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Westinghouse Energy Systems Box 355
Electric Corporation Pittsbuigh Pennsyivania 15230.035¢

NSD-NRC-96-4814
DCP/NRC0598
Docket No.: STN-52-003

September 5, 1996
Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
ATTENTION: T. R. QUAY
SUBJECT: AP600 LOFTRAN COMPUTER CODE ISSUE RESOLUTION
Dear Mr. Quay:
The attachment to this letter provides responses to NRC Supplemental Draft Safety Evaluation Report
(SDSER) open items related to the LOFTRAN computer code and its application to AP600 safety
analyses. The SDSER open items addressed in this letter are 21.6.1.4-1, 21.6.1.6-1, 21.6.1.7-1,
21.6.1.7-2, 21.6.1.7-3, 21.6.1.7-4, 21.6.1.7-5, 21.6.1.7-6, 21.6.1.7-7, 21.5.4-1, 21.5.4-2 and
21.543

Table 1 identifies the current Westinghouse status of LOFTRAN open items. We request NRC staff
review of the attached information.

Please contact John C. Butler on (412) 374-5268 if you have any questions concerning this transmittal.
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Brian A. McIntyre, Mahager
Advanced Plant Safety and Licensing
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Attachment

cc:  T. Kenyon, NRC (w/o Enclosures/Attachments)
W. Huffman, NRC

R. Landry, NRC
N. J. Liparulo, Westinghouse (w/o Enclosures/Attachments)
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SDSER Open Item

Westinghouse
Status

Table 1

21.6.1.4-1

Closed

21.6.1.6-1 Action W SSAR Chapter 15 revision necessary to fully address.
21.6.1.7-1 Closed u
21.6.1.7-2 Action W WCAP-14307 and WCAP-14234 will be revised to
incorporate information from RAI responses.
21.6.1.7-3 Closed
21.6.1.7-4 Closed |
21.6.1.7-5 Closed
21.6.1.7-6 Closed
21.6.1.7-7 Closed
21.5.4-1 Closed
“-; 2 Closed
21.5.4-3 Closed
21.6.1.6-1 Action W PRHR Test Report revision necessary to fully address.
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SDSER Open Item 21.6.1.4-1

Westinghouse needs to submli responses to RAIs on the adequacy of the analytical models in the
LOFTRAN code for application to the AP6(00 passive reactor design.

SDSER Open Item 21.6.1.7-1

Westinghouse needs to submit responses to RAlIs on LOFTRAN.

Response:

Responses to requests for additional information (RAI) on the LOFTRAN computer code and its
application to the AP600 have been submutted to the NRC. Table | identifies the LOFTRAN RAIs

and the date of the Westinghouse letter containing the requested response.

Westinghouse Status: Closed



Table 1

Requests for Additional Information on the LOFTRAN Computer Code

RAI Subject Date of
Response
440 263 WCAP-14234 03/01/96
440264 WCAP-i4234 01/31/96
440.265 WCAP-14234 01/31/96
440.266 WCAP-14234 03/01/96
440.267 WCAP-14234 01/19/96
440.268 WCAP-14234 03/01/96
440269 WCAP-14234 05/13/96
440.270 WCAP-14234 01/19/96
440.271 WCAP-14234 05/13/96
440272 WCAP-14234 05/13/96
440273 WCAP-14234 05/13/96
440274 WCAP-14234 05/13/96
440275 WCAP-14234 05/13/96
440.276 WCAP-14234 05/13/96
440277 WCAP-14234 05/13/96
440278 WCAP-14234 01/31/96
440279 WCAP-14234 01/31/96
440.280 WCAP-14234 01/29/96
440 281 WCAP-14234 11/17/95
440282 WCAP-14234 0171296
440283 WCAP-14234 11/17/95
440.284 WCAP-14234 01/04/96
440 285 WCAP-14234 01/29/96
440.286 WCAP-14234 01/12/96
440287 WCAP-14234 01/04/96
440.288 WCAP-14234 01/31/96
440 289 WCAP-14234 01/31/96




RAI Subject Date of
‘ Response
440.290 WCAP-14234 01/29/96
440.291 WCAP-14234 01/12/96
440.292 WCAP-14234 11/17/95
440.293 WCAP-14234 11/17/95
440 294 WCAP-14234 11/17/95
440.295 WCAP-14234 11/17/95
440.296 WCAP-14234 11/17/95
440.297 WCAP-14234 11/17/95
440.298 WCAP-14234 11/17/95
440.299 WCAP-14234 01/26/96
440.300 WCAP-14234 01/04/96
440.301 WCAP-14234 01/04/96
440.302 WCAP-14234 01/29/196
440303 WCAP-14234 11/17/95
440 304 WCAP-14234 11/17/95
440305 WCAP-14234 01/12/96
440 306 WCAP-14234 12/15/95
440 307 WCAP-14234 05/13/96
440.308 WCAP-14234 01/19/96
440309 WCAP-14234 05/13/96
440310 WCAP-14234 05/13/96
440311 WCAP-14234 01/04/96
440312 WCAP-14234 12/21/95
440.313 WCAP-14234 11/17/95
440 314 WCAP-14234 01/29/96
440315 WCAP-14234 01/04/96
440316 WCAP-14234 01/04/96
440317 WCAP-14234 11717195
440318 WCAP-14234 11/17/95




RAI Subject Date of

‘ Response
440319 WCAP-14234 11/17/95
440.320 WCAP-14234 01/19/96
440321 WCAP-14234 01/19/96
440322 WCAP-14234 01/26/96
440.323 WCAP-14234 01/26/96
440324 WCAP-14234 05/13/96
440.447 LOFTRAN V&V 01731796
440 448 LOFTRAN V&V 01/19/96
440 449 LOFTRAN V&V 01/26/96
440.450 LOFTRAN V&V 01/31/96
440451 LLOFTRAN V&V 01/31/96
440452 LOFTRAN V&V 01/31/96
440.453 LOFTRAN V&V 01/31/96
440454 LOFTRAN V&V 01/31/96
440 455 LOFTRAN V&V 01/31/96
440456 LOFTRAN V&V 01/31/96
440 457 LOFTRAN V&V 01/31/96
440 458 LOFTRAN V&V 01/31/96
440459 LOFTRAN V&V 01/31/96
440 460 LOFTRAN V&V 01/29/96
440 461 LOFTRAN V&V 01/31/96

440 462

LOFTRAN V&V

01/31/96




SDSER Open ltem 21.6.1.6-1

Westinghouse needs to describe, in Chapter 15 of the SSAR, the PRHR heat transfer option it has
selected for each analysis in which LOFTRAN is applied and explain why the option i1s conservative
for that application.

Response.

Chapter 15 of the SSAR wili be revised to include the requested information.

Westinghouse Status: Action W



SDSER Open Item 21.6.1.7-2

Westinghouse needs to |dcnt:fy the information provided in RAI responses that will be incorporated
into the LOFTRAN final venfication and validation (V&V) document (WCAP-14307) or the code
applicability document (WCAP-14234).

Response.
The responses to NRC RAIs on the LOFTRAN final V&V report (WCAP-14307) and the LOFTRAN
code applicability document (WCAP-14234) will be incorporated in the reports as an Appendix and

Revision | of these two reports will be issued.

Westinghouse Status: Action W



SDSER Open Item 21.6.1.7-3

Westinghouse needs to submit a detailed example of how it used auxihiary programs, hand
calculations, and conservative assumptions to model pump trips and startups in LOFTRAN.

Respon:
The requested detailed example and explanation of the auxiliary codes used to support the LOFTRAN
calculations 1s provided in the enclosed report. This report details the calculations of the RCS flow

transients following a partial loss of flow event and a locked rotor or broken RCP shaft event.

Westinghouse Status: Closed



SDSER Open ltem 21.6.1.7-4

Westinghouse needs to submit criteria for using the penalty model for CMT piping when “moderate”
voiding takes place.

Response:

Boiling does not occur in the CMT during the design basis non-LOCA and steam generator tube
rupture transients. Therefore, this model has not been used in the AP600 SSAR Chapter 15 analyses
The model generates warning messages to the user that boiling is occuring in the CMT or the cold
balance line if the water subcooling in either location is less than a prescribed user input value
Flashing i1s assumed to occur if the following is true:

Tsat - Tm: < D:ulsu

Where: Tsat = water saturation temperature at the CMT pressure
Vursy ® water temperature in the node 1
P * input subcooling limit & current himit = 5.0 °F

If this subcooling limit 1s exceeded, the effect of the potential steam accumulation at the CMT pipe
top may be taken into account by a penalty on the cold leg to CMT balance line buoyancy calculation.
Assuming that there is only steam in the vertical pipe portion at the CMT top, the density induced
driving head that produces the recirculation flow is reduced by the following quantity:

Penalty = Hbub (Poy = Pyean)/ 144

Where: Hbub = Equivalent height of the stratified zone; is provided as input.
A "realistic” value may be input or a very conservative
calculation may be performed that uses an artificially large
value that stops natural circulation as soon as boiling 1s
detected.

mixture density in the cold leg to CMT balance line top node
saturation density at the CMT pressure

Pou

P ieam

As noted above, none of the design basis non-LOCA and steam generator tube rupture analyses have
produced boiling in the CMT or cold leg balance line. Of the non-LOCA events analyzed, the steam
system piping failure (SSAR Section 15.1.5) 1s most likely to produce boiling. Should this occur, an
arifically large Hbub penalty will be used for the core response analysis which would completely
terminate CMT recirculation flow, thereby minimizing the amount of boron that reaches the core.

Westinghouse Status: Closed



SDSER Open Item 21.6.1.7-§

LOFTRAN should not be app'licd to any analysis involving actuation of the ADS because it has not
been benchmarked against ADS actuation expenments.

Response

Inadvertent depressurization of the RCS analyses are presented in Section 15.6.1 of the safety analysis
reports. On previously licensed PWRs, inadvertent RCS depressunzations were postulated to occur
due to opening of pressurizer relief or safety valves. While the reactor is at power, margin to
departure from nucleate boiling (DNB) limits will be reduced as the RCS pressure decreases.
Violation of DNB limits is precluded by tripping the reactor.

The RCS depressunization analyses performed with LOFTRAN and presented in Section 15.6.1 of

safety analysis reports are short term analyses which demonstrate that the protection system will detect
the depressurization and tnip the reactor prior to violation of DNB limits. For this type of analysis, the
most limiting transient is a one which will result in the most rapid rate of depressurization of the RCS.

The short term RCS depressurization analyses presented in section 15.6.1 of the AP600 SSAR have
been expanded to include the inadvertent opening of ADS paths connected to the pressunizer. Analysis
of these events are performed with LOFTRAN using assumptions which conservatively maximize the
relief from the ADS path under consideration. This results in the maximum rate of RCS
depressurization. No credi. for ADS piping interactions or interactions with the [IRWST which may
reduce the rate of RCS Jepressurization is assumed in the analysis. In this analysis, benchmarking of
the LOFTRAN ADS modeiing against expeniments 1s not needed because bounding ADS performance
charactenstics are used. This is the only analysis performed with LOFTRAN which involves the ADS.

LOFTRAN is not used for the simulation of any transients where ADS is used to mitigate the event or
where simulation of the ADS piping and the [IRWST interaction effects are important.

Westinghouse Status: Closed




SDSER Open Item 21.6.1.7-6

For each transient analyzed with LOFTRAN, Westinghouse needs to submit information on the impact
of not conserving mass, energy, momentum, and volume.

Response:

Mass and energy balances were performed (using the methodology described in the response to RAI
440 288) to venfy that the LOFTRAN/LOFTTR2 codes used for the AP600 non-LOCA and SGTR
analyses conserve mass and energy with a reasonable degree of accuracy. Mass and energy balances
were performed for a transient from each of the six main design basis accident sections of the SSAR
where LOFTRAN is used. The results of these calculations are presented in Table |, which shows
that there is no appreciable mass or energy error developed for any of the LOFTRAN transients.
Figures 1-6 present the transient mass and energy balances for the selected transients.

