.0 '1600.0 1800.0

TiNE,

SECS
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FIGURE 4-108

REACTOR LOSS 0OF OFF-SITE POUER WITH MINIMUM DECAY HEART

H.909E+00

RUN DATED 11-,03-78H

NUMBER PAPGEO4

7 .409E+00

5 .903E+00]

4 .40SEv0O0LL

2.90%9ge+00

=

1.40SE+001] .

~9.100E -02

(

|

|

i

t

1 s.
2 L.

l

1
DRUM UATER LEVEL
ORUM UARATER LEVEL

| l

0.

200 .0

400.0

600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0
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1.200E+02

1.000E402

B.000E+01

6.000E£+01

4.000E+01}

2..000E+01

FIGURE 4-109
PODOL REACTOR DPENING DF STEAN LINE SAFETY UALUE HITH DELAYED SCRAN

RUN DRTED 10-06s78
NUHBER TEPGEOI
1 NUCLERR REACT POHER
2 §. P-PHP NA NMASS FLD
3 L. P-PHP HA BASS FLO
- 4 5. I-L0P NR HASS FLO
1.2.3.4.8 6 L. I-LOP NR HASS FLO
4 5
2 3
\T‘r
L l { ; t I 1
. 90.0 180.0 270.0 360.0 540.0 630.0 ?20.0 B810.0

TIREs:

SECS

450.0
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y PERCENT

FLOW

1.040E+02

RUN DRTED
NUNBER

FIGURE 4-110
POOL REACTOR OPENING OF STEANM LINE SAFETY VALVE HWITH DELAYED SCRAN

10-06-78
TEPGED3

9.400E+01] ..

B.400E+01} _

'

7.400E+01}.

6.400E+01})

S.400E+01] .

4.400E+01

|

|

18
2 L
3 R

» P-IHX NR HASS FLO
. P-IHX NA NASS FLO
ERCT CORE NMASS FLOU

{

|

0.

90‘0

180.40

270.0 360.0

TINE,

SECS

450.0

540.0 630.0

?20.0

810.0
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FIGURE 4-111

POOL REACTOR OPENING OF STEANM LINE SAFETY VALVE WITH DELAYED SCRAMN
RUN DRTED 10-06-78
NUNBER TEPGED3

9.200E+02
1 AUG CORE DUTLT TENP
2 HOT PODL TEMPERATURE

e 3 COLD POOL TEMPERTURE

4 CORE INL TEHPERATURE

8.600E+02] § REACTOR DUTLET TEMP

8.000E+02}

7 .400E+02]

6 .800E+02]

6.200E+02] _

24
§.600E+02 | ] | | | | i |
0. 90.0 1BO.0 270.0 360.0 450.0 540.0 630.0 720.0 B810.0

TINE, SECS
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FIGURE 4-112

POCL REACTOR OPENING OF STEAM LINE SAFETY UARALVE WITH DELAYED SCRAN

RUN DATED 10-06-78
NUNMBER TEPGEQ3

8.900E+02

P-IHX IN NOZ TENP

8.300E+02

7.700E+02

S——

?.100E+02}

6. .500E+02}

P-IHX IN NOZ TENP
P-IHX EX NOZ TEWP
P-IHX EX NDZ TENP
PRI. PUHP TENP.
PRI. PUNP TEHP.

1
2
3
4
S
6

moronron
¢« o s ¢ o @

3485 6 /\

5.900E+02}—

§.300E+02

| = —
1 1

| | | ] i

0.

90.0 180.0 270.0 360.0 450.0 540.0 630.0 720.0 810.0

TINE» SECS
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DEG F

*

TEMPERRTURE

POOL REACTOR OPENING OF STEAN LINE SAFETY VALVE U

FIGURE " 4-113

RUN DATED 10-06-78

NUNMBER

TEPGEOJ

ITH DELAYED SCRAN

8.H00E+02 .
1 s. I-IHX IN NDZ TEHP
2 L. I-IHX IN NDZ TEHP
3 §. I-IHX EX NOZ TENP
4 L. I-IHX EX NDZ TENP
B.200E402)_. 34 5 S. INT. PUMP TERP.
6 L. INT. PUMP TEHP.
7 .600E+02| _
7 .000E+02|
6.400E+02]
5.B00E+02| _
2 L o pr—
N
5.200€+021_ | l | ] I
0. 90.0 180.0 270.0 360.0 450.0 540.0 630.0 ?20.0 B810.0

TIBEs SECS
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TEMPERRTURE

'8.BO0E+02

8.200E+02

7 .600E+02

7 .000E+02

6 .400E+02

5.800E+02

5.200E+02
0

FIGURE 4-114

POOL REACTOR OPENING OF STEAN LINE SAFETY UALUVE HITH DELAYED SCRAN

RUN DATED 10-06-78
NUHBER TEPGEO3

1 S. EURAP. NA IN TENP.
2 L., EVAP. NR IN TENP.
3 S. EUAP. NA EX TENP.
4 L. EVAP. NR EX TENP.

3.4

I l

-

90.0 1B0.0 270.0 360.0 480.0 840.0 630.0 ?720.0 B10.0

TINE: SECS
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FIGURE 4-115
POOL REACTDOR DPENING DF STEAM LINE SAFETY UVALVE WITH DELAYED SCRAN

RUN DARTED 10,0678
NUMBER TEPGEO3

1 .200E+02 ,
1 S. DRH FW. MASS FLOW
2 L. DRH FUH. MASS FLOUW
3 8. STEANM MASS FLOUW
4 L, STEAN MASS FLOU

1 .000E+02 R4 ,

.

B8.000E+01

6 .000E+01] —

4 . 000E+041}

2.0D00E+01}.

0. ] | | L L | | | .
0. 0.0 18BO.0 270.0 360.0 450.0 S40.0 630.0 7?720.0 810.0

TIMES

SECS
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s PERCENT

FLDUW

pPDOL REACTOR DOPENING DF STEAN LINE SAFETY
RUN DRTED 10-06-7H

1.200E+02

FIGURE 4-116

NUNMBER TEPGEDZ

o e

VALVE WITH DELAYED SCRAN

1.000E+02).2

B.000E+01]

6 .000E+01}—

4 ,.000E+01}

2.000E+D1

|

S. EVU IN WIR NHAS FLO
. EVU IN UTR NAS FLO
TURB IN STH HASS FLO
S. HIR DHP NMASS FLOW
L. UTR DHP MASS FLOU
s. STH DMP NMASS FLOUW
L. STH DNhP IASS FLDU

N NS WN

l | 4

ad 2 | |

90.0 480.0 270.0 360.0 450.0 540.0 630.0 720.0 B10.0

TINE .

SECS
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PSIR

PRESSURE s

1.470E+03
1.140E+03
1.110E+03
1.0BOE+O3

1.080E+03

1.020£+03

9.900E+02
o

PODL REACTOR O

STEAN PRESS.
STEAN PRESS.
IN UTR PRESS
IN HTR PRESS
EX STHM PRESS
EX STH PRESS

FIGURE  4-117

PENING OF STERM LINE SAFETY URLVE WITH DELAYED SCRANH

RUN DATED 10-06-78

NUNBER TEPGEO3
1 §. DRUN
2 L. DRUN
3 §. EVAP
4 L. EURP
5 8. EUAP
6 L. EuRP
7 87

foe

EAN HEADER PRESS.

TINE, SECS

6
| o
L2
. 1
= 2
: - ‘ , 1
| | | i | | | i
. 90.0 1B0.0 270.0 360.0 460.0 540.0 630.0 720.0 7810.0
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§.900E+02

§.400E+02

4.900E+02

4.400E+02

3.90DE+02

3.400E+02

2.900£+02
0

FIGURE 4-118

POOL REACTOR OPENING OF STEAM LINE SAFETY VALUVE UWITH DELAYED SCRAN
RUN DATED 10-06-78

NUMBER TEPGEOD3
1 FEEDMATER TENP.
2 S. DRUN STEAH TENMP.
3 L. DRUM STEAN TENWP.
SN S - S 4 S. EVAP, IN UTR TEMP
- 3:Th‘ BT ORI R TETIP
4.5 P~ EX-STHTENP
‘\\\\B/////,,-~“”%‘ff’§ﬁgP. EX STH TERP
5
| | | | | |
) 90.0 180.0 270.0 360.0 4S0.0 S40.0 630.0 720.0 B10.0

TINE,

SECS



8EL=EC Z-A

» FRACTIDN

QURLITY

3.600E

3.0DOE

2 -400E'—

1.800E

1.200E

6 .000&

~01%

RUN DATED
NUNBER

FIGURE 4-119
POOL REACTOR OPENING OF STEANM LINE SRFETY VALVE HITH DELAYED SCRAN

10-06/78
TEPGEOD3

i i

> § T

01}

01l

B2

-01f

=020

|

|

1 S. EURP, EX STH QUAL
2 L, EVAP, EX STH QUAL}

| | l |

90

.0

180.0

270.0 360.0

TIHE,

SECS

450.0

£40.0 630.0 720.0 810.0



gEL-E 2-A

6.000E+0%

NUNBER

FIGURE  4-120

POOL RERCTOR DPENING DF STERAN LINE SAFETY UALVE HITH DELAYED SCRAN
RUN DATED 10-06-78

TEPBEODJ

3.000E+D1}

IN

-~3.000E+01}

-6,000E+01}

LEVEL

-9.000E+01}

~-1.200E+02

i

|

1 S. DRUM UATER LEVEL
2 L. DRUM HATER LEVEL

b |

0.

90.0

180.0

270.0 360.0

TINE,

SECS

450.0 540.0

630.06 720.0

810.0
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POMEREFLDOW,

1.200E+02

1 .000E+02

H.000E+01

6.000E+01

4.000E+01

2.000E+01

FIGURE 4-121
POOL REACTOR CONTROL ROO WITHDRAUL UITH DELAYED MANURL SCRAN

RUN DATED 10-05,78

NUNMBER PAPGEO4

/7 349

UCLEAR REACT POMER

. P-PHP NA MASS FLD
. P-PNMP NA NASS FLO
. I-LOP NA NASS FLO
. I-LOP NA NMASS FLO|

| | |

L

i { i i
1 i i i

i

BO.0  160.0 240.0 320.0 400.0- 4B0.0  560.0  640.0  720.0

TINES

SECS
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FLOW

1.020E+02

FIGURE 4-122

POOL REACTOR CONTROL ROD WITHORAUL WITH DELAYED MANUAL SCRAN
RUN DATED 10-05-/78
NUMBER PAPGEO4

9.300E+01]

8.400E+01}

7.500E+01}—

6.600E+01

S.700E+01]

4 .HO00E+0O1

P-IHX NA fASS FLO
P-IHX NA MASS FLO

16.
2 L.
3 REACT CORE MASS FLOUW

l I l

gT

| | | |

0.

g0O.0 160.0 240.0 320.0

TIME,

SECS

400.0 480.0 5$60.0 640.0 720.0
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TEMPERRARTURE

FIGURE "4-123

PUDL REACTOR CONTROL ROO UITHORAUHL UWITH DELAYED MANUARL SCRAM
RUN DRATED 10-05-7d

NUMBER PAPGED4

9.800E+02
1 AUG CORE DUTLT TENP
2 HOT POOL TEMPERATURE
3 COLD POOL TEMPERTURE
1 4 CORE INL TEMPERATURE
9,1005+0225;;///;;¢f-***—- \ § REACTOR OUTLET TEMP
8.400E+02} _
7 .700E+02}
7 .000E+02} _
6.300E+02)
J.4
S .600E+02 l | | | | ] | I
0. HO.0 160.0 240.0 320.0 400.0 48B0.0 S60.0 640.0 720

TIMES

SECS

.0
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FIGURE 4-124
POOL REACTOR CONTROL ROD UITHORAWL. UITH DELAYED MANUAL SCRAN
RUN DATED 10-05-78
NUMBER PAPGED4

9.500E+02

P-IHX IN NDZ TENP
P-IHX IN NOZ TERP
P-IHX EX NOZ TEWP
P-IHX EX NOZ TEMP
PRI. PUNP TEMP.
PRI. PUMP TENP.

B.800£+02

munraonron
. » » [ . .

DN W

B.100E+02}

7 .400E+02|
6.700E+02} _
6.000E+02}_. 3 4 ¢ ¢ VAN -«““b\“““““*--\*-_~_m;m~ﬁ-~
4 l .
5.300E+02 l | | | | } f |
0. BO.0 160.0 240.0 320.0 400.0 4B0.0 560.0 640.0 720.0

TIME, SECS
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DEG F

b

TEMPERATURE

POOL REACTOR CONTROL ROD WITHDRAWL WITH DELAYED MANUAL SCRAN
RUN DARTED
NUNMBER

9.400E+02

FIGURE 4-125

10-/05/78
PAPGEO4

B.?OOE*02L~
8.000E+02
7.300E+02
6.600E+02

5.900E+02}

5.200E+02

mornron

s -8 ®

DU H WN -

I-IHX IN NDZ TENP
I-IHX IN NOZ TENP
I-IHX EX NOZ TENP
I-IHX EX NOZ TEWP
PUNMP TEMP.
PUNMP TENP.

INT.
INT.

o.

80

0

160.0

240.0

TIMES

320.0

SECS

400.0

480 .0

660.0

640.0

720.0
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4
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FIGURE 4-126

POOL REACTOR CONTROL ROD UWITHDRAUWL WITH DELAYED MANUAL SCRAN
RUN DATED 10-05/78
NUMBER PAPGEO4

9.400E+02

B8.700E+02

8.000E+02

7 .300E+02

6.600E+02

. EVAP. NA IN TENP.
. EUAP. NA IN TENP.
. EUAP. NA EX TERP.

5.900E+02
3 4
S .200E+02 | | | \\T‘\w\_ L |
0. 0.0 160.0 240.0 320.0 400.0 4BO.0 S60.0 640.0 720.0

TIMEs SECS
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FLOW

POOL REACTOR CONTROL ROD WITHDRAWL WITH

FIGURE 4-127

DELAYED MANUAL SCRAN

RUN DATED 10-05.78
NUMBER  PAPGED4
1.200E+02
3 1 5. DRM FU. NHASS FLOW
— 2 L. DRM FU. MASS FLOW
3 5. STEAM MASS FLOW
LJL3%3¢¢%’ 4 L. STEAM MASS FLOW
1.000E+02 :
8.000E+01)
6.000E+01}_
4.000E+01]__
2.000E+01}
0. | | | | ] | | |
0. HO.0 160.0 240.0 320.0 400.0 4H0.0 S60.0 640.0 720.0
TINE, SECS
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FLOW

1.200E+02

1.000E+028.2

FIGURE 4-128

POOL REACTOR CONTROL ROD WITHORAUL WITH DELAYED NMANUARL SCRAN

RUN DRATED 10-05/78
NUNMBER PAPGEDA4

B.00OE+O1}

6.000E+01}—

4.000E+01)

2.000E+01L

S. EU IN WIR MAS FLO
L. EU IN WTR MAS FLD
TURB IN STH MASS FLO
S. WTR DnP HMASS FLOU
L. UTR DMP MASS FLOUW
S. STrt DHMP NMASS FLOW
L. STH DMP MASS FLOUW

NS WA

ake 2l | I | | | |

80.0 160.0 240.0 320.0 400.0 480.0 560.0 640.0 ?720.0

TIHEs SECS
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| FIGURE 4-129
POOL. REACTOR CONTROL ROD UWITHORAUL UWITH DELAYED NANUARL SCRAN
RUN DATED 10-05-78
NUMBER  PAPGEO4

1.180E+03

. DRUM STEAM PRESS.
. DRUM STEAM PRESS.
. EUAP IN WTR PRESS
. EUAP IN UTR PRESS
. EVAP EX STM PRESS
. EUAP EX STH PRESS
TEAM HEADER PRESS.

S
L
S
L
1.150E+03 s
L
S

1.120E+03

1.090E+03

1 .060E+03

1.030E+03]

e i

1.000E+03l | | |
a. 80.0 160.0 240.0 320.0 400.0 480.0 S60.0 640.0 720.0

TIMEs SECS
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TEMPERATURE

S.900E+02

5.400E+02

4 ,900E+02

4.400E+02

3.900E+02

3.400E+02

2.900E+02
1]

POOL REHCTER CONTROL ROD UWITHDRAUL WITH DELAYED MANUAL SCRAN

FIGURE 4-130

RUN DRTED 10-05-78

NUHMBER PAPGEOA4
1 FEEDUATER TENP.
2 S. DRUNM STEAN TENP.
& 5 3 L. DRUM STEAM TENP.
P e 4 S. EUAP. IN HTR TENP
- SLTTE VAP T INT TR TTETP
4.5 6 S. EU , P
. EUAP. EX STH TENP
y
| ] | | ] | | |
. 80.0 720.0

160.0 240.0 320.0 400.0 4B0.0 S60.0 640.0

TIME, SECS
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3.000E-01

2.S0DE~-01)

2.000E-0C%

1.500E-01

1.000E-01

5.000£-02

FIGURE 4-131

PODL REACTOR CONTROL RAOD NITHQRR“L WITH DELQYED naNuAL SCRAN
RUN DRTED 10-05/7H
NUMBER PAPGED4

i
2

| | | l t l I |

S EVAP . EX STH QuUAL
L. EUAP. EX STH QUAL

. 80.0  160.0 240.,0 - 320.0 - 400.0  480.0 560.0 640.0

TINE, SECS

220.0
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IN

-

LEVEL

1.100E+01

RUN DATED
NUMBER

FIGURE ~ 4-132
POOL REACTOR CONTROL ROD WITHORAUL WITH DELAYED MANUAL SCRAN

10-05-78
PAPGEODA4

7 .000E+00L—

3.000E+00}|—

-1.000E+00

-5.000E+00

-9.000E+00

-1 .300E+01

l

l

1 S. DRUM WATER LEVEL
2 L. DRUM UWATER LEVEL

I l l

0.

80.

0

160.0

240.0 320.0

TINE,

SECS

400.0

4H0.0 §£60.0 640.0 ?720.0
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POMERAFLOW, PERCENT

RUN

RUNMBER

FIGURE 4-133 :
PODL REACTOR ISOLATION OF ONE STEAM GENERATOR AND DUNP. VALUE FRILURE
DATED 10-06-78H

TEPGEO1L

1.200E+02 ,
1 NUCLEAR REACT POMUER
2 S. P-PHP NA MASS FLD
3 L. P-PMP NA MASS FLD
4 S. I-LOP NA MASS FLO

1 .000E+02 S L. I-LOP NA MASS FLO

8.000E+01}_

6.000E+01

4 .000E+01} ]

2 .000E+01}._.

Qﬁ
3 i . y
0. { } } -4 f 1 | .
0. 90.0 180.0 270.0 360.0 450.0 S40.0 630.0 ?20.0 B10.0
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POOL REACTOR ISOLATION OF ONE STERAM GENERATOR AND OUNMP UALUE FATLURE

FIGURE 4-134

!

RUN DATED 10-06-78
NUMBER TEPGEOD1

1.030E+02
1 5. P-IHX NA MASS FLO
2 L. P-IHX NA MASS FLO
3 REACT CORE MASS FLOW

9.300E+01

8.300E+01]_

7 .300€+01| |

6 .300E+01}

S.300E+01)_ )

| 3
4.300E+01 | | | | | |
0. 90.0 1H0.0 270.0 360.0 4S0.0 S40.0 630.0 720.0 810.0
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DEG F

b

TENPERRTURE

POOL REACTOR ISOLATION DF ONE STEAM GENERATOR AND DUNMP URLVE FAILURE

9.100E+02

FIGURE 4-135 .

RUN DATED 10-,06-78
NUNMBER TEPGEO1L

B.500E+02

7.900E+02

7 .300E+02

§.700E+02

6.100E+02

5.800E+02

1 AUG CORE OUTLTY TENP
2 HOT POOL TEMPERATURE
3 COLD PROL. TEMPERTURE
4 CORE INL TEMPERATURE
S REACTOR OUTLET  TEMP

I I ] i

0.

