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RELAPS Model for Advanced Neutron Source Reactor Thermal-Hydraulic Transients, Two-
Element-Core Design

N. C. J. Chen
M. W. Wendel
G. L. Yoder

ABSTRACT

In support of the conceptual safety analysis report (CSAR) for the Advanced Neutron Source Reactor (ANSR),
a RELAPS thermal-hydraulic input model has been developed. The purpose of the model is to quantify the ANS
thermal safety margin during a rapid depressurization accident (RDA) and during a loss-of-offsite power (LOSP).

This report contains a detailed description of the input for each RELAP5 component, or a reference where a
description for that input may be found. Justification for the assumptions made in developing the RELAP5 model
is provided wherever possible. In addition to the RELAP5 component input, the control variables used for
various system actions and for auxiliary output are described.

1. INTRODUCTION

In support of the conceptual safety analysis report (CSAR), a RELAP5/MOD3 Version 8K0 thermal hydraulic
input model for the primary cooling system of the Advanced Neutron Source Reactor two-element-core G693
design has been developed. This model has been used for simulating postulated transients (Chap. 15 of the
CSAR) involving the primary coolant system. This report describes in detail the RELAP5 input model.

The input model consists of thermal-hydraulic components, heat structures, neutronics model, material property
data, and control logic. Thermal hydraulic components are used to define the geometry, connectivity, and
boundary conditions of the primary coolant contained within the primary coolant pressure boundary. Heat
structures are used to define the geometry and configuration of conducting solids (e.g., piping and fuel plates)
important to the thermal behavior of the primary codlant system. The neutronics model is a one-dimensional
(point kinetics) model that is used to define the transient behavior of the distributed neutronic heat source in the
ANSR. Material property data are supplied to define the thermal conductivity and specific heat for each of the
materials comprising the heat structures. The control logic is used to define the dynamic behavior of the reactor
control systems (control variables, trips, and general tables), to facilitate post-simulation analysis (minor edit and
control variables), and to control directly the numerical simulation (RELAPS time-step control cards). Appendix
A contains a complete listing of the input model.

Special ANSR updates to the RELAP5/MOD?3 program are invoked in the core heat structures to use the
Petukhovl' correlation for heat transfer and Gambill-Weatherhead?” critical heat flux (CHF) correlation and in
the fuel channels to use the Griffith* drift flux correlation. As part of the post-processing, the following other
thermal limits besides CHF are examined:
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Costa® onset of significant void (OSV) correlation, used to predict the point of flow excursion (FE),
Bergles/Rohsenow?® incipient boiling correlation,

Saha/Zuber’ OSV correlation, and

A local modification® of the Saha/Zuber correlation.

No modifications have been made to the RELAP5 code to examine these other limits.

The nodalization diagram for the RELAP5 model is given in Fig. 1 (core region) and Fig. 2 (loop region).

Some of the assumptions that have been made in developing the model are:

1.

2.

3.

The choking option has been disabled at all junctions, unless indicated otherwise. Previous problems have
been observed with the choking model giving unrealistic results at internal junctions and causing the code
to bomb.

The reactor pool temperature is assumed constant at 38°C (311.15 K).

The secondary coolant supply temperature is assumed constant at 29.4°C (302.55 K).

For all transient simulations, the initial conditions are at a perturbed state from nominal, in the conservative
direction, by the amount necessary to account for measurement error and routine control variations:

1.

2.

reactor power: +4.2% (ref. 9)
primary pressure: -5% (ref. 8)
core inlet temperature:+0.6°C (ref. 8)

primary flow: maintained at the nominal flow rate being constrained such that the upper core inlet velocity
is 25 m/s inside the fuel channel.

”
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Fig. 2. ANS two-element-core RELAPS nodalization diagram: loop region.
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2. PRELIMINARY INPUT
ar 1- ate
Updates 8, 10, and 22 (for code version 8KO only) are invoked.
Update 8 invokes the following functions:
1. limits the time step to the Courant limit (shortest time for fluid to flow through a single control volume) of
the most limiting volume in the problem,

2. limits the time step based on void fraction, and
3. makes corrections to the standard CHF calculation.

| Update 10 invokes a time-step limit based on the change in pressure within a hydrodynamic volume,

Update 22 invokes an update to improve the RELAPS5 use of the Colebrook!? single-phase pressure correlation.
This update should not be used with RELAP5 MOD3.1.1.1 because it serves to disable the improvement for that
version of the code.

ar - Problem Type and Option

The option "new" specifies that this is a new simulation as opposed to a "restart" from a previous simulation.
For some transients (e.g., pipe break events) a second input file is used that uses the "restart” option to continue
from a run that used the Appendix A input file. This second input file also contains any changes to the normal
configuration of the primary system (e.g., the addition of a pipe break junction between the primary system and
the pool) that are necessary to represent the transient.

The option "transnt" specifies that a transient simulation is requested. The transient option is always used, even
in establishing a new steady-state condition for the primary system.

rd 101 - Input Check or Run Option
The option “run” instructs RELAPS to run the simulation as opposed to simply checking the input for errors.
ard 2 - Units Selection

The SI option is selected for both input and output units. This card is not required, but it is included for clarity.
Pressures are in Pascals (Pa) and temperatures are in Kelvin (K).

ar -CP ime Remainin

The first two words on this card are central processing unit (CPU) margins that will cause RELAPS to start
wrapping up the job if the CPU time remaining is approaching the value specified in the third word. The allotted
CPU time for the job (word 3) is used to smoothly terminate a simulation in case the simulation gets bogged
down, and RELAPS unexpectedly begins using a very small time step. Otherwise, enough CPU time should be
allotted to cause the simulation to be terminated based on the time-step control cards (0000201-0000299).




Card 0000110 - Noncondensible gas

The noncondensible gas assumed for the accumulator bubbles is nitrogen. This gas is the only noncondensible
used in the ANSR simulations.

Cards 0000120 thru 0000126 - Hydrodynamic Systems

Separate hydrodynamic systems are defined here by specifying one reference volume for each system. Seven
systems are identified: the primary heavy-water system and six secondary light-water systems (two for each active

loop).

Cards 0000201-0000299 Time-Step Control Cards

These cards are used to request time steps for the simulation. If the requested time step is too high, RELAP5 will
halve it until a successful time-step advance can be made with a converged solution. A minimum time step of
0.1 ps is specified. Also, on this card, the frequencies for minor edits, major edits (printed snapshots of the entire
system), and restart dumps are specified in integer multiples of the requested time step.

The time-step contro! cards will nearly always change from simulation to éimulation, as the necessary temporal
discretization will be a strong function of the simulated transient.

Cards 20800001-20800999 Expanded Edit/Plot Variables

These cards are included to request additional dependent variables to be made available in the restart plot file and
in the current run. These variables are not ordinarily provided as such by RELAP5. The heat structure
temperatures requested here are internal to the heat structures; whereas RELAP5 normally only provides the heat
structure boundary temperatures. The variables with the alpha designator "fwalf" request wall friction terms
useful in interpolating pressures at control volume boundaries. The remainder of the extended edit variables
request thermal properties (specific heat, thermal conductivity, and dynamic viscosity) in the fuel channels useful
in calculating the core thermal limits.

Cards 0000301-0000399 Minor Edit Requests

These variables are requested as output in the RELAPS standard output file at the frequency specified in the time-
step control cards. These cards do not impact the content of the restari/plot file.



3. TRIPS

Trips are logical switches that assume a value of true or false depending on the conditions specified on the trip
definition card, For the ANSR thermal-hydraulic model, the trip logic is used for pump, valve, and control
variable input. Some trips are dependent upon the state of other trips. The conditions for which each trip is true
are given below:

501 - True if cntrlvar 940 (flux-to-flow ratio) exceeds the reactor trip setpoint of 1.2.

502 - True if trip 501 has been true for at least 0.2 s, representing a flow sensor delay.

503 - True if the temperature at the CPBT inlet (volume 500-01) exceeds the
high-temperature setpoint of 328.05 K.

504 - True if trip 503 has been true for at least 2 s, representing a temperature sensor
delay.

506 - True if entrlvar 839 (pressure at sensor location, 645-01, with a 0.03 s first-order
pressure sensor lag applied) is less than the low-pressure setpoint.

508 - True if time is greater than a predetermined value (normally not used), allowing for
a manual reactor trip.

510- True if trip 603 (reactor scram indicator) has been true for at least 0.03 s,
representing the pressure switch unlatch time it takes to start the control rod
insertion stroke.

515- True if time is greater than some predetermined value for loop 1 isolation
(normally not used).

516 True if time is greater than some predetermined value for loop 2 isolation
(normally not used).

517 - True if time is greater than some predetermined value for loop 3 isolation

' (normally not used).

525 - True if time is greater than some predetermined value for loop 1 secondary coolant
flow coastdown.

526 - True if time is greater than some predetermined value for loop 2 secondary coolant
flow coastdown.

527 - True if time is greater than some predetermined value for loop 3 secondary coolant
flow coastdown.

528 - True if time is greater than some predetermined value. When the pump cavitation

model is being used, this trip determines when to turn off the steady-state pump
speed controller and begin holding the speed constant for a forth-coming transient.

536 - True if cntrlvar 65 (loop 1 homologous pump quantity v/cc) is greater than 1. Used
in determining which portion of the homologous pump curve to reference.

537 - True if cntrlvar 115 (loop 2 homologous pump quantity v/c) is greater than 1.
Used in determining which portion of the homologous pump curve to reference.

538 - True if cntrlvar 165 (loop 3 homologous pump quantity v/e) is greater than 1.
Used in determining which portion of the homologous pump curve to reference.

540 - True if time is greater than some predetermined value, representing the time at
which to trip the main pressurizer pump motor.

541 - True if time is greater than some predetermined value, representing the time at

which to trip the standby pressurizer pump motor.




542 -

550 -

551-

552 -

555-

560 -

561 -

599 -
600 -
601 -
602 -
603 -
610 -
611 -
615 -

619 -

620 -

621 -
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True if time is greater than some predetermined value, representing the time at
which to start the emergency pressurizer pump speed table (turn the pump on).
True if time is greater than some predetermined value, representing the time at
which to start the standby pressurizer pump speed table (turn the pump on).
True if cntrivar 804 is greater than a predetermined constant, representing the mass
inventory in the make-up tank that leads to a pressurizer pump trip. This constant
is currently assumed to be 8358.4 kg.

True if trip 551 has been true for 11 s, resulting in a pressurizer pump trip due to
low make-up tank inventory.

True if time is greater than some predetermined value. When this trip turns true,
power is disconnected from the primary coolant pump shafts, and the velocity table
is not used (i.., a torque balance based on the pump shaft is used to determine
shaft speed). This trip will not override the pump cavitation model, should it be
invoked on the pump velocity table cards (1246100, 2246100, 3246100).

True if pressure in 850-01 is greater than a predetermined low-high pressure
setpoint for opening the safety valve.

True if pressure in 850-01 is greater than a predetermined high-high pressure
setpoint for opening the safety valve.

True if time is greater than a predetermined time to terminate the simulation.
True if trip 599 is true, terminate the simulation.

True if trip 502 or 504 is true, representing the first flag for reactor trip.

True if trip 601 or 506 is true, representing the second flag for reactor trip.

True if trip 602 or 508 is true, representing the third and final flag for reactor trip.
True if trips 560 and 611 are true. This is the first half of the safety valve logic.
True if trips 561 and 610 are true. This is the second half of the safety valve logic.
True if trip 552 is false. This trip is used to isolate the pressurizing system if a low
level in the make-up tank occurs.

True if trip 555 is false. This flag is used to disable the pump velocity table, when
the user desires to invoke a no-motor primary coolant pump coastdown based on
a RELAPS torque balance.

True if trip 540 is false. This flag is used to disable the pump velocity table for the
main pressurizer pump should a trip occur.

True if trip 541 is false. This flag is used to disable the pump velocity table for the
standby pressurizer pump should a trip occur.



4. CORE REGION

The core region is very complicated, as shown in Fig. 2. The core model consists of two fuel annuli, core bypass
channels, and central control rod region. The core is surrounded by the core pressure boundary tube (CPBT),
which separates the high-pressure primary system from the low-pressure moderator tank.

4.1 FUEL ELEMENTS

Three fuel element channels are included for each of the upper and lower fuel elements: an average channel, and
two hot channels corresponding to the 95% and 99.9% nonexceedance probability uncertainty levels in the power
distribution. In each hot channel, two hot stripes are used to represent both the crtitical heat flux (CHF) and the
Costa onset-of-significant-void (OSV), used in the ANSR analysis as a flow excursion (FE) correlation, peaking
factors. The G693 power distribution was used with peaking factors and power densities obtained for end-of-
cycle (EOC) conditions with the exception of the lower-core hot stripes which were taken at beginning-of-cycle
(BOC) conditions. These conditions correspond to the highest (most conservative) heat flux levels. Appendix
B contains a listing of the FORTRAN computer program (power.f) that was used to insert the source terms
directly into the RELAPS input file. The source terms that represent heating in the CPBT and control rod region
are not modified by power.f. The power densities and peaking factors that were used as input to power.f are
supplied in this section. For the power distribution within the fuel plate, uniform heating in the fuel meat and clad
is assumed, and a 1/r profile in the side plates, control rods, central hole wall, and CPBT walls is used.

4.1.1 Average Fuel Channels

The core contains two fuel annuli. The core geometry is described in ref. 11 The lower fuel annulus consists of
252 fuel plates with thickness of 1.27 mm and span of 87.35 mm. The upper fuel annulus consists of 432 fuel
plates with thickness of 1.27 mm and span of 70.29 mm. One average channel is used in the lower fuel region
to represent (as a lumped volume) all but two of the fuel channels. The same method is used for the upper fuel
region. The two fuel channels excluded from the lumped volume serve as the 95% and 99.9% hot fuel channels
where the channel thickness is narrowed to account for uncertainties in the fuel plate manufacture. The fuel plate
surface roughness was calibrated such that the pressure drop predicted by the ANSR steady-state code'> was
obtained at an upper-core inlet velocity of 25 m/s.

Pipe 510

Lower core average channel,

L = 0.1014 m for each of 5 nodes, giving 0.507 m total length

A = 0.027675 m? (total flow area in lower core except two hot channels)
= (250/252) x [1(0.168% - 0.1022) - (252)(1.276 x 10?)(87.35 x 10?%)]

dZ = 0.1014 m, assumes vertical orientation of the core

e = 1.772 x 105 m, calibrated to get correct pressure drop over the core

dh = 0.002498 m = 4(87.35)(1.2672) / 2(87.35 + 1.2672)

The ANS rectangular-channel geometry updates are invoked on card 5101001, and the pitch and span are
specified to be 0.00127 m and 0.08735 m, respectively, on card 5101501.
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Three sets of heat structures are attached to the average channel. The first set represents the average fuel plate.

The second set represents the inner side plate, and the third represent: the outer side plate. The same method
applies for the upper fuel region.

Pipe 540

Upper-core average channel,

L = 0.1014 m for each of 5 nodes, giving 0.507 m total length
A = 0.038359 m? (total flow area in upper core except two hot channels)
= (430/432) x [r(0.2352 - 0.175%) - (432)(1.276 x 103)(70.25 x 10?)]
dz = 0.1014 m (elevation)
e = 1.772 x 10 m, calibrated roughness to get correct pressure drop over the core
dh = 0.002494 m = 4(70.29)(1.269) / 2(70.29 + 1.269)

The ANS rectangular-channel geometry updates are invoked on card 5401001 and the pitch and span are
specified to be 0.00127 m and 0.07029 m, respectively, on card 5401501.

4.1.2 Hot Fuel Channels

Two hot channels are used in the lower fuel region to include uncertainties combined to produce the worst-case
thermal-hydraulic conditions. Each hot channel is assumed to have a minimum channel gap of 1.14 mm (equal
to 90% of nominal 1.27-mm gap).”® One of the hot channels is used to produce conditions at a 95%
nonexceedance probability level (NEPL) for analysis of unlikely events, and the other at 99.9% nonexceedance
probability level for analysis of anticipated events. The same method is used for the upper fuel region.

Pipes 515 and 516
Lower core 95% and 99.9% NEPL hot channel,

L = 0.1014 m for each of 5 nodes, giving 0.507 m total length
A = 0.000110698 m? (flow area for the single channel)

= (1/252) x [n(0.168% - 0.1023) - (252)(1.276 x 10)(87.35 x 10?)]
dz = 0.1014 m (elevation)
e = 1.772 x 10 m, calibrated roughness to get correct pressure drop
dh = 0.002498 m=4 x 1.10698 x 10/ [2(87.35 + 1.2672) x 107]

The ANS rectangular-channel geometry updates are invoked on cards 5151001 and 5161001, and the pitch and
span are specified to be 0.0011433 m and 0.08735 m, respectively, on cards 5151501 and 5161501.

Pipe 545 and 546

Upper core 95% and 99.9% NEPL hot channel,

L = 0.1014 m for each of 5 nodes, giving 0.507 m total length



11

A = 8.9206%107° m? (flow area for the single channel)

= (1/432) x [®(0.235% - 0.175%) - (432)(1.276 x 10?)(70.29 x 10?%)]
dz = 0.1014 m (elevation)
e = 1.772 x 10 m, calibrated roughness to get correct pressure drop
dh = 0.002493 m =4 x 8.9206 x 10/ [2(70.29 + 1.276) x 107?]

The ANS rectangular-channel geometry updates are invoked on cards 5451001 and 5461001 and the pitch and
span are specified to be 0.0011433 m and 0.08735 m, respectively, on cards 5451501 and 5461501.

4.1.3 Unheated Annular Channels

Several control volumes are defined to represent the annular channels upstream and downstream of each fuel
element. Volumes 520 and 535 are defined to represent the short (0.05-m) midcore volumes.