Table 1
SSAR Section Transient Selected Maximum Maximum Energy
Mass Error (%) Error (%)
Increase in Heat Removal | Steam System Piping 0.014 -0.085
From the Pnmary System | Failure +0.035 +0.066
Decrease in Heat Loss of Normal
Removal by the Feedwater Flow £g?; +ggé.2,
Secondary System ) '
Decrease in Reactor Complete Loss of
-0.000 -0.004
Coolant System Flow Forced Reactor Coolant +0.000 +0013
Rate Flow
Reactivity and Power Startup of an Inactive
Distnbution Anomalies | Reactor Coolant Loop -0.000 -0.003
at an Incorrect +0.000 +0.007
Temperature
Increase in Reactor Chemucal and Volume
Coolant Inventory Control System
-0.004 -0.028
Malfunction That +0.004 +0.078
Increases Reactor
Coolant Inventory »
Decrease in Reactor Steam Generator Tube 0013 -0.050
Coclant Inventory Rupture +0.010 +0.108

Westinghouse Status: Closed
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SDSER Open Item 21.6.1.7-7

If choked flow 1s applied (hrdughoul the transients, Westinghouse needs to demonstrate that this
approach is conservative in all cases using LOFTRAN for the AP600.

Response:
A description of the application of choked flow 1s provided below for the applicable transients

Steam Generator Tube Rupture

The flow out of the break in a steam generator tube rupture may be choked or unchoked. The break
flow model includes the geometry of the tube and simulates form and fricuion pressure losses. A
summary of the tube rupture break flow model and relevant equations used, is shown on pages 3-2
through 3-6 of WCAP-10698-P-A, which is approved for use with operating PWRs by the NRC.

Steam Line Break
The LOFTRAN steam line break flow model assumes choked flow continucasly throughout the

duration of the event. The model remains unchanged from that used on previously licensed operating
plants. This 1s a conservative assumption for steam line break. Using the maximum choked flow
from the break, results in a bounding cool down of the RCS. For evaluation of the core thermal
hydraulic response, maximizing the cool down results in a larger core return to power.

With respect to evaluating the impact of steam line break releases to the containment, the most
limiting cases are large double ended ruptures. Peak containment pressure occurs when the faulted
steam generator drys out. Use of choked flow throughout the steam line break analysis in this case
maximizes the rate of mass and energy release to the containment which is conservative for
containment performance evaluation.

Feed Line Bre

The feed line break 1s a loss of secondary side heat sink transient. Following reactor trip on low
steam generator level, the event 1s mutigated by the heat removal capability of the PRHR in
conjunction with fluid remaining in the cteam generators. The seventy of the event is increased if the
post reactor trip steam generator inventory is reduced. In the AP600 feed line break analysis prior to
reactor tnp, the break area is assumed to be just large enough that a complete loss of normal
feedwater to both steam generators occurs. [n other words, the feedwater flow into or out of both
steam generators is zero. This minimizes the inventory in both steam generators at the time of reactor
tnp because the level in both steam generators 1s at the low level reactor tnp setpoint. At reactor trip
a full double ended rupture is initiated and the maximum choked flow from the break is assumed.
This conservatively depletes inventory from the faulted steam generator rapidly such that the heat
removal rate from the faulted steam generator 1s negligibie. Formulating the event in this manor
conservatively bounds break size, effects of the main feedwater piping resistance and any interactions
with the main feedwater system.

Westinghouse Status: Closed |



SDSER Confirmatory Item 21.5.4-1

Westinghouse must use the Adjustcd WRB-2 correlation for the departure from nucleate boiling Ratio
(DNBR) calculation if the local area mass flux in the hot channel is between 2.34 x 10° and 5.08 x 10°
kg/hr-m® (0.48 x 10° and 1.04 x 10° Ib/hr-ft).

Response:

No Westinghouse action or response required.

Westinghouse Status: Closed

SDSER Confirmatory Item 21.5.4-2

Westinghouse must use the WRB-2 correlation for the DNBR calculation if the local area mass flux in
the hot channel 1s between 4.9 x 10° and 1.8 x 10" kg/hr-m® (1.0 x 10° and 3.7 x 10° Ib/hr-ft?).

Response:

The lower range of WRB-2 correlation (Per WCAP 10444-P-A, and the subsequent NRC Safety
Evaluation Report) is 0.9E6 Ibm/hr-fi2 instead of 1.0E6 Ibm/hr-ft2. This clanification was confirmed
in a 6/19/96 teleconference between Westinghouse (John Butler) and NRC (Tony Attard). No further
Westinghouse action required.

Westinghouse Status: Closed

SDSER Confirmatory Item 21.5.4-3

The staff's DNBR acceptance applies only to VANTAGE 5-H fuel assemblies.
Response:

No Westinghouse action or response required.

Westinghouse Status: Closed
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L Introduction

In the Supplement to the Draft Safety Evaluation Report Related to the Certification of the AP600) Design
dated Apnl 1996, the NRC has identified onen item 21.6.1.7-3 related to the LOFTRAN code and methods
used for non-LOCA design basis analyses. This report provides a response to Open Item 21 6.1.7-3. This
open item states:

Westinghouse needs to submit a detailed example of how it used auxiliary programs, hand

calculations, and conservative assumptions to model pump trips and startups in
LOFTRAN.

In the following sections is a response to the open item that supplies detailed explanation of the auxiliary
codes used to calculate the RCS flow transients following a partial loss of flow event and a locked rotor
or broken RCP shaft event. Also included are hand calculations which further illustrate the operation of
the auxihary codes and venfy those codes.
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2. Definitions and Terminology

Sections 3 and 4 summarize the methodology used for calculating the RCS flow rates during a partial loss
of flow and a locked rotor or broken shaft transients. Also included are the equations and sample hand
calculations which implement the equations used by the methodology. A schematic of the RCS loop as
used in the calculations i1s shown in Figure 2-1.  Listed below are definitions of the varables used in
the equations.

n - ileactor coolant pump or cold leg identifier. n = 1A, 1B, 2A or 2B (see Figure
2-1)

) - Reactor coolant loop identifier. j = 1 or 2 (see Figure 2-1)

QCL, - cold leg volumetnc flow [gpm]

WCL, - cold leg mass flow [Ibm/sec)

S, . RCP speed [rpm or radians/sec]

dS /dt - change in reactor coolant pump speed [radians/sec’]

DPgcp 4 . pump head for RCP n [psi]

wC - Core, vessel mass flow rate [Ibm/sec)

QCIN - Vessel inlet volumetric flow rate [gpm)

QC - Core volumetric flow rate (gpm]

QCOUT - Vessel outlet region volumetric flow rate [gpm]

WHL, Loop j hot leg mass flow rate [Ibm/sec]

QHL, Loop j hot leg volumetric flow rate (gpm)]

QSGT, - Loop j steam generator tube volumetric flow rate [gpin]

QSGO, . Loop j steam generator outlet plenum volumetric flow rate (gpm]

() westngrouse
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where | =

At

DPIG’n

Th RCP o

WIND

FRICT
PUMPI
Pre

Pa

Pavc ¥

lumped pressure loss coefficient for region i [psi/gpm’]

CL - cold leg

RVI - reactor vessel inlet region

C - core active fuel region

CcO - core outlet region

RVO - reactor vessel outlet region

HL - hot leg

SGI - steam generator inlet nozzle and plenum
SGT - steam generator tubes

SGO - steam generator outlet nozzle and plenum
PUMP - non-operating reactor coolant pump

time [seconds)

time step size [seconds]

pump head for RCP n [psi]
hydraulic torque for RCP n [ft Ib]
motor torque [ft Ib)

RCP motor windage loss, ft-lb-sec’
RCP frictional loss term, ft-1b-sec'”
RCP rotating inertia, Ibm-ft’

fluid density in the hot leg [Ibm/ft’)
fluid density in the coid leg [Ibm/ft’]

Average of p,; and pg. Used as the fluid density in the core and the steam
generator tubes. [lbmy/ft’]
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3. 2 of 4 Partial Loss of Flow Coast Down Methodology
3.1 Methods Used for Partial Loss of Forced RCS Flow

In the partial loss of flow analysis presented in the SSAR, two of the four RCPs are assumed to coast
down. With the AP600 power supply arrangement, the two RCPs coasting down will be on opposing RCS
loops. The major phenomenon associated with this event s the net flow delivered to the reactor core. The
actual flow in the cold legs is important only for predicting when a low flow reactor tnp will occur. The
duration of the event is very short (less than 10 seconds).

The net flow loop flows for this event are caiculated using a small auxiliary code (~350 line) and hand
calculations. The loop flows are then input to LOFTRAN as the transient forcing functions. Section 3.2
summarizes the calculational procedure used in this code. Section 3.3 summanzes results from the code
and also performs hand calculations. The hand calculations illustrate how the code works and also verity
the code.

3.2 Calculational Procedure

The following procedure summarizes the caiculational steps performed by the auxiliary code for calculating
the transient loop flow rates during a partial loss of flow with 1 reactor coolant pump in each loop coasting
down.

Referring to the schematic in Figure 2-1, RCP 1B and 2B are assumed to coast down in the following
calculational procedure.

Procedure for calculatin rtial fo RCS flow with two RCPs sting down
Assumptions

The inertia of the RCS fluid is conservatively ignored.
Referning to Figure 2-1, RCPs 1B and 2B are faulted and assumed to be coasting down.
Hefernng to Figure 2-1, RCPs 1A and 2A are unfaulted and assumed to remain at nominal reactor

coolant pump speed.
Fluid density in each region remains constant over the transient penod.
Mass flow rate is uniform through the RCS ioop. Vo
The flows in loops 1 and 2 are symmetnc and equal.
Step 0) Set initial conditions
Inttialize time (t = 0.0 seconds)
Reactor coolant pumps are assumed to be operating at nominal speeds.

S, =S, =S, = S,y = nNOMinal operating speed

@mmm :
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Cold leg flow rates are assumed to be at nominal fuil flow values

QCL,, = QCL,¢ = QCL,, = QCL,g = nominal full flow value
Set RCS fluid densities (P, P & Pave)
Step 1) Increment time

t=t+ At

Step 2) Calculate RCP speed of pumps coasting down

The change in RCP speed i calculated based on the following

&, (T,-T,- WINDx §? - FRICT x §*)
& PUMPI / g,

where S, = RCP speed, radians/sec
dS, /dt = transient change in RCP speed with respect to time
1. = torque supplied by the motor = 0.0 ft-Ib for pumps coasting down
; R = hydraulic torque on RCP impeller, ft-ib
WIND = RCP windage loss term, ft-Ib-sec’
FRICT = RCP friction loss term, ft-Ib-sec'?
PUMP! = RCP rotating inertia, lbm-ft*
9. = 32.174 Ibm-ft / ibf-sec’

The speed of the faulted reactor coolant pumps at time equal to t+At is caiculated using

ds
Sia"' = Sip ¢+ —— At
1B B &

Start of Outer Hteration Loop
Step 3)

Estimate flow through RCP 1A (QCL,,)
WCL,, = QCL,, x p., (0.002228 ft*/sec/gpm)

Calculate the pump head for RCP 1A (DP,., ,,) from homologous curves

() westngruse
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Start of Inner iteration Loop
Step 4)

If the speed of RCP 18 is less than 5% of nominal speed go to step 4A
It the speed of RCP 1B .s greater than 5% of nominal speed go to step 48

Step 4A)

At low reactor coolant speeds, the bearing friction is the dominant fcrce slowing the pump. Bearing
frictional torque drops with the square root of pump speed. At low a speed of ~5% it is assumed that
the bearings approach contact and rubbing resistance is increased to the point at which the pump is
stopped. When this occurs the back flow through RCP 1B is calculated based pressure drop through
cold leg 1A and the inner iteration loop calculations can be skipped.

DP,, = DPpy , - (Kg x QCLL,)

DP, = DP,,

DP,
Ka * Ko
and
WCL,y = QUL % pg (0.002228 ft*/eec/gpm)

.

Skip inner iteration loop and jump to Step 7
Step 4B)
Estimate flow through RCP 1B (QCL,,)
WCL 4 = CCL,g X poy (0.002228 ft/sec/gpm)

Caiculate the pump head for RCP 1B (DP., ) from homologous curves

() westngrse
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Step 5)

Calculate the change in pressure from the iniet of RCP 1A through cold leg 1A to the reactor vessel
inlet .

DPM‘DPIDLA'(KO."QQ'!:A)

Calculate the change in pressure from the inlet of RCP 1B through coid leg 1B to the reactor vessel
inlet .

DPy = DPpry 1p - ( Kg x QCLjg x [QCL | )

Step 6) Check for convergence in the inner iteration loop

E,

= DP,-DP,
Convergence if the absolute value of E, < convergence cnteria (0.1 psi). Go tc Step 7.
If E, is negative and the magnitude of E, is greater than the convergence critena then;

DPq is larger than DP ,. Increase the estimated fiow in RCP 1B to increase the pressure drop and
decrease the pump head. Go back to Step 4.