90.0 180.0 270.0 360.0 450.0 S40.0 630.0 720.0 810.0

TIMEs SECS




FIGURE 4-136

POOL RERCTOR ISOLATION OF ONE STEAN GENERATOR AND DUNMP UALUE FAILURE
RUN DATED 10-06/78

SGL-¢"¢-A

DEG F

L

TEMPERATURE

NUMBER TEPGEOD1
8.900E+02
1 S. P-IHX IN NOZ TENWP
2 L. P-IHX IN NOZ TENP
3°S. P-IHX EX NDZ TEMP
4 L. P-IHX EX NOZ TENP
8.300E+02] S S. PRI. PUNP TEMP.
6 L. PRI. PUNP TENP.
7 .700E+02
=
7.100E+02| _
3
6 .500E+02|__
2
5.900E+02 __- = S 6 T
4 ) .
5.300E+02 l f——t | K l I [
0. 0.0 1B0.0 270.0 360.0 450°.0 S40.0 630.0 720.0 B810.0
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#.800E+02

H.200E+02

7 .600E+02

7.000E+02

6.400E+02

5.800E+02

S.200E+02
o

FIGURE 4-137
POOL REACTOR ISOLATION OF ONE STEAN GE
RUN DRTED 10-/06-78
NUMBER TEPGEO1

/

/
/
/

/
WERHTDR AND DuNP VALVE FARILURE

1
|

| AN 3

S

I-IHX IN NOZ TENP
I-IHX IN HNOZ TENP
I-IHX EX NOZ TENP
I-IHX EX NOZ TEMP
INT. PUNP TENP.
INT., PUNP TENP.
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. 90.0 180.0 270.0 360.0 450.0
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TEMPERATURE

FIGURE 4-138

POOL REACTOR ISOLATION OF ONE STEANM GENERATOR AND OUNMP vALUE FAILURE
RUN DATED 10s06-78

NUMBER TEPGEO1
8.800E+02
1 5. EUAP. NA IN TENP.
2 L. EUAP. NA IN TENP.
3 §. EUAP. NA EX TENP.
4 . EURP., NR EX TENP.
B.200£+02

7 .600E+02

7 .000E+02

6.400E+02

S.B00E+02

5.200E+02L 1 1 | | | |

0. 0.0 180.0 270.0 360.0 450.0 &40.0 630.0 ?720.0 810.0
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2.000E+01

FIGURE 4-139

POOL REACTOR ISOLATION OF ONE STERM GENERATOR AND DUNMP UVALVE FAILURE:
RUN DATED 10-06-78
NUNBER TEPGEOL

. DRM FW. MASS FLOU
. DRM FU. MASS FLOU
. STEAM MASS FLOU

18
2 L
3 S
4 L. STEAN NASS FLOUW

Loy s | b P oy

. 90.0 180.0 270.0 360.0 450.0 S40.0 630.0 ?20.0 810.0

YINE, SECS



FIGURE 4-140
POOL REACTOR ISOLATION OF ONE STEAN GENERATOR AND DBUMP UALVE FAILURE
RUN DRTED 10-,06,78
NUMBER TEPGEO1

6GL-€°2-A

s PERCENT

FLOW

1.200E+02,
1 S. EU IN WTR NAS FLD
2 L. Eu IN UTR MAS FLO
3 TURB IN STH NMASS FLD
4 §. UTR DnNP nASS FLOUW

1.000E+02 5 L. WTR OMP MASS FLOU
6 S. ST DMP NASS FLOUW
? L. ST DMP MASS FLOU

8.000E+01

6 .000E+01
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FIGURE 4-141

POOL REACTOR ISOLATION OF ONE STEANM GENERATOR AND OUNP VALUE FAILURE

RUN DATED 10-06-78

NUMBER TEPGEO1

1.420E+03
1 S. DRUM STEAM PRESS.]
2 L. DRUM STEAM PRESS.|
3 S. EUAP IN WTR PRESS
4 L. EUAP TN WTR PRESS

1.3506+03 § S. EUAP EX STM PRESS
Gt EVAP—EN—GTH—PRESS
2 STEAN HMEADER PRESS.

i 1

1.280E+03

1.2106+03%

1.1406+03}_

1.070E+03}__

1.000E+03[= S e | — | | |

0. 90.0 180.0 270.0 360.0 450.0 S40.0 630.0 ?720.0 B10.0

TINEs SECS




FIGURE 4-142
POOL REACTOR ISOLATION OF ONE STEAN GENERATOR AND DUNP UALUE FARILURE
RUN DATED 10-06/7H

191-€°2-A

DEG F

s

TEMPERATURE

NUMBER ~ TEPGEO1

S .900E+02
VRS 1 FEEDURTER TENP.,
2 §. DRUM STERM TENP,
3 L. DRUM STEAR TENP.
=R 4 S. EVUAP. IN WTR TEMP
6 .400E+02L Z ST EVURP T INTWIR TENP)
6 ST EUAP, EX STH TEMP
“\/// 7 L. EUAP. EX STn TENP
4.900E+02} .
4 .400E+02}.—

3.900£+02

3.400E+02

2.900E+02

l 1 l

l

-
fomangite.
e

o.

90.0 180.0 270.0 360.0 450.0 $40.0 630.0 720.0 ©10.0
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s FRACTION

QURLITY

3.000E-01

2.500E-01

2.000E-01

1.500E-01

1.000E-01

5.000E-02

POOL REACTOR X

FIGURE 4-143
SOLATION OF ONE STEAN GENERATOR AND DUNMP UALVE FRILURE
RUN DATED 10-06-78
MUMBER TEPGEODL

|

S. EUAP . EX STH QUAL
LI

i
2 EVAP. EX STi QUAL

| | ! | | I | 4

o. 90,0 - 180.0 - 270.0  360.0 450.0 . 6540.0 630.0 ?720.0. 8410.0
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‘ FIGURE 4-144 -
PODL REACTOR ISOLATION OF DONE STEAM GENERATOR AND DUNMP VALUE FAILURE
RUN DATED 10-06-78
NUMBER TEPGEO1

6.000E+01

1 S. DRUM WATER LEVEL
2 L. DRUM WRTER LEVEL-

3.000E+01}

IN

- -3.000£+01

LEVEL

-6 .000E+01

~9.000E+01

3 | 1 § i i
1 i i i i i

s

~1.200E+02 |
0. 90.0 4180.0 270.0 2360.0 450.0 640.0 630.0 720.0 B810.0

TIMEs SECS
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FIGURE 5-1
POOL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUMP TRIP(NMAX DECAY HT)

RUN DATED 10-31-78
NUMBER = PAPGEDO
1.200E+02 IHTS PUMP HALF-TIME = 6 SEC
1 NUCLEAR REACT POMWER
2 S. P-PHP NA NMASS FLD
3 L. P-PHP NA NASS FLO
4 S. I-LOP NA MASS FLO
1.000E+02 3 § . I-10P NA HASS FLO
8.000E+01
6.000E+01}}
4 .000E+01
2.000E+01]
1
0. \\-“~“rw_ I i { f ; ; |1
0. 60.0 120.0 1B0.0 240.0 300.0 360.0 420.0 480.0 §40.0
TINE, SECS
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FIGURE 5-2

POOL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUMP TRIP(MAX DECAY HT)
RUN DATED 10,3178 :
NUMBER PAPGEOO
4 .010E+02 IHTS PUMP HALF-TIME = 6 SEC
1 S. P-IHX NA MASS FLO
2 L. P-IHX NA NASS FLO
‘JLJngMm-_leﬁ\"';*_\——-~—*——*\ 3 REACT CORE MASS FLOU
1.000E+02 :
9.900E+01]
9.B00E+01
1
9.700E+01
9.600E+01}__
9 .S00E+01 l l l l | l 1 |
0. 60.0 120.0 1B80.0 240.0 300.0 360.0

TINME,

SECS

420.0 480.0 540.0
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TEMPERATURE

POOL IHTS PUMP PUR LDSS WITH SCRAM AND NO PUNMP TRIP(MAX OECAY

9.200E+02

FIGURE  5-3

RUN DATED  10-31-78
NUMBER PAPGEQO

HT)

IHTS PUMP HALF-TIME = 6 SEC

B8.600£+02

8.000E+02

?.400E+02

6 .BOOE+02}1

6.200E+02

§.600E+02

W N

| ERNSRRR SR | l

AUG 'CORE OUTLT TEDP
HOT POOL TEMPERATURE
COLD POOL TEMPERTURE
CORE INL TENMPERATURE
REACTOR DUTLET TENP

0.

60.0 120.0 180.0 240.0 - 300.0 360.0 420.0 4B0.O

TIHE, SECS
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TEMPERRTURE

9.000E+02

8.400E+02L

7 .BOOE+O2

7.200E+02

6.600E+02

6 .000E+02

S.400E+02
0

FIGURE 5-4
PoOL. IHTS PUnMP PUR LOSS WITH SCRAM AND NO PUNMP TRIP(MAX DECAY HT)
RUM DRATED 10-31-78
NUNMBER PAPGEOO

IHTS PUMP HALF-TIME = 6 SEC

P-IHX IN NOZ TEMP
P-IHX IN NOZ TENP
P-IHX EX NOZ TENP
P-IHX EX NOZ TENP
PRI. PUNP TENP.
PRI. PUNMP TENP.
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o WNKE

| | l | l I | i

- 60.0 120.0 18B0.0 240.0 300.0 360.0 420.0 480.0 540.0

TIne, SECS '



FIGURE 5-5

POOL IHTS PUNP PUR LOSS WITH SCRAM AND NO PUNP TRIP(MAX DECAY HT)
RUN DATED 10-31-70

89(-£'2-A
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?

TEMPERRTURE

B.900E+02

H.300E+02

7.700E+02

?.100E+D2

6 .500E+02

5.900E+02

5.300E+02

o.

NUMBER

PAPGEOO

IHTS PUMP HALF-TIME = 6 SEC
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£ 4 e
3 [ =

3

DHNDWN -
roraer

L BT

S. I-IHX IN NOZ TENP
. I-THX IN NOZ TENP
I-THX EX NOZ TERP
I-THX EX NDZ TENP
INT. PUNP TENP.
INT. PUNP TENP.
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?.200E+02

7?.100E+02

6.500E+02

S.900E+02

5.300E+02
0

FIGURE 5-6

POOL IHTS PUNP PUR LOSS WITH SCRANM AND NO PUNP TRIP(MAX DECAY HT)
RUN DATED 10-31-78
NUNMBER PRPGEOOD

IHTS PUMP HALF-TIME = 6 SEC

1 S. EUAP. NA IN TEne.
2 L. EVUAP. NA IN TENP.
3 S. EUAP. NA EX TENP.
4 L. EURP. NA EX TENP.

N

§.
1
1

b

i I i i
] 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B80.0 540.0

|

TIMEs SECS
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1.200E+02

: FIGURE 5-7 ,
POOL IHTS PUNP PUR LOSS WITH SCRAM AND NO Punp TRIP(QRX DECAY HT)

RUN DATED
NUMBER

10,3178
PAPGEDOD

IHTS PUMP HALF-TIME = 6 SEC

1.000E+02r

8.000E+01

6.000E+01

4.000E+01}

2.000E+01

| L

1 S. DRM FU. MASS FLOW
2 L. DRM FU,. NASS FLOU
3 S. STEAR HASS FLOU
4 L. STEAN NASS FLOU

R )
i } f1

120.0

180.0

240.0 °300.0

TIME: SECS

360.0  420.0 48B0.0 - 540.0
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1.200E+02

1.000E+02

8.000E£+01

6.000E+01

4 .000E+01

2.000E+01

POOL

FIGURE 5-8 ,
IHTS PUNMP PUR LOSS WITH SCRAM AND NO PUNMP TRIP(NAX DECAY HT)
RUN DATED 10-31-7H '
NUMBER PAPGEOCO

IHTS PUMP HALF-TIME = 6 SEC

-

S. EU IN UTR NMAS FLO
L. EU IN UHTR NMAS FLO
TURB IN STH MASS FLO
S. UTR DHMP NMASS FLOUW
L. WTR ONP NMASS FLOUW
S. STH ONMP NASS FLOW
L. ST DMP NMASS FLOW

NDHNDHWN

b s g | 2 | | | l I |

60.0 120.0 18B0.0 240.0 300.0 360.0 420.0 4B0.0 540.0

TIME, SECS
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PSIA

PRESSURE s

1.180E+03

1.150E+03

1.120E+03

1.0S0E+03

1.060E+03]

1..030E+03

1.000E+03

: FIGURE 5-9 : n
POOL IHTS PUNP PUR LOSS WITH SCRAM AND NO PUNP TRIP(MAX DECAY HT)
RUN DATED 10-31-78
NUMBER PAPGEOO

IHTS PUMP HALF-TIME = 6 SEC

S. DRUM STEAN PRESS.
L. DRUNM STEARN PRESS.
S. EURP IN HIR PRESS}
Lo EUAP IN WIR PRESS
S, EURAP EX ST PRESS)
L. EVUAP EX STH PRESS
STERM HEADER PRESS.

S,

NS W N

= ] i
60.0 120.0 1B0.0 240.0 :300.0  360.0 - 420.0  480.0  540.0

TINE> SECS
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ELL-E72-A

TEMPERATURE

FIGURE 5-10
POOL IHTS PUNP PUR LOSS WITH SCRAM AND NO PURP TRIP(MAX DECAY HT)
RUN DRTED 10-31-/78

» NUMBER PAPGEOOD
6 .000E +02 : IHTS PUMP HALF-TIME = 6 SEC
1 FEEDUATER TEMP.
2 S. DRUN STEAn TENP.
3 L. DRUM STEAN TENP.
4 S. EUAP. IN UTR TENP
5 .500E+02 o > S L. EUAP. IN UTR TEMP
4 ? ST CREUTESTERCTSTIIE TENP
TENP
5.000E+02}__
4 .500E+02{_.
4.0005+02ij\\\\\\
3.500E+02)
3.000E+02 | ] | | |
0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 S40.0

TINE, SECS
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FIGURE 5-11

POOL IHTIS PUMP PUR LOSS WITH SCRAM AND NO PUNP TRIP(NAX DECAY HTI

4,200E-01

RUN DATED
NUNMBER

10-31,78
PRAPGEODC

4
IHTS PUMP HALF-TIME = 6 SEC

3.500E-01

2.800E£-01

2.100E~01

1.400E~01

7.000E-02

1 S. EUAP. EX ST QUAL
2 L. EVUAP. EX STH QUAL

| ] -

0. 60
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120.0
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FIGURE 5-12

PO IHTS PUNP PUR LBSS WITH SCRANM AND NO PUNMP TRIP(NAX DECAY HT)

B.909E+00

¢ .A409E+004_

S.909E+00

4.409E+00

2.908E+00

1.409E+00

-9.100E-02
0

RUN DRTED 10-31-78
NUMBER PAPGEDD

IHTS PUMP HALF-TIME = 6 SEC

57
2 L.

I | I I |

by {
ORUM HATER LEVEL
DRUNM UHWATER LEVEL

I I

. 60.0 120.0 18B0.0 240.0 300.0 360.0

TIMEs SECS

420.0 480.0 540.0
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POMER FLOW:

FIGURE 5-13

POOL IHTS PUMP PUR LOSS HWITH SCRAM AND NO PUMP TRIP (MAX DECAY HI}

RUN DATED
NUMBER

1.20BE+02,

11,0178
PAPGEDL

IHTS PUMP HALF-TIME = 12 SEC

1.000E+02

1 NUCLEAR

REACT POMER

2 S. P-PHP NA MASS FLO
3 L. P-PHP NA MASS FLO
4 S. I-LOP HA HASS FLO

B.000E+01

6.000E+01

4.000E+01)

2.000E+01

I-1.0P NA HASS FLO

3 3

1

I

o i
i i 1 I

1
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TINE

SECS .
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9.500£+01
0

FIGURE 5-14 .
PUGL IHTS PUNP PUR LOSS WITH SCRAM AND MO PURP TRIP (MAX DECAY HT)

RUN ORTED 11-0L-78
NUMBER PAFPGEO1L , .
IHTS PUMP HALF-TIME = 12 SEC
1 §. P-IHX NA [MASS FLi
2 L. P-IHX NA MASS FiLO
[P — 3 REACT CARE MASS Fuau
TN
_}.4’(.:_*, 3 -
| d,,,,ﬂﬂi
S s -
—«-"/
/
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- 1//
4»/’)
/ '
| | | | | | | | _
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B.600E+02

B.000E+Q2

72.400E+0Q2

6.800E+02

6.200E+02

HL60UE Q2

FIGURE 5-15

IHTS PUMNP PUR LOSS UITH SCRAM AND NO PUNP TRIP (NMAX OECAY HT)

RUN. DATED

NUMBER PAPGEO1L

11-01-78

IHTS PUMP HALF-TIME = 12 SEC

AUG CORE OUTLT TEHP
HOT POOL TENPERATURE
cOLD POOL TEMPERTURE
CORE “INL TENPERATURE
REACTOR OUYLET TENP

&Lk

1 £

a.
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180.0 240.0

TInEs SECS
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TEMPERRTURE

FIGURE 5-16

‘POOL IHTS PUNMP PHR LOSS WITH SCRAR QﬁD NO PUNP TRIP (MAX DECAY HT)
RUN DRTED 11-01-/78
NUMBER PAPGEO1

S . 0DOE+02 IHTS PUMP HALF-TIME = 12 SEC

P-~IHX IN NOZ TENP
P~IHX IN NOZ TENP
P~-IHX EX NOZ TENP
P-IHX EX NOZ TENP
PRI. PUNMP TENMP.
PRI. PUNMP TENP.

LS . Y

8.400E+02

DN W
mronrorse

7 .HO0E+O2

7.200E+02

6.600E+02

6.000E+02

G .400E+02 ] | |
0. 60.0 120.0 180.0 ° 240.0 300.0 360.0 420.0 4B0.0 540.0

TINE, SECS
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FIGURE 5-17

PUHL IHTS PUMP PUR LOSS WITH SCRAN AND NO PUNP TRIP (MAX DECAY HT)
RUMN DATED = 11-01-/78

8.200E+02]L

7.600E+02

7.000E+02

6.400E+02

5.800E+02]

NUMBER PAPGEQ1
IHTS PUMP HALF-TIME = 12 SEC
1 6. I-TIHX IN NOZ TENHP
2 L. I-IHX IN NDZ TERP
3 §. I-THX EX NOZ TERP
4 L. I-IHX EX NOZ TERP
6 S. INT. PUMP TENP.
6 L. INT. PUNP TENP.
L
S ‘
S
X 3 R . i =
5.200E+02 I f I | |
60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 540.0

0.

TINE,
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6.400E+02
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FIGURE 5-18

RUN DATED
NUMBER

11-01-78
PAPGEOYL

IHTS PUMP HALF-TIME =

POOL IHTS PUMP PHR LOSS WITH SCRANM AND NI PUMP TRIP (MAX DECAY HT)

12 SEC

S——

1 S. EVUAP., NA IN
2 L. EUAP. NA IN
3 S. EUAP. NA EX
4 L. EUAP. NA EX

TENP.
TENP.
TENP.
TEMP.

| I—

l

.