Pipe 505

Lower (inner) core inlet annulus

L = 1.545 m (ref. 14)

A = 0.05598 m? = 1(0.1682 - 0.1022)

dz = 1.545 (vertical orientation)

e = 1.52 x10%m

dh = 0.034 m (ERROR IN MODEL, should be 0.132 =4 x 0.05598 / [21(0.168 + 0.102)])
Pipe 520

Lower (inner) core mid-core volume

L = 0.05 m (zef. 14)

A = 0.055983 m? = 1(0.1682 - 0.1022)

dz = 0.05 m (vertical orientation)

e = 1.52 x 10°m

dh = 0.132m=4 x 0.05598 / [21(0.168 + 0.102)]
Pipe 525

Lower (inner)-core exit annulus (upper-core bypass)

Segment 1

L = 0.2028 m, exit of volume aligned with exit of 2nd volume in upper-core fuel channels'
A = 0.055983 m? = 1(0.1682 - 0.102?)

dz = 0.2028 m (vertical orientation)

e = 1.52x10°m

dh = 0.132m=4 x 0.05598 / [21(0.168 + 0.102)]
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Segment 2

L = 2.3610 m, entrance of volume aligned with exit of 2nd volume in upper core fuel channels.
A = 0.055983 m* = (0.1682 - 0.102?) ’

dZ = 0.2028 m (vertical orientation)

e = 1.52x10°m

dh = 0.132m =4 x 0.05598 / [21(0.168 + 0.102)]

Pipe 530

Upper (outer)-core inlet annulus

Segment 1

L = 1.545 m, aligned with lower-core inlet annulus'*

A = 0.07728 m? = 11(0.235% - 0.175%)

dz = 1.545 m (vertical orientation)

e = 1.52 x 10°m

dh = 0.044 m (ERROR IN MODEL, should be 0.120 m = 4 x 0.07728 / [27(0.235 + 0.175)])
Segments 2-6

L = 0.1014 m, aligned with lower-core fuel channel volumes

A = 0.07728 m? = 1(0.235% - 0.175%

dz = 0.1014 m (vertical orientation)

e = 1.52 x 10%m

dh = 0.044 m (ERROR IN MODEL, should be 0.120 m =4 x 0.07728 / [21(0.235 + 0.175)])
Pipe 535

Upper (outer)-core mid-core volume

L = 0.05 m (ref. 14)

A = 0.07728 m? = (0.235% - 0.175%)

dZz = 0.05 m (vertical orientation)

e = 1.52 x10%m

dh = 0.044 m (ERROR IN MODEL, should be 0.120 m = 4 x 0.07728 / [21(0.235 + 0.175)])
Pipe 555

Upper (outer)-core exit annulus

L = *0.7715 m, aligned to receive cross-flow from CPBT annulus'
A = 0.07728 m? = 1(0.235% - 0.175%)

dz = 0.7715 m (vertical orientation)

e = 1.52 x10%m

dh = 0.120m=4 x 0.07728 / [21(0.235 + 0.175)]
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Pipe 557
Upper (outer)-core exit annulus

L = 1.2853 m (ref. 14)

A = 0.07728 m?= 1(0.235% - 0.175?)

dzZ = 1.2853 m (vertical orientation)

e = 1.52x10%m

dh = 0.120m=4 x 0.07728 / [27(0.235 + 0.175)]

Core Flow Separation Shroud Heat Structures

Heat Structure 5052 (Separation shroud between core annuli in entrance region)

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) =4

Left-boundary coordinate = 0.168-m inner radius of core flow separation shroud '
Right-boundary coordinate = 0.175-m outer radius of core flow separation shroud'*
Composition is No. 2 - A16061

Left Boundary is Pipe 505

Right Boundary is Pipe 530

Heat Structure 5202 (Separation shroud between core annuli in mid-core region)

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) = 4

Left-boundary coordinate = 0.168-m inner radius of core flow separation shroud'*
Right-boundary coordinate= ~ 0.175-m outer radius of core flow separation shroud"*
Composition is No. 2 - A1 6061

Left Boundary is Pipe 520

Right Boundary is Pipe 535

Heat Structure 5551 (Separation shroud between middle and outer cores in core outlet region)

Number of Heat Structure (NHS) = 2
Number of Mesh Point (NMP) =4
Left-boundary coordinate = 0.168-m inner radius of core flow separation shroud !4

Right-boundary coordinate = 0.175-m outer radius of core flow separation shroud'*
Composition is No. 2 - Al 6061

Left-Boundary is Pipe 525

Right-Boundary is Pipe 555
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4.1.4 Fuel Channel Interconnecting Junctions

Multiple Junction 507

Junction 1

Connects pipe 500 (core inlet plenum) to pipe 505 (lower-core inlet annulus)
A = 0.05598 m? (defaulted to area of 505)

Kf = 0.0

Kr = 0.0

Use abrupt area change model to represent sudden area contraction
0.132 m (same as the correct dh for 505)

&
i

Junction 2
Connects pipe 505 (lower-corc inlet annulus) to pipe 510 (lower-core average channel)

A = 0.027675 m? (defaulted to area of 510)

Kf = 0.1079 = 0.04 (taken from HFIR value') + 0.0679 (fL/d, for smooth pipe, Re = 1.5 x
10%, L = 0.010 m unheated length)

Kr = 0.1079

Use smooth area change model

dh = 0.0024831 m, ERROR: should be 0.002498 m, same as the dh for 510

NOTE: The errors on the junction hydraulic diameters are on the CCFL cards and are not used in
calculating normal unidirectional flow pressure drops.

Junction 3
Connects pipe 505 (lower-core inlet annulus) to pipe 515 (lower-core 95% NEPL hot channel)
A = 0.000110698 m? (defaulted to area of 515)
Kf = 0.1079 = 0.04 (taken from HFIR value's) 0.0679 (fL/d, for smooth pipe, Re = 1.5 x 10°,
L =0.010 m unheated length)
Kr = 0.1079
Use smooth area change model
dh = 0.0024831 m, ERROR: should be 0.002498 m, same as the dh for 515
Junction 4

Connects pipe 505 (lower-core inlet annulus) to pipe 516 (lower-core 99.9% NEPL hot channel)

A = 0.000110698 m? (defaulted to area of 516) ?

Kf = 0.1079 = 0.04 (taken from HFIR value'®) + 0.0679 (fL/d, for smooth pipe, Re = 1.5 x
105, L = 0.01 m unheated length)

Kr = 0.1079

Use smooth area change model

dh = 0.0024831 m, ERROR: should be 0.002498 m, same as the dh for 516

Multiple Junction 522

Junction 1

Connects pipe 510 (lower-core average channel) to pipe 520 (lower-core exit annulus)

A = 0.027675 m? (defaulted to area of 510)
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Kf = 0.0679 = (fL/d for smooth pipe, Re = 1.5 x 10°, L = 0.010 m unheated length)
Kr = 0.1079, ERROR: for reverse flow, 4% loss has inadvertantly been included
Use abrupt area change model to represent sudden expansion at core exit
dh = 0.0024982 m, same as the dh for 510
Junction 2
Connects pipe 515 (lower-core 95% NEPL hot channel) to pipe 520 (lower-core exit annulus)
A = 0.000110698 m? (defaulted to area of 515)

= 0.0679 = (fL/d for smooth pipe, Re = 1.5 x 10°, L = 0.010 m unheated length)
Kr = 0.1079, ERROR: for reverse flow, 4% loss has inadvertantly been included

Use abrupt area change model to represent sudden expansion at core exit
0.0024982 m, same as the dh for 515

&g
I

Junction 3
Connects pipe 520 (lower-core mid-core volume) to pipe 525 (lower-core exit annulus)

A = 0.055983 m? (defaulted to area of 520)

Kf = 0.0679, ERROR: unheated length loss coefficient inadvertantly included
Kr = 0.1079, ERROR: core exit loss coefficient inadvertantly included
Abrupt area change model invoked, although no area change exists, so it could be smooth
dh = 0.132 m (same as the correct dh for 520)

Junction 4

Connects pipe 516 (lower-core 99.9% NEPL hot channel) to pipe 520 (lower-core exit annulus)

A = 0.000110698 m? (defaulted to area of 516)

Kf = 0.0679 = (fL/d for smooth pipe, Re = 1.5 x 10°, L = 0.010 m unheated length)
Kr = 0.1079, ERROR: for reverse flow, 4% loss has inadvertantly been included
Use abrupt area change model to represent sudden expansion at core exit

dh = 0.0024982 m, same as the dh for 515

Single Junction 529

Connects pipe 500 (core inlet plenum) to pipe 530 (lower-core bypass annulus)

A = 0.07728 m? (defaulted to area of 530)
Kf = 0.0
Kr = 0.0

Use abrupt area change model to represent sudden area contraction

dh = 0.120 m (same as the correct dh for 530)

Multiple Junction 537

Junction 1

Connects pipe 530 (lower-core bypass annulus) to pipe 535 (upper-core midcore volume)
A = 0.07728 m? (defaulted to area of 530)

Kf = 0.0

Kr = 0.0
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Use abrupt area change model although there is no area change

dh = 0.120 m (same as the dh for 530) i

Junction 2

Connects pipe 535 (upper-core midcore volume) to pipe 540 (upper-core average channel)

A = 0.038359 m? (defaulted to area of 540)

Kf = 0.1079= 0.04 (taken from HFIR value'®) +0.0679 (fL/d, for smooth pipe, Re = 1.5 x
10°, L = 0.010 m unheated length) -

Kr = 0.1079

Use smooth area change model

dh = 0.0024787 m, ERROR: should be 0.002494 m, same as the dh for 540

Junction 3

Connects pipe 535 (upper-core midcore volume) to pipe 545 (upper-core 95% NEPL hot channel)
0.000089206 m? (defaulted to area of 545)
Kf = 0.1079= 0.04 (taken from HFIR value'®) 0.0679 (fL/d, for smooth pipe, Re = 1.5 x 10,
L =0.010 m unheated length)

A
]

0.1079
Use smooth area change model

dh = 0.0024787 m, ERROR: should be 0. 002494 m, same as the dh for 515

Junction 4

Connects pipe 535 (upper-core midcore volume) to pipe 546 (upper-core 99.9% NEPL hot channel)

A 0.000110698 m? (defaulted to area of 546)

Kf = 0.1079 = 0.04 (taken from HFIR value'®) + 0.0679 (fL/d, for smooth pipe, Re = 1.5 x
10°, L= 0.01 m unheated length)

Kr = 0.1079

Use smooth area change model

dh = 0.0024787 m, ERROR: should be 0.002494 m, same as the dh for 546

Multiple Junction 556

Junction 1

Connects pipe 540 (upper-core average channel) to pipe 555 (upper-core exit annulus)

A = 0.038359 m? (defaulted to area of 540)

Kf = 0.0679 = (fL/d for smooth pipe, Re = 1.5 x 10°, L = 0.010 m unheated length)
Kr = 0.0

Use abrupt area change model to represent sudden expansion at core exit
0.0024935 m, same as the dh for 540

&
I

Junction 2

Connects pipe 545 (upper-core 95% NEPL hot channel) to pipe 555 (upper-core exit annulus)
0.000089206 m? (defaulted to area of 545)

0.0679 = (fL/d for smooth pipe, Re = 1.5 x 105, L=0. 010 m unheated length)
0.0

se abrupt area change model to represent sudden expansion at core exit

0.0024787 m, ERROR should be 0.002494, same as the dh for 545

BERA>
oo
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Junction 3

Connects pipe 546 (upper-core 99.9% NEPL hot channel) to pipe 555 (upper-core exit annulus)
A = 0.000089206 m? (defaulted to area of 545)

Kf = 0.0679 = (fL/d for smooth pipe, Re = 1.5 x 10°, L = 0.010 m unheated length)
Kr = 0.0

Use abrupt area change model to represent sudden expansion at core exit

dh = 0.0024787 m, ERROR: should be 0.002494, same as the dh for 545
Junction 4
Connects pipe 555 (upper-core bottom exit annulus) to pipe 557 (upper-core top exit annulus)
A = 0.07728 m? (defaulted to area of 555)

= 0.0
Kr = 0.0

Use abrupt area change mode! (unnecessarily)
0.0024787 m, ERROR: should be 0.120, same as 557

B G
]

4.1.5 Average Channel Heat Structures

The fuel plates and side plates are modeled with slab (rectangular geometry) heat structures. Source terms are
included within each heat structure based on neutronics calculations for the distribution of thermal power in the
core. For illustration, a calculational procedm’e for the lower-core average fuel plates is here described. The same
procedure applies to the upper-core fuel region.

(A) Average Fuel Plates

Fuel plate geometry and response is symmetrical with respect to the plate centerline. Taking advantage of
symmetry, the fuel plates are modeled as single-sided plates of half thickness with a convective boundary on one
side and an adiabatic (symmetry) boundary on the other side.

The clean fuel plates are 1.27 mm (50 mils) thick with a 0.762 mm (30 mils) thick fuel meat and a 0.254 mm (10
mils) aluminum 6061 clad on each side. During oxide formation, cladding is consumed such that the total plate
thickness is increased by only 28.6% of the oxide thickness. For the G693 fuel grading, the maximum oxide
thickness was 10.2 x 10 m. Therefore, the corroded plates consists of 0.762-mm fuel meat, 0.2468-mm clad
on each side, and 0.0102-mm oxide on each side, for a total thickness of 1.276 mm.

Fuel meat thickness (half plate)= 0.381 mm
Clad thickness= 0.2468 mm
Oxide thickness= 0.0102 mm

Heat Structure Group Number 5101
Number of Heat Structure (NHS) =5
Number of Mesh Point (NMP) =11

2 intervals from the left boundary through right coordinate (RCOORD) = 1.02 x 10 m (oxide)
2 intervals through RCOORD= 2.57 x 10 m (cladding)
6 intervals through RCOORD= 6.38 x 10~ m (fuel meat)




18

Composition No. 4 (Oxide) through interval 2
Composition No. 2 (Al 6061) through interval 4
Composition No. 5 (Fuel Meat) through interval 10

Power Distribution through the fuel plate thickness

Constant uniform values for heat generation are specified for the fuel meat and cladding. At EOC, the power split
between the lower and upper cores is 0.281 - lower, and 0.717 - upper.' The constant heat source terms are
calculated as follows:

lower-core fuel meat source term = 0.281 x 0.9106 x 50.75/(50.75 +0.3) = 0.25440,
lower-core fuel clad source term = 0.281 x 0.9106 x 0.3/(50.75 + 0.3) = 0.00150,
upper-core fuel meat source term = 0.717 x 0.9106 x 39.74/(39.74 + 0.27) = 0.6485,
upper-core fuel clad source term = 0.717 x 0.9106 x 0.27/(39.74 + 0.27) = 0.00441,

where 0.9106 is the total power fraction deposited in the fuel meat and cladding,'” and the fraction of power to
fuel meat and cladding is based on the L7 fuel grading.

The heat transfer area to coolant per cell is calculated as follows:

axial heated length per cell x effective span x number of plates x 2 sides,

where the effective span is the total span length less 1.143 mm (45 mils) both ends for the non-fuel regions.
Although only half of the average fuel plate is modeled (taking advantage of symmetry), both sides of the fuel
plate are included in the area calculation because the total power is used 1o generate the source term. The
following calculations are done for the fuel plate heat structures to detecrmine the total heat transfer area.

HS 5101 0.507/5 % (0.08735 - 2 x 0.001143) x (252 - 2) x 2=4.31 m*
HS 5151 0.507/5 x (0.08735 - 2 x 0.001143) x 1 x2=0.01724 m?
HS 5161 0.507/5 % (0.08735 - 2 x 0.001143) x 1 x2=0.01724 m?
HS 5401 0.507/5 x (0.07029 - 2 x 0.001143) x (432 - 2) x 2=5.93 m?
HS 5451 0.507/5 x (0.07029 - 2 x 0.001143) x 1 x 2=0.01379 m*
HS 5461 0.507/5 % (0.07029 - 2 x 0.001143) x 1 x 2=0.01379 m?

A FORTRAN program (Appendix B: power.f) has been written to calculate source terms in heat structures
according to RELAPS input requirements. The procedure to calculate source terms requires the use of power
allocation (Table 1), relative power density as derived from neutronic calculations (Tables 2 and 3), and peaking
factors (Tables 4 and 5).
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Table 1. Distribution of steady-state heat load in the

ANSR RELAPS system model.”
Model region Core power
(%)
Fuel meat 89.74
Fuel-plate cladding 0.57
Core coolant 1.74
Fuel side plates 0.71
Central control rods 0.52
Inner wall 0.23
CPBT
Outer wall 0.36
Moderator tank coolant 5.1
Control rod coolant 0.8
Others (e.g., pool, shielding, 0.26
neutrinos)
“Normalized to reactor total power.

Table 2. G693 power density in upper core.

Avg Hot CHF
Chan® Chan®, HS4

1 1.157 1.480 1.700 1.671
2 1.315 1.624 1.700 1.544
3 1.287 1.497 1.539 1.428
4 1.238 1.392 1.444 1.315

Zone® FEHS

5 1.151 1.257 1316 1.246
“Axial Zones: Zones 1 and 5 represent entry and exit volumes in
any channels, respectively.

®Average Channel: Radially and zone averaged over multiple
channels using neutronic data, it provides average bulk temperature rise.

‘Hot Channel: Zone averaged over the single hottest channel for
each core, it provides the maximum bulk temperature rise.

“Hot Spot: No averaging, used local maximum relative power
density as the worst case in each zone.
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Table 3. G693 power density in lower core

Zone

Bt S wN

Average
channel

0.800
0.727
0.637
0.588
0.587

Hot

channel

1.630
1.495
1.357
1.225
1.042

CHF Hot
stripe

1.709
1.573

1.428

1.305
1.146

FE Hot

stripe
1.541
1.388
1.303
1.150
0.765

Table 4. Peaking factors used for hot channels and hot stripes at 95% nonexceedance probability

Zone o cwF  FB IB sz (Mofﬁzﬁe o T Tw  TAT.
1 1.074 1.631 1.305 1.30 1.521 2.08 1.14 1.16
2 1.074 1.554 1.305 1.30 1.521 2.08 1.14 1.16
3 1.074 1.554 1.305 1.30 1.521 2.08 1.14 1.16
4 1.074 1.554 1.305 1.30 1.521 2.08 1.14 1.16
5 1.074 1.631 1.305 1.30 1.521 2.08 1.14 1.16

Table 5. Peaking factors used for hot channels and hot stripes at
99.9% nonexceedance probability

Zone g)‘;; CHF FE 1B SZ  T,=T, T,=T. T,=T,
1 1.113 1.995 1.592 1.59 23 1.23 1.23 1.25
2 1.113 1.899 1.592 1.59 23 1.23 1.23 1.25
3 1.113 1.899 1.592 1.59 2.3 1.23 1.23 1.25
4 1.113 1.899 1.592 1.59 23 1.23 1.23 1.25
5 1.113 1.995 1.592 1.59 2.3 1.23 1.23 1.25
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Sample Calculation: Lower-core average and hot channel fuel plate source terms

1. Determine power fractions

In the lower fuel element, the model contains 250 plates for the average channels, one plate for the 95% hot
channel, and one plate for the 99.9% hot channel. The power to the lower core is apportioned to the average
and hot channels by applying the conservation of energy.

(1.252 peaking factor for

averaged hot channel
250/252 x p + power density/averaged x 1/2%13 iﬁ;’ﬁ.‘fgﬂ ;l::the =1

channel power density 99.9% hot channel)

The above equation expressed using the FORTRAN variables is:

mavgl +ml95 +ml99 =1,

where

mavgl = 250 x P/252 = average channel power fraction,

ml95 = 1 x averaged hot channel power desity / averaged channel power density x peaking factor of
the 95% hot channel /252 = 95% hot channel power fraction,

ml99 = 1 x averaged hot channel power desity / averaged channel power density x peaking factor of

the 99.9% hot channel /252 = 99.9% hot channel power fraction.
2. Derive source terms for average fuel heat structures.

In power.f, the source multiplier (defined as W2) for the averaged fuel heat structure in the first cell of the
lower core is expressed by:

W2 =0.05118 x mavgl x pdlcac(n)/avpdia,

where, in addition:

pdlcac(n) = the nth-cell power density, lower core, average channel heat structure
avpdla = average power density in lower core average fuel heat structure

and the leading constant is calculated as follows:

Lower-core power fraction x total fuel meat and clad power fraction/ 5 cells
0.28 x 0.9106/5=0.05118,

where the lower-core power fraction (0.28), along with the upper-core power fraction, was calculated from
neutronic data.'®
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W3 =2.56x10"* x mavgl x pdlcac(n)/avpdla

wherein the leading constant is computed as 0.00128/5 = 2.56x10* (0.00128 from'” is the power fraction
deposited in the coolant immediately next to the fuel element). Repeat the same procedure for the inner and
outer side plates.

3. Load the calculated source terms into the RELAPS input file.

As the source terms are inserted into the RELAPS input, a summation of the itemized heat sources is
performed as a check on total power conservation. The G693 core output for the lower-core average fuel
plates is shown in Table 6. For the lower core average fuel plate (heat structure 5101), the right heat is
inputed zero because it is an adiabatic (symmetry) boundary at the fuel plate centerline.

(B) Average Channel Side Plates
a e 51 Wer- vera hannel Inner Sid t

The lower-core average channel inner side plate is modeled with a two-sided structure that can pass heat from
coolant between the average fuel plates (Pipe 510) to coolant in the control rod channel (Pipe 562). RELAP5
does not allow conduction heat transfer between two heat structures. Therefore, fuel plate heat transfer can
not be modeled to flow spanwise to the side plates. In the model, heat must pass from the fuel plate to the
coolant and then to the side plates. As a result, the side plate temperatures calculated will be low. The same
procedure that was used above was used to compute source terms.