It E, is positive and the magnitude of E, is greater than the convergence critena then;

DP,, is smaller than DP,,. Decrease the estimated flow in RCP 1B to decrease the pressure drop and
increase the pump head. Go back to Step 4.

End of inner Hteration Loop

Step 7) Update the vessei, hot leg and steam generator flow rates based on the estimates for cold leg

wC

flow rates

= 2 (WCL, +WCL,

QCIN = WC/( (pe) (0.002228 f'/sec/gpm) )

QcC

= WC/ ( (pave) (0.002228 f'/sec/gpm) )

QCOUT = WC/( (p,) (0.002228 tr'/sec/gpm) )

WHL, = WCL, + WCL,,

10
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QHL, = WHL, / ( (p,,) (0.002228 ft’/sec/gpm) )
QSGT, = WHL, / ( (pave) (0.002228 ft/sec/gpm) )

Step 8) Calculate the pressure loss trom the outlet of RCP 1A through the cold leg, vessel, hot leg and
steam generator to the inlet of RCP 1A

DPyc | = (Kg QCLy + (Kyy QCINY + (K¢ QCH) + ([Kgg + Kpygl QCOUT?
* (Kyg * Kegd QHL) + Koy QSGT)) + (Kgqp [QCLy, + QCL I
Step 9) Check for convergence in outer iteration loop
E2 = DPpcp s - DPpcs ;
Convergence if the absolute value of E, < convergence criteria (1.0 psi). Go to Step 1.
It the E, is negative and the magnitude of E, is greater than the convergence criteria then;

Pressure drop is highe’ than pumip head. P .uce the estimate for WCL,, to decrease the pressure
drop and increase the pump head. Go to Step 3.

It the E, is positive and the magnitude of E, is greater than the convergence criteria then,

Pressure drop is lower than pump head. Increase the estimate for WCL,, to increase the pressure
drop and decrease the pump head. Go to Step 3.

A
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3.3 Transient Flow Coast Down Results

A small auxiliary code was used to perform the caiculations outlined in Section 3.2 for a partial loss of RCS
flow transient.

In the transient analyzed, reactor coolant pumps 1B and 2B (see Figure 2-1) are assumed to start coasting
down at time equal 0.0 seconds. Reactors coolant pumps 1A and 2A are assumed to remain running at
nominal operating speed. The results from the caiculations are shown in Figure 3-1. As shown in Figure
3.1 the reactor coolant pump coasts down in ~ 9 seconds.

At low reactor coolant speeds, the bearing friction is the dominant force slowing the pump. Bearing
frictional torque drops with the square root of pump speed. At low a speed of 5% it is assumed that the
bearings approach contact and rubbing resistance s increased to the point at which the pump is stopped.
In the case analyzed this occurs at 9.1 seconds and is illustrated in Figure 3-1.

The resuits from the auxiliary code calculations are used to deveiop a conservative time dependent RCS
flow forcing function for use in the LOFTRAN SSAR analyses. Table 3-1 illustrates the development of the
RCS flow which is used as input to LOFTRAN. Table 3-1 summarized selected time step results for Loop
1 as calculated by the auxiliary code. The flow rates for the faulted and unfauted cold legs are summed
to obtain the net cold leg flow rate. For input to LOFTRAN, vaiues which bound the auxiliary code
predicted net loop flow rates are used. An additional conservatism, the values used in LOFTRAN SSAR
analysis have been reduced by approximately 5%.

Hand calculations that illustrate the partial loss of flow caicuiation procedure outlined in Section 3.2 are
shown in Table 3-2 through 3-5. Hand calculations are shown for the following time periods.

Table 3-2 - Time = 0.0 to 0.1 seconds
Tabie 3-3 - Time = 0.1 to 0.2 seconds
Table 3-4 - Time = 3.5 to 3.6 seconds

Tables 3-2 through 3-3 illustrate the initial change in flow from normal steady state flows through the next
two time steps of the transient caiculation. Table 3-4 shows a time step from the middie of the transient.
The procedure outlined in Section 3.2 is uses an iterative approach to calculate the system flow rates. The
procedure terates on the flow rates in cold leg 1A and cold leg 1B until a pressure balance around the
RCS loop is obtained.

in the hand calculations shown in Table 3-2 through 3-4, the final flow rates from the auxiliary code are
used as the estimates for cold leg 1A & 1B flow rates. Tables 3-2 through 3-4 perform one iteration and
demonstrate that a pressure balance around to RCS loop is obtained from the auxiliary code. The auxiliary
code caiculated values presented in Table 3-1 compare within the round off accuracy expected to the hand

calculations of Table 3-2 through 3-4. Tables 3-2 through 3-4 venty that the auxiliary code is performing
correctly.

. @mwmse
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Auxiliary Code Calculated Flow Rates (See Procedure in Section 3.2) Net Loop Flow
(s;z:s) Unfaulted Cold Leg Faulted Cold Leg Net Loop Flow U;es(:\: ‘l;g:fsg‘;N
(RCP 1A) (RCP 1B) b
Speed Flow Speed Flow (@m) | (traction of | (fraction of inial)
(radians/sec) (gpm) (radians/sec) (gpm) itial)
00 183 57 483000 183 57 483000 | 966000 10 10
01 183 57 494320 177.20 455077 | 949397 | 09828
02 183 57 50511.0 171.22 429617 | 934727 | 09676
03 183 57 51539.4 165 62 405028 | 920422 | 09528 :
0s 183 57 534538 15537 357686 | 892224 | 09236 08774
10 18357 573873 134 34 250496 | 824369 | 08534 08129
15 18357 60308 9 118.80 167448 | 770537 | 07977 0.7568
20 183 57 62862 2 106.99 66728 | 695350 | 07198 06817 !
25 183 57 641376 97 61 14335 | 655711 | 06788 06479
30 18357 650109 89 85 21955 | 628154 | 06503 06259
3s 183 57 65792 4 82.99 48240 | 609684 | 06311 06020
40 183 57 66202.0 76 61 69312 | 592708 | 06136 oses |
60 183 57 67285.7 50.18 132074 | 540783 | 05598 05308
80 18357 | 681859 2330 163234 | 518625 | 05369 05050 I
100 18357 70051.4 00 269586 | 430928 | 0.4461 0.4076 I
13
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TABLE 3-2 (page 1 of 4) Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time 0.0 to 0.1 Seconds

b e
Step 0) Set initial conditions
- |Initialize time (t = 0.0 seconds)
Reactor coolant pumps are assumed to be operating at nominal speeds.
8., = S, = S,, = S, = nOMinal operating speed = 1753. rpm (183.57 radians/sec)
Cold leg flow rates are assumed to be at nominal full flow values
QCL,, = QCL, = QCL,, = QCL,, = Minimum Measured Flow = 48300. gpm
Set RCS Fluid Densities
Pe, = 47.892 lbmvit’ P = 43.014 Ibm/t’ Pive = (PoL + Pu) / 2 = 45.453
lprvit

Step 1) Increment time
t=t+At=00+0.1=0.1seconds

Step 2) Caiculate the speed of the pump coasting down (RCP 1B)

ds,,_(r_-r_.,,_-wmnx(s{:‘“)’-mcrx(s:f“)"’)
@ PUMPI | g,

Toaces = 897089 ft-ib, hydraulic torque at 1753. rpm, 48300 gpm & 47.892 lbrm/tt’ (see
Table B-2)

4y  (00) - 8970.89 &-b - (0.0254 A-B-sec’) x (18357 radimnajeecy’ - (6.3 f-Bb-sec’ x (16357 mdianyeec)”

k (5000, T -R7) / (32.174 [ben -A/RA -sec’)
. 63 Taradisnaieec

dS,y

Sia” = S ¢ At

« (183.57 radiang/sec) + (-63.78 radisns/sec”) (0.1 sec)
= 177.19 radians/sec

or
= 1692.0 rpm
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TABLE 3-2 (page 2 of 4)

Verification Calculations for 2 out 4 Partial Logs of Flow Transient
Time 0.0 to 0.1 Seconds

eI ==

Step 3)

- Estimate flow through RCP 1A (unfaulted RCP)

QCL,, = 49432.0 gpm

WCL,, = QCL., x (pe) (0.002228 ft*/sec/gpm)
= (49432.0 gpm) (47.892 Ibm.ft°) (0.002228 ft*/sec/gpm)
= 5274.56 Ibmvsec

- Calculate tne pump head for RCP 1A from homologous curves

DPgacpa = 87.056 psi Pump head at 49432.0 gpm, 1753. rpm and 47.892 Ibm/ft’ (see

Table B-2)

Step 4)

- Estimate flow through RCP 1B (faulted RCP)

QCL,, = 45507.7 gpm

WCL,s = QCL 4 X (pg,) (0.002228 f#t*/sec/gpm)
= (45507.7 gpm) (47.892 Ibm/tt’) (0.002228 *t*/sec/gpm)

= 4855 83 Ibm/sec

- Calculate the pump head for RCP 1B from homologous curves

DPpcp ¢ = 86.755 psi Pump head at 45507.7 gpm, 1692.0 rpm and 47.892 Ibm/At’ (see
Table 8-2)
Step 5)
Calculate the change in pressure from the inlet of RCP 1A through the cold ieg to the reactor
vesse! iniet.

DP'A - Dpv "’ (KO.) (QCL'A)I
= B87.056 psi - (8.284x10 " psi/gpm?) (49432.0 gpm)?
= 85032 psi

e ————————— S ———
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TABLE 3-2 (page 3 of 4)
Verification Calculations for £ out 4 Partial Loss of Flow Transient
Time 0.0 to 0.1 Seconds

e e e e e
Calculate the change in pressure from the inlet of RCP 1B through the cold leg to the reactor

= ==

vessel inlet.

DP,y = DPpcp - (Ko (QCL P
= B86.755 psi - (8.284x10'° psi/gpm®) (45507.7 gpm)*
= 85.039 psi

Step 6)

Check for convergence in the inner iteration loop

E, = DP,-DP,
= 85.032 psi - 85.039 psi
= -0.007 psi

The magnitude of E, < 0.1 psi, therefore the convergence crtera is met. Go (o Step 7

Step 7) Update the vessel, hot leg, and steam generator flow rates based on the estimates for
cold leg flow rates.

WC = 2(WCL, +WCL,)
= 2 (527456 Ibrvsec + 485583 Ibmvsec )
= 20260.78 bmvsec

QCIN = WC/((pe) (0.002228 t/sec/gpm) )
= (20260.78 Ibmvsec ) / ( (47.892 Ibm/At’) (0.002228 ft'/sec/gpm) )
= 189879.47 gpm

QC = WC/((pay) (0.002228 tt/sec/gpm) )
= (2026078 Ibm/sec ) /  (45.453 lbm/At’) (0.002228 ft'/sec/gpm) )
= 20006836 gpm

QCOUT = WC/( (py) (0.002228 ft'/sec/gpm) )
= (20260.78 Ibrrvsec ) / ( (43.014 Ibmvt’) (0.002228 #t*/sec/gpm) )
= 211412.73 gpm

WHL, = WCL, + WCL,
= 527456 Ibm/sec + 4855 83 Ibm/sec
= 10130.39 Ibm/sec
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TABLE 3-2 (page 4 of 4)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time 0.0 to 0.1 Seconds

QHL, = WHL, / ( (p,) (0.002228 ft*/sec/gpm) )
= (10130.39 Ibm/sec ) / ( (43.014 Ibm/At’) (0.002228 ft*/sec/gpm) )
= 105706.37 gpm

QSGT, = WHL, / ( (pave) (0.002228 ft*/sec/gpm) )
= (10130.39 Ibm/sec ) / ( (45.453 Ibm/#t®) (0.002228 ft*/sec/gpm) )
= 100034.18 gpm

Step 8) Calculate the pressure loss from the outiet of RCP 1A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 1A,

DPyey, = (Kg QCLyY) * (Kyyy QCINY + (K¢ QC?) + (Keg + Kpyol QCOUTY
+ ([Kyg * Kol QHLY) + (Kggy QSGT]) *+ (Kggq (QCLy, + QCL )Y

DP,s , = (8284x10 ' pei/gpm?) (49432.0 gpm)’
+(3.979x10 "% pei/gpm?) (189879.47 gpm)’
+(3.017x10 ° psi/gpm?) (200068.36 gpm)’
+(0.449%10 "'° pai/gpm’ + 0.5827x10 ' psi/gpm?) (211412.73 gpm)*
+(6.250x10 " paygpm* + 4.756x10 '° psi/gpm?) (105706.37 gpm)*
+(38.02x10 " psi/gpm?) (100034.18 gpm)’
+(4.143x10 ' psi/gpm?) (49432.0 gpm + 45507.7 gpm)*

= 87.136 pai

Step 9) Check tor convergence in outer iteration loop

E, = DPpcsia- DPacs:
= B87.058 psi - 87.136 psi
= -0.080 psi

The magnitude of E, < convergence criteria of 1.0 psi. Therefore the flow estimates of 49432.0
gpm for RCP 1A and 45507.7 gpm for RCP 1B are correct.