120.0

180.0

240.0 300.0

TINEs SECS

360.0 420.0 4H0.0
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4.000£+01
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FIGURE 5-19

POOL  IHTS PUNP PUR LOSS UITH SCRAM AND KO PUNP TRIP (MAX DECAY HT)
RUN DATED 11-01-78

HURBER . PRAPGED1L
IHTS PUMP HALF-TIME = 12 SEC
1.6, DRU FU. NASS FLOU
2.6 DRMFU. MASS FLOW
3.§. STEAN MASS FLOW
4 L, STEANM nASS FLOW

l l b ! ! ] -
60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 §40.0

TINME, SECS
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FIGURE 5-20

POOL IHTS PUMP PUR LOSS UITH SCRAM AND NO PUMP TRIP

(MAX DECAY HT)

RUN DATED 11-01-78
NUMBER PAPGEQ1
1.200E+02 IHTS PUMP HALF-TIME = 12 SEC
- 1 6. EU IN UTR MRS FLO
2 L. EU IN WTR MRS FLO
3 TURB IN STH MASS FLO
4 . WUTR DMP MASS FLOW
1.000E+02 S L. WTR DMP MASS FLOU
6 S. STH DMP MASS FLOU
7 L. STH DHP HASS FLOUW
8.000E+01
6.000E+01]
4,000E+01}__
e MM,.,_
T2 \\‘\1\\
a. b s g6l 2z | | | | | |
0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 540.0

TINE,

SECS
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FIGURE 5-21

POOL THTS PUNP PUR LOSS WITH SCRAM AND NO PUMP TRIP (MAX DECAY HT)
RUN DATED 11-01/78
NUNMBER  PAPGEO1L

1.16806c+03 , IHTS PUMP HALF-TIME = 12 SEC

L S. DRUN STEAN PRESS.
L. DRUM STEAM PRESS.
3 S. EUAP IN UTR PRESS
~ 4 L. EVUGP TH WTR PRESS
1.150E+03} S S. EUAP EX STH PRESS
k 6 L. EUAP EX $TH PRESS
7 STEAM HEADER PRESS.
1.120E+03
1.090E+03
1.060E+03
1.030€+03
1.000E+03 = RN Y i I I3

6. 60.0° 120.0 180.0 240.0 300.0 360.0 420.0 480.0 £40.0

TINE, SECS
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TURE » DEG F

-
1

TEMPERR

6.000E+02

5.500E+02

5.000£+02

4.500E+02

4 .000E+02

3.500£+02

3.000E+02
a

FIGURE 5-22

POOL IHTS PUMP PUR LOSS HITH SCRAM AND HNO PURP TRIP (MAX DECAY HT)

RUN DATED 11-01-78
NUMBER PAPGEO1

THTS PUMP HALF-TIME = 12 SEC

FEEDURTER TENP.

S. ORUN STEAN TEMP.
L. DRUNM STEAN TENP.
S. EuAP. IN UTIR TEMP
L. EUAP. IN WTR TEMP
STTENHELTTETSHE TENP

MB«M TENP

ClNnd W=

| | | I

- 60.0 120.0 180.0 240.0 300.0 360.0 420.0 48H0.0

TINEs SECS

540.0
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y FRACTION

QURLITY

4.200£-01

3.S00E-01

2.800E-01]

2.100e-01

1.400E-01

7.000e-02

NUMBER

FIGURE 5-23

POOL IHTS PUNMP PHR LOSS WITH SCRAM AND NO PUNP TRIP
RUN DATED  11-01-78

PAPGEOL

(MAX DECAY HT)

IHTS PUMP HALF-TIME = 12 SEC

N

| |

|

|

1 S. EUAP. EX STH QUAL
EUAP. EX STH QuAL

2L

Ll

4

]

i

a.

60.0 - 120.0

180.0

TINE,

240.0

SECS

300.0

360.0

420.0

480.0

540.0
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IN

LEVEL

8.909E+00

RUN DATED
HUNBER

FIGURE 5-24
pPOOL THTS PUMP PUR LOSS WITH SCRAM AND NO PUNMP TRIP (NAX DECAY HIT)

11-01-,78
PAPGED1

IHTS PUMP HALF-TIME = 12 SEC '

7.409€+00

§.909E+00

4.409E+00

2.909E+00

1.408E+00

~9.100£-02

|

|

1

1S URUR HATER LEVEL

|

2 L. DRUM WATER LEVEL

i

[ | | l

a.

60.0

120.0

180.0 240.0

TINE,

SECS

300.0 360.0 420.0 480.0 540.0
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PERCENT

POWER FLDOW>

1.200E+02

1.000£+02

B.000E+01}

6.000E£+01

4 .000E+01

2.000+01

FIGURE 5-25
PDDL IHTS PUMP. PUR LIOSS WITH SCRAM AND NO PUNMP TRIP (HMAX DECAY HT)
RUN DRTED . 11-01-7H
NUMBER PRAPGEDZ

IHTS PUMP HALF-TIME = 24 SEC

1 NUCLEAR REACT POWER
P-PHP NA HMASS FLO
P-PHP NA MASS FLO

I-LOP NA MASS FLO
I=L0p Ng MASS FLO

N W
[T W

i

I ] f 1 {

S

. 60.0 120.0 1B0.0 240.0 300.0 360.0 420.0 480.0 540.0

Tinks SECS
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FLOW

FIGURE 5-26

POOL IHTS PUNMP PUR LOSS UITH SCRANM AND NO PUNMP TRIP (MAX DECAY HT)
RUN DATED 11-01/78
NUMBER PAPBEQ2

IHTS PUMP HALF-TIME = 24 SEC

1.00BE+02
1L S. P-IHX NA MASS FLO
2 2 L. P-IHX NAR MASS FLD
JJ“r““*”“L*_“_ i 3 REACT CORE MASS FLOW
1.000E+02} 4.3 3 -
9.920E+01]
9.840E+041]
9.760E+01]
9.6B0E+01}
9.600E+01 | | | | | | |
0. 60.0 120.0

180.0 240.0 300.0 360.0 420.0 4HO0.0 540.0

TINE», SECS
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DEG . F

¥

TEMPERATURE

FIGURE 5-27

POOL IHTS PUNP PUR LOSS UITH SCRAM AND NU PUNMP TRIP (ﬁﬁX DECAY HT)

RUN DATED 11-/01-78

NUMBER PAPGED2

s IHTS PUMP HALF-TIME = 24 SEC
1 AUG CORE DUTLT TERP
2 HOT POOL TEMPERATURE
3 COLD POOL TEMPERTURE
4 CORE INL TEMPERATURE

8.600E+02 S REACTOR DUTLET TEMP

a.000E+02} .

7.400E+02])

6.000E+02}L

1
6.200E+02 ,
5.600E+02 | | ] | —————

g. 60.0 - 120.0. 180.0 240.0 300.0 360.0 420.0 480.0  540.0

TIME» SECS
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DEG F

¥

TEMPERATURE

9.000E+02

RUN DATED
NUMBER

FIGURE 5-28
pOOL IHTS PUNMP PUR LOSS WITH SCRAM AND NO PUNMP TRIP (MAX DECAY HT)

11,0178
PAPGED?Z

IHTS PUMP HALF-TIME = 24 SEC

8.400E+02

7.8B00E+02

7.200E+02

6.600E+02

6.000E+02

D b N =

rwomronre

2 B o€ B » @

P-IHX IN NOZ TENP
P-IHX IN NOZ TENP
P-IHX EX NOZ TENP
P-THX EX NOZ TENP
PRI. PUHP TENP.
PRI . PUNP TENP.

-

5.400E+02 | | | 1 | i i
0. 60.0 120.0 1H80.8 240.0 300.0 360.0 420.0 480.0 540.0

TIMEs SECS
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DEG F

9

TEMPERRTURE

8.800E+02

8.200E+02}

7.600E+02

7.000E+02

6.400E+02

FIGURE 5-29

POOL IHTS PUNP PHR LOSS HITH SCRAM AND NO PUNP TRIP (NAX DECAY HT)

RUN DATED  11-01-78
NUMBER PAPGED2

IHTS PUMP HALF-TIME = 24 SEC

= NI oI
L] . L] L) ® L

O U1 8 W b b

TI-IHX INCNOZ TENP
I-IHX IN NOZ TENP
I-THX EX NOZ TEMP
I-THX EX NOZ TENP
INT . PUNMP TEHNP.
INT. PUNP TENP.

5 .BO0E+02
| ‘Z\\\;;:ZE«EE:¥::§::m»T=%::Z; &
5. 200E+02 ' —1 1 ]
0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0 §40.0

TINMEs SECS
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DEG F

]

TEMPERRTURE

8.800E+02

8.200E+02

7.600E+02

7.000E+02

6.400E+02

5.800E+02

$.200E+02

0.

FIGURE 5-30

pPOOL IHTS PUNMP PUR LOSS WITH SCRAM AND NO PUNP TRIP (MAX DECAY HT}
RUN DATED 11-01-7H0
NUMBER PAPGED2

IHTS PUMP HALF-TIME = 24 SEC

1 §. EUAP. NA IN TERP.
2 L. EUAP. NA IN TENP.
3 8. EVAP. NA EX TENP.
4 L. EURP. NA EX TENP.

e ————

| I I l

60.0 120.0 18B0.0 24

TINE,

0.0

SECS

300.0 360.0 420.0 480.0

§40.0
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FIGURE 5-31

POOL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUNMP. TRIP (MAX DECAY HT)

1.200E+02

1.000E+02

#.000£+01

6.000E+01

4 .000E+01

2.000E+01

RUN DHTED  11-031-/78

NUMBER PAPGEOD2

IHTS PUMP HALF-TIME = 24 SEC

l

1 6.
2 L.
3 S,
4 L.

DRIt FW. MASS FLOU
DRI FU. HASS FLOU
STEAM MASS FLOW
STEAM MASS FLOW

60.0 120.0 1BO.0 240.0 300.0 360.0 420.0 480.0 $40.0

TIMEs

SECS
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FLOW

FIGURE 5-32

POOL IHTS PUNMP PUR LOSS UITH SCRANM AND N PUMP TRIP (MAX DECAY HT)
RUN DATED 11-01-7H :
NUMBER PAPGEOD?2

IHTS PUMP HALF-TIME = 24 SEC

1.200E+02
1 S. EU IN WTR HMAS FLO}
2 L. EU IN UTR NAS FLO
3 TURB IN STH MASS FLO
4 S. UTR DNMP MASS FLOU

1.000E+02 5 L. UTR DMP MASS FLOU
6 S. STH DNMP MASS FLOU
7 L. STH ONP HMASS FLOU

8.000E+01

6 .000E+01}

4.000E+01}

2.000E+01}

0. b s a1 2 | | I | I I

0. 60.0 120.0 1BO.0 240.0 300.0 360.0 420.0 4B0.0 S40.0

TIME, SECS
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PRESSURE s

- FIGURE 5-33

POOL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUMP TRIP (MAX DECAY HT)
RUN 'DATED 11-01-7H
NUNMBER PAPGEQG2

1.180E+03 IHTS PUMP HALF-TIME = 24 SEC

1 S. DRUM STEAM PRESS.

2 L. DRUM STEAN PRESS.
3 S. EUAP IN WTR PRESS
4 L. EVUAP IN WTR PRESS

1.150€+03} 5§ S. EUAP EX STM PRESS
6 L. EURP EX STM PRESS
7 STEAM HEADER PRESS.

1.120E£+03

1 .090E+03

1 .060E+03

1.030E+03}.

1.000E+03 ] ! I 4

0. 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0 540.0

TIMEs SECS
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TEMPERRTURE

FIGURE 5-34
POOL IHTS PUNP PUR LOSS WITH SCRAM AND NO PUMP TRIP (MAX DECQY HT)
RUN DATED 11-01-78
NUNMBER PAPGED2

IHTSkPUMP HALF-TIME = 24 SEC

1 FEEDUATER TEMP.

2 S. DRUH STERANM TENP.
ORUM STEAN TEMP.
EuAP. IN UWTR TENMP
EuAP. IN UTR TENP
EVIRTTEYN—S - TENP
EUAR»—EX—S5TF TENMP

6.000E+02

5.500E+02k=@a R o 2

5.000E+02}__ 5//”’/”’M”’p’f¢-“_ﬂ-’*ﬂu_“

4,500E+02} -

N OIS W
~ o

4.000E+02

3.500E+02

3.000E+02 | | | | |
0. 60.0 120.0 1B0.0 240.0 300.0 360.0 420.0 480.0 540.0

TIME:s SECS -



FRACTION

9

86L-€°2¢-A
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: FIGURE 5-35

POOL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUNMP TRIP (MAX DECAY HT)
RUN DATED 11-01/7B
NUNBER PAPGEQ2

43606 01 ; IHTS PUMP HALF-TIME = 24 SEC

18, EVAP. EX STH QUAL
2 L. EURP. EX STH QUAL

3.500E-01¢

2.800E-01]

2.100E-01

1.400€-01}

7 .000E-02

0. i { l | |

0. 60.0°.120.0 180.0 240.0 . 300.0 . 360.0° '420.0. 4H0.0 540.0

TINMEs SECS
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¥

LEVEL

FIGURE 5-36 .

PODL IHTS PUMP PUR LOSS WITH SCRAM AND NO PUNP TRIP
RUN DATED 11-/01/78
NUNMBER PAPGEO?Z

(MAX DECAY HT)

.909E+00 THTS PUMP HALF-TIME = 24 SEC
TDRUN HWATER LEVEL
2 L. DRUM WATER LEVEL
-4"-‘/”"—_-
.409E+00
-
.909E+00]__
.409E+00]__
.909E+00}__
.409E+00}__
.100E-02k | | | ( | |

0. 60.0 120.0 1B0O.0. 240.0 300.0 360.0 420.0

TINE, SECS

480.0

540.0
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FIGURE 5-37

POOL. REACTOR ISOLATION AND BLOUDOUN OF ONE STEAM GENERATOR

RUN DATED 11-03-78
NUMBER SUPGEQDOD
1.200£+02
1 NUCLEAR REACT POUER
2 5. P-PNMP NR MASS FLO
3 L. P-PNHP NA MASS FLO
4 S. I-LOP NA NMASS FLO
1.000E+0202345% a1 I-LOP _NA _MASS FLO
8.000€E+04} .
6.000E+01} .
4.000€E+01] _
Z2.000E+0%1g
“\L-' 3 i i § i i
0. 1 i i i i I 1 |
0.0 60.0 120.0 180.0 240.0 306.0 360.0 420.0 480.0

TIME,

SECS

§40,0
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FIGURE 5-38

POOL REACTOR ISOLATION AND BLOUWDOUN OF ONE STEAN GENERRTDR

RUN DATED 141-03-78

NUMBER SUPGEQO
1.00BE+02 }
1 S. P-IHX NA MASS FLO
2 2 L. P-IH®X NR NASS FLO
,_”j/fJr~“—*___\“”“‘“‘“‘“\_______,_\3 REACT CORE MASS FLOU
1.000E+02k223 3 \
9.920E+01} _
9.840E+01} _
9.760E+01]| _
9.680E+01|
S .600E+01 | | | | | | |
0.0

60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 540.0

TIME, SECS



FIGURE 5-39

POOL REACTOR ISOLATIDN AND BLOWDOUN OF ONE STEARM GENERATOR
RUN DRTED  114-,03-78
NUMBER SUPGECO

9.300E+02

S. REACT VES IN TENP
L. REACT VES IN TENMP
AVG CORE QUTLT TENP
HOT PODL TEMPERATURE
CORE INL TEMPERATURE
REACTOR OUTLET TEMP

8.700e+02

ONARWNPP

B8.100E+02

20¢-€72-A

DEG F

?

TERMPERRTURE

7.500E+02

6§.900E+02

6.300E+02

S.7D0E+02

l i

t

|

0.0

60.0

120.0 180.0 240.0

TINE,

SECS

300.0

360.0 420.0 480.0 540.0
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DEG F

]

TEMPERRTURE

POOL REACTOR ISODLATION AND BLOWDOUN OF ONE STEAM GENERATOR

FIGURE 5-40

RUN DATEC 11,0378

NUMBER SUPGEDOD

9.100E+02
1 S. P-IHX IN NOZ TEMP
2 L. P-IHX IN NOZ TEMP
3 5. P-IHX EX NDZ TEMP
4 L. P-IHX EX NDZ TEMP

8.500€+02}) S5 S. PRI. PUNP TEMP.
6 L. PRI. PUNP TEMP.

7 .900E+02|

7.300€+02| _ 3

6.700E+02|__

6.100E+02} _ 6

Ay
5.SO0E+02 | ! ] | |
0.0 6&p.0 120.0 180.0 240.0 300.0 360.0 420.0 540.0

TINME,

SECS
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DEG. F
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FIGURE 5-41

POOL REACTOR ISOLATION AND BLOWDUUN DOF ONE STEAM GENERATOR

RUN DRTED 11,0370

NUMBER SUPGEDO
8.200E+02
1 S. I-IHX IN NOZ TEMP
2 L. I-IHX IN NOZ TENP
3 §. I-IHX EX NDZ TEMP
4 L. I-IHX EX NOZ TENP
7.700E+02| § 5. INT. PUNP TEMP.
6 L. INT. PUMP TENP.
7 .200E+02]__
N
6.700E+02}
3
4
6.200E+02]__
s.700e+02|_ |
S .200E+02 ' ' | | | | | | | |

0.0 60.0 120.0 '180.0 240.0 300.0 360.0 420.0 480.0 5£40.0

TIME, SECS
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FIGURE 5-42

POOL REACTOR ISOLATION AND BLOUDOUN OF ONE STEAM GENERATOR
RUN DATED 11-03-78

NUMBER SUPGEUO
8.200E+02,.
1 S. EUAP. NA IN TEMP.
Z L. EVAP. NA IN TENP.
3 S. EVAP. NR EX TEMP.
a L. EVAP. NA EX TENP.
7 .700E+02)__ .
7.200E+02]__ .
3
1
6.700E+02]
2
6.200E+02]__
5.7006+02} _
)
& .200E+02 | | | | | | | |
0.0 6€0.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0 640.0

TINE,

SECS
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1.200E+02

1 .D00E+02

8.0D0E+01

6.000E+01

4 .0D0E+01

2.000e+01

FIGURE 5-43

PoOL ﬁEﬂCTBR ISOLATION AND BLOUWDOUN OF ONE STERM GENERATOR
RUN DATED 11-,03,78
NUMBER SUPGEODO

DRI FU. MASS FLOU
DRI FU. MASS FLOU
STEAM MASS FLOU -
STERM MASS FLOUW

BN
rore

a1 | l | | s |

.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 480.0 540.0

TIME» SECS



FIGURE 5-44

POOL REACTOR ISOLATION AND BLOUWDOUN OF ONE STEAM GENERATOR
RUN DATED 11-03-78

NUMBER SUPGEQOD

1.840E+02
1 S. EV IN UTR f1AS FLO
2 L. EV IN UTR NAS FLD
3 TURB IN STH MASS FLIO
4 S5, UTR OMP MASS FLOU

1.540E+02 § L. HTR DHP MASS FLOW
6 S. STH DHP MASS FLOUW
7 L. STH OnP NMASS FLOU

1.140£+02

L02-E£°2-A

s PERCENT

FLDW

7 .400E+01
I6

3.400E+01) _
\\\\\
c 87 :
-6 .000E+00
-4 .600E+01 I | | | | | ] ]
0.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0 4B0.0

TINME,

SECS
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FIGURE 5-45

POOL REACTOR ISOLATION ANDO BLOWDOUN OF ONE STEAN GENERATOR

RUN DATED 11,03,78
NUMBER SUPGEDD
1.214E+03
1 S. DRUM STEAM PRESS.
Z L. DRUM STEAM PRESS.
3 S. EVUAP IN WTR PRESS
4 L. EVUAP IN WTR PRESS
1.014E+03 — E%%g;%%;%%n PRESS
1. M PRESS
7 STEAM HERDER PRESS.
8.140E+02| |
6.140E+02}
1
4.140E+02| _ .
h
2.140E+02|
1.400E+04 tAs | | | | | | |
0.0 60.0 4120.0 480.0 240.0 300.0 360.0 420.0 480.0 540.0

TIMES

SECS
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FIGURE 5-46
' POOL REACTOR ISOLATION AND BLOUDOUN OF ONE STEAM GENERATOR
RUN DRTED 11-03-78
NUMBER SUPGEOOD

8.100E+02
1 FEEDURTER TEMP.
2 S. DRUM STEAM TEMP.
3 L. DRUM STEAN TEMP.
4 S. EVAP. IN UTR TEMNP
7.100E+02| § L. EVAP. IN WTR TENP
6 S. EVAP. EX STi TENP
7 L. EVAP. EX STH TENP
6.100E+02| _
s ,
s.100E+oz??\\5\~’///J,ﬂw,,~w—wv—
b
4 .100E+02
i 2
4
3.100€+02]
6
2.100€E+02