Left-boundary radius is 0.095 m

Right-boundary radius is 0.102 m

Composition is No. 2 - A16061

Heat transfer length=  0.10098 m , ERROR neglected to divide the available heat transfer area by 2,
should be 0.5 x 250/252 x 0.507/5 = 0.05030 m

t tu Wer- ver -Sj at

The lower-core average channel outer-side plate is modeled with a two-sided structure that can pass heat from
coolant between the average fuel plates (Pipe 510) to coolant in the lower fuel bypass annulus (Pipe 530).
The method used for heat structure 5102 was also used here to calculate source terms. The same procedure
that was used above was used to compute source terms.
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Left-boundary radius is 0.095 m

Right-boundary radius is 0.102 m

Composition is No. 2 - Al6061

Heat transfer length=  0.10098 m , ERROR neglected to divide the available heat transfer area by 2,
should be 0.5 x 250/252 x 0.507/5 = 0.05030 m

C wer- verage Channel Quter-Side Pla

The lower-core average channel outer-side plate is modeled with a two-sided structure that can pass heat from
coolant between the average fuel plates (Pipe 510) to coolant in the lower fuel bypass annulus (Pipe 530).
The method used for heat structure 5102 was also used here to calculate source terms. The same procedure
that was used above was used to compute source terms.

Left-boundary radius is 0.095 m

Right-boundary radius is 0.102 m

Composition is No. 2 - Al6061

Heat transfer length= 0.10098 m , ERROR neglected to divide the available heat transfer area by 2,
should be 0.5 x 250/252 x 0.507/5 = 0.05030 m

re 54 I- Average Channel Inner-Side Plate

The upper-core average channel inner-side plate is modeled with a two-sided structure that can pass heat from
coolant between the average fuel plates (Pipe 540) to coolant in the lower-core exit annulus (pipe 525). The
same procedure that was used above was used to compute source terms.

Left-boundary radius is 0.168 m

Right-boundary radius is 0.175 m

Composition is No. 2 - A16061

Heat transfer length=  0.1012 m , ERROR neglected to divide the available heat transfer area by 2, should
be 0.5 x 430/432 x 0.507/5 = 0.05047 m

The upper-core outer-side plate is the same as heat structure 5503, corresponding to the inner CPBT wall.
4.1.6 Hot Channel Heat Structures

(A) Main Fuel Heat Structure

The peaking factors presented in Tables 4 and 5 are used to calculate the 95% and 99.9% non-exceedance
probability hot channel power density distributions. Similar to the lower-core average channel, the lower- core
hot channel contains heat structures 5151, 5152, 5153, 5161, 5162, and 5163 for the fuel plate, inner side plate,
and outer side plate, respectively. The upper-core hot channel heat structures, 545 1, 5452, 5461, and 5462 are
similar to those for the upper-core average heat structures. The same procedure for calculating source terms
applies.

T 1 wer- 2 and e H hannel Main Fuel Plate,

The lower-core hot channel fuel plate has the same dimensions as the average fuel plate. The heat transfer area
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The lower-core hot channel fuel plate has the same dimensions as the average fuel plate. The heat transfer area
is different because only one fuel plate is modeled.

Left-boundary radius is 0.0 m

Right-boundary radii for each component are same as described for average fuel plate

Composition is the same as described for average channel fuel

Heat transfer area = 0.017102 m = 0.507/5 = (0.08735 - 2 x 0.001143) x 1 x 2 =0.01724 m?

Heat Structures 5451 and 5461 (Upper-Core 95% and 99.9% Hot Channel Main Fuel Plates)

The upper-core hot channel fuel plate has the same dimensions as the average fuel plate. The heat transfer area
is different because only one fuel plate is modeled.

Left-boundary radiusis 0.0 m .

Right-boundary radii for each component are same as described for average fuel plate
Composition is the same as described for average channel fuel

Heat transfer area = 0.013711 m=0.507/5 x (0.07029 - 2 x 0.001143) x 1 x 2 =0.01379 m?

(B) Hot Channel Side Plate Heat Structures

Heat Structure 5152 and 5162 (Lower-Core 95% and 99.9% Hot Channel Inner-Side Plate )s

The lower-core hot channel inner-side plate is modeled with a two-sided structure that can pass heat from coolant
between the 95% hot channel (Pipes 515 and 516) to coolant in the control rod channel (Pipe 562). The same
procedure that was used above was used to compute source terms.

Left-boundary radius is 0.095 m

Right-boundary radius is 0.102 m

Composition is No. 2 - A16061

Heat transfer length= 0.0004024 m , ERROR neglected to divide the avaﬂable heat transfer area by 2, should
be 0.5 x 1/252 % 0.507/5=0.00020119 m

Heat Structures 5153 and 5163 (Lower-Core 95% and 99.9% Hot Channel Quter-Side Plates)

The lower-core hot channel outer-side plate is modeled with a two-sided structure that can pass heat from coolant
between the hot fuel channel (Pipes 515 and 516) to coolant in the lower fuel bypass annulus (Pipe 530). The
method used for heat structure 5102 was also used here to calculate source terms. The same procedure that was
used above was used to compute source terms. .

Left-boundary radius is 0.095 m

Right-boundary radius is 0.102 m

Composition is No. 2 - A16061

Heat transfer length=  0.0004024 m , ERROR neglected to divide the available heat transfer area by 2, should
be 0.5 x 1/252 x 0.507/5=0.00020119 m
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Heat Structure 5452 and 5462 (U-per-Core 95% and 99.9% Hot Channel Inner-Side Plate)s

The upper-core hot channel inner side plate is modeled with a two-sided structure that can pass heat from coolant
between the 95% hot channel (Pipes 545 and 546) to coolant in the lower-core exit annulus (Pipe 525). The same
procedure that was used above was used to compute source terms.

Left-boundary radius is 0.168 m

Right-boundary radius is 0.175 m

Composition is No. 2 - Al6061

Heat transfer length=  0.000235 m , ERROR neglected to divide the available heat transfer area by 2, should
be 0.5 x 1/432 x 0.507/5=10.00011736 m

(C) Hot Stripe Heat Structures

Two separate hot spot factors are incorporated in each of the hot channels, one for CHF (heat structures 5154,
5164, 5454 and 5464) and one for Costa OSV (FE) (heat structure 5155, 5165, 5455 and 5465).! These hot
spots are modeled as extremely small heat structures (heat transfer area is 1/100th of that for the main hot channel
fuel plate) at each axial node. The areas of these heat structures are small enough that they do not affect the hot-
channel bulk coolant temperature; however, the peaking factors (Tables 4 and 5) are applied to elevate the local
heat flux appropriately.

Heat Structures 5154, 5155, 5164, 5165 (Lower-Core 95% and 99.9% CHF and FE Hot Stripes)

The lower-core hot stripes have the same dimensions as the average fuel plate. The heat transfer area is only
1/100th of that for a single fuel plate.

Left-boundary radius is 0.0 m

Right-boundary radii for each component are same as described for average fuel plate
Composition is the same as described for average channel fuel

Heat transfer area = 0.00017102 m? = 0.01724/100. m?

ERROR on card 15155303 for lower-core 95% FE hot stripe, relative source term should be 0.25440
instaed of 0.5075.

Heat Structures 5454, 5455, 5464, 5465 (Upper-Core 95% and 99.9% CHF and FE Hot Stripes)

The upper-core hot stripes have the same dimensions as the average fuel plate. The heat transfer area is only
1/100th of that for a single fuel plate.

Left-boundary radius is 0.0 m

! Additionally, in the postprocessor, three thermal limit heat fluxes are calculated based on the Costa OSV
hot spot fluxes for the T,, = T,,,, the incipient boiling (IB), and the modified Saha-Zuber OSV at the 95% and
99.9% non-exceedance probability levels.
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Right-boundary radii for each component are same as described for average fuel plate
Composition is the same as described for average channel fuel
Heat transfer area = 0.00013711 m? = 0.01379/100. m?

Table 6. Source terms in the lower-core average fuel plates
(Heat Structure 5101) as coded in the RELAPS ANSR
system input model

Source Multiplier Left heat Right heat Heat

type (x100) (x10% structure
No.
1000 6.02362 3.01298 0 1
1000 5.47397 2.73805 0 2
1000 4.79631 2.39909 0 3
1000 4.42736 2.21454 0 4
1000 441983 221078 "0 5

4.2 CONTROL ROD CHANNELS

This region is contained within the control rod shroud (IR =95 mm, OR = 102 mm) (ref, 14). The elevation span
is from the flow split elevation to the top of the CPBT. Three control rods are enclosed by the shroud. Each rod
consists of an aluminum inner cylinder (IR = 22 mm, OR = 31.25 mm) and a hafnium outer cylinder (IR =31.5
mm, OR = 35.5 mm) with coolant gaps in between. The control rod channel model incorporates the region of
coolant flow surrounding the control rods, the coolant passages between the hafnium and the aluminum carrier,
and the central coolant channel within the control rods themselves. All three rods are modeled with a 6-m/s
coolant velocity in each coolant channel at steady-state conditions. This is accomplished by outlet orifice loss
coefficients at junctions 566-01, 566-02, and 566-03. In the model, pipes 561, 562, and 563 with elevation
spanning from the lower-core bottom to the upper-core top represent paths m51de rods, paths outside rods, and
internal rod gaps, respectively. The remaining branches 560 and 564 represent the inlet and outlet of the channel.

Because of gamma heating, the fraction of core power deposited within structures external to the fueled region
(such as the control rods and the CPBT) increases after the reactor scram, although the absolute value decreases.
‘When using the normal RELAPS reactor point kinetics model for calculating total core power, it is necessary to
assume that the distribution of the core power among the various core regions does not vary with time. To
improve the simulation of both the control rods and the CPBT after reactor scram, the RELAP5 ANSR model
was modified by (a) decoupling the CPBT and control rod heating rates from the reactor point kinetics calculation
and (b) implementing realistic functions for CPBT and control rod heating following a reactor trip. The
associated heat structures are modeled as a two-sided aluminum wall (heat structure 5611), aluminum-hafnium
(heat structure 5621), and hafnium wall (heat structure 5631). In addition, heat structures 5612 and 5622
represent the inside and outside D,0O heating, respectively.
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Pipe 560

Control rod inlet

L = 2.419 m (ref. 14)

A = 0.03018 m?, ERROR IN MODEL, 0.03485 m? = 7(0.130% - 3 x 0.0442)

dzZ = 2.419 m (vertical orientation)

e = 1.52 x 10°m

dh = 0.0207 m, ERROR IN MODEL, 0.08468 m = 4 x 0.03485/27/(3 x 0.044 + 0.130)
Pipe 561

Coolant in control rod tube

Segments 1-11, except 6

L = 0.1014 m (ref. 14), corresponds to upper and lower fuel axial regions
A = 0.00456159 m?>=3 x 1 x 0,0222

dz = '0.1014 m (vertical orientation)

e = 1.52x10%m

dh = 0.044 m=2 x 0.022

Segment 6

L = 0.050 m (ref. 14), corresponds to midcore volume
A = 0.00456159 m>=3 x & x 0.0222

dz = 0.050 m (vertical orientation)

e = 1.52 x 10°m

dh = 0.044 m=2 x 0.022

Pipe 562

Coolant around control rod tube

Segments 1-11, except 6

L = 0.1014 m (ref. 14), corresponds to upper and lower fuel axial regions
A = 0.0164753 m? = 7(0.095% - 3 x 0.0355%)

dZ = 0.1014 m (vertical orientation)

e = 1.52 x 10%m

dh = 0.0520521 m =4 x 0.0164753/27/(0.095 + 3 x 0.0355)
Segment 6

L = 0.050 m (ref. 14), corresponds to midcore volume

A = 0.0164753 m? = 11(0.095% - 3 x 0.0355%)

dz = 0.050 m (vertical orientation)

e = 1.52 x10°m

dh = 0.0520521 m=4 x 0.0164753/21/(0.095 + 3 x 0.0355)
Pipe 563

Coolant in control rod gap

Segments 1-11, except 6




28

L 0.1014 m (ref. 14), corresponds to upper and lower fuel axial regions

A = 0.0013195 m?= 7(0.0315% - 0.0285%) x 8 x 35°/360° x 3 -

dz = 0.1014 m (vertical orientation)

e = 1.52x10%m -

dh = 0.006 m=4 x0.0013195/ [2® x 8 x 35°/360° x 3(0.0315 + 0.0285)]
Segment 6

L = 0.050 m (ref. 14), corresponds to midcore volume

A = 0.0013195 m? = 1(0.0315% - 0.0285%) x 8 x 35°/360° x 3

dzZ = 0.050 m (vertical orientation)

e = 1.52x10°m

dh = 0.006 m=4 % 0.0013195/ [21 x 8 x 35°/360° x 3(0.0315 + 0.0285)]
Pipe 564

Control rod outlet

L = 2.0568 m (ref. 14) ‘

A = 0.03018 m?, ERROR IN MODEL, 0.03485 m?= 1(0.1302 - 3 x 0.044?)
dZ = 2.0568 m (vertical orientation)

e = 1.52 x 10%m

dh = 0.0207 m, ERROR IN MODEL, 0.08468 m =4 x 0. 03485/21t/(3 x 0.044 +0.130)

Multiple Junction 559

Junction 1
Connects pipe 560 (control rod inlet plenum) to pipe 561 (control rod tube channel)

A = 0.00456159 m? (defaulted to area of 561)
Kf = 0.0

Kr = 0.0

Use smooth area change model

dh = 0.044 m, same as the dh for 540
Junction 2

Connects pipe 560 (control rod inlet plenum) to pipe 562 (control rod tube external channel)

A = 0.0164753 m? (defaulted to area of 562)
Kf = 0.0

Kr = 0.0

Use smooth area change model

dh = 0.0520521 m, same as the dh for 562
Junction 3

Connects pipe 560 (control rod inlet plenum) to pipe 563 (control rod gap flow)

A 0.0013195 m? (defaulted to area of 563)
Kf = 0.0
Kr = 0.0

Use smooth area change model




29

dh = 0.006 m, same as the dh for 563

Multiple Junction 566

Junction 1
Connects pipe 561 (control rod tube channel) to pipe 564 (control rod exit plenum)

A = 0.00456159 m? (defaulted to area of 561)

Kf = 55.82 (calibrated to get 6 m/s in control rod channel)
Kr = 55.82

Use smooth area change model

dh = 0.044 m, same as the dh for 540

Junction 2

Connects pipe 562 (control rod tube external channel) to pipe 564 (contro! rod exit plenum)
A = 0.0164753 m? (defaulted to area of 562)

Kf = 55.70 (calibrated to get 6 m/s in control rod channel)
Kr = 55.70

Use smooth area change model

dh = 0.0520521 m, same as the dh for 562

Junction 3

Connects pipe 563 (control rod gap flow) to pipe 564 (control rod exit plenum)

A = 0.0013195 m? (defaulted to area of 563)

Kf = 52.13 (calibrated to get 6 m/s in control rod channel)
Kr = 52.13

Use smooth area change model

dh = 0.006 m, same as the dh for 563

Heat Structure 5051 (control rod shroud in the inlet region)

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) =4

Left-boundary coordinate = 0.095 m ERROR: should be 0.130 m inner radius of control rod shroud
Right-boundary coordinate=  0.102 m ERROR: should be 0.1365 m outer radius of control rod shroud'*
Composition is No. 2 - Al 6061

Left-Boundary is Pipe 560

Right-Boundary is Pipe 505

Heat Structure 5201 (Control rod shroud in mid-core region)

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) =4

Left-boundary coordinate = 0.095 m (ref. 14)
Right-boundary coordinate=  0.102 m (ref. 14)
Composition is No. 2 - A16061

Left-Boundary is Volume 562-06

Right-Boundary is Volume 520-01

e —— - - - — - -
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Heat Structure 5251 (Control rod shroud in upper-core region)

Number of Heat Structure (NHS) = 5

Number of Mesh Point (NMP) =4

Left-boundary coordinate = 0.095 m (ref. 14)
Right-boundary coordinate=  0.102 m (ref. 14)
Composition is No. 2 - A1 6061

Left boundary is Volume 562-07 thru 562-11
Right boundary is Volume 525-01 and 525-02
Heat transfer length = 0.1014 m = 0.507/5

4.3 CORE PRESSURE BOUNDARY TUBE (CPBT)

The CPBT is a double-walled containment for the fuel assemblies. Coolant flows between the inner and outer
walls in the CPBT annulus (pipe 550) to keep the exterior of the inner wall pressurized. This is accomplished
by sizing the inner wall orifices at the bottom (inlet) and top (outlet) appropriately. The CPBT annulus is
modeled as an annular flow channel with a 3-mm gap in the axial region defined by the upper core and a 5-mm
gap at all other axial locations. the steady-state design coolant velocity in the 3-mm gap region is 7 m/s.
Previous RELAPS studies have shown that if the outer wall completely disappears, that an inlet orifice diameter
0f 0.076 m (3 in.) and an outlet orifice diameter of 0.0508 m (2 in.) is an acceptable combination to prevent fuel
damage. These orifices are represented by single junctions 531 and 532.

The outer wall has an inside radius of 245 mm and an outside radius 0f 253 mm. The inner wall has an inside
radius of 235 mm and an outside radius of either 240 or 242 mm, depending on the axial location.

4.3.1 CPBT Thermal-Hydraulic Volumes and Junctions

Junction 531

Connects center (via crossflow junction) of 530-01 to center of 550-01

A = 0.00454 m? (0.076-m-diam circular orifices)
Kf = 2.79 (orifice with C= 0.6)
Kr = 2.79 (orifice with C,= 0.6)

Use smooth area change model

Invoke crossflow option for both volumes

dh = 0.01 m (assume 1-cm-hole diameters)
Junction 532

Connects center (via crossflow junction) of 530-01 to center of 550-01

A = 0.00204 m? (0.051-m-diam circular orifices)
Kf = 2.78 (orifice with C=0.6)
Kr = 2.78 (orifice with C,= 0.6)

Use smooth area change model
Invoke crossflow option for both volumes
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0.0024787 m

Pipe 550 (CPBT annulus)

Segment 1

A
dZ

e
dh

Segments 2-6

A
dz

e
dh

Segment 7

Segments 8-12

Segments 13-14

A
dz

e
dh

1.545 m, aligned with lower-core inlet annulus
0.007618 m* = 7(0.2452 - 0.240%)

1.545m

1.52 x 10¢m

0.0lm=2 x gap

0.1014 m, aligned with lower-core fuel channel volumes
0.007618 m* = 7(0.245% - 0.240%)

0.1014m

1.52 x 10%m

0.01m=4 x0.007618 / 21(0.245 + 0.240)

0.05 m, aligned with mid-core volumes
0.004590 m* = 1(0.2452 - 0.242?)
0.05 m (vertical orientation)

1.52 x 10°m

0.006 m=2 x gap

0.1014 m, aligned with upper-core fuel channel volumes
0.004590 m? = 1(0.245% - 0.242%)

0.05 m (vertical orientation)

1.52x10°m

0.006 m=2 x gap

0.7715 m, volume 13 aligned with upper-core exit volume for cross-flow'*
0.007618 m? = 1(0.245% - 0.240%)

0.7715 m (vertical orientation)

1.52 x 10°m

0.01m=2 x gap

All junctions have default areas with smooth area change option. Only junction 550-12 connecting volumes 550-
12 and 550-13 (corresponding to the expanding area change) has a loss coefficient. This value was selected to
be 95.40 from trial and error to obtain the correct CPBT flow rate.
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4.3.2 CPBT Heat Structures

Heat Structure 5001 (Reactor vessel wall at vessel inlet)

Note: This heat structure is not part of the Al CPBT wall.