Go to the next time step '
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TABLE 3-3 (page 1 of 4)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 0.1 to 0.2 Seconds

p==ar

Step 1) Increment time
t=t+At=0.1+0.1=0.2 seconds

Step 2) Calculate the speed of the pump coasting down (RCP 1B)

ds,, (T, - T, - WIND x (Sj3"")? - FRICT x (S5 )" )

@& PUMPI / g

Tomce 1o = 840166 fi-lb, hydraulic torque at 45507.7 gpm, 1692.0 rpm (177.19 radians/sec),
& 47.892 Ibm/t' (see Table B-2).

4S5 | (0.0) - 840166 f-B - (00254 &-b-sec’) x (177.19 radisnafsecy’ - (6.3 A-b-sec’ x (177.19 radianafeec)?

& (5000. en-R7) / (32174 (b -f/RA -sec”)
- -59.73mdisnsjsec

s;;“’-s;:“»%m

= (177.19 radiang/sec) + (-59.73 radiang/sec?) (0.1 sec)
= 17122 radiang/sec

or
= 1635.0 rpm

Step 3)

- Estimate flow through RCP 1A (unfaufted RCP)

QCL,, = 50511.0 gpm

WCL,, = QCL,, x (ps) (0.002228 ft'/sec/gpm)
= (50511.0 gpm) (47.882 Ibm.ft°) (0.002228 t*/sec/gpm)
= 5389.89 lbmvsec

- Calculate the pump head for RCP 1A from homologous curves

DPpcs s = 84.190 psi Pump head at 50511.0 gpm, 1753. rpm & 47.892 lbm/At’ (see
Table B-2)

19
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TABLE 3-3 (page 2 of 4)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 0.1 to 0.2 Seconds

s

Step 4)
- Estimate flow through RCP 1B (faulted RCP)
QCL,, = 42961.7 gpm
WCL,, = QCL,g X (p.) (0.002228 ft/sec/gpm)
= (42961.7 gpm) (47.892 Ibmv/tt’) (0.002228 ft*/sec/gpm)
= 4584 .16 Ibm/sec
- Calculate the pump head for RCP 1B from homologous curves

DPacs ¢ = 83.518 psi Pump head at 42961.7 gpm, 1635.0 pm & 47.832 Ibm/it’ (see
Table B-2)

Step 5)

Calculate the change in pressure from the iniet of RCP 1A through the cold leg to the reactor
vessel inlet.

DP,, = DPac .- (Ko (QCL,Y
= 84.190 psi - (8.284x10'° psv/gpm?) (50511.0 gpm)*
= 82076 psi

Calculate the change in pressure from the inlet of RCP 1B through the cold leg to the reactor
vessel inlet.

DPy = DPycp - (Ke) (QCL“)’
= B3.518 psi - (8.284x10'° psi/gpnT) (42961.7 gpm)?
= 81.989 psi

Step 6)
Check for convergence in the inner teration loop
E‘ = OP|‘ » DP,.
= B2.076 psi - 81.989 psi
0.087 psi ;

The magnitude of E, < 0.1 psi, therefore the convergence critena is met. Go to Step 7.

» @ Westinghouse
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TABLE 3-3 (page 3 of 4)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 0.1 to 0.2 Seconds

Step 7) Update the vessel, hot leg, and steam generator flow rates based on the estimates for
cold leg flow rates.

wWC = 2 (WCL,, + WCL,,)
= 2 (5389.69 Ibm/sec + 4584.16 Ibm/sec )
= 19947.70 ibrmv/sec

QCIN = WC/( (pg) (0.002228 t’/sec/gpm) )
= (19947.70 Ibm/sec ) / ( (47.882 Ibm/tt’) (0.002228 ft*/sec/gpm) )
= 186945.35 gpm

Qc = WC / ( (pays) (0.002228 ft*/sec/gpm) )
= (19947.70 Ibrrvsec ) / ( (45.453 Ibm/it’) (0.002228 f'sec/gpm) )
= 196976.80 gpm H

QCOUT = WC/( (p,) (0.002228 ft*/sec/gpm) )
= (19947.70 Ibmvsec ) / ( (43.014 IbmAt’) (0.002228 ft*/sec/gpm) )
= 20814588 gpm

WHL, = WCL, + WCL,,
= 538069 Ibm/sec + 4584.16 Ibm/sec
= 997385 bmsec

QHL, = WHL, / ( (p,,) (0.002228 ft'/sec/gpm) )
= (9973.85 Ibm/sec ) / ( (43.014 Ibm/A) (0.002228 t/sec/gpm) )
= 104072.94 gpm

QSGT, = WHL, / ( (paye) (0.002228 ft/sec/gpm) )
= (9973.85 Ibmvsec ) / ( (45.453 Ibm/At’) (0.002228 f/sec/gpm) )
= 98488.40 gpm

P e
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TABLE 3-3 (page 4 of 4) T
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 0.1 to 0.2 Seconds

Step 8) Calculate the pressure loss from the outlet of RCP 1A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 1A,

DPys, = (Kg QCLLY) *+ (Kyy QCINY + (Ko QCY) + (Koo * Kpyol QCOUT?)
+ ([Kyy * Kol QHL]) + (Kgor QSGT) + (Kggo [QCLy, + QCL )%

DP,cs , = (8284x10 ' psi/gpm®) (50511.0 gpm)’
+(3.979x10 ' psi/gpm?) (18694535 gpm)’
+(3.017x10 "' psi/gpm?) (196976.80 gpm)*
+(0.449x10 ' psi/gpm® + 0.5827x10 ' psi/gpm®) (208145.88 gpm)*

+(6250x10 '° psi/gpm? + 4.756x10 "'° psi/gpm?) (104072.94 gpm)*
+(38.02210 '° psigpm?) (98488.40 gpm)’

+(4.143x10 ' psi/gpm?) (50511.0 gpm + 42961.7 gpm)*
= 84.615 psi

Step 9) Check for convergence in outer iteration loop
EQ = DP” A" me I

= 84190 psi - 84615 psi
-0.425 psi

The magnitude of E, s convergence criteria of 1.0 psi. Therefore the fiow estimates of 50511.0
gpm for RCP 1A and 42961.7 gpm for RCP 1B are correct.

Go to the next time step.

LH
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TABLE 3-4 (page 1 of 5)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient

Time = 3.5 to 3.6 Seconds
m

Values at 3.5 seconds from the previous time step calculations:

QCL,, = 65792.4 gpm QCL,¢ = -4824.0 gpm
S.s = 82.99 radians/second

Step 1) Increment time
t=t+ At=35+0.1= 36 seconds

Step 2) Calculate the speed of the pump coasting down (RCP 1B)

S,y (T, - T, - WIND x (Si")" - FRICT x (Si")"* )

d& PUMPI / g

T, is the hydraulic torque for RCP 1B evaluated at a speed of 792.5 rpm (82.99 radians/sec), a flow
of -4824.0 gpm and a fluid density of 47.892 Ibm/At. T, is equal to 1760.33 ft-Ib (see Table B-2).

Sy _ (00) - 176033 8-B - Q0254 A-D-sec’) x (8299 radisngfeec)’ - (6.3 8-b-sec'” 1 (829 radianaieec)”
& (5000, en-A%) / (32174 [ -/ -vec’)
= ~12.82 radisne/ssc

- - 6
el Y el '&:’l At

= (82.99 radisng/sec) + (-12.82 radians/sec’) (0.1 sec)
= 81.71 madians/sec

o
= 780.27 rpm
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TABLE 3-4 (page 2 of 5)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 3.5 to 3.6 Seconds

S
Step 3)

- Estimate flow through RCP 1A (unfaulted RCP)

QCL,, = 65792.4 gpm

WCL,, = QCL,, x (ps,) (0.002228 ft'/sec/gpm)
= (65792.4 gpm) (47.892 Ibmvit®) (0.002228 ft*/sec/gpm)
= 7020.27 Ibnvsec

- Calculate the pump head for RCP 1A from homologous curves

DPgpcp s = 38.380 psi (see from Table B-2 @ flow=65792.4 gpm, speed =1753. rpm &
fluid density = 47.892 Ibm/At’)
Step 4)
. Estimate fiow through RCP 18 (faulted RCP) I

QCL,. = '5“19 gpm

WCL,, = QCL,g X (pg,) (0.002228 ft*/sec/gpm)
= (-5861.9 gpm) (47.892 IbmAt’) (0.002228 ft'/sec/gpm)
= -625.48 Ibrmy/sec

Calculate the pump head for RCP 1B from homologous curves at flow = -5861.9 gpm,
speed =780.27 rpm and fluid density = 47.892 Ibm/t’.

DPace s = 34.785 psi (see Table B-2)
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TABLE 3-4 (page 3 of 5)
Verification Caiculations for 2 out 4 Partial Loss of Flow Transient
Time = 3.5 to 3.6 Seconds
S
Step 5)
Caiculate the change in pressure from the inlet of RCP 1A through the cold eg to the reactor
vessel inlet.
DP,, = DPuc .- (Ke) (QCL,)

A
= 38.380 psi - (8.284x10'° psi/gpm’) (65792.4 gpm)*
= 34,794 psi

Calculate the change in pressure from the inlet of RCP 1B through the cold leg to the reactor
vessei inlet.

DP,g = DPp e (Ko (QCL,p)?
= 34.785 psi - (8.284x10'° psi/gpm’) (-5861.9 gpm) (1-5861.9 gpmi)
= 34813 psi

Step 6)

Check for convergence in the inner iteration ioop
E, = DOP,-DP,

= 34794 psi - 34813 psi

= -0.019 psi

The magnitude of E, < 0.1 psi, therefore the convergence critena is met. Go to Step 7.

w

@ 25
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TABLE 3-4 (page 4 of §5)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 3.5 to 3.6 Seconds

S
Step 7) Update the vessel, hot leg, and steam generator flow rates based on the estimates for

¢ald leg flow rates.

WC = 2 (WCL,, + WCL,y)
= 2 (7020.27 lbmv/sec + (-625.48 Ibrm/sec) )
= 12789.58 Ibrm/sec

QCIN = WC/ ((pe) (0.002228 tt'/sec/gpm) )
= (12789.58 Ibrrvsec ) / ( (47.892 Ibmvit’) (0.002228 ft'/sec/gpm) )
= 119861.06 gpm

QC = WC / ((payg) (0.002228 ft’/sec/gpm) )
= (12789.58 Ibmy/sec ) / ( (45.453 Ibmvtt®) (0.002228 tt/sec/gpm) )
= 126292.79 gpm

QCOUT = WC/( (py) (0.002228 tt’/sec/gpm) )
= (12789.58 Ibm/sec ) / ( (43.014 Ibmvit’) (0.002228 ft*/sec/gpm) )
= 133453.90 gpm

WHL, = WCL, + WCL,,
= 7020.27 Ibmisec + (-625.48 Ibm/sec)
= 6394.79 Ibm/sec

QHL, = WHL, / ( (p,) (0.002228 tt'/sec/gpm) )
= (639479 ibmvsec ) / ( (43.014 Ibm/t") (0.002228 ft'/sec/gpm) )
= 66726.95 gpm

QSGT, = WHL, / ( (pave) (0.002228 f'/sec/gpm) )
= (6394.79 Ibm/sec ) / ( (45.453 IbmAt) (0.002228 ft'/sec/gpm) )
= 63146.39 gpm

i p——
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TABLE 3-4 (page 5 of 5)
Verification Calculations for 2 out 4 Partial Loss of Flow Transient
Time = 3.5 to 3.6 Seconds

r
Step 8) ralculate the pressure loss from the outiet of RCP 1A through the cold leg, vessel, hotj
v3g and steam generator to the inlet of RCP 1A,

DPyy ; = (Kg QCLiY * (Kpy QCINY + (Ko QCY) + ([Kgg * Kyyol QCOUT?)
+ ([Ky + Keq) QHL)) + (Kgor QSGT)) + (Kggq [QCL,, + QCL 1Y)

DPyg , = (8.284x10 7 psi/gpm?®) (65792.4 gpm)*
+(3979%10 ' psi/gpm®) (119861.06 gpm)*
+(3.017x10 " psi/gpm?) (126292.79 gpm)*
+(0.449x10 ° pai/gpm’® + 0.5827x10 ' psi/gpm?) (133453.90 gpm)*
+(6.250x10 ' pei/gpm* + 4.756x10 ' pei/gpm?) (66726.95 gpm)’
+(38.02x10 " psi/gpm?) (63146.39 gpm)*
+(4.143x10 ' psi/gpm?) (65792.4 gpm + (-5861.9 gpm))

= 37501 pai

Step 9)  Check for convergence in outer iteration loop

Ez = me T me 1
= 38.380 psi - 37.501 psi
= 0.879 psi

The magnitude of E, < convergence criteria of 1.0 psi. Therefore the flow estimates of 65792 .4
gpm for RCP 1A and -5861.9 gpm for RCP 1B are correct.