0.0 60.0 120.0 1BO.0 240.0 300.0 3680.0 420.0 4BO.0 S40.0

TINE: SECS
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FIGURE 5-47

PODL REACTOR ISOLATION AND BLOUDOUN OF ONE STEAM GENERATOR
RUN DATED 11-03-78

NUMBER SUPGEDO
1.020E+00C i
1 +—5—EUAR—EX—STH QuAL
( © 2 L. EVAP. EX STH GUAL
8.S00E-01}}
6.800e~011}.
S.100E-01}{

3.400E-01

1.700E-01§

0. | | 1 a | [ : z |

0.0 60.0 120.0 4BO.0 240.0 2300.0 360.0 420.0 480.0 540.0

TINE, SECS
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FIGURE 5-48

pPOOL REACTOR ISOLATION ANO BLOWDOUN OF ONE STEAN GENERRTOR
RUN DRTED 11-03-/74

S.000E+01

2.000E+01

-4 .000E+01

IN

‘~4.000E+01&_

-7.000E+01}]

LEVEL

-1 .000E+02

-4 .300E+02
o

TINE,

SECS

NUMBER SUPGEOO
1 S. DRUM UWATER LEVEL
2 L. DRUM UATER LEVEL
2
bz  —
1 4
| | | | | | | I
.0 60.0 120.0 1BO.0 240.0 300.0 360.0 420.0 480.0 §40.0
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1.200E+02

REACTOR LOSS DF OFF-SITE POUER uITe MINIMUM
RUN DATED
NURBER

FIGURE 5-49

11,02,78
PRAPGED3

DECAY HERT

IHTS PUMP HALF-TIME = 24 SEC

1.000E+024

8.000E+01}

6 .000E+01
4 .000E+01
2 .000E+01
2
0. K*—J‘_, ‘
0. 200.0

i )

1 NUCLEBR RERACT POUER

2 S, P-PHP NR MASS FLD
3 L. P-PHP NA NMASS FLOY
4 S I-LOP NA NASS FLO
S L. I-LOP NA fAsS FLO

|

|

i

{

l booe |

400.0

600.0 800.0 1000.0 1200.0 1400.0 1600.0 18B00.0

TIME,

SECS




€Le-€°2-A

; PERCENT

FLOW

1.200E+07

1.000c+02

B.0O0OOE+OL

6 .000E +U1

4 _000e+01))Y

Z.0oue+01

0

FIGURE 5-50

REACTOR LOSS OF OFF-SITE POUER LITH MINIMUM
RUN ORTED 11-02-78

DECAY BEAT

1 S. P-IN¥ NA MASS FLO!
2 L. P-IHX NU MASS FLO
3 REACT CORE MASS FLOU

NUMBER PRPLEO]
IHTS PUMP HALF-TIME = 24 SEC
-
Z
s s
t i R IR

N I I S
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1.  INTRODUCTION AND SUMMARY

The combination of a saturated steam cycle and a pool-type LMFBR offers the
possibility of a plant control scheme using constant speed pumps. The saturated
steam cycle allows part-load operation at low reactor outlet temperature, and

the pool configuration does not require balanced primary pump flow to equalize the
thermal load of the IHX's. The feasibility and practicality of using constant
speed pumps for the EPRI pool design are discussed in this subsection.

Constant speed pump systems are less expensive and more reliable than variable
speed pump systems. In general, constant speed pumps do not impose major
component design changes or plant cperational limitations, although they do not
provide the range of operating flexibility that may be an important requirement
for a first-of-a-kind plant. Within the range of component design uncertainties,
the actual full load plant temperatures are within the established design limits.
Under part-load operations, constant speed pumps result in reduced load change
rate to minimize core thermal transients. As compared to variable speed pumps,
constant speed pumps do not impose additional risk to plant operation or penalize
the plant operation or penalize the plant energy availability due to components
out of service. Nevertheless, analysis of operation with one primary pump out of
service suggests that the NPSH designed into the pumps should be increased. The
pump runout characteristics also require three primary pumps be started simulta-
neously.

The conclusions of this study are as follows:

1. 1t is feasible to use constant speed pumps for the pool-type
LMFBR.

2. The use of constant speed pumps will have little adverse effect on
other component designs.

3. Since the actual plant temperatures under normal plant operation
are likely to be Tower than the design conditions, the use of
constant speed pumps will not affect the safe operation of the
plant.

4. Part Toad operation should be accomplished with a Tower power
change rate to minimize plant temperature transients. The capa-
bilities of the constant speed and the variable speed pump system
are similar with respect to most transient conditions.

5. With the Phase A pump design, pump NPSH is the limiting factor for
constant speed pump operation with one primary pump out of service.
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6.. - Power output levels for constant speed pump operation with compo-
nents ‘out of service are essentially the same as those for variable
speed pump operation.

However, considering the EPRI-pool design as a first-of-a-kind LMFBR, EPRI has
chosen to retain the variable speed pump concept as the reference design, and
consider the constant speed pump as an alternate option. Pump design changes
and pump impeller elevation in the reactor vessel are now being explored to
improve pump NPSH characteristics. {(See Appendix VB)
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2. APPROACH

A systemmatic approach shown in Table 2-1 was used to identify cause-effect
relationships between component designs and plant conditions in constant speed
pump operation. Analyses were then planned and performed to determine the plant
operation effects.

A computer code PARTCON was developed for the parametric study. The analysis
basically consists of two parts. The first part is a component design
sensitivity analysis which calculates the plant conditions under various
component design conditions and design uncertainties. The second part is a
plant performance analysis under part load operation and with components out of
service. The results of the study are presented in Appendix A',
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TABLE 2-1

Constant Speed Pump Effect MaLrix*

Flow Plant Temperature Paol Level
Variable — T
Design PHTS | IHTS| RFW TPH TPC TIH TIC TWH TWC Hot Pool Cold Pool
THX Appri X - - X X - - - - X X
Core Appr‘i X - - X X - - P - X X
THX H.T.*** Coeff] _ - - | x x| - - - - - -
b
Pump ‘NPSH X (U R R TP O S B R - ; "
Pri. Pump Speed X - - X X - - - - X X
IHX Apint - X - X X X X - - - ’ -
1
, ‘ i
SG APint - X - X X X X X : X ﬁ - : -
SB - H.T.*%* Coeff) = | = | - | X x4 X% oox - i -
!
SG &P, - - X - - - -1 X X - : -
(N~1)** Loop X ]~ 4 = {x | x|x x| - = X X
ek ok
(N«2) toop X - - X X X X - - X X
(N=1}** Pymp X - - X X X X - - X X
Core Power - - - X X X X - - - -
Startup X - - | - - - = = - - -
* . X possible cause<effect nelatioenship|
*% . (N~1):one IHTS| Joopjor ong primary purp out of sFrvice.

*%* - Heat transfer coefficient is a junction of ‘the coolant flows in-the
tibe side and the shell side dictated by component design. For normal
constant speed pump operation, circuit flow is affected only by head
change. R

*hxx o (N22) Toop: two IHTS loops out of service.
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3. CONSTANT SPEED PUMP DRIVE ALTERNATES

Both single speed and two speed drives may be considered for a pool-type LMFBR
plant. They impose similar constraints on plant starting and load changing.
Upset transients following a scram appear to be more severe for a single speed
drive than for a two speed drive. See Part V, Subsection 2.3 for details of
plant thermal transients. Nevertheless singie speed drives are still attractive
if sufficient steam by-pass capacity is provided to reduce the number of scrams
resulting from turbine trips.

Except for starting the pump drives, plant startup procedure is similar to that
for the variable speed drives. Because the discharge flow of the primary pumps
passes through a common reactor core hydraulic impedance, the flow for a pump
increases when one or more pumps are not available for service. The pump runout
characteristics require that three pumps must be running to assure operation
without cavitation,

As an alternate to starting three pumps simultaneously, it is possible to design
a position controlled valve instead of an isolation valve on the current pump
assembly. This valve could be partially closed when starting each pump one at a
time to prevent pump runout. Large throttling valves for the BWR recirculation
loops have been designed but they have presented some challenging vibration
problems. However, it would be easier to cope with these problems if the valves
were mainly used for throttling only during the startup. The vibration could be
a more serious problem than load impulses on the deck structure due to starting
three pumps concurrently. In practice, auto-transformers would be used to
prevent full voltage starting and minimize load impulses on the deck structure.

Consequently, common feeders and starters of the primary pump motors must be

sized for synchronized starting of any three primary pumps simultaneously. The
requirements for starting two speed motors are similar to those for single speed
drives. The main difference is that the reduced speed state may be used in lieu
of auto transformer starting. Pump motors may be started sequentially from pony
motor speed to the intermediate speed (about 50% full speed). To avoid cavitation
the speed of three pumps must increase simultaneously from the intermediate speed
“to full speed. This is true even if all four pumps are operating at intermediate
speed.
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When increasing or decreasing the load of a plant having constant speed pump

drives, the temperature difference across the reactor and heat éxchangér components

also increase or decrease.  Heavy structures such as heat exchanger nozzles and
tubasheets, and the reactor support structure are subject to considerable internal
stresses if the temperature of the sodium that wets their surface ‘is changing too
fast. LCRBRP is being designed to accommodate a power change of 3% per minute
maximum which in the present design requires that the primary sodium temperature
change at -about 4°F/minute.

For the large commercial LMFBR, it is proposed to limit the rate of change in
temperature to about 3°F/minute.  For constant speed pump operation, core outlet
temperature is proportional to power and the corresponding power change rate will
be about 1%/minute.

A-more detailed treatment of constant speed pump drive systems is given in Part
VII, Subsection 2.1.
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4. COST COMPARISON OF SOME PUMP DRIVE SYSTEMS

Table 4-1 shows the estimated cost of five different pump drive systems. These
systems are arranged sequentially from the lowest cost system to the highest
cost system. The first column identifies the drive systems. The total
estimated cost shown in column 5 consists of the cost of the drive motor and all
auxiliaries (column 2), the power supplies, controls and their installation
(column 3), and the building space for the power supplies and controls (column
4). Building space cost is based upon $200/ft2. Estimated cost data are for

16 pump drives.

It is apparent that the single speed drives offer a savings over the rectifier-
inverter variable speed drives of about 17 million dollars. Two speed systems
also offer a savings of 11 to 13 million dollars over the variable speed drive
system - The liquid rheostat, variable speed drive system offers a savings

of about 5 million dollars over the rectifier-inverter system but it has several
deficiencies if it were used for the primary pump drives. These deficiencies

and the pump characteristics are discussed in detail in Part VII, Subsection 2.1.
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TABLE 4-]

Cost Comparison of Pump Motor Drive Systems*

Motor & Power Supply, Building Estimated

. Auxiliaries Controls & Cost Total

Type of Drive Cost Installation Cost
Cost

Singlé Speed 9000K 1500K 320K 5
Induction Motor (1600 ft7) 10820K
Two “Speed Drive 9000K 5100K 800K 2
Single Winding (4000 ft~) . 14900K
Two Speed Drive 14000K 2000K 500K 2
Two Winding (2500 ft°) . 16500K
Liquid Rheostat 14800K 6000K 1600K 5
Variable Speed Drive (4000 ft*)  22400K
Rectifier-Inverter 9600K 16200K 2400K 2
Variable Speed Drive (12000 ft°) 28200k

*K refers to thousands of dollars.

The estimated cost data in this table are for 16 pump drive systems, 4 primary
pump drives, 6 intermediate pump drives, and 6 steam generator recirculation
pump drives. Drive systems data and more detail cost breakdown is given in
Part VII,Subsection.2.1.
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5.  COMPONENT DESIGN SENSITIVITY UNDER FULL LOAD OPERATION

Without variable pump speed control capability, plant temperatures become a
function of the system pressure drops and the heat exchanger performance. - At
full load with four primary pump and six IHTS loops, the actual plant tempera-
tures will be lower than the design limits provided that the pumps are designed
with margins. For instance, if the design pump head margin is 17%, the hot poocl
temperature which is the most critical and 1imiting condition for plant operation
will not exceed the designed 875°F even if pressure drop in the primary loops,
intermediate loops and feedwater Toops are 30% underestimated.

Similarly, for the present IHX3 and steam generator designs, a 25% reduction in
heat transfer performance (H.T. Area or H.T. coefficient) should not adversely
affect the overall plant conditions. Figure 5-1 shows the combined effects of
the system pressure drops and heat exchanger performance on core outlet tempera-
ture at a steady state full power condition. The expected core ocutlet tempera-
ture is about 850°F and it is very unlikely that the temperature would exceed the
design 875°F even with pessimistic assumptions.
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6.  PLANT CONTROL UNDER PART LOAD OPERATION

With constant speed pump operation and high feedwater recirculation (6 to 1
ratio) in the steam generators, the primary and the intermediate sodium cold leg
temperature will be very stable. Consequently, the core outlet temperature and
the intermediate hot leg temperature are proportional to the core power. Between
60% and full load change the resulting core temperature swing is about 130°F
which is considerably greater than the 50°F swing for the variable speed pump
system. One way to reduce core flow to minimize the core outlet temperature
swing is to use two speed pumps. The lower speed reduces the possibility of

pump cavitation and helps to minimize the core temperature swing to about 65°F.

The effects on plant operation from thermal transients are similar for the single
speed and variable speed pump systems. Figure 6-1 shows the core outlet tempera-
ture at part load operation for the three systems. Between 60% and full load
operation, the core temperature change is 50°F for the variable speed pump,v 65°F
for the two speed pump and 130°F for the single speed pump. The maximum load
change rate for the variable speed pump is 3%/minute under normal plant opera-
tions. At this rate, the corresponding core temperature transient is 3.75°F/
minute. If one assumes that the operating risk due to core thermal transients

is proportional to the core step temeprature change and the temperature transient
rate, then for similar degree of risk, the load change rate for the two speed

and single speed pump system will be 0.9%/minute and 0.45%/minute, respectively.
The difference in load change time between the single speed and the variable
speed system is 1.25 hours but the difference is less than 36 minutes between

the two speed and the variable speed system. For a base-load plant, the load
change flexibility between the constant speed pump and the variable speed pump
system is not significantly different.

During load change, core power will increase or decrease at a pre-determined
rate. The plant temperature transient usually will be very low for all three
pump systems. Incase of upset, faulted or emergency conditions, the reactor will
scram and the pumps will remain at 100% speed, trip to 50% speed or trip to pony
motor speed depending on the post-scram system chosen. However, the maximum

core temperature drop is still ~320°F (from 860°F to 540°F) no matter which post-
scram operating mode is selected (of course single speed pump cannot operate at
50% speed). The plant must be designed for this severe transient whichever pump
system is adoped. The only condition that makes some difference is an
Uncontrolled .rod insertion event. For instance, the worst case is when
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core power drops rapidly from full load to 60% load. Core outlet temperature
will drop 50°F for the variable speed, 65°F for the two speed, and 130°F for the
single speed pump system. These rapid core temperature changes do represent some
degree of plant operating risks. However, the Tikelihood of an uncontrolled rod
insertion event is very Jow. The plant duty cycle-analysis shows that the
frequency of an uncontrolled rod insertion event is 10 out of 763 total level B
type services during 40 years of plant life.

During part load operations, a decrease in power will result in both bowing
reactivity and Doppler reactivity additions. Alternately, increasing core. power
produces negative bowing reactivity and Dopper reactivity. However, the core
power {change by control rads) is the dominant factor which dictates the net core
power output. For a low load change rate such as 1%/minute (1.5°F/minute core
outlet temperature change) the bowing reactivity and Doppler effect will not be
significant.

Considering the plant thermal transients during design and off-design conditions

and plant control fféxibi]ities, selection of either pump system should not
affect the safe operation of the plant.
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7.  COMPONENTS OUT OF SERVICE

Plant operation with component outage is a means to improve plant availability.
In this report, single and double component failures were considered for the
constant speed pump operation. These include the failure of:

(1) -~ One IHTS Toop
(2)  One primary pump
(3} Two IHTS loops
and (4) One primary pump and one IHTS loop.

Generally, constant speed pumps would not impose major restrictions on plant
operation with component -outages. Figure 7-1 shows that the ‘intermediate hot

leg temperature is a more restrictive limitation for maximum power level oper-
ation than the core outlet temperature. The power outdut level of the plant
with one component out of service is-a respectable 90% average. (95% for one
pump out and 85% for one IHX out). For case 3 and case 4 above, the power levels
are 68% and 85% resepctively. These power output levels for constant speed

pump ‘operations are essentially the same as those for the variable speed pumps
with similar plant operating conditions.

With the present design, pump cavitation is a potential problem if the plant
operates with one primary pump out of service. In this condition, pump flow in-
creases about 16%. The required pump NPSH will increase from 39 ft. to about

47 ft. of sodium. For double failure with one IHTS loop also out, the avail-
able pump NPSH is about 47 ft. which is only marginal. ~There is potential for
pump cavitation to develop. Pump NPSH, therefore, prohibits the operation of
any two primary pumps alone and requires startup of three primary pumps simultan-
neously to prevent pump-cavitation. Effort is being made to improve pump NPSH
characteristics and explore the possibility of lowering the pump impeller into
the cold pool to improve the reliability of the primary pump operation. (See
Section 2.2 and Appendix (VB).
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8.  CONSTANT SPEEP PUMP VS VARIABLE SPEED :PUMP

Apparently, for a base-load plant, constant speed ptmps can perform adequately
and impose no major limitations on plant control and operation. -Economics is
the strongest incentive to use constant speed pumps, particularly for the fifth-
of-a=kind design. The economics and reliability aspects of constant speed pump-
operation are discussed in Part VII,Section 2.1.

However, for a first-of-a-kind LMFBR design, one must consider the uncertainties
involved in the early stage of the plant development and operation. The capa~-
bility of fine-tuning the plant flows may be considered desirable to research,
test, and verify any off-design conditions.  Furthermore, variable speed pumps
can verify the appiicability of constant speed pump operation for subsequent
design. The use of variable or constant speed pumps for the EPRI-pool design,
however, 1is an operator/owner choice.
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APPENDIX A: CONSTANT SPEED PUMP CALCULATIONS

The constant speed primary pump being considered for the pool design is a two-
stage double suction type. At full load, the pump operates at 870 RPM and
delivers 65,800 GPM of sodium at a design head of 120 psi. Under part load
operations, constant speed pumps maintain good flow mixing and flow distri-
bution in the primary vessel while minimizing the effects of sodium stratifi-
cation. It also assures adequate sodium flow through an active thermal barrier
for reactor vessel protection. (See Part III Section 2.4,., Figure A-1 shows
the phase A pump characteristics operating at constant speed. The required
pump NPSH as a function of pump flow is also shown in the figure. It was
assumed the intermediate pumps and the recirculatién pumps have similar
characteristics.

The pool plant design conditions are presented in Table A-1. At rated condi-
tions the plant operates with 4 primary pumps and 6 IHTS Toops. The primary
pumps are arranged in parallel so that loss of one primary pump does not
directly affect the IHTS function. The design hot pool temperature is 875°F.
For a core AT of 280°F, the cold pool temperature will be 595°F. The corre-
sponding hot leg and cold leg temperature of the intermediate loops are §15°F
and 550°F respectively. The steam turbine throttle pressure is 1000 psig and
the turbine throttle temperature is 545°F. The expected plant conditions under
constant speed pump operations are also shown in Table A-1,
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A.1  Component Design Sensitivity

With-adequate design margin, the use of constant speed pumps 1s not expected to
affect other component designs. For instance, the calculated pressure drop of
the primary System is about 102 psi. For a margin of 17%, the pressure head
specified for -the pump design will be 120 psi. ~However, for constant speed pump
operation, the actual system pressure drop, which is the calculated AP + the
calculation uncertainties, determines the pump flows and eventually the final
temperature profiles of the plant. To avoid complication by the different pumps,
it was -‘assumed that the primary pumps, the “intermediate pumps and the feedwater
pumps have similar design margin and design uncertainties. A + 20% designh
uncertainty was used in the study.

A similar parametric analysis was performed for the IHX!'s and steam generators.

It was assumed that the heat exchangers have a surface area design margin of 15%
for tube fouling and tube plugging, and the uncertainty for heat exchanger perfor-
mance is + 20% of the required heat transfer area. Thus, the upper and the lower
bounds of the effective heat transfer area of the IHX and the steam generators are
117.4% and '82.6% of the reference design.