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) = 4

Lefi-boundary coordinate = 0.2265 m (inner radius of pipe leading to CPBT)
Right-boundary coordinate = 0.2465 m (outer radius of pipe leading to CPBT)
Composition is No. 1 - SS304

Left boundary is Pipe 500

Right boundary is natural circulation to pool, htc given by general table 581

Heat Structure 5351 (CPBT inner wall in mid-core region)

Number of Heat Structure (NHS) = 1

Number of Mesh Point (NMP) = 4

Left-boundary coordinate = 0.247 m, IR =0.235m
Right-boundary coordinate = 0.2595 m, OR = 0.242 m
Composition is No. 2 - A1 6061

Left boundary is Volume 535-01

Right boundary is Volume 550-01

Heat transfer length = 0.050 m, includes unheated fuel length

Heat Structure 5501 (CPBT outer wall in fueled axial regions)

Number of Heat Structure (NHS) = 10
Number of Mesh Point (NMP) = 4
Left-boundary coordinate = 0.245 m
Right-boundary coordinate = 0.253 m
Composition is No. 2 - A1 6061

Left boundary is Pipe 550 (Volumes 2-6, 8-12)
Right boundary is Pipe 575

Heat transfer length = 0.1014 m = 0.507/5

Heat sources are calculated separate from the point kinetics model and involve a complicated calculation using
control variables and general tables.!®

Heat Structure 5502 (CPBT inner wall in lower core region)

Number of Heat Structure (NHS) =5
Number of Mesh Point (NMP) =4
Left-boundary coordinate = 0.235 m (ref. 14)
Right-boundary coordinate = 0.240 m
Composition is No. 2 - A1 6061

Left boundary is Pipe 530 (Volumes 2-6)
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Right boundary is Pipe 550
Heat transfer length = 0.1014 m = 0.507/5

Heat Structure 5503 (CPBT inner wall in upper-core region)

Number of Heat Structure (NHS) =5
Number of Mesh Point (NMP) =4
Left-boundary coordinate = 0.235 m
Right-boundary coordinate = 0.242 m
Composition is No. 2 - Al 6061

Left boundary is Pipe 540 (Volumes 1-5)
Right boundary is Pipe 550 (Volumes 8-12)
Heat transfer length = 0.1014 m = 0.507/5

Heat Structure 5552 (CPBT inner wall in core outlet region)

Number of Heat Structure (NHS) =2
Number of Mesh Point (NMP) =4
Left-boundary coordinate = 0.235 m
Right-boundary coordinate = 0.240 m
Composition is No. Al 6061

Left boundary is Pipe 555

Right boundary is Pipe 550

Heat transfer length=0.7715m




5. PRIMARY COOLANT PIPING

The primary coolant piping described in this section extends from the exit of the CPBT through each of the heat
exchanger/pump loops, and back to the primary supply vessel adapter weldment (PSVAW). Three complete
active loops are modeled, and the fourth inactive loop is included upstream of the isolation valve and downstream
of the check valve. Heat structures are also included for each piece of pipe. The description of RELAP5
components in the input model proceeds from the CPBT exit back to the PSVAW. Since some components are
the same for all three loops, they are described together. The primary coolant pump and heat exchanger models

are not discussed in this section.

Pipe 565 (core outlet plenum)

Exit volume into the hot leg
24-in. pipe, ID = 0.56037 m, A = 0.24663 m?

D = 0.56037 m (ref. 19)

L = 0.918 m (ref. 19)

A = 0.24663 m?

dz = 0.54m

e = 4.57 x 10° m (ref. 20)
d = 0.56037 m (default)

Multiple Junction 567

Junction 1
Connects exit of 557-01 to entrance of 565-01

A = 0.07728 m? (default = area of Volume 557-01)
Kf = 0.

Kr = 0.

Invoke abrupt area change model

dh = 0.120 m (= dh of Volume 557-01)

Junction 2

Connects exit of 525-01 to entrance of 565-01

A = 0.055983 m? (default = area of Volume 525-01)
Kf = 0.

Kr = 0.

Invoke abrupt area change model

dh = 0.132 m (= dh of Volume 525-01)
Junction 3

Connects exit of 564-01 to entrance of 565-01

A = 0.0250354 m?

Kf = 22.8

Kr = 22.8

Invoke smooth area change model

dh = 0.120 m (= dh of Volume 557-01)

34
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Junction 4
Connects exit of 557-01 to entrance of 565-01

A = 0.07728 m? (default = area of Volume 557-01)
Kf = 0.

Kr = 0.

Invoke abrupt area change model

dh = 0.120 m (= dh of Volume 557-01)

Pipe 640

24-in. pipe, ID = 0.56037 m, A = 0.24663 2

L = 1.88 m (ref. 21)

dZ = 0.0m

e = 4,57 x 10 m (ref. 20)
dh = 0.56037 m (default)
Pipe 641

24-in. pipe, ID = 0.56037 m, A = 0.24663 m®

L = 7.01 m (ref. 21)

dZ = 7.01m

e = 4.57 x 10° m (ref, 20)
dh = 0.56037 m (default)
Pipe 645

24-in, pipe, ID = 0.56037 m, A = 0.24663 m?

L = 8.23 m (zef. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.56037 m (default)

Junction 647-01

Connects exit of 641 to entrance of 645

A = 0.24663 m® (default)
Kf = 0.24 [90° bend (ref. 20)]
Kr = 0.24 [90° bend (ref. 20)]

Invoke smooth area change model
dh = 0.56037 m (default)

Junction 647-02

Connects exit of 645 to entrance of 650
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A = 0.24663 m* (default)
Kf = 0.

Kr = 0.

Invoke smooth area change model

dh = 0.56037 m (default)
Pipe 650

Segment 1 (Flow.Nozzle)

ID=0.3362 m, A =0.08879 m*

L = 1.68 m (ref. 21)

dzZ = 0.0m

e = 4.57 x 10°m (ref. 20)
dh = 0.3362 m (default)
Segment 2

24-in. pipe, ID = 0.56037 m, A = 0.24663 m®

L = 3.51 m (ref. 21)

dz = 0.0m

e = 4.57 x 10" m (ref. 20)
dh = 0.56037 m (default)
Segment 3

24-in. pipe, ID = 0.56037 m, A = 0.24663 m?

L = 1.22 m (ref. 21)

dz = 0.0m

e = 4.57 x 10 m (ref. 20)
dh = 0.56037 m (default)
Segment 4

24-in. pipe, ID =0.56037 m, A = 0.24663 m*

L = 1.83 m (ref. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.56037 m (default)

Junction between Segment 1 and Segment 2

A = 0.24663 m? (default)
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Kf = 0. (will change when flow-meter losses are considered)
Kr = 0. (will change when flow-meter losses are considered)
Use smooth area change
dh = default

Junction between Segment 2 and Segment 3

This junction is to facilitate pressurizer flow injection,

A = 0.24663 m? (default)
Kf = 0.

Kr = 0.

Use smooth area change

dh = default

Junction between Segment 3 and Segment 4

A
Kf
Kr

0.24663 m? (default)
0.2 [flow thru a main passage of a cross with 2/3 loss (ref. 22)]
0.2 [flow thru a main passage of a cross with 2/3 loss (ref. 22)]

Use smooth area change

dh =

default

Pipe 101 and Pipe 201

Segment 1

Assume 14-in, pipe, ID = 0.3255 m, A = 0.08322 m?

L
dz

e
dh

Segment 2

1.07 m (ref. 21)

0.0m

4,57 x 10 m (ref. 20)
0.3255 m (default)

14-in, pipe, ID = 0.3255 m, A = 0.08322 m?

L
dz

e
dh

Segment 3

3.66 m (ref. 21)

00m

4,57 x 10° m (ref. 20)
0.3255 m (default)

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L =

2.21 m (ref. 21)
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dz = 0.0m
e = 4.57 x 10° m (ref. 20) *
dh = 0.3255 m (default)

Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 301

14-in. pipe, ID = 0.3255 m, A = 0.08322 m*

L = 3.28 m (ref. 21)

dz = 0.0m

e = 4.57 x 10 m (ref. 20)
dh = 0.3255 m (default)
Pipe 401

Hot leg stub pipe.

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
L = 3.28 m (ref. 21)

dz = 0.0m

e = 4,57 x 10" m (ref. 20)
dh = 0.3255 m (default)

Junction 103. and 203

Connects exit of 650-03 to entrances of 101-01 and 201-01

A = 0.24663 m? (area of main pipe)
Kf = 1.2 (based on main pipe area, ref. 22)
Kr = 1.2 (based on main pipe area, ref. 22)

Invoke smooth area change model
dh = 0.56037m
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Junction 303

Connects exit of 650-04 to entrance of 301-01

A = 0.08322 m? (area of main pipe)
Kf = 0.25 (based on branched area, ref. 22)
Kr = 0.25 (based on branched area, ref. 22)

Invoke smooth area change model
dh = 0.3255m

Junction 102, 202 and 302

Isolation valve (trip valve component).

A = 0.08322 m? (area of 14-in. pipe)

Kf = 0.104 = &f,, gate valve (ref. 20, p. A-27)
Kr = 0.104

Invoke smooth area change model

dh = 0.3255m

Pipe 104. 204 and 304
Segment 1

14-in, pipe, ID = 0.3255 m, A = 0.08322 m?

L = 0.69 m (ref. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)
Segment 2

14-in. pipe, ID = 0.3255 m, A = 0.08322 m®

L = 12.95 m (ref. 21)

dZ = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)
Segment 3

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

2.51 m (ref. 21)
244m

4.57 x 10° m (ref. 20)
0.3255 m (default)

E°RDT
oo
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Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)
Kf = 0.0

Kr = 0.0

Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 113,213 and 313
Segment 1

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 1.98 m (ref. 21)

dz = 0.762m

theta = -tan(762/1828.8) = -22.6°
e = 4.57 x 10° m (ref. 20)

dh = 0.3255 m (default)
Segment 2

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 1.23 m (ref. 21)

dz = 0.6093 m

theta = -tan(609.6/1067) = -29.7°
e = 4.57 x 10° m (ref. 20)

dh = 0.3255 m (default)
Segment 3

14-in. pipe, ID = 0.3255 m, A = 0.08322 m*

0.6096 m (ref. 21)
0.6096 m

4.57 x 10° m (ref. 20)
0.3255 m (default)

ECRE
o
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Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 122, 222 and 322
Segment 1

14-in, pipe, ID = 0.3255 m, A = 0.08322 m?

L = 2.31 m (ref. 21)

dz = 0.305m

theta = -tan(305/2286) = -7.6°
e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)
Segment 2

14-in. pipe, ID = 0.3255 m, A = 0,08322 m?

L = 2.13 m (ref. 21)

dZ = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)
Segment 3

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 0.762 m (ref. 21)

dz = 0.762m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)

Junction between Segment 1 and Segment 2
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A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 126, 226 and 326
14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 0.9146 m (ref. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)

Pipe 129, 229. 329 and 429
14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 6.25 m (ref. 21)

dz = 0.0m

e = 4.57 x 10 m (ref. 20)
dh = 0.3255 m (default)

Single Junction 131, 231_331. and 431

Junction between pipe x29 and pipe x58 in cold leg

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 158 and 258

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
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L = 4.50 m (ref. 21)

dzZ = 00m

e = 4,57 x 10 m (ref. 20)
dh = 0.3255 m (default)
2020

Pipe 358 and 458
14-in, pipe, ID = 0.3255 m, A = 0.08322 m?

L = 7.24 m (ref. 21)

dz = 00m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)

Single Junction 160 and 260
Junctions between pipes 158 and 162 and between pipes 258 and 262

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 162

Cold-leg downcomer up to the inertia flow diode (IFD)

Segment 1

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
L = 1.83 m (ref. 21)

dzZ = - 1.83m

e = 4.57 x 10° m (ref. 20)

dh = 0.3255 m (default)
Segment 2

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
L = 1.57 m (ref. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)

dh = 0.3255 m (default)

Segment 3
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14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 1.45 m (ref. 21)

dz = 0.0m

e = 4.57 x 10° m (ref. 20)
dh = 0.3255 m (default)
Segment 4

14-in. pipe, ID =0.3255 m, A = 0.08322 m?
L

dz = -12.10439m
e = 4.57 x 10° m (ref, 20)
dh = 0.3255 m (default)

Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

.Junction between Segment 2 and Segment 3

A = 0.08322 m? (default)

Kf = 0.13 (45° bend) (ref. 20)
Kr = 0.13 (45° bend) (ref. 20)
Use smooth area change

dh = default

Junction between Segment 3 and Segment 4

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Single Junction 172, 272. 372. and 472

Junction between pipe x62 and IFD (pipe x71)
Entrance to IFD throat

A = 0.03095 m? (default)
Kf = 0.2062 (ref. 20)
Kr = 0.4513 (ref, 20)

Use smooth area change

12.6 m - 0.49561 m = 12.10439 m, compromise refs. 21 and 19
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dh = default

Pipe 171

Inertial Flow Diode

8-in. throat from, ID = 0.1985 m, A = 0.03095 m®
Segment 1

L. = 0.3 m (ref. 19)

dz = -0.3m

e = 4.57 x 10° m (ref. 20)
dh = 0.1985 m (default)
Segment 2

L = 2.0 m (ref. 19)

dz = 0.0m

e = 4,57 x 10 m (ref. 20)
dh = 0.1985 m (default)
Segment 3

L = 2.28 m (ref. 19)

dz = 0.0m

e = 4.57 x 10 m (ref. 20)
dh = 0.1985 m (default)

Junction between Segment 1 and Segment 2

A = 0.03095 m? (default)

Kf = 0.196 (90° bend in 8-in. pipe) (ref. 20)
Kr = 0.196 (90° bend in 8-in. pipe) (ref. 20)
Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.03095 m? (default)

Kf = 0.196 (90° bend in 8-in. pipe) (ref. 20)
Kr = 0.196 (90° bend in 8-in. pipe) (ref. 20)
Use smooth area change

dh = default

Single Junction 173, 273, 373, and 473

Junction between pipes 171 and 174

A = 0.03095 m? (default)
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Kf = 0.1028 (ref. 20, p. A-26) entering flow with 22.5° half-angle
Kr = 0.04696 (ref. 20, p. A-26) exiting flow with 5.0° half-angle
Use smooth area change

dh = default

Pipe 174, 274, 374. 474
14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
L = 0.50 m (ref. 21)

dz = 0.50 m (includes some rise in IFD throat)
e = 4.57 x 10 m (ref. 20)

dh = 0.3255 m (default)

Pipe 490

CPBT annular volume that receives cold-leg flow

D = 0.273 m (ref. 19)

oD = 0.573 m (ref. 19)

L = 0.543 m (ref. 19)

A = 0.1993 m*

dz = 0.543m

e = 4.57 x 10 m (ref. 20)

dh = (OD? - IDH/(OD +1ID)=0.3m

Muttiple Junction 492-01

Junction 1

Connects exit of pipe 174 to side of 490

A = 0.08322 m? (default = area of Volume 174-01)
Kf = 0.
Kr = 0

Invoke abrupt area change model

Invoke cross-flow junction on volume 490
dh = default

Junction 2

Connects exit of pipe 274 to side of 490

A = 0.08322 m? (default = area of Volume 274-01)
Kf = 0.
Kr = 0

Invoke abrupt area change model
Invoke cross-flow junction on volume 490
dh = default

Junction 3
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Connects exit of pipe 374 to side of 490

A = 0.08322 m? (default = area of Volume 374-01)
Kf = 0.
Kr = 0

Invoke abrupt area change model

Invoke cross-flow junction on volume 490
dh = default

Junction 4

Connects exit of pipe 490 to entrance of pipe 500

A = 0.1799 m? (default = area of Volume 500-01)
Kf = 0.

Kr = 0.

Invoke abrupt area change model

dh = default

Junction 5

Connects exit of pipe 495 to entrance of 560

A = 0.1134115 m? (default = area of Volume 560-01)

Kf = 152. (calibrated to get correct control rod channel flow)
Kr = 152. (calibrated to get correct control rod channel flow)
Use smooth area change

dh = default

Junction 6

Connects entrance of pipe 490 to entrance of 495

A = 0.1993 m? (default = area of Volume 490-01)
Kf = 0.

Kr = 0.

Invoke abrupt area change model

dh = default

Junction 7

Connects exit of pipe 474 to side of 490

A = 0.08322 m? (default = area of Volume 474-01)
Kf = 0.
Kr = 0

Invoke abrupt area change model
Invoke cross-flow junction on volume 490
dh = default




Pipe 495
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Bottom CPBT volume that surrounds the three control cylinders

3 cylinders ID

oD
L
A
dz
e
dh

[ (| | I

=0.087 m (ref. 19)

0.573 m (ref. 19)

1.80 m (ref. 19)

0.2400 m?

1.80m

457 x 10" m (ref. 20)

(OD? - 3IDH/(OD + 3ID) = 0.3664 m (default)

Pipe 500 (core-inlet plenum)

Entry Volume into the inner and outer fuel annuli

OD = 0.573 m (ref. 19)

L = 1.80 m (ref. 19)

A = 0.2400 m?

dz = 1.80m

e = 4.57 x 10 m (ref. 20)
dh = (OD? - 3ID?/(OD + 3ID) = 0.3664 m (default)
Pipe 557

L = 1.2853 m (ref. 19)

A = 0.07728 m?

dz = 1.2853m

€ = 4.57 x 10 m (ref. 20)
dh = 0.120m

Pipe 564

L = 2.0568 m (ref. 19)

A = 0.0318 m?

dz = 2.0568 m

e = 4.57 x 10 m (ref. 20)
dh = 0.0207 m

Pipe 262

Cold-leg downcomer up to IFD
Segment 1

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L
dz

0.64538 m (ref. 21)
0.00m
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e
dh

4,57 x 10° m (ref. 20)
0.3255 m (default)

Segment 2

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?
L = 147436 m - 0.3 m - 0.49561 m - 0.0136 m (to match RELAPS elevations) = 13.93439 m
(ref. 21 and 19. An elevation drop of 0.3 m is included in the IFD).

dz = -12.10439m
e = 4,57 x 10 m (ref. 20)
dh = 0.3255 m (default)

Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)

Kf = 0.182 (90° bend) (ref. 20)
Kr = 0.182 (90° bend) (ref. 20)
Use smooth area change

dh = default

Pipe 271

Inertial Flow Diode

8-in. throat, ID=0.1985 m, A = 0.03095 m?
Segment 1

L = 0.3 m (ref. 19)

dZ = -0.3m

e = 4.57 x 10° m (ref. 20)

dh = 0.1985 m (default)
Segment 2

L = 0.29 m (ref. 19)

dz = 0.00m

e = 4,57 x 10° m (ref. 20)

dh = 0.1985 m (default)
Segment 3

L = 0.94 m (ref. 19)

dzZ = 0.0m

e = 4,57 x 10° m (ref. 20)

dh = 0.1985 m (default)

Junction between Segment 1 and Segment 2

0.03095 m? (default)
0.196 (90° bend in 8-in. pipe), ref. 20

A
Kf




50

Kr = 0.196 (90° bend in 8-in. pipe), ref. 20
Use smooth area change
dh = default

Junction between Segment 2 and Segment 3

A = 0.03095 m? (default)

Kf = 0.196 (90° bend in 8-in. pipe), ref. 20

Kr = 0.196 (90° bend in 8-in. pipe), ref. 20

Use smooth area change

dh = default

Pipe 362 ‘

Cold-leg downcomer up to Inertial Flow Diode

Segment 1

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 1.2166 m (ref. 21)

dz = 0.00 m

e = 4.57 x 10" m (ref, 20)

dh = 0.3255 m (default)

Segment 2

14-in. pipe, ID = 0.3255 m, A = 0.08322 m?