Go 10 the next time step.

27
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4. Locked Rotor or Broken Shaft Followed by a Loss of AC Power Methodology
4.1 Methods Used for Locked Rotor or Broken Shaft

In the locked rotor/broken shaft loss of flow analysis presented in the SSAR, one of the four RCPs s
assumed 1o seize at the start of the transient. The major phenomenon associated with this event is the
net flow delivered to the reactor core. The actual flow in the coid legs is important only for predicting when
a low flow reactor trip will occur.

The duration of the event is very short (less than 10 seconds).

The net flow loop flows for this event are calculated using a small auxiliary code (~350 line) and hand
calculations. The loop flows are then input to LOFTRAN as the transient forcing functions. Section 4.2
summarizes the calculational procedure used in this code. Section 4.3 summarizes results from the code
and performs hand calculations which illustrate how the code works and aiso venfy the code.

4.2 Calculational Procedure

The following procedure summarizes the calculational steps performed by the auxiliary code for calculating
the transient loop flow rates during a locked rotor or @ broken shaft followed by a loss of ac power.

Procedure for calculating flow during a locked rotor of broken shatt followed by a loss of AC power

Assumptions

The inertia of the RCS fluid is conservatively ignored.

Referring to Figure 2-1, RCPs 1B is faulted reactor coolant pump. During the first time step, the RCP
shaft is assumed to seize or break. Flow through this RCP is calculated using the RCP pressure loss
coefficient (Ko ). During the first time step, RCS flow rates are stepped from the nominal full flow
value to the faulted shaft steady state flow rates.

Referring to Figure 2-1, RCPs 1A, 2A & 2B continue to run at nominal speed until reactor tnp occurs.
Following reactor tnp, ac power is assumed to be lost and these RCPs begin coasting down.

Fluid density in each region remains constant over the transient penod.

Mass flow rate is uniform through the RCS loop.

The flows in cold legs 2A and 2B are symmetnc and equal.
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Step 1) Set Initial Conditions
Initialize time (t = 0.0 seconds)
Reactor coolant pump speeds are assumed to be at nominal value

S,. =85, =8, = S, = nominal operating speed

Cold leg flow rates are assumed to be at the nominal fuli flow value
QCL,, = QCL,, = QCL,, = QCL,¢ = nominal full flow value
Set system fluid densities
Start of Transient Calculations
Step 2) Increment time
t=1t+ At
Step 3) Caiculate speed of RCP's

For RCP1B

ift=0.0, S, = nominal operating speed
Ift>00 S,=00

For RCP's 1A, 2A

RCP's 1A, 2A & 2B are assumed 10 run at the nominal operating speed until the time at which AC power
is lost. When AC power is lost these RCP's are assumed to coast down.

TPC = time at which ac power is lost

itt<TPC, S, =S, = Sy = nominal operating speed ‘
Ift 2 TPC, RCP's 1A, 2A & 2B are coasting down and speed is caiculated using the following:

The change in RCP speed is caiculated based on the foliowing

ﬁ_(T.-T.-WlNDx(S,"'“)’-RK'T:(S,."')'”)
& PUMPI | g,

where | = RCP number (1A, 2A or 28)
S = RCP speed, radians/sec
as/at = transient change in RCP speed with respect 1o time, radians/sec”

() westogrouse
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torque supplied by the motor = 0.0 ft-Ib for pumps coasting down
hydraulic torque on RCP impeller, ft-Ib
= RCP windage loss term, ft-'b-sec’

FRICT B RCP friction loss term, ft-Ib-sec'?

PUMPI = RCP rotating inertia, ibm-ft?

g. = 32174 Ibm-ft / Ibf-sec?

The speed of the reactor coolant pumps coasting down at time equal to t is calculated using

ds,

v ‘—M‘——-Al
S =§ ™

Start of Outer Iteration Loop
Step 4) Estimate flow and hydraulic conditions in cold leg 2A

Estimate flow through RCP 2A
Calculate pump head and hydraulic torque for RCP 2A (See Appendix B).

Start of Inner Iteration Loop
Step 5) Estimate flow & hydraulic conditions in cold leg 1A

Estimate flow through RCP 1A (QCL,,)
Caiculate pump head (DP.., ,,) and hydraulic torque (T, .., ,.) for RCP 1A (see Appendix B)

Calculate the change in pressure from the iniet of RCP 1A through cold leg 1A to the reactor vessel
inlet.

DP,, » DPpy o - ( Kg x QAL )

Step 6) Caiculate the flow through the faulted cold leg (RCP 1B)

DP
x"u - - u

Ko * Koy
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Step 7) Update the vessel, hot leg and steam generator flow rates based on the estimates for the cold
leg flow rates

WCL,, = QCL,, x p., x (0.002228 tt/sec/gpm)

WCL ., = QCL,g X pg, X (0.002228 ft*/sec/gpm)
WCL,, = QCL,, X pe, X (0.002228 ft*/sec/gpm)

wC = WCL, + WCL,, + 2 x (WCL,,)

QCIN = WC/[(pe ) (0.002228 #/sec/gpm) |
Qc = WC/[(pag ) (0002228 ft'/sec/gpm) |
QCOUT = WC/[(p. ) (0.002228 ft*/sec/gpm) |
WHL, = WCL,, + WCL,,

QHL, = WHL, /[ ( p, ) (0.002228 ft*/sec/gpm) |
WHL, = 2 xWCL,

QHL, = WHL, /[ ( ps ) (0.002228 ft*/sec/gpm) |

QSGT, = WHL, /[ (payg) (0.002228 ft'/sec/gpm) |

QSGT, WHL, / { ( pave ) (0.002228 ft¥/sec/gnm) |

Step 8)  Calculate the pressure loss from the outiet of RCP 1A through the cold leg, vessel, hot leg and
steam generator to the inlet of RCP 1A,

DPys , = (Kg QCLIY * (Kyy QCINY + (K¢ QC?) + ([Keg + Kpyol QCOUT?
* (K, + Kyq) QHLY) + (Kygr QSTT)) + (Koo (QCLy, + QL)
Step 9)  Check for convergence i inner eration loop
E, = DPpcs 1 * DPpcs
Convergence if the absolute value o\ E, s convergence cntena (0.2 psi). Go to Step 10.
If the E, is negative and the magnitude of E, is greater than the convergence critena then,

Pressure drop is higher than pump head. Reduce the estimate for QCL,, to decrease the pressure
drop and increase the pump head. Go to Step 5.

31
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If the E, is positive and the magnitude of E, is greater than the convergence criteria then,

Pressure drop is lower than pump head. Increase the estimate for QCL., to increase the pressure drop
and decrease the pump head. Go to Step 5.

End of Inner lteration Loop

Step 10) Caiculate the pressure loss from the outlet of RCP 2A through the cold leg, vessel, hot leg and
steam generator to the inlet of RCP 2A.

DPycy s = (Kg QCLay + (Kyy QCINY + (Ko QC?) + (Ko * Kyyol QCOUT?)
¢ ((Kyg * Kggd QHL)) + (Kyqr QSGT)) + (Kgqq 2 x QCL,,P)

Step 11) Check for convergence in outer iteration loop

Convergence if the absolute value of E, < convergence criteria (0.2 psi). Go to Step 2 and start the
next time step.

It the E, is negative and the magnitude of E, is greater than the convergence critena then;

Pressure drop is higher than pump head. Reduce the estimate for QCL,, to decrease the pressure
drop and increase the pump head. Go to Step 4.

It the E, is positive and the magnitude of E, is greater than the convergence critena then,

Pressure drop is lower than pump head. Increase the estimate for QCL,, 10 increase the pressure drop
and decrease the pump head. Go to Step 4.

End of Outer iteration Loop

. (&) mororse
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4.3 Results and Verification of the Locked Rotor/Broken Shaft Auxiliary Code

A small auxiliary code was written to perform the caiculations outlined in Section 4.2. The code was used
10 calculate the RCS transient fiow distribution for a broken reactor coolant pump shaft event.

in the transient analyzed, the sha't is assumed to break in RCP 1B (Refer to Figure 2-1). Figure 4-1 shows
the calculated cold leg flow rates and the reactor coolant pumps speeds. The calculations were performed
assuming a 1/10 second time step size. AC power was assumed to be lost to the unaffected reactor
coolant pumps at the time of reactor trip. Reactor tnp occurs at 1.45 seconds. This is between the time
steps used in the auxiliary code. Therefore in the auxiliary code caiculation the coastdown of the unfaulted
reactor coolant pumps is conservatively assumed to start at 1.4 seconds.

In the auxiliary code calculations, the RCP shaft break is assumed to occur during the first time step
executed. Flow rate is ramped to the steady state faulted conditions over this first time step. Flow then
remains constant at this condition until AC power is lost and the other RCP’s being coasting down.

The results from the auxiliary code calculation are used to develop an RCS flow forcing function for input
to the LOFTRAN SSAR analysis. Tables 4-1 & 4-2 illustrate the development of the RCS flow which is
input to LOFTRAN. Table 4-1 summarized selected time step results for reactor coolant Loop 1 as
calculated by the auxiliary code. The flow rates of cold legs 1A and 1B are summed to obtained the net
cold leg flow rate for input to LOFTRAN. As a further conservatism the flow rates are reduced by -5%
following the loss of offsite power. Similarly conservative flow rates input to LOFTRAN for RCS Loop 2 are
developed in Table 4-2.

Hand calculations that illustrate the locked rotor/broken shaft flow calculation procedure outiined in Section
4.2 are shown in Table 4-3 through 4-6. Variable definitions are summarized in Section 2. Plant design
parameters used in the calculations are summanzed in Appendix A. Hand calculations are shown for the
following time penods:

Table 4-3 - Time = 0.0 to 0.1 seconds (Broken shaft occurs)

Table 4-4 - Time = 0.1 to 1.4 seconds

Table 4-5 - Time = 1.4 to 1.5 seconds (other RCPs' begin coasting down)
Table 4-6 - Time = 1.5 to 1.6 seconds

These time steps illustrate the initial change in flow from normal steady state flows 1o the broken shaft
taulted flow rotes and the first two time steps of the penod where AC power is assumed lost and the other
RCP's begin coasting down. The procedure outlined in Section 4.2 uses an terative approactrto calculate
the system flow rates. The procedure iterates on the flow rates in cold leg 1A and cold leg 2A until a
pressure balance around the RCS loop is obtained.

In the hand caiculations shown in Table 4-3 through 4-6, the final flow rates from the auxiliary code are
used as the estimates for coid leg 1A & 2A fiow rates. Tables 4-3 through 4-6 perform one iteration and
demonstrate that a pressure balance around to RCS loop is obtained from the auxiliary code.

Companson of the auxiliary code caiculated values presented in Tables 4-1 and 4-2 compare within the
round off accuracy expected to the hand caiculations of Taole 4-3 through 4-6. Tables 4-3 through 4-6
verify that the auxiliary code is performing correctly.