The results of the component design sensitivity study are presénted in Figure

A-2. Apparently the cold leg temperatures are not sensitive to the flow conditions.
But, the sodium flows will affect the hot leg temperatures which are more critical
to normal plant operation.  The primary sodium temperatures are also more sensitive
to the [HX performance than the intermediate sodium temperature to the steam
generators. Due to the high feedwater recirculation, the steam generator inlet
water temperature will not vary appreciably.

The hot pool temperature is the most c¢ritical design parameter for the safe
operation of the plant. Figure A-3 shows how the pump designs and the heat
exchanger performance can affect the hot pool temperature. Baseéd on the
assumptions discussed earlier, the expected hot pool temperature is about 850°F
which is about 25°F below the design temperature. For extreme conditions, the
temperature can be 53°F ‘below or-9°F above the design condition. However, since
the probability of having the hot pool temperature above 875°F is low, the

use of constant speed pump should not impose-additignal plant operation risk due
to elevated pool. temperatures.,
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Figure A-4 also shows that the cold pool temperature will be lower than the

design condition. The expected temperature during normal operation is about 585°F,
The expected sodium flow as a function of system pressure drop is shown in Figure
A-5.

A.2 Part Load Operation

Partload operation is essentially an important part of normal plant operations.
Figure A-6 shows the plant conditions of the pool design with constant speed pump
as a function of plant load. The primary and the intermediate cold sodium
temperatures and the feedwater temperatures virtually are not affected by the load
condition. The hot pool and the intermediate hot leg temperature, however, are
proportional to the core power. A normal load change between 60% and 100% for
instance, can result in a core temperature swing of more than 125°F.

One possible option to control core temperature is to reduce core flow. Figure
A-7 shows the resulting core temperature as a function of core power with 4, 3, 2
or 1 pump operating. Apparently, lower core flow such as 66% of rated flow can
have the core temperature swing from 125°F to about 65°F. But, the two pump
operation induces a core temperature jump of 65°F when pump operation switched
from 3 to 2 pumps or vice versa. As the flow increases about 32% in each pump,
the required pump NPSH will be so high that pump cavitation will develop. The
pump flow and the core flow for different pump operating modes are tabulated in
Figure A-7. For single speed pump, therefore, the viable control option is to
change load at a moderate rate to minimize core thermal transients.

Use two speed pump is a more practical option to control core flow and reduce
core temperature change. For example, at full pump speed, core power can reduce
to about 80% while core outlet temperature drops from 865°F to about 800°F; then
the pumps will change to the lower speed, but the resulting core outlet tempera-
ture will not rise above 865°F. As core power reduces to about 60%, the corre-
sponding core outlet temperature at the lower pump speed is 806°F. Thus, the
core temperature change is reduced from 125°F to 65°F. Figure A-8 shows the

core temperature profiles for the single speed, two speeds and the variable speed
pump system at various load conditions.
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A3 Components Out of Service

To maximize plant availability during plant 1ife, the plant must be able to
operate with major components out of service.  Two types of failures were
considered:

1. Loss of -IHTS loop due to the failure of the IHX, intermediate pump
or steam generator and,

2. Loss of primary sodium pump.

In this report, plant operation with one or two IHTS Toops out of service is
referred to as-(N«1) Toop or (N-2) Toop operation. Similarly, {N<1) pump refers
to-plant operation with one primary pump out of service.

Figure A-9 shows the core outlet temperature under various plant operations with
different combinations of component failure. Since the Timiting core outlet
temperature is 875°F, it becomes one of the limitations for ‘the operation

of the plant.  Similarly, the intermediate hot Teg temperature profiles are
shown “in Figure A~10." Since the IHTS loops in a pool design-are not directly
coupled to-any primary pumps, the 3 pump or 4 pump operation has no effect on
the ‘intermediate hot leg temperature.

Both the design core outlet temperature and the intermediate hot leg temperature
impose core operating restrictions as shown in Figure A-11. “In general, the
intermediate hot leg temperature is more restrictive than the core outlet tempera-
ture. It tends to reduce the power level -of the plant. ~The maximum power output
can be achieved if the steam generators are designed for higher temperature

(860°F maximgm) Timits.

Pump NPSH is another limitation on plant operation with one primary pump out of
service. -As shown in Figure A<12, for the (N-2) Toop case, the-available pump
NPSH is-higher-than the required pump NPSH provided that all 4 primary pumps are
operating..However, pump’ NPSH margin diminished rapidly as one primary pump is
out of service. Consequently, operation of two primary pumps is prohibitive.

Even under (N~2) ‘Toop operation, the hot pool level will rise about 1-1/2 ft.

which should have no effect on .plant operation..  The cold pool level, however,
will drop appreciably reducing the pump available NPSH as shown in Figure A=12.
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TABLE A-]
PLBR - Pool Plant Operation

Design Conditions Expected Conditions
Power Output, MWe 1000 1000
s % 100 100
Turbine Conditions, psia 1000 1000
» °F 545 549
FW Recirculation Ratio 6 6
Number of Primary Piping 4 4
Number of IHTS loops 6 6
Primary Sodium Condition =
Hot Leg, °F 875 850
Cold Leg, °F 595 584
Total Flow, 1b/hr. 115.4 x 10° 122.9 x 10
NPSH Available, ft. 46 47
NPSH Required, ft. 39 40
Total Pressure Drop, psi 120 102
Intermediate Sodium Condition =
Hot Leg, °F 815 797
Cold Leg, °F 550 547
Total Flow, 1b/hr. 121.7 x 10° 129.6 x 10°
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FIGURE A-2

*For the primary intermediate and recirculation loops.
**For IHX and steam generator heat transfer performance.
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1. INTRODUCTION

Foster Wheeler completed a 2 1/2-month preliminary design effort on an
intermediate heat exchanger (IHX) for a 1000 MWe pool reactor plant in 1977.
The IHX was a straight tube design with primary sodium inside the tubes and
intermediate sodium in the shell. This work was summarized in Foster
Wheeler report ND/77/56 dated 10/12/77.

The above~mentioned work was extended for an additional three months to
make a comparative study on a bent tube IHX which would meet the same
design requirements as the previous straight tube design. The design
features in the bent tube unit were similar to those which were used for
the British PFR and are being proposed for CFR. These features included a
double sine~wave bend in each tube, an internal bore weld between the tubes
and tubesheets, and a grid-type support plate. The bent tube design was
summarized in Foster Wheeler report ND/78/22 dated 6/22/78. The report
included comparisons between the straight tube and bent tube heat exchangers
based on technical considerations and cost.

Based on the above report, the bent tube configuration was selected as the
reference design. Specific areas were identified for further anmalysis in
order to improve the design or reduce the cost. The results of these addi-
tional investigations are summarized in this report, and the general
arrangement drawing is revised to show the current configuration. The
report is divided into sections for each topic. This work was done during
the second half of 1978,

2. DETAILED STRESS ANALYSIS OF THE LOWER TUBESHEET

A detailed ANSYS thermal and thermal stress analysis was performed on
the lower tubesheet with the flow deflector ("J") and the thermal shield
inner head both eliminated from the design. Reference 1 discusses the
initial lower tubesheet computer analysis, which included the thermal
shields. At the time of the initial lower tubesheet analysis, it was con-
cluded that the thermal shield inner head could be removed from the design
with a high probability of success in satisfying the Code limits utilizing
simplified inelastic analysis techniques. The initial and the present
lower tubesheet ANSYS computer analyses were performed for the controlling
intermediate loop loss (upset) transient in which the primary fluid up-
shocks for a postulated 20 occurrences.

2.1 Thermal and Thermal Stress Analysis

The thermal boundary conditions and thermal modelling used for the
present ANSYS thermal analysis are the same as those used in Reference 1
except that the thermal boundary conditions are now imposed on the inside
surface of the 1/2" thick lower tubesheet hemi-head after removal of the
thermal shield inner head. Figure 1 presents the lower tubesheet
ANSYS thermal and thermal stress model showing dimensions and the critical
regions. Tables 1 and 2 present the linearized surface thermal stresses
and the peak surface thermal stresses, respectively, for the controlling
sections and elements in the lower tubesheet; see Figure 2 for the thermal
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2.1 Thermal and Thermal Stress Analvsis (cont'd.)

stress sections and c¢ritical elements, Figures 3 and 4 present enlarged
plots of ‘the controlling inner crotch area and outer junction area of the
lower tubesheet,

2.2 Comparison of Stresses

Table 3 presents a comparison of the thermal stress results at the con-
trolling inner c¢rotch region (spherical head-to-tubesheet junction) of the
lower tubesheet, with and without the inner thermal shield head. -Note that
the removal of the thermal shield head has increased the gross and local
volume averaged temperature (VAT) responses between the perforated and solid
inner head junction regions, l.e., the thermal discontinuity bending effects
have ‘increased because the inner head has become colder. This accounts for
the increased stresses in the perforated region. ~ Also, the AT thermal
gradient ‘through’ the wall of the tubehseet inner hemi-head junction has
increased from about 40°F to 110°F.  This, together with the VAT rise; has
increased the ¢ontrolling maximum linearized thermal bending stress from
53,500 psi (Reference 1 with thermal ‘head) to 68,800 psi (new analysis
without thermal head) at the hemi-head junction cross-section 4. The peak
surface thermal stresses were maximum in the perforated region of the lower
tubesheet near the hemi~head junction. ~The peak stress intensity increased
from 59,600 psi for the analysis with the thermal head, to 92,600 psi for
the analysgis without thermal head for the controlling perforated region
element No. 254. 'These perforated stresses include all stress multipliers
from Article A~8000 of the ASME Nuclear Vessel Code,  Section IIL, for
stresses in perforated plates.

2.3 Elastic Code Evaluation

The ‘maximum linearized thermal stress of 68,800 psi in the solid (unper-i
forated) region was taken as the controlling linearized surface stress for
comparigon with 3 Sm and inelastic strains.  (This stress is similar to the
perforated region linearized thermal stress of 69,800 psi from Table 1.)

The ‘linearized thermal stress of 68,800 psi exceeds the ASME Code, Section
111, allowable stress limit of '3 Sm (47,000 psi) for elastically calculated
secondary stress intensity range. Applying the Code simplified elastic-
plastic procedures of ‘Code Paragraph NB-3228.3 shows that the thermal trange
of primary (&P = 115 psig) plus secondary membrane plus bending stress
intensity, excluding thermal bending (AT) stresses (calculated to be 60,000
psi), exceeds the 3 Sm allowable of 47,000 psi. However, the ratchetting
criteria (NB=3222:5) is satisfied for the 68,800 psi linearized thermal
elastic bending stress.

For fatigue evaluation, the controlling stress intensity is the maximum
peak surface thermal stress of 92,600 psi in the perforated region of the
lower tubesheet near the inner hemi~head junction; see Table 3. " The Nuclear
Section II1 fatigue evaluation of NB-3228:3c is satisfied for this peak sur-
face thermal stress of 92,600 psi, since the controlling loop loss upshock
transient occurs for only 20 cycles: However, as discussed above, the range
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2.3 Elastic Code Evaluatiom (cont'd.)

of linearized stress intensity, excluding thermal bending stresses, could
not be shown to satisfy the ASME Nuclear Code, Section III, simplified
elastic-plastic design procedures of Paragraph NB-3228.3a. Accordingly,
inelastic analysis 1is required and is discussed below.

2.4 Simplified Inelastic Analysis

In order to satisfy all Code criteria, a simplified inelastic (elastic-
plastic) analysis was performed for the controlling tubesheet to inner spher-
ical head junction using the FWEC R1050 Computer Code, which performs
elastic~plastic~creep analysis of long axisymmetric, circular cylindrical
shells. This in-house computer program allows axisymmetric boundary condi-
tions (loads or displacements) to be applied to the end of the finite length
thin shell cylinder models, including pressures and temperature gradients.

Figure 5 presents the model and Figure 6 presents the loading histogram
used to perform the simplified inelastic analysis of the lower tubesheet
inner crotch region, without the thermal shield head, for the controlling
loss of loop upset transient. This upshock transient is specified to occur
for 20 cycles. The sphere-to-tubesheet junction (Junction (:) in Figure 5)
was modelled as a long cylinder with half the operating pressure (AP = 1/2
x 115 psig = 57.5 psig) in order to obtain the same hoop stress as in the
sphere. Also, the axial mechanical traction loading was input to simulate
the meridional pressure stress. The ANSYS elastic stress distribution of
Section 4 (Table 1) for the linearized stress intensity of 68,800 psi at
the tubesheet junction (:) was simulated by radial (w) and rotatiomal (8)
displacement boundary conditions applied at the end of the cylinder model.
The linear through-the-wall AT temperature gradient was also applied to the
cylinder. Thus, the pressure and thermal stress distribution at the lower
tubesheet to hemi-head junction was elastically reproduced. See Figure 5
for the model and Figure 6 for the loading histogram.

The normal steady state operating condition at time step (:) (Figure 6)
consists of a uniform 575°F operating temperature and the 115 psig operating
pressure loading, together with the corresponding radial and rotational dis-
placemént boundary conditions due to pressure loading. The upshock transient
step consists of a linear through-the-wall AT temperature gradient of
110°F along with the corresponding radial and rotational boundary displace~
ment conditions (w and 8) and no pressure loading (see Figure 6). This load
step (:) is the quasi-~steady state upshock condition for the intermediate
loop loss transient. The other (lower) end of the long cylinder is modelled
as a free end (see Figure 5).

2.5 Simplified Inelastic Analvsis Results

Table 4 presents the material property input for the cylinder model
and the results of the simplified inelastic analysis of the lower tubesheet-
to-sphere inmer junction. The properties are based on an average temperature
of 630°F for 304 Stainless Steel. Since the maximum temperature at the
inner crotch region of the tubesheet during the loss of loop upset transient
(upshock) is less than 800°F, then N0 creep occurs.
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2.5 Simplified Inelastic Analvsis Results (cont'd.)

The results of the 20 cycle elastic-plastic analysis show no fatigue
damage (4 x 1034 0) based on an equivalent strain range of 0.2% for 20
cycles at 800°F.  The linearized average (mid~fiber) and surface (inside)
accumulated ‘strains are calculated to be 0.10% and 0.167, respectively; see
Table 4. "These maximum positive principal (hocp) strains satisfy the Code
Case 1592 allowables for strain of 17 for average strazins and 2% for surface
strains, —These inelastic results assume no additional fatigue damage or
strain contribution due to any other transient. ‘

It should be noted that while the results of the simplified inelastic
stress analysis clearly meets the Code limits, final demonstration of struc-
tural adequacy must be shown by a detailed finite element inelastic model of
the actual tubesheet junction geometry. Past experience has indicated that
the results and trends of the simplified inelastic analysis are a good indi-~
cation that the results of the detailed inelastic analysis will also meet
the Code limits. = The above simplified inelastic analysis results are based
on a histogram consisting of 20.cycles of the lcop loss tramnsient. If at a
later date, additional transients are shown to be critical for the lower
tubesheet, then a new histogram would have to be developed for detailed
inelastic evaluation.

2.6 Transient Comparison

The transient and part load data which were attached to GE Letter
XL-893~87790, 10/9/78 have been qualitatively compared with the previously
supplied transients which were used in the above lower tubesheet analysis.
In general, the new transients are less severe than the previously supplied
data and do not ‘appear to control the analysis.

3. TUBING ~ 2 BENDS VERSUS 1 BEND

The feasibility of using only omne tube bend instead of two bends in the
IHX tube bundle was investigated. A 2-D ANSYS study, using pipe elements
and the model in Figure 7, was made to evaluate the thermally induced
stresses and displacements for the worst case thermal conditions, First a
displacement study was made to determine the relative motion between one
tube and an adjacent tube when large temperature differences exist between
the tubes. The worst case for this situation arises when a tube is plugged.
A conservative estimate shows that the temperature of a plugged tube may be
as ‘much as 100°F colder than its neighboring live tube, on a length averaged
basis. The displacement analysis showed that with the initial tube bend
geometry, for both the one bend and the two tube bend designs; tube touching
would occur in the bend region between an active tube and an adjacent plugged
tube.
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3. TUBING - 2 BENDS VERSUS 1 BEND (comt'd.)

Analyses were then performed to optimize the bend region geometry
within the constraints of a 60 in. span length and 7 in. tube offset, in
order to maximize the tube~to~tube clearance. It was found that changing
the bend angle from 30° to 20° and the bend radius from 7.875 in. to 20.0 in.
increased the distance between the tubes in the bend region from .072 in. to
.163 in. (after subtracting out manufacturing tolerances). TFigure 7 illus-
trates the bend region geometry changes. The finite element model of the
tube was rerun with this new geometry. The results showed that the one
tube bend geometry could accommodate a plugged tube to live tube temperature
differential of 35°F, whereas the two bend geometry could accommodate 70°F.
if the thermal expansion is distributed equally between the two bends.
Present estimates show that a 100°F length averaged temperature differential
may exist. This means that within the constraints of reasonable tube bend
region span length and offset, a plugged tube will touch an adjacent active
tube during steady state conditions whether one or two tube bends are used.

Thermal stress levels in live tubes during thermal transient events due
to a 100°F temperature differential between the outer shell and the tubes
were investigated for the one bend and two bend designs. It was found that
for the one tube bend design, a penalty exists in terms of maximum bending
stresses relative to the two tube bend geometry. However, for the one bend
design the highest bending stress is 22,000 psi for the assumed upper
bound 100°F suppressed thermal expansion case. The actual tube stresses
depend on the maximum temperature difference between the tube and shroud.
Since this 100°F case that was analyzed corresponds to the AT for a plugged
tube, which represents a worst case, the actual stresses in the active tubes
are expected to be below the yield stress. Since the single bend is located
in the lower "cold" end of the bundle, elastic follow-up effects will be
minimized. Therefore, it is acceptable to use the full 3 Sm- (2 46,000 psi)
secondary stress range for the allowable bending stress. Hence, thermal
stresses for the one bend geometry are judged not to be a significant
problem.

Having concluded that thermal stresses were not a problem, the analysis
effort focused its attention to the tube touching problem which occurs for
the plugged tube condition. Two approaches were considered; namely, per-
forming a wear amalysis to see if the tube touching condition could lead to
excessive tube wear and an investigation to see if cutting the plugged tube
could relieve the tube touching. ;

For the wear analysis, tube contact forces were determined. The single
bend tube is stiffer than the double bend tube, so the contact forces will
be higher for this "interference" condition. Based on the finite element
analysis, contact forces of 20 1lbs develop on the single bend tube.and
approximately 5 lbs develop on the double bend tube. Since difficulty exists
in correlating wear tests data with respect to geometry, applied motion,
frequency, enviromment, etc., it was judged that rather than perform a tube
wear analysis for these contact forces, the alternative of cutting the
plugged tube should be evaluated.
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3. TUBING =~ 2 BENDS VERSUS 1 BEND (cont'd.)

The single bend tube was analytically cut in the span immediately above
the bend region., It was found this will relieve the thermal expansion
stresses and tube touching will not:.occur for the plugged tube case.  The
reason is evident from Figure 8. The plugged tube temperature is most
different from the active tube temperature in the uppexr half of the tube
length. = Therefore, by cutting the tube, the major "driving force" will be
eliminated. Figure 9 shows that deflected shape of the plugged tube, rela-
tive to the-active tube, for the cut and uncut case. It can be seen that
tube touching will be eliminated in the cut plugged tube case. Therefore,
tube wear will not be ‘a problem.

It is concluded that a one-~bend geometry is feasible. The bend should
be in the lower region of the tube bundle.  Thermal stresses were found to
be acceptable for the worst case bundle to shroud temperature mismatch. -Tube
touching due to the plugged tube condition can be eliminated if the plugged
tube is cut in the span above the bend region.

4, SEISMIC SUPPORT STUDY

General Electric studied the possibility of stiffening the IHX shell
to eliminate the requirement for a seismic support in the vicinity of the
upper tubesheet (using the flow shroud as a restraint). FWEC was to evalu-
ate the GE analysis with respect to the balance of the THX, but the GE work
was not completed in time for the FWEC analysis during this report period.