L = 14.7436 m - 0.3 m - 0.49561 m - 0.0136 m (to match RELAPS elevations) = 13.93439 m
(ref. 21 and 19. An elevation drop of 0.3 m is included in the IFD).

dz = -12.10439m :

e = 4.57 x 10" m (ref. 20)

dh = 0.3255 m (default)

Junction between Segment 1 and Segment 2

A = 0.08322 m? (default)

Kf = 0.182 (90° bend), ref. 20
Kr = 0.182 (90° bend), ref. 20
Use smooth area change

dh = default

Pipe 371

Inertial Flow Diode

8-in. throat, ID = 0.1985 m, A = 0.03095 m?

Segment 1
L = 0.3 m (ref. 19)
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dz = -03m .
e = 4.57 x 10° m (ref. 20)
dh = 0.1985 m (default)
Segment 2

L = 0.51 m (ref. 19)

dZ = 0.0m

e = 4,57 x 10 m (ref. 20)
dh = 0.1985 m (default)
Segment 3

L = 0.98 m (ref. 19)

dz = 0.0m

e = 4.57 x 10" m (ref. 20)
dh = 0.1985 m (default)

Junction between Segment 1 and Segment 2

A = 0.03095 m? (default)

Kf = 0.196 (90° bend in 8-in. pipe), (ref. 20)
Kr = 0.196 (90° bend in 8-in. pipe), (ref. 20)
Use smooth area change

dh = default

Junction between Segment 2 and Segment 3

A = 0.03095 m? (default)
Kf = 0.196 (90° bend in 8-in. pipe), (ref. 20)
Kr = 0.196 (90° bend in 8-in. pipe), (ref. 20)

Use smooth area change
dh = default




6. PIPING HEAT STRUCTURES

Heat structures are attached to the piping control volumes to represent. the primary coolant pipe walls. These
structures are included to account for heat transfer to the pool and thermal inertia of the piping itself. All of these
heat structures are cylindrical type. The length of each heat structure (input as the surface area factor)
corresponds exactly to the length of that piping segment specified in the thermal-hydraulic control volume input.
The left-boundary condition is the thermal-hydraulic control volume, and the right-boundary condition is the light-
water pool with temperature specified in general table 501. The heat transfer coefficient between the pipe wall
and the thermal-hydraulic control volume is based on Dittus-Boelter for forced convection (heat transfer package
No. 1). The heat transfer coefficient on the right side, to the pool, is a natural convection coefficient that depends
on the outside pipe surface temperature, pipe orientation (horizontal or vertical), and outside pipe diameter. Table
7 gives each heat structure number and the corresponding geometry and boundary condition information for each
piping heat structure. No neutronic heating is assumed in any of these heat structures.

Table 7. Primary coolant piping heat structure parameters (all dimensions in m)

HSNo. PipeIR  PipeOR Length  T-HVol HTC Table

1011-01 0.1627 0.1778  1.07 101-01 511 *1p1 hot leg

1011-02 0.1627 0.1778 3.66 101-02 511 *1pl hot leg

1011-03 0.1627  0.1778  3.66 101-03 511 *Ip1 hot leg

1041-01 0.1627  0.1778  0.69 104-01 511 *Ip1 hot leg

1041-02 0.1627 0.1778 1296 104-02 511 *Ipl hot leg

1041-03 0.1627 0.1778 251 104-03 581 *1p1 hot leg

1221-01 0.1627 0.1778 231 122-01 511 * ]p1 pump suction
1221-02 0.1627 0.1778 2.13 122-02 511 * Ip1 pump suction
1221-03 0.1627 0.1778 0.762 122-03 581 * Ip1 pump suction
1261-01 0.1627 0.1778 09146 126-03 511 * Ip1 pump discharge
1291-01 0.1627 0.1778 45 158-01 511 * Ip1 cold-leg horizontal
1581-01 0.1627  0.1778 4.50 158-01 511 * Ip1 cold-leg horizontal
1581-02 0.1627 0.1778 4.50 158-01 511 * Ip1 cold-leg horizontal
1621-01 0.1627 0.1778 1.83 162-01 581 * Ip1 cold-leg downcomer
1621-02 0.1627 0.1778 1.57 162-02 511 * Ip1 cold-leg downcomer
1621-03 0.1627  0.1778 145 162-03 511 * Ip1 cold-leg downcomer
1621-04 0.1627  0.1778  12.10439 162-04 581 * Ip1 cold-leg downcomer
1711-01 0.09925 0.1016 0.300 171-01 581 * Ip1 IFD throat

1711-02 0.09925 0.1016 2.000 17102 531 *Ip1 IFD throat

1711-03 0.09925 0.1016 2.280 171-03 531 * Ip1 IFD throat

1741-01 0.1627  0.1778 0.50 174-01 511 *1p1 PSVAW join
2011-01 0.1627 0.1778 1.07 201-01 511 * ]p2 hot leg

2011-02 0.1627 0.1778 3.66 201-02 511 * 1p2 hot leg

2011-03 0.1627 0.1778 221 201-03 511 * 1p2 hot leg

2041-01 0.1627 0.1778  6.098 204-01 511 *1p2 hot leg

2041-02 0.1627 0.1778  3.048 204-02 511 *]p2 hot leg

2041-03 0.1627 0.1778 251 204-03 581 * Ip2 hot leg ‘
222101 0.1627 01778 231 222-01 511 * 1p2 pump suction

52
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Table 7. (continued)

HSNo. PipelR PipeOR Length T-HVol HTC Table

2221-02 0.1627  0.1778 2.13 222-02 511 * 1p2 pump suction
2221-03 0.1627 0.1778  0.762 222-03 581 * 1p2 pump suction
2261-01 0.1627 0.1778 0.9146  226-01 511 * 1p2 pump discharge
2291-01 0.1627 0.1778 6.25 229-01 511 * 1p2 cold-leg horizontal
2581-01 0.1627 0.1778 4.50 258-01 511 * Ip2 cold-leg horizontal
2581-02 0.1627 0.1778 4.50 258-01 511 * Ip2 cold-leg horizontal
2621-01 0.1627  0.1778  0.64538 262-01 511 * 1p2 cold-leg downcomer
2621-02 0.1627  0.1778  13.93439 262-01 581 * 1p2 cold-leg downcomer
2711-01 0.09925 0.1016 0.300 271-01 581 * 1p2 IFD throat
2711-02 0.09925 0.1016 0.290 27102 511 * 1p2 IFD throat

2711-03 0.09925 0.1016  0.940 271-03 511 * 1p2 IFD throat

2741-01 0.1627 0.1778 0.50 274-01 511 * 1p2 PSVAW join
3011-01 0.1627 0.1778 3.28 301-01 511 * Ip3 hot leg

3041-01 0.1627 0.1778  0.69 304-01 511 * Ip3 hot leg

3041-02 0.1627 0.1778 12.96 304-02 511 * Ip3 hot leg

3041-03 0.1627 0.1778 251 304-03 581 *1p3 hot leg

3221-01 0.1627 0.1778 231 322-01 511 * Ip3 pump suction
3221-02 0.1627 0.1778 213 322-02 511 * 1p3 pump suction
3221-03 0.1627  0.1778  0.762 322-03 581 * Ip3 pump suction
3261-01 0.1627 0.1778 0.9146  326-01 511 * 1p3 pump discharge
3291-01 0.1627 0.1778 6.25 329-01 511 * 1p3 cold-leg horizontal
3581-01 0.1627 0.1778 7.24 358-01 511 * 1p3 cold-leg horizontal
3581-02 0.1627 0.1778 7.24 358-02 511 * 1p3 cold-leg horizontal
3621-01 0.1627  0.1778 12166 362-01 511 * 1p3 cold-leg downcomer
3621-02 0.1627  0.1778  13.93439 362-02 581 * 1p3 cold-leg downcomer
3711-01 0.09925 0.1016  0.300 371-01 581 * 1p3 IFD throat
3711-02 0.09925 0.1016 0510 371-02 511 * 1p3 IFD throat
3711-03 0.09925 0.1016 0.980 37103 511 * 1p3 IFD throat
3741-01 0.1627 0.1778 0.50 374-01 511 * 1p3 PSVAW join
4011-01 0.1627  0.1778  3.28 451-01 511 * 1p4 hot leg

4291-01 0.1627 0.1778 6.25 429-01 511 * Ip4 cold-leg horizontal
4581-01 0.1627 0.1778 7.24 458-01 511 * 1p4 cold-leg horizontal
4581-02 0.1627 0.1778 7.24 458-02 511 * 1p4 cold-leg horizontal
4621-01 0.1627 0.1778 1.2166  462-01 511 * Ip4 cold-leg downcomer
4621-02 0.1627  0.1778  13.93439 462-02 581 * 1p4 cold-leg downcomer
4711-01 0.09925 0.1016  0.300 471-01 581 * 1p4 IFD throat
4711-02 0.09925 0.1016 0.510 471-02 511 * 1p4 IFD throat
4711-03 0.09925 0.1016 0.980 471-03 511 * 1p4 IFD throat
4741-01 0.1627 0.1778  0.50 474-01 511 * Ip4 PSVAW join
4951-01 0.2865 03165 1.800 495-01 581 * bottom voloume of CPBT
5001-01 0.2265 0.2465 0.331 500-01 581 * core inlet plenum
6401-01 0.28019 0.3048 0.91463 640-01 521 * main hot leg

6401-02 0.28019 03048 091463 640-02 521 * main hot leg
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Table 7. (continued)

HSNo. PipeIR PipeOR Length T-HVol HTC Table

6401-03 028019 0.3048 0.91463 640-03 521 * main hot leg

6401-04 028019 0.3048 2.33667 641-01 581 * main hot-leg riser
6401-05 0.28019 03048 2.33667 641-02 581 * main hot-leg riser
6401-06 0.28019 03048 2.33667 641-03 581 * main hot-leg riser
6451-01 0.28019 0.3048 4.88 645-01 521 * hot-leg distribution header
6451-02 0.28019 0.3048 3.35 645-02 521 * hot-leg distribution header
6501-01 0.28019 0.3048 1.68 650-01 521 * hot-leg distribution header
6501-02 0.28019 0.3048 3.51 650-02 521 * hot-leg distribution header
6501-03 0.28019 0.3048 1.22 650-03 521 * hot-leg distribution header
6501-04 0.28019 0.3048 1.83 650-04 521 * hot-leg distribution header




7. PRIMARY COOLANT PUMPS

Flow through each of the four parallel reactor coolant loops is provided by a centrifugal pump with a rated speed
of 188.5 rad/s (1800 rpm), rated flow of 643 L/s (10,200 gpm), and a rated head of 207.3 m (680 f) (ref. 23).
These pumps are modeled with RELAPS pump components 124, 224, and 324,

In RELAPS, the pump speed is controlled either by specifying torques applied to the pump shaft (and allowing
RELAPS to solve for the speed), or by directly specifying the speed using the 6100 series cards as a function of
time or some other parameters. The ANSR input model uses both types of control, however, the torque balance
is used only when all motor power (including power supplied by both the main AC motors and the back-up pony
motors) is assumed to be lost to the pumps. In all other cases (whenever either the main or pony motors or both
are available) the 6100 series cards are used to point to a control variable that directly specifies the pump shaft
rotational speed.

In establishing a steady state, the operating pump speed is adjusted until the desired steady-state coolant velocity
is achieved. This is accomplished by specifying the pump speed with control variables 86, 136, and 186 for
pumps 124, 224, and 324 (see Sect. 15.1). For most transients (when the pump cavitation model is not being
used) the control variable used to specify the pump speed is changed to 195 for all three pumps. For all transient
cases (even when the pump cavitation model is applied) the pump speed remains equal to the steady-state speed
until a trip (either 506 or 540) of the main AC primary pump motors occurs. When control variable 195 is being
used, this pump trip causes the pump speed to decline (as prescribed in general table 135) until it reaches 10%
of the steady-state value (pony motor speed). The pump cavitation model is rarely used and is explained further
in Sect. 15.1.

The specified length, area and volume of the pump control volumes are rather arbitrary, because the final pump
specifications are not yet available.

L = 0.5m

A = defaulted to V/L

\% = 0.7739 m?

dZ = 0.0m

e = 4.57 x 10 m (ref. 20)
dh = 0.1985 m (default)
Entrance Junction to pump - from pipe 122
A = 0.08322 m? (default)
Kf = 0.

Kr = 0.

Use smooth area change

dh = default

Exit Junction from pump - strainer junction to pipe 126
Assume a loss coefficient of 2.0 (based on HFIR strainer design)**

A = 0.08322 m?® (default)
Kf = 2.0

Kr = 2.0

Use smooth area change

dh = default
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The pumps are modeled based on the data shown in Table 8 obtained from Westinghouse. The performance at
18,000 and 24,000 gpm was not included in the data, but is extrapolated. The rated conditions are speed, N.=
188.5 rad s; flow, Q= 0.643 m’/s; head, H=207.3 m; and density, p = 1098 kg/m®.

Table 8. Pump head vs flow at 188.5 rad s (1800 rpm). Note that « is the ratio of
pump speed to rated pump speed, HAN = h/a?, and HVN = A/v?

Flow rate, Head, 5
0 ) v=0/0, h=H/H, vie ofv HAN HVN
(gpm)
0. 766. 0. 1.126 0. 1.126
2000. 780. 0.196 1.147 0.196 1.147
4000. 791. 0.392 1.163 0.392 , 1.163
6000. 775. 0.588 1.140 0.588 1.140
8000. 742, 0.784 1.091 0.784 1.091
10,000. 686. 0.980 1.009 0.980 1.009
12,000. 605. 1.176 0.890 0.850 - 0.644
14,000. 502. 1373 0.738 0.728 0.391
16,000. 400. 1.569 0.588 0.637 0.239
18,000. 300. 1.765 0.441 0.567 0.142
24,000. 0. 2.353 0. 0.425 0.

An additional point was added to the HVN curve to cover the full range of possible values. It was selected so
that the transition to the negative flow/speed homologous curve segments would be smooth. The remaining six
homologous head curve segments, which are required only for the case of backwards flow or reverse speed, were
taken from ref. 25.

The rated torque, shaft friction coefficients, pony motor torque (as a function of speed) and moment of inertia
are only important if the pump coastdown is to be calculated by RELAP5 based on a pump shaft torque balance
(see discussion above). The assumed moment of inertia is 91.5 kg-m? (2171 Ibm-ft?). This inertia is much higher
than the HFIR pumps (HFIR pumps are 468 Ibm-ft?) and was selected so that the torque-balance coastdown
would be consistent with SDD-61, p. 203, that the pump speed would drop by a factor of 2, 2 s after pump trip.
The hydraulic torque, Ty, imparted to the fluid at rated conditions is

_ PSHO,  (1098)(9.81)(207.3)(0.643)
hy N 188.5

r

= 7616.76 N-m.
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In order to specify the motor torque, T = T,/1 to RELAPS, the pump efficiency, 7), as a function of speed must

be known. Since the efficiency was not known, the torque data for a centrifugal pump® were nondimensionalized
and used.

The two-phase head multipliers were taken from data for a Semiscale pump supplied in ref. 26.




8. MAIN HEAT EXCHANGER

The main heat exchangers (MHXs) are double-pass counterflow with the primary coolant on the shell side.
Design data® were used to define the input and calibrate the heat exchanger model. The tube inner and outer
diameters are 14.1 and 15.9 mm, respectively. There are 3920 tubes in each main heat exchanger with the
tube bank length of 5.55 m. Because each of the 3920 tubes (with total length of 11.1 m) is bent in a U-
shape, each cross-section of the exchanger contains 7840 tube cross-sections. The heat exchanger shell has
a length of 7.01 m with an inner diameter of 2.03 m and wall thickness of 44.5 mm. The hemispherical cap
has a radius of curvature of 0.7315 m (2.4 ft).

The model for the ANS secondary coolant system is limited to the secondary sides of the main heat
exchangers. A specified mass flow rate is used as a boundary condition on the main heat exchanger
secondary side. Also on each heat exchanger, a secondary mass source and sink (time-dependent volume)
isused. The mass flow through the secondary (tube) side of the main heat exchangers is controlled during
a steady-state run with a PID controller to reduce the error between the primary coolant core inlet
temperature to the target inlet temperature. During a transient, the secondary flow rate is held constant as
long as the secondary pumps are assumed to be active. If the secondary pumps are tripped, such as in a
loss-of-offsite-power (LOSP) event, then the flow rate is reduced to 3.23% of steady-state flow. This
assumed natural convection flow rate is based on the results obtained by E. A. Schneider® with a more
detailed secondary system model.

Ten nodes were used to represent the coolant in the U-Tubes (secondary, pipe 134), and ten for the coolant
on the shell side (primary, pipe 108). An additional control volume (108-06) was included on the primary
(shell) side to represent coolant in the MHX hemispherical cap. Heat is lost from the shell (primary) side
to the reactor pool from both the MHX cap (assumed to be a vertical surface) and the horizontal cylindrical
exterior.

Because the flow pattern on the shell side is multidimensional, the one-dimensional heat transfer and
pressure drop correlations in RELAPS are insufficient. Therefore, the main heat exchanger model was
calibrated (using the input shown in Appendix C) to match the supplied performance data. The design shell-
side (primary) pressure drop was obtained by adjusting entrance and exit loss coefficients.

Pipes 108, 208 and 308

Segments 1-5 and 7-11

L = 1.11 m=(5.55 m)/5

A = 0.8258 m*>= 0.5 x w/4(2.032- 7840 x 0.0159%)
dZ = 0.0m

e = 4.57 x 10°° m, (ref. 20)

dh = 0.636 m =4A/P =4 x 0.8258/(m/2 + 1)/(2.03)
Segment 6

L = 2.03 m = inside shell diameter

A = 0.841 m*=10.5 x &t x 0.7315?

dz = 0.0m

e = 4.57 x 10" m, (ref. 20)

dh = 0.636 m =4A/P =4 x 0.8258/(m/2 + 1)/(2.02)
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Time-Dependent Volume 130

Source boundary condition for secondary coolant

A = l.e6 m®

\Y = l.e6 m*

Pressure is 0.5 MPa (this value is not used on a source boundary condition)
Temperature is 302.55 K, assumed for secondary coolant supply temperature

Time-Dependent Junction 132, 232, 332

Specified mass flow rate for secondary side based on control variable 586

A = 0.7122 m? (unimportant since mass flow is specified)

The input table for this time-dependent junction is built so that the output value is always equal to the input
value for a range of -1.e6 to 1.e6. Hence, the input value (control variable 586) is always taken as the
specified mass flow rate for each main heat exchanger secondary.

Pipes 134, 234 and 334

Segments 1-10
L = 1.314 m = (5.55 m)/5

A = 0.612 m* = 1/4(0.01588%) x 3920, the heat exchangers were calibrated using the
outside tube diameter instead of the inside diameter on the secondary side. This
mistake is not important to the results.

dz = 0.0m

e = 4.57 x 10° m, (ref. 20)

dh = 0.01588 m (mistake: same comment as above)

Junction 1335, 235, 335

Exit junction for primary heat exchanger secondary flow

A = 0.776 m?* (defaulted)

Kf = 0.

Kr = 0.

dh = 0.01588 (mistake: see comment for pipe 134)

Time-Dependent Volume 136, 236. 336

Sink boundary condition for secondary coolant

A = 1.e6 m*

\Y% = l.e6 m?

Pressure is 0.449 MPa (this assumption is unimportant for simplified secondary system)
Temperature is 319 K, unused for a sink boundary condition

The designed total heat transfer from shell to tube was obtained by adjusting the overall heat transfer area.
The calculated total tube length, L,,, is

L,, = NI = 7840 x 5.55 = 43,512 m,




here N is the number of tube cross-sections and / is the tube bank length. This value was approximately
doubled to 87,004 m (8700.4 m per heat structure) to transfer the required 100 MW at the design conditions.

Cylindrical heat structures were used to represent the tubes themselves. The heat structure numbers, inner
and outer radii, total heat transfer length, and left and right thermal-hydraulic control volume numbers are
shown in Table 9. Table 10 shows the heat structure information for the cylindrical heat structures that
thermally connect the main heat exchanger primary side to the light-water pool. Table 11 shows the heat
structure information for the rectangular (slab) heat structures that thermally connect the main heat
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exchanger primary side plenum to the light-water pool.