@ 3
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Auxikary Code Calculated Values Flow Rate Used as

input to LOFTRAN
RCP 1A RCP 1B Cold Leg | Cold Leg Loop 1 Net Flow SSAR Analysis for

(radians/sec) | (radians/sec) (gpm) (gpm) (gpm) (traction) | (fraction of initial)

183.57 18357 48300.0 483000 96600 .0 10 10
03771

183.57 0.0 682049 | 317800 | 364249 03771
183.57 0.0 682049 | -31780.0 | 364249 037"

03771

i78.85 0.0 664731 -30895.6 | 355775 0.3683 0.3499

174 37 00 648178 | -30091.0 | 347268 0.3595
158.51 00 590103 | 270914 | 319189 0.3304 0.3159

T 14238 0.0 530966 | -240626 | 290339 0.3006 0.2855
129.25 0c¢ 482538 | 216889 | 265649 0.2750 0.2612
118.36 0.0 442031 -198138 | 243893 0.2525 0.2395
109.15 00 407749 | -182411 225338 0.2333 02216
83.22 0.0 312068 | -135868 | 17620.0 0.1824 0.1733
67.17 08 252422 | -108436 14398.6 0.1491 0.1416

Tabie 4-1 Comparison of Loop 1 Auxiliary Code Calculated Flows to LOFTRAN SSAR Analysis Flows J
i

56.21 0.0 211554 -8996 4 12159.0 0.1258 0.1196 |

() westnghose
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Table 4-2

to LOFTRAN SSAR Analysis Flows

Comparison of Loop 2 Auxiliary Code Calculated Fiows

Auxiliary Code Calculated Values

Flow Rate Used as

Loop 2 Net Flow ‘;"g“mmmg
Loop 2
(gpm) (traction {fraction of mitiai)
of nitial)
96600.0 10 10
1.0625
183,57 513188 | 1026376 | 10625
183,57 513188 | 1026376 | 10625
1.0625
177.28 495146 | 990292 | 10251 0.9739
171.40 478705 | 957410 | 9911
151.35 422038 | 844076 | 8738 0.8301
132.07 368144 | 736288 | 7622 0.7241
117.15 306324 | 652648 | 06756 06418
105.25 202742 | 585484 | 06061 05758
9554 265249 | 530498 | 05492 05217
69 69 192805 | 385610 | 03992 0.3792
54.71 15227.7 | 304554 | 03153 0.2995
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Table 4-3 ( page 1 0f 6 )
Verification Calculations for Broken RC® Shaft Transient
Time = 0.0 to 0.1 Seconds

Step 1) Set Initial Conditions
-Initialize time
t = 0.0 seconds
-Reactor coolant pump speeds are assumed to be at nominal value

S,.=S,=8,, =85, =1753. rpm (183.57 radians/sec)

-Cold leg tlow rates are assumed to be at the nominal full flow value
QCL,, = QCL,, = QCL,, = QCL,, = 48300. gpm

-Set system fluid densities
P = 43.014 Ibmvtt’

Pe = 47.892 Ibmvtt’
Pave = ( 43.014 Ibm/t + 47.892 Ibm/t’ ) / 2 = 45.453 ibmAt

Step 2) Increment time
t=t+ At =00+ 0.1 =01 seconds
Step 3) Calculate speed of RCP's
For RCP1B
S,=00
For RCP's 1A, 2A, 28
t <« TPC therefore RCF's 1A, 2A & 2B are at nominal operating speed

S.a = S,, = Sy = 1753. pm (183.57 radians/sec)
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Table 4-3 ( page 2 of 6 )
Verification Calculations for Broken RCP Shaft Transient
Time = 0.0 to 0.1 Seconds

Step 4) Estimate flow and hydraulic conditions in cold leg 2A

Estimate flow through RCP 2A
QCL,, = 51318.8 gpm
Calculate pump head and hydraulic torque for RCP 2A

DPacezn = 82.044 psi Pump head and hydraulic torque at 1752 rpm,
= 8846 70 ft-Ib 51318.8 gpm & 47.892 lbm/t’ (See Table B-2)

n ACP 24
Step 5) Estimate flow & hydraulic conditions in cold leg 1A
Estimate flow through RCP 1A
QCL,, = 68204.9 gpm
Calculate pump head (DPq.p ,,) and hydraulic torque (T, acp 1) for RCP 1A

DPpcpa = 28.274 psi Pump head and hydraulic torque at 1753 rpm,
AU 6398.14 #-Ib 68204.9 gpm & 47.882 lbmAt’ (See Table B-2)

Calculate the change in pressure from the inlet of RCP 1A through cold leg 1A to the reactor
vesse! inlet.

DP,, = DPygy 1, = (Kg x QCLYL)
- 28274 pei - (8284x107° P2 ) (682049 gom)’
gpm
« 24420 pai

L e A A
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Table 4-3 ( page 3 of 6 )
Verification Calcuiations for Broken RCP Shaft Transient
Time = 0.0 to 0.1 Seconds

Step 6)  Calculate the flow through the fauited cold leg (RCP 1B)

ot - - DPu
18 \ y
e 24.420 psi
\ 8.284x10 ' psi/gpm’® + 233.5x10 "° psi/gpm’
= -31780.4 gpm

Step 7) Update the vessel, hot leg and steam generator flow rates based on the estimates for
the cold leg flow rates

WCL,, = QCL,, x p, x (0.002228 ft'/sec/gpm)
(68204.9 gpm) (47.892 Ibrm/ft’) (0.002228 ft'/sec/gpm)
= 7277.69 lbm/sec

WCL = QCL,, X pe X (0.002228 ft/sec/gpm)
= (-31780.4 gpm) (47.892 ibm/t) (0.002228 ft'/sec/gpm)

= -3391.08 ibmvsec

WCL,, = QCL,, x p, x (0.002228 ft*/sec/gpm)
= (51318.8 gpm) (47.892 Ibm/’) (0.002228 ft*/sec/gpm)
= 5475.89 Ibm/sec

weC = WCL,, + WCL,, + 2 x (WCL,,)

= 727769 Ibnvsec + (-3391.08 Ibmvsec ) + 2x( 5475.89 Ibm/sec )
= 14838 39 IbrmV/sec

QCIN = WC/[(pe ) (0.002228 ft'/sec/gpm) |
= (14838.39 IbmVsec ) / ( (47.892 Ibmt) (0.002228 fr'/sec/gpm) )
= 139062.05 gpm

Qc = WC/[(pavg ) (0.002228 t'/sec/gpm) |
= (14838.39 Ibrmvsec ) / ( (45.453 Ibm/t’) (0.002228 ft/sec/gpm) )
= 146524.09 gpm

QCOUT = WC/[(p, ) (0.002228 ft¥/sec/gpm) |
= (14838.39 Ibmvsec ) / ( (43.014 ibm/At’) (0.002228 ft/sec/gpm) )
= 154832.37 gpm

” @mmum
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Table 4-3 (page 4 of 6)
Verification Calculaticns for Broken RCP Shatt Transient
Time = 0.0 to 0.1 Seconds

TSI TS I ST IR

AP&OO

WHL, = WCL, + WCL,,
= 7277.69 Ibm/sec + (-3391.08 Ibmv/sec)
= 3886.61 Ibnm/sec

QHL., = WHL, /[ (p, ) (0.002228 ft*/sec/gpm) |
= (3886.61 Ibmysec )/ ( (43.014 lbmAt’) (0.002228 ft'/sec/gpm) )
= 40555.14 gpm

WHL, = 2X WCL“
= 2 x 5475.89 Ibm/sec
= 10951.78 Ibrrvsec

QHL, = WHL, /[ ( py ) (0.002228 ft/sec/gpm) ]
= (10951.78 Ibm/sec ) / ( (43.014 Ibm/tt’) (0.002228 ft'/sec/gpm) )

QSGT, = WHL, /[ ( pays ) (0.002228 tt*/sec/gpm) |
= (3886.61 Ibmvsec ) / ( (45.453 Ibrm/tt’) (0.002228 ft'/sec/gpm) )
= 38378.96 gpm

QSGT, = WHL, /[ ( payg ) (0.002228 ft/sec/gpm) |
= (10951.78 Ibmy/sec ) / ( (45.453 Ibm/t®) (0.002228 f#t*/sec/gpm) )
= 10814513 gpm

‘M
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Table 4-3 (page 5 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 0.0 to 0.1 Seconds
e

Step 8)  Calculate the pressure loss from the outlet of RCP 1A through the cold leg, vessel, hot
leg and steam generator to the iniet of RCP 1A,

DPyes | = (Kg QCLyY + (Kyy QCIN) + (Ke QCY) + ([Keg * Kyyl QCOUT?)
+ ([Kyg * Keq) QHL)) + (Kggy QSGT)) + (Kggo (QCL,, + QCL )

DPycs , = (8284x10 ' psi/gpm?) (68204.9 gpm)
+(3.979x10 '° psi/gpm?) (139062.05 gpm)*
+(3.017x10 ' psi/gpm?) (146524.09 gpm)’
+(0.449x10 '° psi/gpm? + 0.5827x10 ' psi/gpm?) (154832.37 gpm)*
+(6.250x10 ' psi/gpm? + 4.756x10 '° psi/gpm?) (40555.14 gpm)’
+(38.02x10 "° psi/gpm?) (38378.96 gpm)’
+(4.143x10 " psi/gpm?) ( 652049 gpm + [-31780.4 gpm) }

= 28372 pai

Step 9)  Check for convergence in inner iteration loop
E, = Dpucr 7 Dpncs\

= 28274 psi- 28.372 psi

The magnitude of E, < 0.2 psi, therefore the convergence critena is met. Go to Step 10.

i miemeesmin S A
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Table 4-3 (page 6 of 6)
Verification Caiculations for Broken RCP Shaft Transient
Time = 0.0 to 0.1 Seconds

p——= e ——

Step 10) Caiculate the pressure loss from the outlet of RCP 2A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 2A.

DPycs 3 = (Ko QCLo) + (Kyy QCINY + (K¢ QC) + (Koo * Kyygl QCOUT?)
* ([Kyg * Kgql QHLY) * (Kygr QSGT]) + (Kyqq [2 x QCL, )

DPjcs , = (8284210 ' psi/gpm?) (51318.8 gpm)’
+(3.979x10 ' psi/gpm?) (139062.05 gpm)*
+(3.017x10 '° psi/gpm?) (146524.09 gpm)’
+(0.449%10 " psi/gpm*® + 0.5827x10 '° psi/gpm?) (154832.37 gpm)’
+(6.250x10 '° pei/gpm*® + 4,756x10 '° pei/gpm?) (114277.23 gpm)’
+(38.02x10 ' psi/gpm?) (108145.13 gpm)®
+(4.143x10 " psi/gpm?) (2 x 51318.8 gpm)’

= 82,030 psi

Step 11) Check for convergence in outer iteration loop

E, = DPacpan- OPpucs,
= B2.044 psi - 82.030 psi
= 0.014 psi

The magnitude of E, < convergence criteria of 0.2 psi. Therefore the flow estimates of 68204.9
gpm for RCP 1A and 51318.8 gpm for RCP 2A are correct. Go 1o Step 2 and start the next time
step.
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Tabie 4-4
Verification Caiculations for Broken RCP Shaft Transient
Time = 0.1 to 1.4 Seconds

AC power 1s assumed to be lost at reactor trip at 1.45 seconds. At this time the three unfaulted
ractor coolant pumps will begin coasting down. Between 0.1 seconds and 1.45 seconds RCS
flow rates are assumed to remain constant at the vaiues caiculated for 0.1 seconds.

A 1/10 seconds time step size is being used in the calculations. For simplicity the coastdown of
the three unfaulted RCP's will conservatively be assumed to start at 1.4 seconds.

Therefore the following conditions are assurned to occur between 0.1 and 1.4 seconds.

—
Time QcL., QCl,, QcL,, . s

(gpm) (gpm)

51318.8

14 68204.9 -31780.4 513188 1753. 0.0 1753. I
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Table 4-5 (page 1 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.4 to 1.5 Seconds

===

Step 2) Increment time
t=t+At=14+0.1=15 seconds

Step 3) Calculate speed of RCP's
For RCP1B

s‘e = 00

For RCP's 1A, 2A, 2B
t > TPC, Therefore the change in RCP speed is calculated based on the following

ds, (T, - T, - WIND x ($"*% - FRICT x §**)%)

@ PUMPI / g,

ds,

&‘ & &"‘. + ? A‘

density of 47.892 ibmAt® (See Table B-2).

density of 47.892 Ibm/At’ (See Table B-2).