5. REVIEW OF GE REPORT "DECK MAJOR COMPONENT PENETRATIONS"

The referenced report was reviewed, and the following comments noted.

Section 6 of the GE report presents the design criteria and the results
of the thermal analysis. The structures analyzed are low temperature compo-
nents and therefore the sum of primary and secondary stresses should not
exceed the 3 Sm limit. - The sum of primary stress levels due to déadweight,
seismic, and other unevaluated conditions ygg ~assumed to approach the
primary stress-limit-of 1.5 Sm. The thermal stresses therefore were limited
to 1.5 Sm value. FWEC agrees with the GE approach at this stage of the con-
tinually changing design. The results presented for the IHX flow shroud and
IHX casing show that thermal gradients and the associated thermal stresses
for deck penetration scheme 1 and 2 are below: the established 1.5 Sm crite-
ria,

Section .7 of the GE report presents the recommendation . for continued
work. 'FWEC agrees -that more work should be undertaken to eliminate reliance
on the IHX flow shroud as a seismic restraint. The results of the seismic
analysis performed by FWEC in the past indicated that the stresses in the
tube support grids were the governing criteria used to establish the need
for an additional seismic support at the upper tubesheet (and connected to
the flow shroud). -1t was recently noted, however, that the faulted condi=-
tion allowables for the tube support grid have been modified to a signifi-
cantly higher value in the latest version of Code Case 1392 (1592-11). These
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5. REVIEW OF GE REPORT "DECK MAJOR COMPONENT PENETRATIONS' (cont'd.)

higher allowables, in addition to the thickening of IHX shells may result
in acceptable seismic loads at the grids and other regions of the IHX,
without relying oh the flow shroud as a seismic support. FWEC strongly
agrees that proposed future work in this area is required.

6. IMPACT OF THTS NOZZLE LOADS

The effect of the IHTS nozzle loads on the IHX top structure inner
cylinders has been examined. It was found that the load controlled buckling
limits for these loads (plus pressure and seismic) would be exceeded at the
lower portion of the cylinder. The design options are to thicken the cylin-
der greatly or use radial gussets to provide a more direct load path to the
IHX support flange. It has been determined that the use of gussets is the
best option. These gussets must have a slight radial gap between them and
the cuter shell because of the large difference in temperatures between the
cylinders. However, deflection controlled buckling limits at inner cylinder
locations below the radial gussets will now apply, and a slight thickening
of the inner cylinder will be required in combination with the gussets.
Figure 10 summarizes the analysis performed and pertinent results.

FWEC sent a copy of Figure 10 to GE via telecopier om 10/3/78. GE will
use this information to complete the THX plug design, and they will specify
the final configurationm.

7. HOT/COLD POOL SEAL DOUBLE BELLOWS

A preliminary design and analysis for the hot/cold pool double bellows
seal was conducted based on both a 60 in. and 80 in. I.D. size (original
geometry was 42.0 in.). The design axial and lateral displacements acting
on the bellows were obtained from Reference 2. Included in the displace-~
ments are 1/2 in. for manufacturing tolerance and an assumed 1/2 imn. axial
compression requirement for installation. A rotational displacement loading
was also assumed acting on the bellows consisting of a 1/8 in. manufacturing
tolerance across the diameter and a 10°F circumferential gradient acting on
the IHX shell. The resulting displacements imposed on the bellows assembly
are 1.5 in. axial, 2 in. lateral, *1.5 in, lateral due to seismic, and 0.20°
to 0.25° rotational motion. The pressure acting on the bellows is the 2.5
psi primary pressure drop, acting external to the bellows.

Table 5 summarizes the resulting geometry and applied loadings applic-
able to both the 60 in. and 80 in. I.D. bellows. The sizing calculations
utilize the EJMA formulae for determining the stresses in the bellows due
to the applied displacements and pressures. 1In addition, the cyclic load
condition of %1.5 in. of lateral motion due to a seismic occurrence was
investigated with 106 cycles being calculated as the allowable number of
cycles. The load condition of cycling between hot standby and normal opera-
tion (bellows axial motion range = 0.65 in.) was also investigated with
= 105 cycles being calculated as the allowable number of cycles.
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8. IRACS COIL SUPPORT

A preliminary design and -analysis of an IRACS coil support structure’
was performed.  The major objective of the analysis was to develop a support
structure which would result in acceptable stress and deflection levels in
the TRACS coil during seismic events.

The seismic analysis of the IRACS coil was performed by modelling the
coil as 'a series of lumped mass and spring systems and attaching them to the
overall: ANSYS ‘seismic¢ model of the IHX. Initial analyses looked at an
IRACS coil with 1) no supports, 2) supports only at the base of the vertical
tube run, 3) supports at the base of the vertical tube run and at the bottom
of ‘the helical coil. The results of each of these analyses showed the
IRACS coil either overstressed or with excessive displacements,

Since the-above three simplified concepts were not satisfactory, the
concept shown in Figure 11 was selected as the reference design. The IRACS
coil is supported at four (4) circumferential locations around the helix by
split support plates which extend the full length of the IRACS helical coil.
These support plates are held in place on their inside diameter by a shroud
which extends down from the shield plug. ‘Based on the results of the simpli-
fied ‘designs, it is judged that this IRACS coil support system will result
in acceptable coil stresses during seismic events.

9. INTERMEDIATE SODIUM FLOW AND TEMPERATURE DISTRIBUTION

9.1 Flow Distribution in Tube Bundle

A'detailed numerical flow distribution analysis on the shell side of
the bent tube pool IHX has been carried out. ~In the previous analysis (see
Reference 1), the effect of the central downcomer on the velocity distribu-
tion of the shell side inlet region was not included. A uniform velocity
distribution was assumed at the bundle entrance. In the present analysis, a
new flow model was set up including the central downcomer.  The effect of
the downcomer on the bundle entrance span was examined. A fluid velocity
vector plot for the IHX unit is. shown in Figure 12.  As indicated in - the
figure; the bundle entrance velocity is far from uniform, and the velocity
is much larger near the tubesheet surface. More fluid flows towards the
outer edge of the bundle, - The velocity tends to- equalize after the second
tube support structure.  Flow distribution is essentially axial with little
cross flow outside the inlet and the exit region. Note that the average
velocity of the fluid in the downcomer is about 23 ft/sec, while the average

‘axial velocity in the bundle is less than 3 ft/sec. . The radial velocity at

the ‘bundle entrance can be as high as 15 ft/sec near the tubesheet. This
velocity is about the same order of magnitude as that used in tube vibration
analysis (2216 ft/sec) earlier.
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9.2 Tube Bundle Temperature Distribution at Full Load

In order to ensure that the tube-to-tube temperature differential of
the present design is within the acceptable level, the temperature distribu-
tion of the IHX tube bundle was investigated using an axisymmetric, two-
dimensional (r-z), thermal analysis code. In this investigation, the velo-
city distribution obtained from the above analysis (with the central down-
comer included) was used. Primary side flow was assumed to be equally
distributed among all tubes. Figure 13 shows the radial temperature dis-
tribution across the tube bundle at three different axial locations; namely,
the shell side entrance region, middle of the bundle, and the exit bundle
region. The intermediate fluid temperature difference in the inlet region
between the outermost tube and the innermost tube location is about 57°F,
This is due to the cross flow effect at the entrance region. The temperature
near the outer radius is higher. This radial temperature differential will
decrease as the intermediate sodium flows towards the shell side exit region.
In the exit region, the hotter shell side sodium near the outer radius will
flow towards the inner radius, thus mixing with the colder sodium. The
temperature difference becomes negligible at the exit region.

Note that in the analysis reported previously in Reference 1, uniform
flow is assumed after the first tube support structure. A radial temperature
differential of 73°F was found in the inlet span. The effect of the central
downcomer gives higher fluid velocity near the lower tubesheet region. This
higher fluid momentum allows deeper penetration of fluid to the outer edge
of the bundle. Therefore, the radial temperature differential is reduced.

Figure 14 shows the length averaged radial temperature distribution.
The average tube bundle temperature is found to be gbout 712°F. The coldest
tube is found near the inner bundle radius.

9.3 Alternate Flow Distribution Method

Figure 14 indicates that the temperature tends to be higher at the outer
edge of the bundle. This is due to the cross flow effect at the bundle
entrance region and the lack of cross flow outside the entrance and exit
region. This suggests that in order to have radially uniform temperature
distribution, still more intermediate flow must be diverted toward the outer
edge of the bundle. This can be achieved by using variably perforated tube
supports. The present tube support has a uniform perforation of about 70%.
In order to get more flow on the outer edge of the bundle, it was assumed
that the inner 607 of the radius had a perforation of 50%. A flow distribu-
tion analysis was performed with this tube support perforation (507 perfora-
tion for the immer 60% of the bundle width and 707% perforation for the
outer 40% of the tube bundle). The resultant velocity vector plot is shown
in Figure 15. The axial velocity profile at the middle of the bundle is
shown in Figure 16. As expected, with this support structure perforation,
more flow tends to reach the outer bundle region. The axial velocities are
about 2.4 ft/sec and 3.2 ft/sec for the 50% perforated region and 70% per-
forated region, respectively. This velocity distribution was used to obtain
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9.3 Alternate Flow Distribution Method (cont'd.)

the bundle temperature distribution.  The results are shown in. Figure 17 at
three bundle locations. Note that at the shell side entrance region; the
intermediate temperature distribution profile differs from the uniformly per=-
forated tube support case (see Figure 13) only slightly. The difference
increases as the flow proceeds upward, ~In the variably perforated tube
support case, more fluid flows on the outer edge of the bundle. A lower
intermediate temperature is found there. ' This effect is shown in Figure

18. The length-averaged radial temperature differential is smaller than

that of the uniformly perforated tube support case.

10, PRIMARY SODIUM PRESSURE LOSS

In Reference 1, the primary side nozzle-to-nozzle pressure loss was
estimated to be about 3.2 psi, which is above the 2.5 psi limit specified
for the design. The exit passage nozzle contributes about 1l psi to this
loss.. One way to reduce the loss to an acceptable limit is to increase the
exit nozzle size. The effect of the exit nozzle diameter on the primary
sodium pressure loss was examined. Figure 19 shows that the totdl primary
sodium pressure loss vs.. the exit nozzle I.D. for the one~ and two-tube
bend design. By increasing the nozzle diameter from its present 42" I.D.,
the primary ¢ide pressure loss can be kept within the acceptable limit.

11.  GRID: TYPE SUPPORT PLATES WITH NON~UNIFORM OPEN AREA

The grid details, as shown on drawing 51-3145-5-<2001 in Reference 1,
show ‘a circumferential rib between alternate rows of tubes. ~The circumfer-
lential rib and formed segments occupy about 30% of the free area between
tubes on average. This combination produces a 707 perforation at the grid.
In order to reduce the perforation an additional circumferential bar can
be added to fill the space between alternate rows of tubes. The addition of
the bar reduces the open area from 707 to 50% on average. ~However, the
concept of using a non~uniform grid support was rejected because it did not
have a strong effect on the intermediate temperature distribution and it
would introduce a new uncertainty in flow induced vibration due to the
crossflow.

12, REVISIONS TO GENERAL ARRANGEMENT DRAWING

The generalyarrangement drawing, 51-3145-6~2000, has been revised to
incorporate design changes resulting from the current work and from-GE
comments. The basis for each change 1is discussed briefly.

12.1 Double Head and J Baffle

The detailed stress analysis of the lower tubesheet in Section 2 indi-
cated that the current 'loss of intermediate loop transients can be accom~
modated without the double head at the bottom of the downcomer or the J
baffles at the outer edge of the tubesheet. An inspection of the proposed
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12.1 Double Head and J Baffle (cont'd.)

CFR transients shows that the head and baffle would probably not be required
for these conditions either. The CFR transients would have to be used in
the tubesheet analysis to confirm this opinion.

The outer head must be retained to provide a boundary between the pri-
mary and intermediate sodium. The inner head and the portion of the cylinder
attached to the inner head are removed back to the lowest grid. This will
decrease the intermediate pressure drop slightly.

12.2 Seismic Stops at Bottom Tubesheet

Due to the thermal expansion, it is not practical to consider using a
seismic stop between the lower tubesheet and the cylinder between the hot
and cold pool. The stop has been eliminated from the design. GE has made
additional seismic analyses to determine what changes must be made in the
plug region to eliminate the need for the lower seismic stop.

12.3 Hot/Cold Interface

The core support structure was originally shown to be connected to the
shell. This has been corrected to show a clearance.

12.4 Change to Single Tube Bend

The single tube bend was found feasible in Section 3. The upper tube
bend was eliminated and an additional tube support grid was added in place of
the bend.

12.5 IRACS Coil Supports

The IRACS coil support was analyzed in Section 8. The support has been
added to the drawing.

12.6 Exit Nozzle
Changing from a double bend to a single bend reduced the primary sodium

pressure drop, but it still exceeded the 2.5 psi limit. By increasing the
exit nozzle diameter from 42 in. to 50 in.,, the 2.5 psi limit can be met.
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1. Preliminary Design of an Alternate Bent Tube IHX for the 1000 MWe
Pool Reactor, Foster Wheeler Report ND/78/22, June 22, 1978.

2. Pool Type LMFBR Plant, 1000 MWe, Phase A Design, General Electric
Report NP-646, Volume 4, April 1978.
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NUCLEAR DEPARTMENT LIVINGSTON, N. J.

CHARGE NO. 8-51-3145 [DOCUMENT NOC. K¥D/78/35 ]ISSUE 1 lDATE 12/8/78

FIGURE

LOWER TUBESHEET MODEL FOR STIMPLIFIED INELASTIC ANALYSIS
OF INNER JUNCTION

(See Figure 3) R1050 MODEL
‘ +F
————— +8
[—- +W ‘__®/k/
9 | T Z
o > A
| T ¢
Lower @
l Tubesheet EE}
; 14
,__ l 30"
- ~
Junction @ N
out 6850 &
L Fl 5
m A 575°F} g
A o
3
Sphere: Long Cylinder &
"y Modeled with 2 '
“'&’ Boundary A — -t = 0.5"
Conditions | 5‘ /ﬂ;;
2
= f Finite
"difference
=3/ element
& } length
Internal Operating Pressure, 4P = (11 13'Ye1"3
=% x 115 psig = 57.5 psig (Sphere) zgzz)tthk'

Axial Operating Pressure Traction, F =
= +1,162 #/in

.
(See Figure 6 for histogram and loads.) Em = 20.2" I Free End
v +Fv—v

(e

shear = Ynoment = 0.)
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FOSTER WHEELER ENERGY CORPORATION

NUCLEAR DEPARTMENT LIVINGSTOM, N. J.

CHARGE NO. 8-51-3145 | DOCUMENT NO. ND/78/35 1ISSUE 1 lDATE 12/8/78

ITGURE 6

LOADING HISTOGRAM FOR LOWER TUBESHEET LOOP LTOSS TRANSIENT (1)

Temgerature

Qut P‘"‘ i e e (I ghiock Trarsient
57S°F / &aser 1 ®
Load b
Condition«‘g
57;5‘23‘31 E%%F @D- - _ __ ¥()_Steady-State Operation
(Uniform) . Lo
0 1st 2nd
Cycle =% Cycle Total=20 cycles,
LOAD DESCRIPTION INTERENAL AXTAL RADIAL RADIAL CEDCE
CONDITION] ““ PRESSURE | TRACTION |qmyp, |DISPLACEMENT ROTATION
AP ¥ a7 | ( W-INCHES)(6-~RADIANS)
(ps1e) | (#/10) | (°F)
© Steady- 57.5 +1,162.1 0. | -0.005 -0.001
State
@ Upshock 0. 0. | 110. | -0.0L82 £0.009
Transient

NOTES: (1) See Figure 5 for inelastic cylinder model of lower
tubesheet junction.
BY | aPPROVED lpace 18
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FOSTER WHEELER ENERGY CORPORATION

NUCLEAR DEPARTMENT LIVINGSTON, N. J.

CHARGE NO. 8-51-3145 | DOCUMENT NO. ND/78/35 ISSUE 1 {DATE 12/8/78

FIGURE 7

TUBE BEND GEOMETRIES USED TO CALCULATE
THERMAL STRESS LEVELS AND INDUCED DISPLACEMENTS

~

Original Tube

Revised Tube Bend Geometry

Bend Geometry =\

60" Length

BY APPROVED pacE 19
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FOSTER WHEELER ENERGY -CORPORATION
NUCLEAR DEPARTMENT .

LIVINGSTON, N. J.

CHARGE NO.  8-51-3145 { DOCUMENT NO. ND/78/35 IISSUE

1

DATE 12/8/78

FIGURE 8

TEMPERATURE PROFILE OF PLUGGED TUBE
AND ACTIVE TUBE DURING FULL POWER

900 ¢ ~ 900
800 « 800 ‘
5
=
= %
o =
' ]
(g
2700 700 §
2 o
] -~
“ ol
] <
=
Y
£
600 600
500 500
Upper Lower
Tubesheet Tubesheet
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FOSTER WHEELER ENERGY CORFORATION
NUCLEAR DEPARTMENT LIVINGSTON, N. J.

CHARGE NO., 8-51-3145 | DOCUMENT NO. ND/78/35 ISSUE 1 [DATE 12/8/78

FIGURE 9

DISPLACEMENT SHAPE FOR PLUGGED TUBE
RELATIVE TO THE ADJACENT ACTIVE TUBE

Deflected Shape
When Plugged Tube

is Cut in Span Above
Deflected Shape Bend Region

When Plugged Tube

is Not Cut
Original
Position of
Plugged Tube
\ (When Live)
\
! | -
| Original Position
| [®—of Plugged Tube
This Shape Indicates l - . (when Live)
Tube-to-Tube Inter- -] No Tube J
ference 1 Interference

Adjacent
Active Tube

Adjacent S
Active Tube

CASE 1 PLUGGED TUBE CASE 2 PLUGGED TUBE CUT
NOT CUT
BY | apPROVED PAGE 21
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NOTATIONS IN THIS COLUMN -INDICATE WHERE CHANGES HAVE BEEN MADE

FOSTER WHEELER -ENERGY CORPCRATION

LIVINGSTON,

N

LY

J.

NUCLEAR DEPARTMENT

2. Pressure blow=off load (dot included in buckling

calculation because produces tensgile stress at Section C) ‘,

3. Seismic load (from overall structural response)

| craRGE No. 8-51-3145 | pocTMENT No. ND/78/35 | Issu 1 |paTm 12/8/78
FIGURE 10
THTS NOZZLE LOADS
| Rty
by L
Load Combigation t aJ
1. - Nozzle Loads* - Use dead weight & thermal axpansion & OBE Wﬁ
H { J
- Prass

Section -C i3 controlling

Max Stress Intemsity for (1 + 2 +3)

&” = 24,650 psi

Sme (1 hE) = Spp (300,000 hr) = 14,500 psi (at 900°F) ‘

Max Axial Compressive Stress

T ax =.20,970 psi

G allow w=7,920 psi (load comtrolled - without gussets) ‘

==14,260 psi (deflection controlled-with gussets)

GUSSELS

Since Section € is over-stressed, even with gussets, nust

either change thickness to 1.5" or change material to 316 .8$

(for 316 8§, G allow = 20,950 psi for deflection
controlled buckling at 900°F)

46" 0D 1" Thick .Y

Nozzle Loads Interm. Inlet Noz. Interm. Ourlet: Noz.