Table 9. Main Heat exchanger tube heat structure information

HS No. Inner radius Outerradius ' Length Left volume No. Right volume No.
(m) (m) (m)

1083-01  0.007049 0.007938 8700.4 108-01 134-05
1083-02  0.007049 0.007938 8700.4 108-02 134-04
1083-03  0.007049 0.007938 8700.4 108-03 134-03
1083-04  0.007049 0.007938 8700.4 108-04 134-02
1083-05  0.007049 0.007938 8700.4 108-05 134-01
1083-06  0.007049 0.007938 8700.4 108-07 134-10
1083-07  0.007049 0.007938 8700.4 108-08 134-09
1083-08  0.007049 0.007938 8700.4 108-09 134-08
1083-09  0.007049 0.007938 8700.4 108-10 134-07
1083-10  0.007049 0.007938 8700.4 108-11 134-06
2083-01  0.007049 0.007938 8700.4 208-01 - 234-05
2083-02  0.007049 0.007938 8700.4 208-02 234-04
2083-03  0.007049 0.007938 8700.4 208-03 234-03
2083-04  0.007049 0.007938 8700.4 208-04 234-02
2083-05  0.007049 0.007938 8700.4 208-05 234-01
2083-06  0.007049 0.007938 8700.4 208-07 234-10
2083-07 0.007049 0.007938 8700.4 208-03 234-09
1083-08  0.007049 0.007938 8700.4 208-09 234-08
2083-09  0.007049 0.007938 8700.4 208-10 234-07
2083-10  0.007049 0.007938 8700.4 208-11 234-06
3083-01  0.007049 0.007938 8700.4 308-01 334-05
3083-02  0.007049 0.007938 8700.4 308-02 334-04
3083-03  0.007049 0.007938 8700.4 308-03 334-03
3083-04  0.007049 0.007938 8700.4 308-04 334-02
3083-05 0.007049 0.007938 87004 308-05 334-01
3083-06  0.007049 0.007938 8700.4 308-07 334-10
3083-07  0.007049 0.007938 8700.4 308-08 334-09
3083-08  0.007049 0.007938 8700.4 308-09 334-08
3083-09 0.007049 0.007938 8700.4 308-10 334-07
3083-10  0.007049 0.007938 8700.4 308-11 - 334-06
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Table 10. Cylindrical heat structures joining the shell side of
the main heat exchangers to the light-water pool

HS # Inner Outer  Heattrans-  Left General table
radius radius  fer length boundary  number for right
(m) (m) (m) volume No. Boundary HTC

1081-01 1.009 1.0540  0.555 108-01 599 * Main HX shell-to-pool
1081-02  1.009 1.0540  0.555 108-02 599 * Main HX shell-to-pool
1081-03  1.009 1.0540 0.555 108-03 599 * Main HX shell-to-pool
1081-04  1.009 1.0540  0.555 108-04 599 * Main HX shell-to-pool
1081-05  1.009 1.0540  0.555 108-05 599 * Main HX shell-to-pool
1081-06  1.009 1.0540 0.555 108-07 599 * Main HX shell-to-pool
1081-07  1.009 1.0540 0.555 108-08 599 * Main HX shell-to-pool
1081-08  1.009 1.0540 0.555 108-09 599 * Main HX shell-to-pool
1081-09  1.009 1.0540  0.555 108-10 599 * Main HX shell-to-pool
1081-10  1.009 1.0540 0.555 108-11 599 * Main HX shell-to-pool
2081-01 1.009 1.0540 0.555 208-01 599 * Main HX shell-to-pool
2081-02  1.009 1.0540 0.555 208-02 599 * Main HX shell-to-pool
2081-03  1.009 1.0540  0.555 208-03 599 * Main HX shell-to-pool
2081-04  1.009 1.0540 0.555 208-04 599 * Main HX shell-to-pool
2081-05  1.009 1.0540 0.555 208-05 599 * Main HX shell-to-pool
2081-06  1.009 1.0540 0.555 208-07 599 * Main HX shell-to-pool
2081-07  1.009 1.0540  0.555 208-08 599 * Main HX shell-to-pool
2081-08  1.009 1.0540 0.555 208-09 599 * Main HX shell-to-pool
2081-09  1.009 1.0540  0.555 208-10 599 * Main HX shell-to-pool
2081-10  1.009 1.0540  0.555 208-11 599 * Main HX shell-to-pool
3081-01 1.009 1.0540 0.555 308-01 599 * Main HX shell-to-pool
3081-02  1.009 1.0540 0.555 308-02 599 * Main HX shell-to-pool
3081-03  1.009 1.0540  0.555 308-03 599 * Main HX shell-to-pool
3081-04  1.009 1.0540 0.555 308-04 599 * Main HX shell-to-pool
3081-05  1.009 1.0540  0.555 308-05 599 * Main HX shell-to-pool
3081-06  1.009 1.0540  0.555 308-07 599 * Main HX shell-to-pool
3081-07  1.009 1.0540  0.555 308-08 599 * Main HX shell-to-pool
3081-08  1.009 1.0540  0.555 308-09 599 * Main HX shell-to-pool
3081-09  1.009 1.0540  0.555 308-10 599 * Main HX shell-to-pool
3081-10  1.009 1.0540  0.555 308-11 599 * Main HX shell-to-pool

Table 11. Slab heat structures connecting coolant in main heat exchanger hemispherical
plenum to the light-water pool

HS No. Left Right  Heattrans- Left General table
coord. Coord. ferarea boundary  number for right
(m) (m) (m?) volume No. Boundary HTC
1082-01 0. 0.0445 3.49 108-06 581 * Main HX shell-to-pool
2082-01 0. 0.0445 3.49 208-06 581 * Main HX shell-to-pool
3082-01 0. 0.0445 3.49 308-06 581 * Main HX shell-to-pool




9. EMERGENCY HEAT EXCHANGER

The emergency heat exchangers (EHX(s) are single-pass counterflow heat exchangers with the primary coolant
on the shell side. The secondary tubing (pipe 146 with 4 cells) has an OD of 19.05 mm (0.75 in.) and ID of 17.27
mm (0.68 in.) (ref. 27) and is connected to the pool (TDV 154) with a 3-m chimney (pipe 150) section rising just
past the exit from the EHX. The tube bundle length is 6.40 m (21 ft) with 1670 tubes. The heat exchanger shell
has an OD of 1.111 m (43.75 in.) and ID of 1.067 m (42.0 in.) and a length, assumed to be equal to the tube
bundle length, of 6.4 m (21 ft).

No forced cooling is applied to the EHXs. The pressures in the secondary source and secondary sink
time-dependent volumes are specified based on their hydrostatic pressures in the pool. The flow rates are then
calculated by RELAPS for natural circulation conditions. Calibration was performed at design conditions also
supplied in ref.27. The hydraulic diameter on the shell side was calibrated to match the design pressure drop
(0.048 MPa) at the design (primary) flow rate of 706 kg/s. When the pressure drop was matched, the total heat
removed through the tubes was 1.60 MW which is very close to the 1.64 MW specified in the design data. The
resulting tube (secondary) flow rate at this calibrated condition was matched (44 kg/s), even though the OD was
inadvertently used to define the geometry on the tube-side control volumes instead of the ID. The RELAP5 input
file used for the EHX calibration is shown in Appendix D. Table 12 gives the details for the heat structures that
represent the tubing of the emergency heat exchangers. Table 13 shows the heat structures connecting the
emergency heat exchanger to the light-water pool.

Pipes 116, 216 and 31

Segments 1-4

L = 1.6 m= (6.4 m)/4

A = 0.894 m? = w/4(1.067%), incorrect because the tube cross-sectional area was not
subtracted, this error was compensated by calibrating dh to
design conditions.

dz = 0.0m

e = 4.57 x 10" m, (ref. 20)

dh = 0.0017 m, calibrated to obtain correct pressure drop and heat transfer

Time-Dependent Volume 138, 238, 338

Source boundary condition for secondary coolant

A = l.e6 m?

v = le6 m®

Pressure is 180 kPa (the assumed pool pressure at the EHX secondary intake pipe). Only the pressure difference
between inlet (these volumes) and outlet (volumes 154, 254, and 354) of tubes is important.

Temperature is 311.15 K, pool temperature :

Junction 140, 240, 340

Entrance junction for emergency heat exchanger secondary flow
Abrupt area change model is invoked.
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A = 0.4264 m? (defaulted to area of pipe 142)
Kf = 0.

Kr = 0.

dh = 0.4573 m (assume 18.0-in. suction pipe)

Pipes 142. 242 and 342

Entrance pipe leading from pool to secondary side of emergency heat exchanger
Segments 1-2

L = 0.7622 m = (1.5244 m)/2 (assume total suction pipe length of 5.0 ft)
A = 0.4264 m® = 1/4(0.4573%)

dz = 0.0m

e = 4.57 x 10 m, (ref. 20)

dh = 0.4573 m (assum 18.0-in.-diam suction pipe)

Junction 144, 244, 344

Inlet junction for emergency heat exchanger secondary flow (tube entrance)
Abrupt area change model is invoked.

A = 0.4264 m? (defaulted)

Kf = 0.

Kr = 0.

dh = 0.01905 m (same as tubes)

Pipes 146, 246 and 346

Emergency heat exchanger secondary coolant (in tubes).

Segments 1-4

L = 1.6 m=6.4 m/4

A = 0.476 m* = w/4(0.01905%) x 1670

dz = 0.0m

e = 4.57 x 10° m, (ref. 20)

dh = 0.01905 m (incorrect, should have used ID instead of OD)

Junction 148, 248. 348

Exit junction for emergency heat exchanger secondary flow (tube exit)
Abrupt area change is invoked.

A = 0.4264 m? (defaulted)

Kf = 0.

Kr = 0.

dh = 0.01905 m (same as tubes)

Pipes 150, 250 and 350

Emergency heat exchanger secondary coolant in chimney
Segments 1-4
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L = 075m=3m/4

A = 0.203 m? = (11/4)(0.508%)

dz = 0.75m

e = 4.57 x 10 m, (ref. 20) w
dh = 0.508 m (assume a 20-in.-diam pipe for chimney)
Junction 152, 252, 352

Exit junction from emergency heat exchanger secondary chimney
Abrupt area change is invoked.

= 0.4264 m? (defaulted)
Kf = 0.
Kr = 0.
dh = 0.508 m (same as chimney)
ime- ndent Volume 154 4

Sink boundary condition for secondary coolant

A = l.e6 m*

\Y% = l.e6 m?

Pressure is 150773.6 Pa= P,3; - pgh = 180 kPa - (993.08 kg/m®)(9.81 m/s?)(3 m)
Temperature is 311.15 K, pool temperature

The pressure difference between TDV 138 (238 and 338) and TDV 154 (254 and 354) corresponds to a 3 m (9.8
ft) (ref. 29) difference in elevation within the light-water pool.

Table 12. Heat structure parameters representing emergency

heat exchanger tubing

HS No. Inside Outside  Heat trans- Left Right

radius radius fer area boundary boundary

(m) (m) (m?) volume No.  volume No.
1163-01  0.008636 0.009525 2672. 116-01 146-04
1163-02  0.008636 0.009525 2672. 116-02 146-03
1163-03  0.008636 0.009525 2672. 116-03 146-02
1163-04 0.008636 0.009525 2672. 116-04 146-01
2163-01  0.008636 0.009525 2672. 216-01 246-04
2163-02 0.008636 0.009525 2672. 216-02 246-03
2163-03  0.008636 0.009525 2672. 216-03 246-02
2163-04 0.008636 0.009525 2672. 216-04 246-01
3163-01  0.008636 0.009525 2672. 316-01 346-04
3163-02  0.008636 0.009525 2672. 316-02 346-03
3163-03  0.008636 0.009525 2672. 316-03 346-02

3163-04  0.008636 0.009525 2672. 316-04 346-01
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Table 13. Heat structures connecting emergency heat exchanger to the light-water pool

HS # Left Right Heat trans- Left General table
coord. Coord.  ferarea boundary  number for right
(m) (m) (m?) volume No. Boundary HTC

1161-01 0.5334 0.5556 1.6 116-01 591 * Emergency HX shell-to-pool
1161-02 0.5334 0.5556 1.6 116-02 591 * Emergency HX shell-to-pool
1161-03 0.5334 0.5556 1.6 116-03 591 * Emergency HX shell-to-pool
1161-04 0.5334 0.5556 1.6 116-04 591 * Emergency HX shell-to-pool
1501-01 0.2287 0.2541 0.75 150-01 581 * Emergency HX chimney
1501-02 0.2287 0.2541 0.75 150-02 581 * Emergency HX chimney
1501-03 0.2287 0.2541 0.75 150-03 581 * Emergency HX chimney
1501-04 0.2287 0.2541 0.75 150-04 581 * Emergency HX chimney
2161-01 0.5334 0.5556 1.6 216-01 591 * Emergency HX shell-to-pool
2161-02 0.5334 0.5556 1.6 216-02 591 * Emergency HX shell-to-pool
2161-03 0.5334 0.5556 1.6 216-03 591 * Emergency HX shell-to-pool
2161-04 0.5334 0.5556 1.6 216-04 591 * Emergency HX shell-to-pool
2501-01 0.2287 0.2541 0.75 250-01 581 * Emergency HX chimney
2501-02 0.2287 0.2541 0.75 250-01 581 * Emergency HX chimney
2501-03 0.2287 0.2541 0.75 250-01 581 * Emergency HX chimney
2501-04 0.2287 0.2541 0.75 250-01 581 * Emergency HX chimney
3161-01 0.5334 0.5556 1.6 316-01 591 * Emergency HX shell-to-pool
3161-02 0.5334 0.5556 1.6 316-02 591 * Emergency HX shell-to-pool
3161-03 0.5334 0.5556 1.6 316-03 591 * Emergency HX shell-to-pool
3161-04 0.5334 0.5556 1.6 316-04 591 * Emergency HX shell-to-pool
3501-01 0.2287 0.2541 0.75 350-01 581 * Emergency HX chimney
3501-02 0.2287 0.2541 0.75 350-02 581 * Emergency HX chimney
3501-03 0.2287 0.2541 0.75 350-03 581 * Emergency HX chimney
3501-04 0.2287 0.2541 0.75 350-04 581 * Emergency HX chimney




10. ACCUMULATORS

The accumulators (total of 4) are vertical cylindrical pressure vessels located in the upper portion of each reactor
primary coolant system valve limited volume cell. Each accumulator tank (ID = 1.52 m, height = 4.57 m)
contains 0.52 m® of nitrogen gas, 7.0 n? of heavy water and sufficient heat sink material to avoid low gas
temperatures on rapid gas expansion.?

In the model, the accumulators are modeled with standard RELAP5 control volumes. Pipe components 156, 256,
and 356 consisting of six control volumes are defined, the sixth volume of which represents the 0.3556-m
(14-in.)-diam standpipe connecting the accumulator to the primary coolant system. The first (uppermost) volume
represents 87.2% of the tank volume, and the remaining four volumes are used to discretize the bottom 12.8%
of the accumulator tank. The nitrogen bubble (specified through the input noncondensible quality) is completely
contained within the first (largest) control volume and remains that way until the system pressure reaches about
1 atm. The accumulators are attached to the hot legs using single junctions 157, 257 and 357. Table 14 shows
the heat structures used for representing the tank walls.

The standard RELAP5 accumulator component is inadequate because it does not allow flow back into the
accurmnulator. The present pipe model also has problems with numerical diffusion of the nitrogen gas into the
system. RELAPS assumes the bubbly flow regime in the bubble volume instead of the more physically correct
stratified condition. Past experience has shown that when many volumes are used to more clearly define the
interface between the bubble and the liquid, problems result during movement of the interface across cell
boundaries. Each time nitrogen is convected into a previously liquid filled control volume, it is introduced at the
saturation temperature of the control volume instead of the actual temperature of the convected gas.

A new accumulator model has been developed by INEL; however, the new model requires the use of Paralle]
Virtual Machine (PVM) software which complicates the process of running RELAPS. Hence, unless the rate of
expansion of the nitrogen bubble within the accumulator is crucial to a particular transient, it is recommended
that the default model be used.

Pipe 156, 256 and

Segment 1 (tank)

L = 4.09 m (total tank height of 4.57, discretization chosen with one big volume)
A = (7.52 m*)/(4.57 m) = 1.65 m? (based on L and Volume)
dZ = 4.09 m

e = 4.57 x 10° m, (ref. 20)

dh = sqrt[(1.65 m2)(4)/3.1459] = 1.449 m

Segments 2-5 (tank)

L = 0.12 m = (4.57 - 4.09)/4 (remainder of tank height)

A = (7.52 m*)/(4.57 m) = 1.65 m? (based on L and Volume)
dz = 0.12m

e = 4.57 x 10 m, (ref. 20)

dh = sqrt[(1.65 m2)(4)/3.1459] = 1.449 m
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Segment 6 (surge-pipe)

14-in, pipe, ID=0.3255 m, A = 0.08322 m?
4.88 m, (ref. 21)

L
dz

€
dh

Junction 157 between surge pipe and hot-leg pipe

A
Kf
Kr

Use smooth area change

dh =

4.88m
4,57 x 10 m, (ref. 20)

0.3255 m (default)

0.08322 m? (default)

0.5, (ref. 20)
1.0, (ref. 20)

default
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Table 14. Heat structure parameters representing accumulator tank wall

HSNo. Inside Outside =~ Heattransfer Left Right
radius radius area (m?) boundary  boundary
(m) (m) volume No.  Volume No.
1561-01 0.7245 0.7396 4.09 156-01 Insulated
1561-02 0.7245 0.7396 0.12 156-02 Insulated
1561-03 0.7245 0.7396 0.12 156-03 Insulated
1561-04 0.7245 0.7396 0.12 156-04 Insulated
1561-05 0.7245 0.7396 0.12 156-05 Insulated
2561-01 0.7245 0.7396 4.09 256-01 Insulated
2561-02 0.7245 0.7396 0.12 256-02 Insulated
2561-03 0.7245 0.7396 0.12 256-03 Insulated
2561-04 0.7245 0.7396 0.12 256-04 Insulated
2561-05 0.7245 0.7396 0.12 256-05 Insulated
3561-01 0.7245 0.7396 4.09 356-01 Insulated
3561-02 0.7245 0.7396 0.12 356-02 Insulated
3561-03 0.7245 0.7396 0.12 356-03 Insulated
3561-04 0.7245 0.7396 0.12 356-04 Insulated
3561-05 0.7245 0.7396 0.12 356-05 Insulated




11. MODERATOR TANK

A simplified model for the moderator tank was used. In the model, the moderator tank was represented by a
single pipe 575 with appropriate boundary conditions imposed. The coolant source and pressure boundary were
represented by TDV components 570 and 580, respectively, while the desired mass flow was specified through
a TDJ component 571.

The moderator tank, also referred to as the reflector tank, surrounds the core pressure boundary tube (CPBT) and
contains 31.0 m® of heavy water. The tank has four inlets at the bottom and a single outlet at the top. The
nominal pressure at the bottom of the tank is 0.36 MPa. In the present RELAPS model, a simple, 5-node
representation of the reflector tank is used and the reflector tank cooling system is not modeled. Two time
dependent volumes are used as source and sink boundary conditions at the inlet (bottom) and outlet (top) of the
reflector tank. The reflector tank is inportant only in the event of a rupture of the CPBT, in which case a more
detailed model (developed by E. Schneider) can be used.
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12, LETDOWN VALVES

The total letdown flow rate is 14.6 kg/s at steady state.”® The valves are assumed to have. a full-open area
0.00028355 m? (corresponding to a 0.75-in. diam). This full-open area was obtained by calibration assuming
an abrupt area change at the valve, so that when the valve is 50% open, the total flow rate is 14.6 kg/s thru all
three valves. The valves are assumed to discharge to atmospheric pressure. Also all of the letdown line losses
are lumped into the valve junction, so the actual valve area will be somewhat larger (drawings indicate that the

line has a 2-in. diam).