Tance 14 = 6398.14 #t-ib, hydraulic torque at speed of 1753. rpm, flow of 68204.9 gpm and

Toncraa = §846.70 ft-b, hydraulic torque at speed of 1753. rpm, flow of 51318.8 gpm and

48,  (0.0) - 6398.14 - - (0.0254 f-Ib-sec’) 3 (18357 radianajesc;’ - (6.3 8 -B-sec® 1 (18357 radisnafeec)”

& (5000. Ben -8%) / (32.174 fhen Ayl -sec”)
= 4723 mdisaseec

(5000, es-&%) / (32.174 oo -8/ -sec”)
« 6298 mdisosfec

45, | (00) - $84670 B - (0254 A-B-sec’) x (18357 adianency’ - (63 8-B-wec 1 (16357 adimaeec)”
&
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Table 4-5 (page 2 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.4 to 1.5 Seconds
= — —

. . ds
S:Au 2 S:A“ " d‘m At

= (183.57 radians/sec) + (-47.23 radians/sec’) (0.1 sec)
= 178.847 radians/sec

or
= 1707.86 rpm

s;;u - S;l" = % At

= (183.57 radiang/sec) + (-62.98 radiang/sec’) (0.1 sec)
= 177272 radians/sec

or
= 1692.82 rpm

Step 4) Estimate flow and hydraulic conditions in cold leg 2A
Estimate flow through RCP 2A
QCL,, = 495146 gpm
Calculate pump head and hydraulic torque for RCP 2A
DPpcpan = 76.616 psi Pump head and hydraulic torque at 1692.82 rpm

| fRp—— = 8251.40 ft-Ib (177.272 radians/sec), 495146 gpm &
47.892 Ibmvtt’ (See Table B-2) '

w
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Table 4-5 (page 3 of 6)
Verification Caiculations for Broken RTP Shaft Transient

Time = 1.4 to 1.5 Seconds

Step 5) Estimate flow & hydraulic conditions in cold leg 1A
Estimate flow through RCP 1A
QCL,, = 66473.1 gpm

Calculate pump head (DP.., ,,) and hydraulic torque (T, . ,) for RCP 1A

DPacpa = 26.733 psi Pump head and hydraulic torque at

Tonce 1a = 6067.53 ft-Ib 1707.86 rpm (178.847 radians/sec),
66473.1 gpm & 47.892 Ibm/tt’ (See
Table B-2)

Calculate the change in pressure from the inlet of RCP 1A through cold leg 1A to the reactor
vessel inlet.

DP, = DPyy u - ( Kg x QCLY, )
- 26733 psi - (828410 P ) (664731 gom)?

gpm
= 23.073 psi

Step 6)  Calculate the tiow through the faulted cold leg (RCP 1B)

QCL, = - .___D.lli__
Jxa“m

3 23.073 pai
8.284x10 ' paygpm’ + 233.5210 ' psi/gpm’

= ~30891.45 gpm

——
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Table 4-5 (page 4 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.4 to 1.5 Seconds

Step 7)

WCL,,

WCL,

VICL,,

wC

QCIN

QcC

QcouT

WHL,

QHL,

WHL,

Sres S LmR T

Update the vessel, hot leg and steam generator flow rates based on
the cold leg flow rates

QCL., x pe X (0.002228 ft*/sec/gpm)
(66473.1 gpm) (47.892 Ibm/it’) (0.002228 f*/sec/gpm)
7092.90 Ibrrvsec

= QCL,q X pe, x (0.002228 t*/sec/gpm)
(-30891.45 gpm) (47.892 Ibm/tt’) (0.002228 ft/sec/gpm)
-3296.22 Ibrmv/sec

QCL,, x pe, x (0.002228 ft'/sec/gpm)
(49514.6 gpm) (47 892 IbmAt) (0.002228 ft*/sec/gpm)
5283.37 Ibm/sec

= WCL,, + WCL,, + 2 x (WCL,,)
7092.90 lbrmv/sec + (-3296.22 Ibnvsec ) + 2x( 5283.37 lbmvsec )
14363.42 Ibnvsec

= WC/[(pg ) (0002228 t'/sec/gpm) |
( 14363.42 Ibrrvsec ) / ( (47.892 Ibmvit’) (0.002228 ft'/sec/gpm) )
134610.74 gpm

= WC /[ (pag ) (0.002228 t'/sec/gpm) |
( 14363.42 Ibrvsec ) / ( (45.453 IbmAt) (0.002228 ft/sec/gpm) )
141833.92 gpm

= WC/[(p,)(0.002228 tt/sec/gpm) |
( 14363.42 Ibrrvsec ) / ( (43.014 IbmAt’) (0.002228 t/sec/gpm) )
149876.26 gpm

= WCL,, + WCL,,
7092.90 Ibm/sec + (-3296.22 bm/sec)
3796 68 Ibm/sec

= WHL, /[ ( py ) (0.002228 t'/sec/gpm) |
( 3796.68 Ibmvsec ) / ( (43.014 Ibm/t’) (0.002228 #'/sec/gpm) )
39612.76 gpm -

= 2 X WCLQ‘
2 x 5283.37 Ibm/sec
10566.74 Ibrrvsec

the estimates for
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Table 4-5 (page 5 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.4 to 1.5 Seconds

QHL, = WHL, /[ ( py ) (0.002228 f#t¥/sec/gpm) |
= (10566.74 Ibm/sec ) / ( (43.014 Ibmvit) (0.002228 #t*/sec/gpm) )
= 110259.50 gpm

QSGT, = WHL, /[ ( pays ) (0.002228 ft¥/sec/gpm) |
= (3796.68 Ibm/sec ) / ( (45.453 Ibm/At’) (0.002228 ft/sec/gpm) )

QSGT, = WHL, /[ ( pavs ) (0.002228 ft/sec/gpm) |
= ( 10566.74 Ibmysec ) / ( (45.453 Ibm/t’) (0.002228 ft*/sec/gpm) )
= 104342.99 gpm

Step 8)  Calculate the pressure loss from the outlet of RCP 1A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 1A.

DPycs ; = (K QCLy) + (Kyy QCINY + (K QCY) + ([Kgg + Kypygl QOOUTY H
* ([Kyg * Keq) QHLY) + (Kygr QSGT)) + (Kggp [QCL,, + QCL )Y

DPpg , = (8.284x10 ' psi/gpm?) (66473.1 gpm)’
+(3.979x10 ° psi/gpm?) (134610.74 gpm)?
+(3.017x10 " psi/gpm?) (14183392 gpm)’
+(0.449%10 " pei/gpm* + 0.5827x10 ' pai/gpm?) (14987626 gpm)®
+(6250x10 ' pai/gpm?® + 4.756x10 '° pai/gpm?) (39612.76 gpm)?
+(38.02x10 ' psi/gpm?) (37490.93 gpm)?
+(4.143%10 " pei/gpm?) ( 66473.1 gpm + [-30891.45 gpm] )’

= 26,853 pei

Step 9)  Check for convergence in inner tteration loop

E, = DP”“-DP,@‘.
= 28.733 psi - 26.853 psi
= -0.120 psi

The magnitude of E, s 0.2 psi, therefore the convergence cnteria is met. Go to Step 10.
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Table 4-5 (page 6 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.4 to 1.5 Seconds

- —

Step 10) Calculate the pressure loss from the outlet of RCP 2A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 2A.

DPycs 3 = (Kg QCL3) * (Kyy QCINY + (K¢ QCH) + ([Keg + Kyygl QCOUT?)
¢ (Kyg * K QHLY) + (Kgqp QSGTY) + (Kgqp 2 x QCL,, 1)

DP,y , = (8.284x10 '° psi/gpm?) (49514.6 gpm)’
+(3.979x10 ° pei/gpm?) (134610.74 gpm)*
+(3.017x10 " psi/gpm?) (141833.92 gpm)’
+(0.449x10 ' pei/gpm’ + 0.5827x10 ' pei/gpm?) (14987626 gpm)*
+(6.250x10 ' psi/gpm?® + 4.756x10 '° psi/gpm?) (110259.50 gpm)*
+(38.02x10 '° pei/gpm?) (10434299 gpm)
+(4.143x10 ' psi/gpm?) (2 x 49514.6 gpm)’

= 76,465 pei

Step 11) Check for convergence in outer iteration loop

E, = Dpncnu . Dpnc.s:
= 75.616 psi - 76.465 psi

0.151 psi

The magnitude of E, < convergence critenia of 0.2 psi. Therefore the flow estimates of 66473.1
gpm for RCP 1A and 49514.6 gpm for RCP 2A are correct. Go to Step 2 and start the next time

step. '
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Table 4-6 (page 1 of 6)
Verification Calculations for Broken RCP Shaft Transient
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Step 2) Increment time
t=t+At=15+0.1= 16 seconds

Step 3) Calculate speed of RCP's
For RCP1B

S'. = 00

For RCP's 1A, 2A, 2B
t > TPC, Therefore the change in RCP speed is calculated based on the following

ﬁ.(r_-r,-wmox(s,"“‘)’-m:(sf"‘s"‘)
& PUMPI | g,

s‘l & s‘t"( * % At

Yance 1a = 606753 ft-Ib, hydraulic torque at speed of 1707.86 rpm (178.847 radians/sec),
flow of 66473.1 gpm and density of 47.892 lbmAt’ (See Table B-2).

T.acpsa = 825140 ft-b, hydraulic torque at speed of 1692.82 rpm (177.272 radians/sec),
flow of 49514.6 gpm and density of 47.892 lbmAt’ (See Table B-2).

G, | ©0) - 6067.53 A-B - (A0R34 8-B-sec’) x (178.847 radisngeecy’ - (6.3 & -B-sec® 5 (178.847 radisnaieec)

®» (5000. fen 8% / (32.174 lbm -A/0Af -eac”)
» -44.8] madisoefesc

4, (@0 - 825140 0-B - Q04 8-B-wec’) x (177272 disngeec? - (6.3 8-B-sec® x (177272 radiangfeec)”

@ (5000. Then -8%) / (32.174 fen A0S -suc”)
« -58.77 adisoefeec

() wesngpose

sl
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Table 4-6 (page 2 of 6)
Verification Caiculations for Broken RCP Shaft Transient
Time = 1.5 to 1.6 Seconds

S:;L‘ = s:;l: - ds_IlA_. At

= (178.847 radians/sec) + (-44.8] radisng/sec’) (0.1 sec)
= 174.366 radians/sec

or
= 1665.07 rpm

s;;l.‘ o s;lé . % At

= (177.272 radians/sec) + (-58.77 radisng/sec’) (0.1 sec)
= 171.395 radiang/sec

or
= 1636.70 rpm

Step 4) Estimate flow and hydraulic conditions in cold leg 2A
Estimate flow through RCP 2A
QCL,, = 47870.5 gpm
Calculate pump head and hydraulic torque for RCP 2A
DPpcsan = 71.627 psi Pump head and hydraulic torque at 1636.70 rpm

- 7713.48 ft-Ib (171.395 radians/sec), 47870.5 gpm & . |
47.892 Ibmt (See Table B-2)

Tnac’u
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Table 4-6 (page 3 of 6)

Verification Calculations for Broken RCP Shaft Transient

Time = 1.5 to 1.6 Seconds
=T ——

Step 5) Estimate flow & hydraulic conditions in cold leg 1A

Estimate flow through RCP 1A

QCL,, = 64817.8 gpm

Calculate pump head (DP,., ,,) and hydraulic torque (T, acp .4) for RCP 1A

OPucpa = 25.368 psi Pump head and hydraulic torque at

Tinsess & 5765.13 ft-Ib 1665.07 rpm (174.366
radians/sec), 64817 .8 gpm &
47.892 Ibm/tt’ (See Table B-2)

Calculate the change in pressure from the iniet of RCF 1A through coid leg 1A to the reactor
vessel inlet.