DW. i Th Expj < OBE DW {Th-Exp| ~OBE

Axial (P,lbs) 13,900132,100 g00{ 0 12,1004 34,000

Shear- (V, 1bs) 0 17,100{28,400§13,900§17,100{ 14,500

Torsion (T,fr-lbs){32,700{49,0001 81,700{32,700{4%,000{ 81,700

Bending (M;£t~1bs)|46,200469,400{115,500{46,240169,400{115,300

BY
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FIGURE 11

CONCEPTUAL DESIGN OF TUBE SUPPORT FOR IRACS AUXILIARY HEAT EXCHANGER

W

A 0
/‘-—r/~" a A -
;::: = #
e T
=1 )=
4 g
ED
Intermediate e
Qutlet N
- g\ ——— N
™~
é N
# N
Lt N
4 -
3 N
4 Tie Plates \
Vi I — X
%
# N
; \
§ 4 Split Support
Ry .- Plates 90° Apart

/

\ IRACS Tube Coil

-
-
N
; Sodium Inlet
G \i
N Tubesheet
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FIGURE 12

NO. 8-51-3145 - DOCUMENT NO. ND/78/35 - ISSUE 1 - DATE 12/8/78

VELOCITY PROFILE WITH UNIFORMLY PERFORATED TUBE SUPPORTS
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FOSTER WHEELER ENERGY CORPORATION

NUCLEAR DEPARTMENT LIVINGSTON, N. J.
CHARGE NO. g_s1_14< | DOCUMENT NO. wp/7g/35 | ISSUE 1  |DATE 15ya/9a
FIGURE 13
TEMPERATURE DISTRIBUTION AT FULL LOAD (4860 TUBES)

900
Intermediate Exit Region

850 Primary -
Tube Wall
Intermediate

800 _J -

2 750 _ Middle of Bundle -
3 /

g Tube Wall '

(=9

Bt Intermediate

650 e
Intermediate Inlet Region “-—"—”#”"””///,

600 Primary | / i
Tube Wall w“”‘“——“—__"_*_’,,—”””’/////(
Intermediate

550 ot

ITL OTL
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FIGURE 14

LENGTH-AVERAGED RADIAL TEMPERATURE DISTRIBUTION AT FULL LOAD
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| FIGURE 15

i VELOCITY PROFILE WITH VARIABLY PERFORATED TUBE SUPPORTS
|
| K AXIS ‘
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FIGURE 16

AXTAL VELOCITY PROFILE AT MID-BUNDLE

50% Perforation 70% Perforation
t A}
:/T‘ A A
§ {
| !
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|
I
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— i |
I } ) A I :
| |
| i
I |
1] ‘
' |
|
]
|
Inner 50% Perforation 70% Perforation Outler
Shroud / Shrioud
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900

850

800

750

Temperature °F
~3
(=]
o

FIGURE 17

TUBE BUNDLE TEMPERATURE DISTRIBUTION AT FULL LOAD
WITH VARTABLY PERFORATED TUBE SUPPORTS

Intermediate Exit Region

Primary

Tube Wall

Intermediate

Middle of Bundle

Primary

Tube Wall

Intermediate

Intermediate Inlet Region

650 P
Primary
Tube Wall . :
Intermediste
ITL ' : OTL
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EFFECT OF EXIT NOZZLE ID ON PRIMARY PRESSURE DROP
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NOTATIONS IN THIS COLUMN INDICATE WHERE CHANGES HAVE BEEN MADE

NUCLEAR DEPARTMENT .

FOSTER WHEELER FNERGY CORPORATION

LIVINGSTON, N. J,

CHARGE NO. 8-51-3145 jDOCUNENT NO. ND/78/35

ISSUE 1

!DATE 12/8/78

LOWER TUBESHEET LINEARIZED SURFACE THERMAL STRESSES

TABLE 1

WITHOUT INNER THERMAL SHIELD HEAD - INTERMEDIATE LOOP LOSS TRANSIENT

SURFACE STRESSES (PSI)
sTRESS ¢
SECTION ELEMENT 81 82 53 INTENSITY
(1) )] (MERID.) (HOOP) (NORMAL) (PSI)
1 22 2073. -3309. 106. 5382.
2 74 10416. —4950; 2120. 15365.
3 254 79522. () | 47937.(2) 9724.(2) | 69799,(2)»(3)
4 314 -12267. 56566. 351. 68833. (4)
313 ~15629. 52001. -1059. 67630.
309 821. 55613. 8231. 54792,
5 305 600. 62413, 23065, 61813.
304 112. 60552. 16457, 60440.
6 511 16230. 16699. 263. 16436.
NOTES:
(1) See Figure 2 for element and section location.
(2) These stresses in perforated region include the stress multiplier of
2.8 and biaxiality k = 1.1, or 2.8 x 1.1 = 3,08 factor.
(3) Maximum Linearized Surface Stress in perforated region.
(4) Maximum Linearized Surface Stress in solid (unperforated) region.
(5) Allowable stress guideline is 3 x Sm - 3 x 15,600 psi = 47,000 psi
at average transient temperature of 737°F between 600°F steady state
and 875°F maximum upshock upset temperature. (The Sm values are
14,700 psi at 875°F and 16,400 psi at 600°F.)
BY APPROVED [PAGE 32
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NUCLEAR DEPARTMENT

FOSTER WHEELER ENERGY CORPORATION

LIVINGSTON, N. J,

CHARGE NO.

8-51=3145

DOCUMENT NO. . ND/78/35

I8SUE 1

[DATE 12/8/78

TABLE 2

LOWER TUBESHEET. PEAK SURFACE THERMAL STRESSES

WITHOUT INNER THERMAL SHIELD HEAD < INTERMEDIATE LOOP LOSS TRANSIENT

SURFACE STRESSES (PSI)
sTRESS (9)
SECTION ELEMENT S1 So S3 INTENSITY
(L @D (MERID.) (HOOP) (NORMAL) (PSI)
1 22 2335. ~3220. 0. 5555.
2 74 14046. -4123. 0. 18169.
3 254 92585.(2) | 50472.(2) 0. 92585, (275 (3)
314 ~7512. 57623, 0 65135,
4 ()
319 -16863. 51875. 0. 68738.
309 669. 55655. 55655.
5 305 ~95, 59802. 59897.
304 521. 60169, 0. 60169.
6 511 21256, 21730. 0. 21730,
NOTES:
(1) See Figure 2 for element and section locatiomn.
(2) 'These stresses in perforated region include the stress multiplier of
2,8 and biaxiality k = 1.1, or 2.8 x 1.1 = 3.08 factor.
(3) Maximum Peak Surface Stress in perforated region.
(4y " Maximum Peak Surface Stress in solid (unperforated) region.

k (5) - Allowable 'stress guideline 1s 20 cycles specified for fatigue at
average transient temperature of 737°F between 600°F steady state and
875°F maximum upshock upset temperature.
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NUCLEAR DEPARTMENT

LIVINGSTON, N. J.

CHARGE NO. 8-51-3145 | DOCUMENT NO. ND/78/35

| 1ssuE 1

|paTE 12/8/78

LOWER TUBESHEET

TABLE 3

REMOVAL OF INNER THERMAL

SHIELD HEAD

ComEarison

With Inner Thermal

Shield Head

(Report ND/78/22)

Without Inner Thermal

Shield Head

(New Analysis)

Linearized Thermal
Bending Stress

53,500 psi (El. )
(46,300 psi_~ Perfo-
rated El. é:})

68,800 psi (£1. §19)D)
(69,800 psi_~ Perfo-

rated El. é:é)(l)

o

Peak Thermal Stress in
Perforated Region(3)

59,600 psi (El. g:g)

92,600 psi (EL. é:a)(Z)

Gross VAT (Total Per-
forated Region to
Solid Inner Head)

130°F

145°F

Local VAT (Crotch Per=-
forated Region to Solid
Inner Junction)

35°F

50°F

Therma
Sect.

ending (aT)
2 1) o

40°F

110°F

Thermal Bending Stress
Ea AT/2 (1-u) =" 180AT

180 x 40°F = 7,200 psi

180 x 110°F = 19,800 psi !

NOPATIONS 1IN THIS COLUMN INDICATE WHERE CHANGES HAVE BEEN MADE

FWC FORM 172 - L

NOTES:
(1) See Table 1 and Figure 2; stress values rounded-off,
(2) See Table 2 and Figure 2; stress values rounded~off,
(3) All Perforated Stresses include Stress Multipliers of Tables 1
and 2.
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NOTATIONS -IN: THIS COLUMN INDICATE WHERE CHANGES. HAVE BEEN MADE

FWC FORM 172 =k

TARLE L

LOWER TUBESHEET RESULTS OF SIMPLIFIED INELASTIC ANALYSIS
FOR INNER JUNCTION ,

(See Figure 5 for Model)
Material = 30L SS, Stress-Free Base Temp. = 575°F
Average Temperature for Material Properties = 6’2‘O°F (z600°F)
Properties: E 254 % 106 psi
Az 09 6 o
10.49 % 1077 in/in/°F

i

’LIngt, =
E plagtic = 1.61 x 108 psi
S 19,470 psi (Average, True 8 ~£)

yield =
Kinematic Hardening for plasticity; No Creep (Max. Temp.< 800°F)

Results: (Computer Output "JIGKPY.J")

For specified 20 cycles of Loop Loss operating histogram in
Pigure 6 (see Figure 6 for Loading Histogram):-

B ; z ~5_ Bqo o =2
Fatigue Damage, D¢ = L. x 10 “=0, based OnéRa.nge = 0,2 x 10 in/in

Maximum Linearized Positive principal strains: Code
Allowables

i . T s - J0.5% Weld Material
Average (Mid<Fiber) Hoop Strain, £Q~O.1O%< 1.0% Parent Material

, ; 1.0% Weld Material
Surface (Inside) Hoop Strain, Eg =0.16% < {2‘0% Bavait Watseiod

Above results assume no additional inelastic contribution
from the scram transient or any other transients.
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TABLE 3

HOT/COLD POCL DOUBLL BELLOWS SEAL

Convolutizn
14
Width(W) 1
Bellow
Length
Total T
Length - l
~I.0
Spool
Length
¥ Thickness Radiug } -
I * 5
3
b
Priv 1
|
Bellow
Length
! ’ Piteh diameter
GEQMETRY
I.D. = 80" I.D. = &0
Total Length 6o 55"
No. Conmvolutions/Bellows 8 3
Total No. Convolutions 16 12
Spool Length 39" 39.5"
Gonvelution Width (W) 3.0 3.0"
Pitch Diam, dp g3 63"
Thickness .026"(20 gage) .036"(20 gage)
Piten 1.3" 1.3"
Radii 0.3" 0.3"
Bellows Length {each end) 10.4" 7.8%
Axial 1.5 1.5"
Lateral (Seismic) 2.0" & 1.5" 2.0" + 2.3"
Rotational ' 0.20° 0.259
Applied Pressure Differential: 2.% psi exiernall 2.5 psi extewnal
Allcwable Pressures: Intermal 4P = 5 psi Internal 4P = & psi
(ZMA FPormulae) Ixternal 4P = *$ psi ! External 4P = 2T psi
BY | apPROVED lpacE 36
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1.0 INTRODUCTION
This study is submitted to satisfy the specification requirements as
outlined in the General Electric Company Purchase Order No. 190-K3G32.
The total system pressure drop in the Phase A Study*was 90 psi but is
increased to 120 psi for this Extension 2 work. The objectives
of this study are to re-size and re~define the primary pump to accommo-
date this higher system pressure drop. Any new key features will be

described.

A structural analysis, shaft dynamic analysis, and seismic analysis
will be performed, as needed, to demonstrate that no insurmountable

problems exist with the new pump design.

The pump selection will be made to suit either a variable speed or

constant speed motor.

A response will be developed to the EPRI pump consultant comments on

the Phase A Study.

Brief comments will be made regarding maintenance considerations for the

pump.

*"Pool~Type LMFBR Plant, 1000 MWe Phase A Design', EPRI NP-646, Volume 1
and 2, Part II, Heat Transport Systems, April, 1978,
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2.0 - SUMMARY
The -change in pressure drop will require-a larger pump or a higher
speed.  The limited NPSH available remains the predominant factor
in ‘the pump selection. The 116% flow runout requirement actually

places an upper limit on the pump speed.

There is no reason for changing the basic design submitted in the

Phase ‘A concept.  The design will consist of two stages of a double
suction impeller pumping in parallel. This 4is particularly appli-
cable where the four impeller inlets are flooded, as in a'pool type

reactor.

Since there is a possibility of using either a variable speed or
constant speed motor, & pump ig selected that will be suitable for
both. ~The pump can - also be lengthened to increase the available NPSH

for the flow runout condition.

Multi-stage double suction pumps with the impellers pumping in parallel
have been built, tested, and are in service. Evidence appears in the

report.

Consideration is given to maintenance and accessibility in the pump

design., Special tools and fixtures will be supplied where required.

In conclusion, the selected pump design concept is based on-experience
to give reliability and long life. Development rwork is desirable;

but would be required only to verify certain design areas.

The summary for the structural and dynamic analysis appears in 'the

stress analysis section.
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3.0 PUMP SELECTION

3.1

Type of Pump

The various possible pump design concepts were covered in Phase A,
including a double suction type, an inducer type and an axial floor
type. It was shown that the limited NPSH available is the prime con~
trolling factor. Based on experience, a double suction type pump is
selected. This gives the impeller two inlets and thus a lower eye
velocity for a given flow. A further refinement to favor NPSH is a
design utilizing more inlets. This leads to two double-suction im-
pellers pumping in parallel. With double suction impellers, the
total flow is divided into four inlets. This is particularly appli-~
cable to the pool type plant, since all of the inlets are immersed
in the sodium being pumped. The suction side of the pump is no

different for a multi-stage than it would be for a single stage.

The type of pump concept is the same as the one selected for Phase A.
Impellers will be double suction type, which is merely two single
suction impellers integrally joined back-~to-back. Two double-suction
impellers pumping in parallel are selected to suilt the low available
NPSH and to give an economical size. A single double-guction type
pump was studied in the normal sequence of making a selection. For
comparison, the characteristics of this single double~suction pump

are shown in Table 1, Page 25.
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3.2

Size of Pump

The size of the pump for this study must be changed to suit the new
head and capacity requirements. In Phase A the capacity or discharge
flow was 65,820 GPM. This has been incfeased to 68,450 GPM. The
head or pressure drop in Phase A was 237 feet. For this study, this
has been increased to 316 feet: In-addition, a rudou; condition of

116% of ‘design flow must be considered din the pump size selection.

Various speeds were considered so that a satisfactory selection could
be made. ~In each case, such things as hydraulic parameters, size of
impeller,; volute area, and NPSH requirement were developed. A suitable
model; "if available, was selected: & curve wés drawn showing perfor-

mance c¢haracteristics.

As the study progressed, additional design requirements wetre ‘added.
One was the runout flow required from each pump for different plant
¢onditions. Since the NPSH available does not change for this runout

of 116%.0f design flow, the speed is limited to this requirement.

Another requirement was the congsideration of a constant speed motor.
This places a restriction on the speeds’available. It was decided to
select a speed suitable for both variable and constant speed motors.
This would give flexibility to the motor selection and allow addi-

tional time for a decision without holding up the pump selection.
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3.3

Speed of Pump

3.3.1 The first pump considered was a single double~suction

3.3.2

type. A variable speed motor at 725 RPM was selected, to
satisfy the available NPSH limitation., A suitable model was

found so that required sizes could be determined.

The suction specific speed of the pump is satisfactory. Re-
liability should be good. The size, however, becomes quite
large. The impeller diameter is about 50 inches. Required
volute area is high. The pump will require an opening in the
support deck over 7 feet in diameter. While this is perhaps
acceptable, it is not desirable. The length of the pump from
the discharge nozzle to the top of the motor support will be

about 45 feet,

The next pump considered was a concept similar to the reference
design selected for Phase A. It consists of two

double suction impellers pumping in parallel. Each impeller
supplies half the flow at the full head. The two impellers are
of course identical. The impeller inlets are immersed at least
one foot below the surface of sodium when the nump is operating

at design speed.

For the same available NPSH, the pump speed can be increased
over that required for a single stage pump. A variable speed

motor of 1000 RPM maximum was selected. This satisfies the

suction specific speed limitationm.
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3.3.3

Again, & suitable model is selected s¢ that sizes and
performance ;an be established. The requiréd impeller
would be about 36 inches in diameter. The pump length would
be made to give 38 feet of NPSH. The opening in the support

deck would be about 78 inches in diameter.

This: speed and size would serve for the reference design using
a variable speed motor. A curve is made showing the perfor-

nance.

There would have been no need for looking at other pump speeds
except for the possible use of a constant speed motor. The
¢épeed selected for a constant speed motor is subject to 300 RPY
increments. . A variable gpeed motor could be used to give the
same speed. Ideally, the pump is sized for the constant speed

limitation.

The first selection is for the two stage concept at 1180 RPM.
The pump would have to be longer,; to give 45,feet of ‘NPSH, and
satisfy the suction specific'speed limitation. This speed
would require a small diameter impeller, 32 inches, which would
lead to an opening in the deck under 6 feet in diameter. The
speed coupled with the required length of the pump is not
desirable dynamically. The size of the shaft and the number
and location of bearings nay overcome the decrease in size.
This speed could be used, but a drop to a lower constant speed
would give a more conservative design. - FBurthermore, the run-

out condition mekes this speed too high.
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3.3.4 The next constant speed considered is 870 RPM. The design
concept is for two stages of a double suction impeller pumping’

in parallel,

The pump length is made to give an NPSH of 40 feet. This gives
a satisfactory suction specific speed at design and runout flows.
This speed would require an impeller about 42 inch diameter. The
opening in the support structure for the pump would have to be

slightly over 6 feet in diameter.

The selected speed combined with the relatively short pump should
give a satisfactory shaft dynamic analysis. It is a conservative
choice that should give the desired reliability for this type

of pump.

*
A model with the same specific speed was selected for this pump.

Using the model factor, a complete performance curve was made.

This pump speed will give an acceptable NPSH safety margin at
design flow. Cavitation should be at an absolute minimum so that

the expected long life can be accomplished.
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4.0 PUMP SELECTION - SUMMARY
In summary; four speeds were considered in this study. For
convenient comparison, the type of pump and speeds considered are
tabulated in Table 1, Similarity parameters, spéed, and size

are showi, ‘to-assist in making the most attractive selection.

It was decided to select a speed suitable for a congtant or
variable speed motor. This narrowed the selection down to 870
and 1180 RPM. 'The slower speed of 870 RPM was selected for con~
servatism and reliability. The increase in size over the higher
speed pump 1s a worthwhile trade-off. The desired critical speed
should be more readily attained. Perhaps the most important
factor of ‘this gpeed is at the suction side of the pump. ~There
should be veryylittle damaging cavitation, if any, giving a long

pump life expectancy.

Results of the dynamics and critiecal speed analysis are given in

the structural and dynamics sectionm.
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5.0 KEY FEATURES OF THE PUMP

5.1

5.2

5.3

General
All parts that were covered in the Phase A study will not be repeated
here. Only parts or features that are new or different will be de-

scribed.

Shut-0ff Valve

A shut-off valve at the outlet nozzle is used to prevent sodium
backflow through a disabled pump. A conceptual valve for this pur-
pose is shown at the bottom of the pump. The valve opens and closes
with vertical motion. Two rods 180° apart, located vertically, provide
the motion and actuate the valve. The rods extend vertically to the

seal cartridge location. The method of providing vertical valve

. movement through the rods will not be a part of this study. It is

merely shown that the valve could conveniently be a part of the pump.

Hydrostatic Bearing
The type of bearing has not changed from the one described in Phase A.
However, the size and location has been changed. This was done as

one of the things to satisfy the dynamics analysis.

The size of the bearing has been increased from 16 inch to 30 inch
diameter. It should be remembered that the radial load has been in-
creased due to the additional pump head. Also, the bearing was moved
from its positiom at the bottom of the pump in Phase A, and located
between the two {hpellers. At this location, the bearing has to be
axially split for assembly and dismantling. This does not present any

particular manufacturing problem.
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5.4

Flow from-discharge to the bearing pockets and return to suction

is similar to the design in Phase A.

The bearing lands ‘and end rings are hard-surfaced.

The length of the pump makes it necessary to have another hydro-
static bearing just below the lowest liquid level. This gives a
gatisfactory bearing 'span and allows the use of a smaller shaft.
The size of the bearing is 16 inch diameter. ~Except for size, this

bearing is similar to the one used in Phase A.