Valves 861, 862, and 863

Connect inlet plenum of main heat exchangers (106, 206, and 306) to letdown lines (865) leading to the letdown
head tank.

A = 0.00028355 m? (calibrated for 50% opening to yield total flow of 14.6 kg/s)
Kf = 0

Kr = 0

dh = default

Invoke the abrupt area change model
Letdown valve area is controlled by control variable 860.

The letdown control system consists of CVs 840, 842, 844, 845, 847, and 860 which define the control action
recommended by Jose March-Leuba:*°

d=KP-P,)
dx/d:r=(d x)/tau,

where
d = demanded valve position (normalized),
K= proportional constant = 5/MPa,
P = the measured sensor pressure (the upper-core exit pressure is controlled directly),
P_=the setpoint pressure,
x = normalized valve position (-1 for fully closed, 1 for fully open, and 0 at normal position),
t=time (s),
tau = the valve time constant =1 s.
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13. PRESSURIZING SYSTEM

The letdown and pressurizing systems are coupled through the cleanup system which is not modeled but may be
added later to update the model when the cleanup system design has been defined. The pressurizing system
consists of a pressurizing centrifugal pump (component 815), a check valve (component 825), an isolation valve
(component 827), and a source tank (time dependent volume 800). The source tank is assumed to be a constant
pressure mass source at 300 K (80 F) and 0.165 MPa (24 psia). Heat structures representing the tank walls and
the piping in the pressurizing system are not included in the model. The pressurizing line has an ID = 0.1016 m
(4-in.) and is connected to the main hot leg header (component 650), located 13.4 m (44 ft) downstream of the
hot leg riser. The normal make-up flow rate is 14.6 kg/s and is equal to total letdown flow during steady-state
operation. The pump speed is controlled using control variable 815 when establishing an initial steady-state (See
Sect. 16.7). The pump is tripped only in the event of a loss-of-offsite power (trip 540), in which case the pump
speed is determined using a torque balance on the pump shaft.

ERROR: All piping in the pressurizing system is assumed to be of 0.1016-m (4-in.) diam. However, the
drawings indicate that it should be 3-in. piping.

Time-Dependent Volume 800 and 826

Source boundary conditions representing make-up tank. TDV 800 is used for the main pressurizing pump and
TDV 826 is used for the standby pressurizing pump.

A = l.e6 m?

v = le6m?

Pressure is 0.165 MPa, assumes atmospheric plus 6 m (18 ft) of head.
Temperature is 300 K.

Trip Valve 805 and 827

Isolation valves if make-up tank drains. Valve 805 is used for the main pressurizing pump and valve 827 is used
for the standby pressurizing pump. These valves connect volumes 800-01 or 826-01 (make-up tank) to volume
810-01 or 828-01 (pressurizer pump suction line).

A = 0.00811 m?=7t/4 x (0.1016 m)?

Kf = 0.48 =3 x 0.16, three 90° bends, (ref. 31)

Kr = 0.48

This valve closes if trip 615 turns true.

Branch 810 and 828

L = 6.096 m (assumption of 20-ft length from tank to pump)
A = 0.00811 m?=7t/4 x (0.1016 m)?

dz = 0.0m

e = 4.57 x 10 m, (ref. 20)

dh = 0.1016 m (4-in.)
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Pumps 815 and 830

Main and Standby Pressurizer Pumps

A = 0.00811 m? = 1/4 x (0.1016 m)*
\Y% = 0.0203 m? (assumed volume of water in pump)
dz = 0.0m

Suction junction connecting 810-01 or 828-01 to 815-01 or 835-01
Kf 0.16, assume 90° bends at inlet and outlet, (ref. 20)
Kr 0.16

Discharge junction connecting 815-01 to 820-01
Kf 0.16
0.16

Kr

Control of the main pressurizer pump is accomplished using both the speed table and the pump motor trip leading
to a torque balance on the pump shaft. During an initial steady-state run, the proportional-integral control using
control variable 591 is used to achieve the make-up flow of 14.6 kg/s. During a transient, the pump speed is held
constant unless a loss-of-offsite power (LOSP) occurs (i.c., trip 540 turns true). As soon as trip 540 (referred
to on card 8150301) becomes true, trip 620 (referred to on card 8156100) turns false which de-activates the
pump velocity table so that a torque-balance equation is used to perform a coastdown.

The rated flow is specified to be 1.080816 m®/s, the rated head is 106.39 m, the rated speed is 221.55 rad/s, and
the rated torque is 217.82 N-m. The moment of inertia for this pump is assumed to be 2.381 kg -m?.

Single Volumes 820 and 835

A = 0.00811 m®=7/4 x (0.1016 m)?
L = 3048 m

e = 4.57 x 10 m, (ref. 20)

dh = 0.1016 m (4-in.)

Valves 825 and 840

Check valves preventing reverse flow through the pressurizing pumps. Connects volume 820-01 or 835-01 to
850-01 (main supply line to primary).

A = 0.00811 m? (same as line)

Kf = 1.28 =75£,="75 x 0.017, (ref. 20, p. A-26, A-27)
where f; is the turbulent friction factor

Kr = 1.28

Time-Dependent Junction 845

This specified flow condition represents the emergency pressurizing pump, connecting volumes 810-01 to 850-01
(main supply line to primary). Iftrip 542 turns true, then the flow rate will begin ramping up over a 10-s period
from zero to 25 m/s.
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A = 0.001 m*

Branch 810 and 828

Main supply line to primary.
= 122m
= 0.00811 m?>= 7/4 x (0.1016 m)?
= 0.0m

4.57 x 10 m, (ref. 20)
0.1016 m (4-in.)

ge R




14. MATERIAL PROPERTIES
Thermal material properties are supplied to the RELAP5 program through tables as described in this section.
14.1 COMPOSITION No. 1 304L STAINLESS STEEL

The thermal conductivity for stainless steel type 304L (ref. 32) is shown in Table 15. The volumetric heat
capacity (product of specific heat and density) is given in Table 16 (ref. 33).

Table 15. Thermal conductivity
for 304L stainless steel

T (K) k (W/m-K)

2732 14.7
300. 152
400. 17.0
500. 18.4
600. 19.8
700. 21.2
800. 22.5
900. 239
1000. 25.3
1200. 28.1
1400. 30.9
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Table 16. Thermal volumetric heat
capacity for 304L stainless steel

T X) pc, (J/m*-K)
250. 2.97e6
478. " 3.00e6
700. 3.13e6
811. 3.23e6
866. 3.33¢6
922, 3.43e6
1033. 3.5%6
1200. 3.76e6
1311. 3.82¢6

14.2 COMPOSITION No. 2 ALUMINUM 6061

The thermal conductivity for aluminum type 6061(fef. 34) is shown in Table 17. The volumetric heat capacity
(product of specific heat and density) is given in Table 18 (ref. 34).
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Table 17. Thermal conductivity for
aluminum 6061

T(X) k (W/m-K)

271.9 155.0
299.7 155.0
349.7 161.9
399.7 165.9
499.7 179.8
549.7 183.9
649.7 180.9
749.7 174.9
799.7 171.9
8497 1679
924.7 85.9
999.7 87.9

Table 18. Thermal volumetric heat
capacity for aluminum 6061

T (K) pc. (J/m*-K)

271.9 2.429¢6
299.7 2.429¢6
399.7 2.542¢6
499.7 2.666¢e6
599.7 2.791e6
699.7 2.915¢e6
799.7 3.039¢6
899.7 3.163e6
924.7 2.826¢6

1060.8 2.826e6
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14.3 COMPOSITION No. 3 HAFNIUM

The thermal conductivity for hafnium® is given in Table 19. The volumetric heat capacity (product of specific
heat, and density,*) is given in Table 20.

Table 19. Thermal conductivity

for hafnium
TEK)  k(Wm-K)
250, 23.6
2732 233
300. 23.0
400, 22.3
600. 213
800. 20.8
1200. 209
1600. 21.5
2000. 226

Table 20. Thermal volumetric heat
capacity for hafnium

T® pc, (Jm’K)
252.9 1.870e6
278.0 1.898¢e6
315.5 1.924e6

400. 1.975e6
500. 2.031e6
600. 2.087e6
800. 2.199¢6

1000. 2.314e6
1350. 2.514e6

e —————e
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14.4 COMPOSITION No. 4 OXIDE

The thermal conductivity of boehmite is assumed constant at 2.25 W/m-K (ref. 35). Also from, the volumetric
heat capacity (product of specific heat,* and density,” is given in Table 21.

Table 21. Thermal volumetric heat
capacity for boehmite

T (K) pc. (J/m3-K)

273. 2.198¢6
373. 2.739¢6
473. 3.096e6
573. 3.316¢6
673. 3.453¢6
773. 3.554¢c6
873. 3.638¢6
973. 3.707e6
1073. 3.759¢6
1173. 3.803¢6

14.5 COMPOSITION No. 5 FUEL MEAT

The properties® of the fuel meat are given here. The thermal conductivity fo the fuel meat is given in Table 22.
The volumetric heat capacity is given in Table 23.

Table 22. Thermal conductivity for
the fuel meat

T (XK) k (W/m-K)
273. 51.86
333. 59.0
1333, 178.0




78

Table 23. Thermal volumetric heat
capacity for the fuel meat

T (K) pc (J/m*-K)

273. 2.176¢6
373. 2.289¢6
473. 2.402¢6
673. 2.628¢e6
873. - 2.854¢6
1073. 3.080e6

1273. 3.306e6




15. CONTROL VARIABLES

The control variables (CVs) in the RELAPS input are used for calculating important output values (such as

thermal limits or pressure drops), controlling the pump speeds and secondary flow rate, and calculating changes

in reactivity due to temperature changes or control rod movement. Because of the extensive use of control
variable in the model this section is subdivided to describe each control system separately. A control system is
a set of control variables that work together for a single purpose.

15.1 PRIMARY COOLANT PUMP SPEED CONTROL

Initial Steady State
Before reactor transients can be simulated, the initial conditions (temperatures, pressures and mass flows) in the

model must be established at an appropriate steady state. Control systems have been developed that can be used
during a RELAPS preliminary run to establish those initial conditions (see Table 24). One of these systems
represents a Proportional-Integral-Derivative (PID) controller (CVs 77-83) on the primary pump speed to
establish the desired inlet velocity to the upper core. The pump velocity tables (cards 1246100, 2246100, and
3246100 cards) are used with CVs 86, 136, and 186. These control variables are equal to the output from the
PID controller.

Table 24. Control variables used to define proportional-integral-derivative pump speed
controller during initial steady state

Control Variable

variable No. type Description

77 TRIPUNIT  Flag indicating if a transient calculation has begun and the pump cavitation model
is being used (1 if true, 0 if false).

78 CONSTANT Specified upper core average channel inlet velocity. This is the setpoint value for
the control system.

79 SUM Error signal supplied to controller. Deviation from setpoint velocity.

80 MULT Modified error signal (error is zeroed to avoid change in pump speed if the pump
cavitation model is being used during a transient simulation).

81 PROP-INT  Proportional Integral control. Control constants have been chosen by trial and
error.

82 DIFFREND Derivative control.

83 SUM QOutput from PID controller.

Reactor Transients: Normal Mode

After the steady-state simulation is completed, the results are loaded back into the input deck (using PYGI, a
companion program developed for RELAPS at INEL). The pump velocity table controls (cards 1246100,
2246100, and 3246100) are then normally changed so that CV 195 is used to control the pump speed (see Table
25). This control variable is simply equal to the constant steady-state pump speed, until a pump trip occurs, after
which time a specified pump velocity coastdown (general table 135) is applied. General table 135 provides a
gradual transition from full speed down to 10% (pony motor speed). Also trip No. 619 is added to the pump
velocity control cards as a switch between (1) using the pump velocity table to specify the velocity (trip 619 is
true), or (2) using a RELAPS torque balance calculation on the pump shaft to determine the pump speed (trip 619
is false). The torque balance is normally used only when the pony motors become unavailable, such as when the
pony motor batteries expire late in the transient.
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Table 25. Control variables used to define proportional-integral-derivative pump
speed controller during reactor transients

Control Variable
variable No. type Description
195 FUNCTION Extracts function value between zero and 1.0 from general table 135 and

multiplies by steady-state pump speed in rad/s.

Reactor Transients: Pump Cavitation Mode ‘
A separate alternative for pump speed control, shown in Table 26, during simulation of a reactor transient has

been developed, but is not normally used. To activate the pump cavitation model, the pump velocity table control
remains the same as during the steady-state initialization phase. However, trip 528 must also be true. The pump
cavitation model (CVs 39-76 for loop 1, 91-126 for loop 2, and 141-176 for loop 3) has largely been borrowed
from a RELAP5 model of the High Flux Isotope Reactor.?” It works by artificially modulating the input pump
speed in order to degrade the developed pump head to be consistent with real pump performance when the NPSH
is insufficient. The true pump speed is tracked separately by the control system. As long as the pumps have not
been tripped (such as during a steady-state run), the pump cavitation model is not used to modulate the pump
speed. The output from the cavitation model (CVs 76, 126, and 176) is simply equal to the output of the PID
controller, which is the constant steady-state speed if trip 528 is true.

Table 26. Pump cavitation model control variables

Control Variable

variable No. Type Description

39 TRIPUNIT  Flag indicating primary pumps have been tripped

40 TRIPUNIT  Flag indicating primary pumps have not been tripped

41 FUNCTION Torque on pump 1 due to friction

42 FUNCTION Motor torque applied to pump 1 shaft

43 MULT Hydraulic power developed by primary pump 1

44 DIV Hydraulic torque applied to shaft of pump 1

45 SUM Sum of pump 1 torques divided by the pump inertia

46 MULT Differential adjustment for rate of change of pump speed

47 INTEGRAL Adjustment for pump speed (rad/s)

48 SUM Actual (true) pump speed for pump 1

49 MULT Velocity head at suction of pump 1

50 SUM Temperature in °C of volume 122-03

51 FUNCTION Saturation pressure at volume 122-03 based on general table 35
52 SUM Available NPSH to pump 1 (Pressure in 122-03 + CV 49 - CV 51)
55 SUM Step 1 for calculation of required NPSH

56 DIV Step 2 for calculation of required NPSH

57 SUM Step 3 for calculation of required NPSH
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Table 26. (continued)

Control Variable

variable No. Type Description

58 DIV Step 4 for calculation of required NPSH

59 MULT Required NPSH for pump 1

60 DIV Ratio of available NPSH to critical NPSH

61 FUNCTION Head degradation factor (less than 1, greater than zero) for pump 1

62 DIV Flow rate in m*/s through pump 1

63 MULT Nondimensional flow ratio for pump 1 (v)

64 MULT Nondimensional speed ratio for pump 1 (&)

65 DIV Quantity v/ used to correlate nondimensional pump head

66 DIV Quantity a/v used to correlate nondimensional pump head

67 FUNCTION Quantity HVN = (nondimensional pump head)/?, based on homologous pump
curve in general Table 41

68 TRIPUNIT Flag to indicate if pump 1 is operating in the second portion (HVN) of the
homologous data

69 TRIPUNIT Flag to indicate if pump 1 is operating in the first portion (HAN) of the
homologous data

70 MULT Quantity HVN for pump 1 after head degradation factor has been applied (if v/
<]

71 MULT Square of degraded pump speed (if v/ > 1)

72 POWERR  Degraded pump speed (if v/&> 1) for pump 1

73 FUNCTION Quantity a/v for pump 1 based on degraded pump head (CV 70)

74 MULT Degraded pump speed (if v/a< 1)

75 SUM Degraded pump speed (less than actual pump speed only if pump is cavitating) for
pump 1

76 LAG Degraded pump speed for pump 1 after time lag has been applied

84 MULT If pump hasn't tripped this value is steady speed, if it has, this value is zero

85 MULT If pump has tripped, this value is CV76, if not, this value is zero

86 SUM Sum of pre-trip (CV 84) and post-trip contributions (CV 85). These contributions
are mutually exclusive

91-126 Same as 41-76 except applied to pump 2

134-136 Same as 84-86 except applied to pump 2

141-176 Same as 41-76 except applied to pump 3

184-186 Same as 84-86 except applied to pump 3

15.2 COSTA FLOW EXCURSION HEAT FLUX LIMITS

One of the thermal limits of interest in the ANSR safety analysis is the Costa Onset of Significant Void (OSV)
correlation. The correlation is being used to represent the heat flux which, if exceeded, will lead to flow excursion
(a phenomenon that will result in burnout). The correlation is only a function of the bulk conditions in the

coolant:

V(T ~T,p

9costa = 28
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where Vis the coolant velocity in m/s, (7, - T}, is the subcooling in K and gy, is the limit in MW/m?2 This
limit is calculated using control variables for each control volume in the four hot channels (two each for lower
and upper cores corresponding to 95% and 99.9% nonexceedance probability levels). Control variables 200-279
are used to calculate the 20 limits (5 nodes per channel). Each limit calculation requires four CVs:

(1) A POWERR variable is used to calculate the square root of the coolant velocity at the location.

(2) A SUM variable is used to extrapolate the saturation temperature to the exit of the control volume.
(3) A SUM variable is used to calculate the coolant subccoling at the exit of the control volume.

(4) A MULT variable is used to combine the first three variables into the COSTA limit.

This information is used by the postprocessor to determine when and where the Costa limit is violated.

15.3 WALL SUPERHEAT AT CHF HOT SPOTS

Control variables 280-299 are used to calculate the difference between the CHF hot spot fuel surface
temperatures and the bulk saturation temperature in the adjacent channel. This information is read by the
postprocessor and indicates if 7', exceeds T, on the CHF hot stripes.

15.4 PECLET NUMBERS FOR HOT CHANNELS

The Peclet number (Re x Pr) is calculated for each control volume in the four hot channels using CVs 300-339
(4 channels x 5 control volumes x 2 variables per Peclet number). The Peclet numbers are used by the
postprocessor in determining the level of uncertainty associated with the Saha-Zuber correlation.

15.5 PRANDTL NUMBERS FOR HOT CHANNELS

The Prandtl numbers (uc,/k) for the hot channels are calculated using C’Vs'444‘-483 (two variables per Prandtl
number). Prandtl number is used by the post-processor in calculating Saha-Zuber thermal limits.

15.6 PRIMARY COOLANT SYSTEM TEMPERATURE (MHX SECONDARY FLOW) CONTROL

The primary coolant inlet temperature is controlled by varying the secondary flow through the main heat
exchangers. During a preliminary simulation to establish a steady-state with the model, the flow rate at the time-
dependent junctions on the main heat exchanger secondary sides is specified to be the output from a PI controller
(CV 581 commented out in standard deck). The error signal is the difference between the desired core inlet
temperature (control setpoint specified on CV 580) and the current RELAP5-calculated temperature at the core
inlet (volume 500-01).

During the simulation of a reactor transient, CV 581 is changed back to the CONSTANT value and assigned that
value reached during the preliminary steady-state simulation. Control variable 582 is a trip unit (assumes a value
of 1.0 if trip 540 is true, and 0.0 if 540 is false) to indicate whether or not a loss-of-offsite power is indicated.
Then, and only then, the secondary flow rate will be ramped down to 3.23% of the steady state value. Control
variable 583 calculates the difference between the current time and 10.0 seconds (currently hard-wired as the
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secondary trip time for a LOSP). This difference is then used a ramp factor starting at 0 and increasing to a
maximum of 09677 with CV 584. The coiplement to the ramp factor (1-CV584) is CV585 which then is used
to decrement the secondary flow rate by direct multiplication in CV 586. Because CV584 cannot exceed 0.9677,
CV 585 cannot be less than 0.0323, and CV 586 does not fall below 3.23% of the steady-state value specified
by CV 581.