DP,, = DPyy ,, - ( Kg x QCLL, )
- 25.368 pai - ( 8284x107%0 P& ) ( 648178 gom)’
gpm

= 21.888 psi

Step 6) Caiculate the flow through the faulted cold leg (RCP 1B)

Ko * Ko
A \J 21.888 psi
8.284x10 ' pai/gpm’® + 2335210 '° pei/gpn’

= -30087.7 gpen

53
(&) woromse



APGOO

Westinghouse Electric Corporation

=g =

Table 4-6 (page 4 of 6)
Verification Caiculations for Broken RCP Shaft Transient
Time = 1.5 to 1.6 Seconds

WCL,,

weL,, =

wC

QCIN

QcC

QcouT

WHL,

QHL,

WHL,

-

Update the vessel, hot leg and steam generator flow rates based on the estimates for
the cold leg flow rates

QCL,, x p., x (0.002228 ft'/sec/gpin)
(64817.8 gpm) (47.892 Ibm/tt’) (0.002228 ft*/sec/gpm)
6916.28 Ibm/sec

= QCL,g X pe, X (0.002228 ft'/sec/gpm)
(-30087.7 gpm) (47.892 Ipm/tt’) (0.002228 ft/sec/gpm)
-3210.46 Ibnvsec

QCL,, X pe, X (0.002228 f#t'/sec/gpm)
(47870.5 gpm) (47.892 IbmAt’) (0.002228 f#t*/sec/gpm)
5107.94 Ibm/sec

= WCL,, + WCL,, + 2 x (WCL,,)
6916.28 Ibmv/sec + (-3210.46 Ibrrvsec ) + 2x( 5107.94 Ibrm/sec )
13921.7 ibm/sec

= WC/[(pe ) (0.002228 ft¥/sec/gpm) ]
( 13921.7 Ibmvsec ) / ( (47.892 Ibm/At’) (0.002228 ft*/sec/gpm) )
130471.04 gpm

= WC /[ (pay ) (0.002228 f'/sec/gpm) ]
( 13921.7 Ibrvsec ) / ( (45.453 Ibm/At) (0.002228 ft'/sec/gpm) )
137472.09 gpm

= WC/[(py)(0.002228 ft's. ‘3pm) |
( 13921.7 Ibmvsec ) / ( (43.014 Ibm/At’) (0.002228 ft/sec/gpm) )
145267.10 gpm

B WCL,A + WCL,.
6916.28 Ibrmv/sec + (-3210.46 Ibrrvsec)
3705.82 Ibrmvsec

= WHL, /[ (p. ) (0.002228 t'/sec/gpm) |
( 3705.82 Ibrrvsec ) / ( (43.014 Ibm/t’) (0.002228 #/sec/gpm) )
38668.68 gpm

= 2X WCL“
2 x 5107 .94 Ibmv/sec
10215.88 Ibrmv/sec
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Table 4-6 (page 5 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.5 to 1.6 Seconds

p— TS ==

QHL, = WHL, /[ ( p, ) (0.002228 #t*/sec/gpm)
= (10215.88 Ibm/sec ) / ( (43.014 Ibm/t’) (0.002228 f'/sec/gpm) )
= 106598.42 gpm

. QSGT, = WHL, /[ ( pavs ) (0.002228 #/sec/gpm) |
‘ ( 3705.82 Ibrvsec ) / ( (45.453 Ibmvt®) (0.002228 ft'/sec/gpm) )
36593.72 gpm

QSGT, = WHL, /[ ( paye ) (0.002228 ft¥/sec/gpm) |
= (10215.88 Ibrrvsec ) / ( (45.453 ibmAt’) (0.002228 t/sec/gpm) )
= 100878.37 gpm

Step 8)  Caiculate the pressure ioss from the outlet of RCP 1A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 1A,

DPyy, = Kg QCLL) + (Kyy QCINY + (K¢ QCH) + ([Kgp * Kyyol QCOUT?)
+ (Kyg * Kegl QHL]) + (Kggr QSGT]) + (Kggp [QCL, + QCL g

DPpes | = (8284x10 ' psi/gpm?) (64817.8 gpm)

+(3.979x10 ' psi/gpm?) (130471.04 gpm)*

+(3.017x10 ' psi/gpm?) (137472.09 gpm)*

+(0.449x10 ' pei/gpm* + 0.5827x10 ' psi/gpen?) (145267.10 gpm)*
+(6.250x10 " pei/gpm* + 4.756x10 '° psi/gpm?) (38668.68 gpm)’
+(38.02x10 ' pai/gpm*) (36593.72 gpm)’

+(4.143x10 " pei/gpm?) ( 64817.8 gpm + [-30087.7 gpm)

= 25369 pei

Step 9)  Check for convergence in inner iteration 0op

E, = DP” A DPN:O'
= 25368 psi - 25.369 psi
= -0.001 psi

The magnitude of E, < 0.2 psi, therefore the convergence cniteria is met. Go to Step 10.
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Table 4-6 (page 6 of 6)
Verification Calculations for Broken RCP Shaft Transient
Time = 1.5 to 1.6 Seconds

Step 10) Caiculate the pressure loss from the outlet of RCP 2A through the cold leg, vessel, hot
leg and steam generator to the inlet of RCP 2A.

DPys;  (Kg QCLIY + (Kyy QCINY + (Ko QCP) + ([Kgg * Kyyol QCOUT?)
¢ ([Kyg * Kgo) QHLY) + (Kgor QSGTS) + (Kygq [2 % QCL,,J)

DPy.s, = (8284x10 ' psi/gpm?®) (47870.5 gpm)’
+(3.979x10 '° psi/gpm?) (130471.04 gpm)’
+(3.017x10 ' pei/gpm?) (137472.09 gpm)*
+(0.449x10 " pei/gpm® + 0.5827x10 ° pei/gpm?) (145267.10 gpm)*
+(6.250x10 '° pei/gpm?® + 4.756x10 ° psi/gpm?) (106598.42 gpm)*
+(38.02x10 " psi/gpn®) (100878.37 gpm)’
+(4.143x10 ' pei/gpm?) (2 x 47870.5 gpm)’

= 71.545 psi

Step 11) Check for convergence in outer iteration loop

= 71.627 psi - 71,545 psi
= 0.082 psi

The magnitude of E, < convergence criteria of 0.2 psi. Therefore the flow estimates of 64817.8
gpm for RCP 1A and 47870.5 gpm for RCP 2A are correct. Go to Step 2 and start the next time
step.

D e
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Appendix A  Plant Design Data Used in Calculations

WIND = 0.0254 ft-Ib-sec’
FRICT = 6.3 ft-Ib-sec'?
PUMPI = 5000. Ib

Nominal Operati.ig Conditions
RCS Pressure
Minimum Measured Flow
Hot leg temperature
Cold leg temperature

Hot leg fluid density
Cold leg fluid density

Nominal RCP speed

RCS Pressure Loss Coefficients
Region/Description Loss Coefficient
[psi/gpm’]
Ko, cold leg 8.284x10"°
Kaw reactor vessel inlet region 3.979x10'°
Ke core active fuel 3.017x10"°
Keo core outlet region 0.449x10"° 4
Koo reactor vessel outlet region 0.5827x10"°
Ko hot leg 6.250x10"°
Kee steam generator inlet nozzle & 4.756x10"°
plenum
Ksor steam generator tubes 38.02x10"°
Keso steam generator outiet plenum 4.143x10"°
& nozzle
Kouwe non-operating | free spinning 233.5x10"°
reactor !
coolant pu stationary 547 1x10"°

= 2250. psia

= 193200. gpm (plant total)
- 48300. gpm (per cold leg)
= 601.775 °F

s 533.425 °F

= 43.014 ibmAt

= 47.892 lbmAt

=z 1753. rpm

(@) marpm
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Appendix B RCP Head, Torque, Speed & Flow Characteristics

Transient operating conditions for the reactor coolant pumps are derived homologous curves for head and
hydraulic torque. Table B-1 summarizes points from the pump homologous curves used in caiculations in
this report. The data summarized in Table B-1 is also used in the LOFTRAN code.

Pump head is interpolated from the homologous curve data given in Table B-1a as a function of speed and
flow and denormalized based on the reference parameters given in Table B-1c Linear interpolation is used.

Pump hydraulic torque is interpolated from the homologous curve data given in Table B-1b as a function
of speed and flow and denormalized based on the reference parameters given in Table B-1c Linear
interpolation is used.

Following are several hand calculations which illustrate the how pump head and hydraulic torque are
obtained from the homologous curve data.

Example 1

Given: N (speed) = 183.57 radians/sec (1753. rpm)

Q (flow) = 48300. gpm

p (density) = 47 892 IbmAt
Then:
v = Q/Q, = (48300. gpm) / (51000. gpm) = 0.94706
a = NN, = (1753. rpm) / (1735, rpm) = 1.01037
va = 0.94708 / 1.01037 = 0.93734

v is positive and v is less than a, therefore the HAN and BAN line segments are used to find RCP head
and hydraulic torque.
Linearty interpolating from Table B-1a from the HAN line segment at wa = 0.93734

1, 093734 - 075 10 | 143 . 142 « 1.10827
Ve 10-0785 g, '

H = (We?) &’ H, = (1.10527X1.01037) (240. #) = 270.79 &

At a fluid density of 47 892 Ibm/At the head in psi 18 H = 90.062 psi
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Linearly interpolating from Table B-1b from the BAN line segment at v/a = 0.93734

_ 093734 - 0.75

2
Pe 1.0 - 0.75

(1.0 - 1.06) + 1.06 = 101504

T, = (B/e?) & (T, /py) p= (1.01504)(1.01037) ;“:;%L“; (47.892 Touyht?®) = 8970.89 f-Tb
b 1

_Example2

Given: N (speed) = 780.27 rpm (81.71 radians/sec)

Q (flow) = -5861.9 gpm

p (density) = 47 892 Ibm/t
Then:
v = Q/Q, = (-5861.9 gpm) / (51000. gpm) = -0.11494
o = NN, = (780.27 rpm) / (1735. rpm) = 0.44972
via = <0.11494 / 0.44972 = -0.25558

v 1§ negative and the magnitude of v is less than a, therefore the HAD and BAD line segments are used
to find RCP head and hydraulic torque.

Linearty interpolating from Table B-1a from the HAD line segment at wa = -0.25558

We? = ('(“255”) (_‘35)25’ @5 - 2.14) + 214 = 2.15473

H = (ya?) &’ H, = (2.15473%0.44972) (240. f) = 104.590 ft

At a fluid density of 47 892 Ibm/At’ the head in psi is H = 34.785 psi

59
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Linearly interpolating from Table B-1b from the BAD line segment at v/ia = -0.25558

(~0.25558) - (-0.25)
o’ = (1.57 - 0.99) + 0.99 = 1.00295
o (-0.50) - (-0.25)

T, = (B/a®) a® (T, /og) p= (1.00295)0.449727 LT BR (45 807 panytt?) = 1756.12 f-o
48. Thanyft’

In Table B-2 are given the auxiliary code calculated head and hydraulic torque values for comparison to
those calculated in hand calculation Examples 1 & 2. The hand calculated values compare within the
expected roundoff accuracy. Table B-2 also summaries head & hydraulic torque values at varous other
fiows and speeds used in calculation in other sections of this report.
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Table B-1a RCP Homologous Curves

Head - Flow - Speed Characteristics

wa or v HVD HAD HAN HVN
(h* as a function of | (W as a function of | (hWa’ as a function of (v as a function
w/v) via) v/a) of wv)
-1.0 498 498
0.78 3198 164
-0.50 3.2 28
028 264 2.14
00 2.27 | B4 | B4 -1.55
025 1 65 -0 98
0.50 163 048
078 142 018
10 1 00 1.00
]

Table B-1b RCP Homologous Curves

M

Table B-1c Reference Point & Definitions

Torque - Flow - Speed Characteristics
wa or v BVD BAD BAN BVN
(B/v as a (o’ as a function of | (B/a’ as a function of | (B/V’ as a function
Ll function of a@/v) wa) wa) of a/v) i
-10 138 338
078 2.78 222
-0 50 23 1.57
028 | 98 099
00 1.78 09 09 -1.85
025 094 095
050 098 024
078 1 06 04
10 1.00 10

Flow
Head
Speed
Torque

Density

Qy = 51000 gpm

H. = 2“) ﬁ
Ny = 1735 rpm
T, = 8677 Ib-ft

W, = 48

th/H.

v = QQ, N

a = NN, HAN

B=(TW)/(Ty/ | HVN

W,) BAN
BVYN
HAD
HVD
BAD

BVD  (BA as a function of a/v)

on +N

(e as a function of va)
(WV* as a function of a/v)
(fva? as a function of va)
(B’ as a function of a/v)

ss1pation +N.

(Wa' as a function of va)
(W as a function of a/v)
(B/a’ as a function of wa)

@W
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Table B-2 RCP Head & Hydraulic Torque as a
Function of Flow and Speed
(Fluid Density of 47.892 Ibm/ft’)

o

Flow RCP Speed

[gpm] [rpm] RCP Head RCP
[psi] Hydraulic

Torque

[ft-1b]

68204 9 1753, 28.274 6398.14
65898.1 1753 37.954 6890.12
657924 1753. 38.380 691147
513188 1753 82.044 8846.70
50511.0 1753. 84.190 8879.96
494320 1753. 87.056 8924 37
48300.0 1753. 90.063 8970.89

o o

664713 1 1707 .86 26.733 6067.53
495146 1692.82 76.616 8251.40
45507.7 16920 n% 8401.66

WA

648178 1665.07 25.368 5765.13
ﬂ,::ar xmif’i Fovd <

47870.5 1636.70 71.627 7713.48
42961.7 1635.0 83518 7884 .01
-5409 8 792.6 35292 1777.11
-4824.0 792.5 34 781 1760.33

; = - 2l ’ g = e
-5594.0 780.28 34 430 1729.67
TR R, Bon
g - “ -~ 3 q Ry e 4{# .
-5861 9 780.27 34,785 1756.13
DR - T
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