Rédial Bearing (In Seal Area)

The span between the radial bearings in the pump and the lower radial
bearing in the motor is quite long. To keep the critical speed a
safe margin above the operating speed, two things can be done.  First,
the size of the shaftf can be made large. This would penalize the
size of the seals. The second method would be to place another

bearing in the pump to cut down the span.

For this design, an oil lubricated radial bearing will be located in
the seal area. 0il is available at this location for lubricating the
bearing., In addition, the same heat exchanger requitred by the seal

can be sized to include the requirements of the bearing.

The radial bearing is a pivoted segmental type. The bearing members
of this type ‘are tiltable shoes orpads which ‘rest on hard steel
buttons mounted on the bearing housing. The shoes are free to form
automatically ‘a wedge-shaped oil film between the shoe surface and

the rotating sleeve of the shaft. The pads are babbit-lined.
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5.5

Bearing Journals

The journals for the hydrostatic bearings are integral with the

shaft. This eliminates a fit and gives better alignment. The journal
or sleeve is made so that it can be hard-surfaced. A sleeve is also
used on the hollow shaft for the journal at tge liquid level. This

is also integral with the shaft and can be ground accurately.

There is also an oil lubricated radial bearing in the seal area. The
journal for this bearing is a part of the seal sleeve. This will
allow the journal to run true to the shaft, since only one centering
fit is involved. The journal does not have to be hard-surfaced,

since the pads are babbeted and oil lubricated.

Pump Shaft
The type of pump shaft has not changed significantly from the one
described in the Phase A study. Only the changes will be mentioned

here.

The journal that was at the bottom of the shaft has been moved to a
location between the two impellers. The size of the shaft is diff-
erent from the one in the Phase A study since the pump has become

larger and the horsepower requirement has increased.

The shaft is much too long to be made in one piece. It has a coupling
at approximately the normal liquid level. The shaft size changes at
the coupling, the upper portion getting larger. The shafts are joined
by a rigid flanged coupling, with male and female centering fits.

The flanges are bolted.

VB- 11



547

The top of the shaft has a self-centering spline. The torque. from
the coupling to the shaft is transmitted through the spline.  The
axial load rending to separate the engagement of the spline is

taken by a series of fasteners. - The self-centering spline~type
coupling used at the top end of the pump shaft gives good accuracy
and maximum load=carrying capacity. The spline teeth are cut in the

s0lid face at the end of the shaft.

A flange with a self-centering spline to match the one on the shaft
is fastened to the top of the shaft. This flange serves a double
purpose. 1t acts as a flanged pump half coupling. In addition, it

is the fan for air cooling the o0il circulating in the seal cartridge.

Spacer-Type Coupling

A coupling is required between the motor shaft and pump shaft. ‘The
coupling is'a spacer ‘type. When the coupling is removed, the seal

cartridge assembly can be taken out of ‘the pump without disturbing

the motor. The coupling is flanged and bolted td the motor and

pump shafts.

Since the thrust bearing is in the motor, the coupling must take the
axial thrust load; including the weight of the pump rotating assembly.
In addition, the coupling has some flexibility. ~This is made possible
by a diaphragm at the bottom end of the coupling. The flexibility is
not required for normalioperation. ‘It is a featuré required only

for emergency conditions causing severe deflections of the pump that
affect the alignment. It is only then that the self-aligning feature
is required. The coupling is designed to Byron Jackson requirements

by an experienced and well-known coupling manufacturer.
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5.8

Driver Mount

The driver mount or motor support is a separate fabrication that

is centered and bolted to the outer cylinder. It has openings of
sufficient size to allow assembly and dismantling of the coupling

and seal. The spacer type coupling can be removed. The top of

the driver mount can be designed to accept a motor flange with outside
or inside bolts. Interface between motor and driver mount will be

worked out by mutual agreement.

The fixture for removing the coupling and seal cartridge will be
fastened to the top flange of the driver mount. This fixture will be

removable.,

Seal Cartridge

The' seal cartridge includes the two mechanical seals mounted back-to-
back, the pumping ring, the oil lubricated radial bearing, and the
air to oil heat exchanger. Where possible, some of the parts are
made of aluminum alloy to keep the weight of the cartridge down for
handling. The seal cartridge 1s made for convenient servicing. The
seal is locked in the running position during handling, to eliminate

possible damage.

A fixture will be furnished for convenient removal of the spacer
coupling and seal cartridge assembly. The fixture will be temporarily
fastened to the top flange of the driver mount. The spacer coupling
and then the seal cartridge can be lifted and moved horizontally on

rails to the outside of the driver mount. They can then be transferred
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to a service hoist. The fixture can of course be used for the
replacement of the ‘seal cartridge and spacer coupling. ~All of

this is ‘done without the removal of the motor.
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Pump Material Selection

Materials of comstruction utilizing 2%% Cr-1Mo; Type 304 or 316 3/8
and/or 9Cr-1Mo may be used for the Pool-Type LMFBR pumps operating at
600°F in sodium. The choice of ferritic versus austenitic stainless

steels would be dependent on a number of different factors, such as:

1. The lower alloy content of 24Cr-1Mo steel will have a lower base
metal cost than the higher chromium or chrome-nickel stainless
steels, especially for plate, bar, pipe and forgings, but not for

- castings. The lower base metal cost for wrought products is based
on the assumption that the required quantity is sufficient for a
mill heat and/or the required quality is available at the warehouse.
Castings of 2%Cr-1Mo will normally not result in any cost savings
since the foundry problems result in costs almost equal to the

cost of high alloy materials.

Although it appears that 9Cr-1Mo has some desirable characteristics
it is really too early to determine foundry and mill problems that
may be incurred, it is also unknown at this time what fabrication

problems may be revealed.

The ferritic materials, including weld filler metals, will be required
to meet fracture toughness of the ASME Nuclear Component Code. This
requirement will narrow the cost gap between the ferritic and austen-
itic stainless steels, since fracture toughness is not mandatory for

the latter materials.
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The ASME Nuclear Componént Code and’the Elevated Temperature Code
cases require that ferritic materials be preheated and post-weld
heat treated. ~This require@ent adds to manufacturing costs due to
the added costs for weld qualificatigns and ‘manufacturing time

over that of austenitic stainless steels.

Cleaning costs will be higher for ferritic materials. The greater
rusting problem, in atmosphere and/or during testing will require
that positive anti-rusting precautions must be maintained at all

times, including protectioén at the job site.

Hydraulic vequirements normally dictate a design that has complex
geometries. The geometries réquired may be obtained by such very
expensive methods as (1) chemicél'milling; (2) ‘contour. (template)
milling; - precision machining; (3} precision weld fabrications
and/or a combination of such methods. Historically the pump maan
facturer has used static or precision castings which permits the
procurement of complex geometries of acceptable'quality and at . a

very considerable decrease in cost and procurement time.

Material costs for ferritic steel castings, if obtainable; will
probably be 2 to 3 times the cost of austenitic stainless steels,
due to (a) lower demand, therefore higher cost; (b) more exacting
manufacturing controls required; (c¢) many wmore foundry problems
with ferritic materials; ~ (d) maintenance of cleanliness,; ‘and (e)

special procurement due to limited sources.
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In summary, it is apparent that the major consideration has

to be economic rather than techanical. The existing state-~of-
the-art available for austenitic stainless steels presents no
new problem areas whereas the use of ferriti; materials could

pose several areas requiring development programs.

After evaluation of all factors, fabrication, heat treatment,
material procurement and cleanliness, it {s our opinion that

the pool-type pump be constructed of austenitic stainless steel.
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7.0 COMMENTS ON REVIEW OF LMFBR PUMP DESIGNS

A study for a conceptual pump design for a pool type reactor was

submitted to General Electric' by Byron Jackson for Phase A.

An engineering design review of this pump was made by Elemer Makay,
a consultant, for EPRI, dated August 31, 1978. The cohsultant"s
comments  are respected and appreéiated. This is an attempt to

comment on some of the reviewer's concern.

It should be understood that this was a conceptual design study
limited by time and budget.  Some of the suggested design changes
were ‘made for the present pump study before the consultant's report

was teceived, particularly in the dynamics and critical gpeed areas.

The first concern is about the basic design concept af’ two stages

of a double suction impeller pumping in parallel. The report explains
why this unique concept was selected. It lends itself particularly
well to the pool type concept where all the suction inlets are

filooded.

Attached separately is a Sectional Drawing D~1F-1066 showing a pump
with four double suction impellers pumping in parallel. Two four~ impel-
ler and “two three-impeller pumps of this type were built, tested, and

are in service, Pertinent facts are shown with the Sectional.
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A photograph is also enclosed showing a pump used on a hydrofoil.
This pump has two double suction impellers pumping im parallel. Two
of the suction nozzles are on the near side and the other two on the

far side.

It is certainly agreed that careful and diligent design is required

for the pump inlet geometry. A wood and plastic model has been made

and tested with air for the DOE-Large Scale LMFER Pump Development Program.
Results show that the suction inlets divide the flow evenly, though

the suction nozzle is-at the bottom of the pump. The report on-this air

test has been submitted to Argonne National Laboratory and is available.

The concern about axial thrust is one that is inherent in any multi-
stage pump. It does not affect pump performance, only the size of the
thrust bearing. The wear rings can be sized to give an upthrust that
will help balance the rotor dead weight. A page from the report on

axial thrust is enclosed.

The structural and dynamic analysis concludes that there are no insur-
mountable problems with the conceptual design. It should be under-
stood that a design layout is made first and then analyzed. The results
of the analysis may indicate certain changes that can be made to obtain
satisfactory performance. TFor example, a bearing may be re-located or
its size changed, the shaft size changed, or a bearing span altered.

With these changes, the design concept would be acceptable.
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Some of the suggested changes are being added to the present re-

design of the pump.

The consultant asks for clarification regarding the NPSH test of
the Clinch River model. This was only cited as an example.. A half
scale model of the Clinch River double suctipn pump was made and
tested. The NPSH required, as’measured by Hydraulic Institute
standards, was 36 feet.’ This is the method based on a 3% loss of
pump head. The model size and speed are selected to give the same -
head and NPSH as required by the prototype. No.mention is made of
cavitation. 1t is mersly shown that for the prototype, there would
be a safety margin between the required and the available NPSH.
Available NPSH for the Clinch River prototype is 53 feet. The

safety margin is from 36 to 53 feet, or about 1477.

The consultart indicates that the NPSH required for cavitation-free
operation is 54 feet, or 150% of the 36 feet obtalned by test. He
infers that this safety margin is‘neCESsary toavoid ¢cavitation ercsion
of the impeller eye during commercial operation. It can be éeen that

the exanple shown in the study has this margin,

For the present study a greater NPSH safety margin is used at the
design or best efficiency point, This is where the pump will operate
dutring most of its life expectancy. ~Lower flows will be less: prore to

cavitation damage.
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For the runout condition, where the flow could be 116% of the design
point, the safety margin is less. However, operating time at runout
flow should be a small percentage of the pump life expectancy.

Cavitation damage, 1if any, sﬁould be minimal, since it isa function

of time.
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Pumps with multi~stage double suction impellers pumping in parallel.

1. Size: 36 x 40 x 68 Double Suction
4 Stages in Parallel
Sectional Drawing D-1F-1066
Two of these pumps were built and tested in B.J. Holland.
User: Shell International, U.X,

Liquid: Crude oil, with intermittent quantities of seawater.

Four stages in parallel were used to meet the low NPSH requirement.
Each stage is a double suction impeller pumping one-fourth of the

total flow against the full discharge head,

These are vertical pumps with a suction tank and underground suction.
The pump is an axially split design. The suction tank is about 68"
diameter. The suction is flooded, all impeller inlets being exposed

to the liquid in the suction tank.

These pumps were tested early in 1976. They have been operating in

the field since then.

Design Conditions: (4 Stage)

Capacity 44,000 GPM (total)
Head 250 ft (Sp. Gr. = 0.85)
Speed 1480 RPM (50 cy.)
NPSH 20 ft. (approx.)

Specific Speed 2460
Suction Specific Speed 16,500
BHP 2800

Impeller Dia. - design 23%" , test 20-3/4".
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2.

3.

Same pumps as ‘above, except three stages in parallel. Two of

these pumps were built and tested, for the same user as above.

Design Conditions: (3 Stage)

Capacity 22,000 GPM (total)
Head 269 fr.

~Speed 1480 RPM

NPSH 16 feet
Specific Speed 1920

Suction Specific Speed 16,000

BHY 1800

Impeller dia. - design 23%" | test 20".

A foilborne propulsion pump was built and tested for use in-a
hydrofoil ship. It 1s a pump with two stages of double suction

impellers pumping in parallel. Sectional Drawing 1F-6373 and

photograph are enclosed. ~Liquid being pumped 1s sea water.

Pump is axially split. . The user was Boeing Company.

Design -Conditions:

Capacity 28,000 GPM (total)
Head 560 ft.

Speed 1560 RPM
Specific Speed 1600

BHP 5000 (apptox.)
Discharge Nozzles 10" Dia. (two)
Suetion Nozzles 12" Dia. (two)
Impeller dia. design 28"
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The NPSH varies with the speed of the hydrofoil.

This type of application for a pump is unique. The examples

given, however, show that they can be made to operate satisfac-

torily.
Table No. 1
TABULATION OF
VARIOUS PUMP SPEEDS
Single Two Impellers J
Stage in Parallel
PUMP SPEED RPM |
725 870 1000 1180 |
Variable Variable:
Variable | Constant | Variable | Constant|
Pump Discharge Flow - GPM 68,450 i
i
Total Developed Head -~ FT 316 §
NPSH Available - FT 38 40 45 38
Temperature - OF 595 ?
Specific Speed - Ng 2,550 2,150 2,490 2,900
Suction Specific Speed, Design. Sg 12,400 10,000 12,100 12,500 :
Suction Specific Speed, Rumout. Sg | 13,400 10,900 13,000 13,500
Pump Efficiency A 78 78 78 78
Required Pump Power (Cold) H.P. 7000
Required Pump Power (Hot) H.P, 6150
Impeller Diameter Inches 49% 42 36 32
Tank Diameter Inches 85 75 70 66
Pump Length Feet 45 463" 45'-3" 521-3"
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AXTAL THRUST REQUIREMENTS

The pump does not have a bearing for carrying an axial thrust load. - It
depends on the thrust bearing used in the motor, The motor supplier must

design the bearing to carry the additional load required by the pump.

The weight of the pump rotating element ig estimated to be 16,000 1bs.

This is of course an axial downthrust, static and at all speeds.

Double~suction impellers .are theoretically balanced éxially. However, actually
an axial thrust is possible. This is due to slight differences in pressure

on' the upper and lower sides of the shrouds. This is at least in part due

to the difference in actual running position between the rotating shroud and
the adjacent stationary wall for the two sides of the impeller. With two im~
pellers, this could balance out. If assumed to be additive, the axial thrust
could be 15,000 1bs. in either direction. ~This is with the pump running at
full speed.' Since this load is a function of pressure; it is also a function
of speed. The downthrust requirement would be lower for the slow speeds. The

motor thrust bearing must be sized to. take the highest load required by the pump.

The upthrust due to pressure at the impellers will not be ﬁigh enough to over-
come the dead weight of the pump rotating element. Even though the pump re=
quires no axial upthrust on the motor bearing, it is anticipated ‘that the motor
thrust bearing will be designed to take some load in that éirection. This is
for protection due to sudden unforeseen thrust surges either by the pump or

the motor ‘rotor.
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10.

Table No. 2

WEIGHT OF MAJOR SUBASSEMBLIES

NAME ’ . WEIGHT, LBS.
Pump Voluée and Discharge Manifold 17,000
Top Suction Piece 1,500
Middle Suction Pilece 2,000
Sliding Valve 2,400
Hydrostatic Bearing (Split) 1,100
Lower Pump Tank 25,000
Upper Pump Tank and Driver Mount 38,000
Insulation Assembly 2,400
Seal Assembly 2,000
Rotating Assembly 13,000
Total 104,400

Weights do not include sodium,insulation, or steel shot.
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Table No. 3

PARTS LIST AND MATERIALS OF CONSTRUCTION

PRIMARY SODIUM PUMP FOR POOL TYPE CONCEPT
B.J. ORDER NO. . 781-6-=0500
REFERENCE DRAWINGS: = 1F=8435, 1F-7589

PART NO. QTY NAME
1 : Volute Assembly
I-1 i 1 Volute and Discharge Manifold
1-2 1 Valve Housing
2 Suction
2-1 2 Middle Suction Plece (Split)
22 1 Upper Suction Piece (Split)
2-3 1 Hydrostatic Bearing (Pump)
3 Rotating Element Assembly
3=1 1 Lower Impeller
3=2 1 Upper Impeller
3-3 1 Journal
3-4 1 Shaft Tube
3-5 1 Tap End = Shaft
4 Middle Structure Assembly
4=1 1 Bottom Flange
42 1 Cone
4-3 2 Rearing Support
4=4 1 Hydrostatic Bearing (Middle)
45 1 Top Flange :
4~6 1 Tube. = Bearlng Supply.
47 e Insulation Contalner

MATERIAL SPECIFICATION

ASME
ASME

ASME
ASME
ASME

ASTM
ASTM
ASTM
ASTM
ASTM

- ASME

ASME
ASME

ASHME

ASME
ASME
ASME

SA-351
SA-351

SA-351
SA-351
SA-351

A-351,
A-351,
A-213,
A-213,
A-182,

SA-240, Tp.
SA=240, Tp.
SA-240, Tp.
SA-182, GR.
SA=240, Tp.
SA-213, Tp.
SA-240, Tp.

GR,
GR.

GR.
GR.
GR.

GR.
GR:
Tp.
Tp.
(&) g

CF8
CF8

CF8
crg
CF8 with Colmonoy #5 Overlay

CF8

CF8 ‘

304 with #6 Colmonoy Overlay
304

F304

304

304

304 | e
F304 with Colmonoy #5 Overlay
304 ‘ :

304

304

SK=0500=1
Page 1 of 3



82 ~ghA

PART NO.

QTY

e =

ot ot

BN B

NAME

Upper Structure Assembly
Quter Cylinder
Inner Cylinder
Top. Plate
Bottom Plate
Mounting Flange
Seal Leakage Tank

Driver Mount Assembly
Lower Flange
Cylinder
Top Flange

Valve Assembly
Valve
Valve Rods
Valve Tubes

Pump Coupling
Spacer Type Coupling
Coupling Flange and Fan

MATERIAL SPECIFICATION

ASME SA-240, Tp.
ASME SA-240, Tp.
ASME SA-240, Tp.
ASME SA-240, Tp.

p. 304
ASME SA-240, Tp.

ASME SA-240, T

ASTM A-240, Tp.
ASTM A-240, Tp.
ASTM A-240, Tp.

ASME SA-351, GR.

ASTM A-479, Tp.
ASTM A-213, Tp.

ASTM A-322, Gr.
ASTM A-240, Tp.

304
304
304
304

304

304
304
304

CF8
304
304

4140
304

SK~0500~1
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PART NO.

12

12-1
12-2
12-3
12=4
12-5
12-6
12-7
12-8
12-9
12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-17
12-18

QTY

O T N T O N N N T T e

NAME

Seal Cartridge Assembly
Seal Flange - Upper
Seal Flange = Lower
Seal Housing Assembly

Seal Sleeve and Pumping Ring

Stand Pipe

Retainer
Rotating-Face
Stationary Face
U=Cup
U-Cup Follower
Spring
Drive and Thrust Collar
Spiit Locating Collar
Locating Pin (Removable)

Fan- Cover

Pumping Ring Bushing

Radial Bearing

Seal Heat Exchanger

MATERIAL SPECIFICATION

Reference Drawing 1F-7589
ASME SA-182, GR. F304

ASME 'SA-182, GR. F304
ASTM A=240, Tp. 304
ASTM A-182, GR. F304
ASTM A-182, GR. F304
ASTM A-182, GR. F304
Carbon

316 SST with #1 Stellite Overlay
Nitrile

304 SST

Inconel X-750

ASTM A-182, GR. F304
ASTM A-182, GR. F304
ASTM A-~193, GR. B6
ASTM A~240,; Tp. 304
ASTM A~182, GR. F304
Commercial

Aluminum 606176

5K~0500=1
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