15.7 PRESSURIZER PUMP SPEED CONTROL

The pressurizer pump speed must also have a controller in order to obtain the correct make-up flow rate while
establishing a steady-state in the RELAPS ANSR model. Control variables 587-591 provide a simple PID
controller with constants that have proven to be acceptable. The exact values of these constants are not important
since they are used only in establishing a new steady state and not in simulating a reactor transient. The error in
make-up flow (CV 588) is calculated as the difference between the current make-up flow and the desired make-up
flow (CV 587). This error is then supplied to a PROP-INT control variable (CV 589) and a DIFFREND control
variable (CV 590) to produce the output pump speed for the pump (CV 591).

Additional control (CVs 801-807) is specified to simulate the coastdown of the pressurizer pump in the event
that the make-up tank empties. This control system has not yet been used for a transient, but is available
nonetheless. Control variables 801-804 keep track of the inventory that has left the make-up tank. If that
inventory exceeds 8358.4 kg, trip 551 turns true, and CVs 805-807 and 815 are used to decrement the pump
speed from full speed to zero over a 1-s time period.

15.8 CONTROL ROD AND CPBT HEATING.

The transient heating behavior in the control rods (CRs) and core pressure boundary tube (CPBT) is different
from that of the fuel. To prevent underprediction of core power deposited in the CR and CPBT regions it was
necessary to mode! the heating in these regions separately. Control variables 600 to 775 were developed by C.
D. Fletcher for this purpose.®*° These modifications were performed based on neutronics calculations for the
L7 core design and have not been updated to the present G693 design.®°

15.9 STANDBY PRESSURIZER PUMP SPEED CONTROL

The standby pressurizer pump has not yet been used for transients, but this logic exists so that it is possible to
start up a second pressurizer pump in the event of a main pump failure. General table 820 is used to specify a
linear ramped start-up from zero speed to full speed over a 5 s time period. In the event of an empty make-up
tank, CV 807 is multiplied onto the standby pressurizer pump speed to force a coastdown identical to that of the
main pressurizer pump.

15.10 CORE PRESSURE DROP CALCULATION
RELAPS5 outputs pressures at the centers of the control volumes. CVs 831-838 are used to calculate the core

pressure drop in the upper and lower core. The core pressure drop is the pressure drop through the fuel channels
only including entrance and exit losses. The pressures immediately upstream and immediately downstream of
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the core are calculated by subtracting (or adding) one half of the frictional loss in that volume from the control
volume (center) pressure. Consider two control volumes with center locations K and L. The junction between
the two control volumes is location J. Then,

VAV
APy, = FWALFIx % p,x | f;' L

where FWALF]J is available in the RELAP5 Major Edit, 0y is the liquid void fraction, p; is the liquid density,
and v is the liquid velocity at the junction. Although this information is not in the RELAPS documentation, CLiff
Davis of INEL supplied the following relationship: :

4 4
FWALFJ = — 1 (&ri L FWALF, +Ax, "L FWALF,) ,
A

e 7 R

where Ax, and Ax; are the lengths of control volumes K and L, and 4,, 4,, 4, are the areas at junction J, control
volume K and control volume L. FWALF, and FWALF, are control volurae quantities only available if requested
using the extended minor edits. By substituting this last equation into the expression for AP, two contributions
to the frictional pressure drop are obtained. Considering the pressure drop only in volume K, (i.e., the frictional
pressure drop between locations K and J, excluding concentrated losses at J), we get

_ 14,
AP, , = ——AxKFWALFKv .
ZAK

which is calculated directly by control variables 831, 832, 833 and 834 for the volumes immediately outside both
the lower and upper cores. Since the areas and control volume length are constant, they are included in the scaling
factor. For CV 831, the frictional pressure drop between the center and exit of control volume 505-01 (lower core
inlet) is calculated by multiplying the scaling factor, SFgy;, times the product of FWALF, ; and vy, (507-02
is the junction connecting lower core inlet volume to fuel channels), where

_ 1,0.027675 m?

4
SFy, = ~oWpy o 1002767500y 1 545 ) - 0.381903m .

2 A505-01 2 0.05598 mz
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Similarly at the lower-core exit (CV 831), upper-core inlet (CV 832), and upper-core exit (CV 833), the scaling
factors can be calculated as follows:

A 2
SF,, = 22520 = Q22D MY 0,05 m) = 00123587 m ,

24000 2% 270055983 m

A 2
SF,y, = 14537-02 Atgrs oy = 1(0.038359m

L )(0.05m) = 0.012409 m , and
2 Age o 2" 0.07728 m?

_ 1,0.038359 m?
= ._(___2
2" 0.07728 m

)(0.7715m) = 0.191472 m .
The scaling factor for CV 833 is in error in the input deck, causing the steady-state pressure drop to be too high
by only 28.6 Pa.

The core exit-plane pressures are then calculated (CVs 835 and 837 for the lower and upper cores) by adding
these one-half cell frictional losses back onto the exit volume center pressures. Each core pressure drop
(including losses at entrance and exit) is then calculated (CVs 836 and 838 for lower and upper cores) by
subtracting the one-half cell frictional loss at the entrance volume and the exit-plane pressure from the entrance
volume center pressure.

15.11 POINT KINETICS REACTIVITY FEEDBACK

CONTROL VARIABLES 900-905

CVs 900-905 monitor the change in RELAP5-calculated moderator density in the active fuel region. The
average channels and 95% NEPL hot channels are monitored to provide feedback to the pointkinetics model via
CV 972, Table 27 shows the total fluid volume for the upper and lower core average and 95% hot channels.

ERROR: The fuel channel volume factors applied here are not up to date with the present core design, and the
99.9% hot channels are completely excluded in the feedback calculation.
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Table 27. Calculation of volume factors for average and 95% NEPL hot channels

Fuel channel Cnortl volumes Volume per cell (m?) Volume factor
Lower average Pipe 510 cells 0.027675 x 0.1014 = 0.002806 0.0836
Lower 95% hot Pipe 515 cells 0.000110698 x 0.1014 =1.122 x 10°* 0.000334
Upper average Pipe 540 cells 0.038359 x 0.1014 =0.003890 0.1158
Upper 95% hot Pipe 545 cells 8.9206 x 10° x 0.1014 = 9.045 x 10 0.000269
Total 0.006716 x 5=0.0336

Control Variable 900

For pipe 510 (lower-core average channel) the correct volume factor for density feedback is 0.0836, as indicated
above; however, the input deck incorrectly weights the densities in pipe 510 with the factor 0.0769.

Control Variable 901

For pipe 515 (lower-core 95% hot channel) the correct volume factor for density feedback is 0.000334, as
indicated above; however, the input deck incorrectly weights the densities in pipe 510 with the factor 0.000322.

Control Variable 902

For pipe 540 (upper-core average channel) the correct volume factor for density feedback is 0.1158, as indicated
above; however, the input deck incorrectly weights the densities in pipe 510 with the factor 0.122.

Control Variable 903

For pipe 545 (upper-core 95% hot channel) the correct volume factor for density feedback is 0.000269, as
indicated above; however, the input deck incorrectly weights the densities in pipe 510 with the factor 0.000294.

Control Variable 904

This control variable sums up all of the average and 95% hot channel coolant density contributions to give a
weighted average for the coolant density. The initial average density is subtracted out so that this control variable
represents the deviation in average density from the initial condition.

The muitipliers on control variable 900 and 901 were changed” from 1.0 to 0.7600 (0.057/0.075) to account for
a change in the assumed lower-core region density feedback coefficient from -0.075 to -0.057. The multiplier
on control variable 902 and 903 was changed from 1.0 to 0.2267 (0.017/0.075) to account for a change in the
assumed upper core region density feedback coefficient from -0.075 to -0.017 (R. M. Harrington request of April
9, 1992). Whereas the same multiplier was originally applied to both the lower and upper core region density
changes in the scaling factor of CV 905, now the lower and upper core regions have different reactivity
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coefficients of -0,057 and -0.017 respectively. The division by 0.075 is compensated by the multiplication of
0.75 in CV 905. To initialize CV 904 to a zero value, the additive constant, 4,, was changed to -467.766.

Control Variable 905

This control variable calculates the reactivity contribution due to moderator (coolant in the fuel channels)

feedback:
REACTIVITY = e, 100 x reactivity coefficient ,

Pinitiat

where the reactivity coefficient is 0.075 $/%change in p (ref. 42).

CONTROL VARIABLES 908-913

As the fuel plates change in temperature they will expand or contract leaving less or more room for coolant in the
channels. This temperature change produces an apparent change in moderator density which is represented with
these control variables. It is assumed that the increase or decrease in coolant volume is produced only to the
extent that the fuel plate dimensional change differs from that of the side plates. Hence the temperature
difference, AT, used in calculating the change in apparent moderator density is defined as

AT = (Ty, - Tizepraew ~ Tt = Testepidor -

where Ty, and T ,,,.1,,. are the average fuel and sideplate temperatures at a given time. The change in fuel plate
volume is

V-V, = (1 +abT)*¥, - ¥, = (1 + 3aAT + HOT) - ¥, = 3aATV .

where H.O.T. are terms of order AT? and higher which are assumed to be very small, and therefore, neglected.
Also,

a = coefficient of linear expansion,
V, = initial volume of fuel,
V = cumrent volume of fuel.

e e e e - [ ——
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The change in moderator volume is equal and opposite to the change in metal volume, and for the ANS fuel, the
intial moderator volume is equal to the initial fuel volume (plates and gaps have same thickness) so,

V, - V,,=~V - V) = -3aAT,

Rearranging and dividing through by the moderator volume, ¥, ,= V,, gives

| 4 V_+ 3aV AT |4
md _ “m o =1+3aAT_”'_a.zl+3aAT,
v, v, Von

The reactivity insertion due to thermal expansion of the fuel plates is proportional to Ap/p, where Ap is the
apparent density change of the coolant:

M_ M 11
ﬂ = Vm Vmo = Vm Vmo = m0 - 1 = SaAT .
P M L m
Vmo Vma

The temperature difference between the fuel plate and side plates is calculated by weighting the individual heat
structures (using the same volume weighting factors). Again, the 99.9% hot channel is not included and the
weighting factors are slightly off (see previous discussion).

Control Variable 908

The calculation for the temperature difference between the lower-core average channel fuel plates and side plates
is performed here by summing the differences between each average fuel heat structure temperature and the
average (of inner- and outer-) side-plate temperature. This summation is then weighted by the 0.0769 weighting
factor, as was done for the liquid densities.

Control Variable 909

The calculation for the temperature difference between the lower-core hot channel fuel plates and side plates is
performed here by summing the differences between each average fuel heat structure temperature and the average
(of inner- and outer-) side-plate temperature. This summation is then weighted by the 0.000322 weighting factor,
as was done for the liquid densities.

Control Variable 910

The calculation for the temperature difference between the upper-core average channel fuel plates and side plates
is performed here by summing the differences between each average fuel heat structure temperature and the
average (of inner- and outer-) side-plate temperature. This summation is then weighted by the 0.122 weighting
factor, as was done for the liquid densities.
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Control Variable 911

The calculation for the temperature difference between the upper-core hot channel fuel plates and side plates is
performed here by summing the differences between each average fuel heat structure temperature and the average
(of inner- and outer-) side-plate temperature. This summation is then weighted by the 0.000292 weighting factor,
as was done for the liquid densities.

Control Variable 912

Sum of the contributions to the weighted average temperature difference between the fuel plates and the side
plates.

The multiplier on control variables 908 and 909 were changed* from 1.0 to 0.7600 (0.057/0.075) to account for
a change in the assumed lower-core region density feedback coefficient from -0.075 to -0.057. The multipliers
on control variable 910 and 911 were changed from 1.0 to 0.2267 (0.017/0.075) to account for a change in the
assumed upper-core region density feedback coefficient from -0.075 to -0.017. Whereas the same multiplier was
originally applied to both the lower- and upper-core region density changes in CV 913, now the lower- and upper-
core regions have different reactivity coefficients of -0.057 and -0.017, respectively (R. M. Harrington request
of April 9, 1992). The division by 0.075 is compensated by the multiplication of 0.75 in CV 913. To initialize
CV 912 to a zero value, the additive constant, 4,, was changed to -89.1343.

Control Variable 913

CVv9i3 = e, 100 x R = -3 x 27.5 x 107°AT x 100 x 0.075 = 0.000619AT .

Pinitial

This control variable calculates the reactivity contribution due to thermal expansion of the fuel channels.
where the reactivity coefficient, R, is 0.075 $/%change (from J. M. Ryskamp 12/06/89) in apparent density, and
the thermal expansion coefficient is that for aluminum 27.5 x 10K,

Control Variable 917

Density feedback for inlet and outlet plenums and bypass gap regions. Table 28 shows the volumes of each cell
in the 9/16/94 version of the model. These volumes are different from those that are used in CV 917 because they
have been modified since the input for CV 917 was generated. None of the weighting factors is correct in the
input model; however, they are close to what they should be and probably within the accuracy of the modeling

approximations.
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Table 28. Calculation ef correct volume factors for plenums and bypass gap regions

Correct Input
Region Cnrtl volumes Volume per cell (m?) volume
volume factor £
actor
Core Inlet 500-01 0.1799 x 0.331 = 0.059546 0.07144 0.14586
L°W61‘I';C°‘° 505-01 0.05598 x 1.545=0.08649  0.10377 0.07207
Upp"’gcm 530-01 0.07728 x 1.545 =0.119398 0.14325 0.12983
Lower-Core _ 5@- Avgof
Bypass 530-02 thru 530-06  0.07728 x 0.1014=0.007836 o " . 003563
Uppo";ﬁm '555-01 0.07728 x 0.7715 = 0.05962 0.071529 0.18451
Upg‘:;gm 557-01 0.07728 x 1.2853 = 0.09933 0.119172 none
U‘g’er‘cm 525-01 0.055983 x 0.2028 =0.01135  0.013617 0.01550
ypass
Lower-Core _
Ot 525-02 0.055983 x 2.3610=0.13218  0.158584 0.12177
Core Outlet 565-01 0.24663 x 0.918 = 0,22641 0271636 0.25263
Total 0.8335 1.00000 1.0
Control Variable 918

Control variable 918 is calculated as

CV918 = 0.0333 $/%densitychange x 100 x A2
p

The reactivity coefficient assumed for the annular inlet and outlet regions is 0.0333 $/% change in density. This
number is specified as the scaling factor for CV 918. The incremental change in density, Ap, is the result from
CV 917, and the initial density divided into 100 is included in CV 918 as the multiplier on CV 917.
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Control Variable 922

Mid-core density feedback. The two volumes 520-01 and 535-01 are short volumes that are located axially
between the fuel elements. Table 29 shows the volume weighting factors.

Table 29. Calculation of volume factors for mid-core annular regions

C ¢ Input
Region Control volumes Volume per cell (m®) orrec volume
volume factor
factor
Lower core 520-01 0.055983 x 0.05 = 0.002799 0.42008 0.34802
annulus
Upper core 535-01 0.07728 x 0.05 = 0.003864 0.57992 0.65198
annulus
Total 0.006663 1.00000 1.0
Control Varjable 923
Contrql variable 923 is calculated as
CV923 = 0.0333 $/%densitychange x 100 x 22 .
p

The reactivity coefficient assumed for the annular midcore regions is 0.0333 $/% change in density. This
number is specified as the scaling factor for CV 923. The incremental change in density, Ap, is the result from
CV 922, and the initial density divided into 100 is included in CV 923 as the multiplier on CV 922.

Control Variable 928

Control rod region moderator density feedback.

Originally (June 27, 1989, C. D. Fletcher calculation work sheets, p. 182), the model for the control rod region
consisted of a single pipe 560. The four volumes in pipe 560 were weighted, as shown in Table 30. Each
volume has a cross-sectional area of 0.0229678 m’, equal to the central hole area (d = 0.095 m) less
(originally) four control rod cylinders (d = 0.041402 m). The total length spanned by pipe 560 in the original
model is 3.0826 m.
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Table 30. Original calculation of volume factors for control rod region

Cnrtl volumes Volume per cell (m?) ' \i‘ziutze
260-02 0.022?).607(;;728%2344 ) 0.108465
560-04 O'OZZg%Zi;8§g884= 0.482777

Total 0.0708097 1.0

Method used by C. D. Fletcher? to calculate weighting factors

Since the original calculations were performed, the control rod region has been updated twice. The cross-sectional
area has changed, but in the original calculation, the area was constant in the axial direction anyway, so the
weighting was based on the lengths. The original weightings are applied to the most recent control rod region
discretization by apportioning them to existing volumes based on lengths (and areas, for the three parallel pipes
561, 562, and 563). The pipe lengths of 1.0732 m, 0.2528 m, 0.2028 m, and 1.8472 m for volumes 560-01, -02,
-03, and -04 are used to apportion the weighting factors. The old volume length for 560-01 is apportioned 0.769
to volume 560-01, and 0.1014 to each of the first three volumes in pipes 561, 562, and 563. The old volume
length for 560-02 of 0.2528 is apportioned 0.1014 to each of cells 4 and 5 and 0.05 to cell 6 of pipes 561, 562,
and 563. The old volume length for 560-03 of 0.2028 is apportioned 0.1014 to each of cells 7 and 8 of pipes
561,562, and 563. Finally, the old volume length of 560-04 of 1.8472 m is apportioned 0.1014 to each of cells
9, 10 and 11 of pipes 561, 562, and 563, and 1.543 to volume 564-01.

Table 31 shows a direct calculation of the weighting factor based cn the current input geometry (correct)
compared against the input weighting factors based on C. D. Fletcher calculation (including area weighting
between the parallel channels).

2 C. D. Fletcher's calculational sheets for 3-CR Model dated 12-30-91 cite volume length numbers that are
not the same as the lengths in the table which were taken from the original calculation work sheets (3-1-89).
Since the original worksheets were written, the core length has changed from 0.474 m to 0.507 m. This
discrepancy explains the difference in the lengths, but is inconsistent with the use of the weighting factors
calculated with the 0.474-m core.
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Table 31. Calculation of volume factors for central rod region

Correct Input volume factor

Cntrl volumes

Volume per cell (m®)

volume factor

560-01 0.03018 x 2.419 = 0.0730054 0.426603 0.24883
561-01 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.00669
561-02 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.00669
561-03 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.00669
562-01 0.0165753 x 0.1014 = 0.0016706 0.00976205 0.02418
562-02 0.0165753 x 0.1014 = 0.0016706 0.00976205 0.02418
562-03 0.0165753 x 0.1014 = 0.0016706 0.00976205 0.02418
563-01 0.0013196 x 0.1014 = 0.000133797 0.000781835 0.001936
563-02 0.24663 x 0.1014 = 0.000133797 0.000781835 0.001936
563-03 0.24663 x 0.1014 = 0.000133797 0.000781835 0.001936
561-04 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.00888
561-05 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.00888
561-06 0.00456159 x 0.05 = 0.00022808 0.00133277 0.00438
562-04 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.03206
562-05 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.03206
562-06 0.0164753 x 0.05 = 0.0008234765 0.00481194 0.01581
563-04 0.24663 x 0.1014 = 0.00013797 0.000781835 0.00257
563-05 0.24663 x 0.1014 = 0.00013797 0.000781835 0.00257
563-06 0.24663 x 0.05 = 0.0123315 0.0720584 0.00127
561-07 0.00456159 x0.1014 = 0.000462545 0.00270285 0.006274
561-08 0.00456159 x0.1014 = 0.000462545 0.00270285 0.006274
562-07 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.02266
562-08 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.02266
563-07 0.24663 x0.1014 = 0.000133797 0.000781835 0.001815
563-08 0.24663 x0.1014 = 0.000133797 0.000781835 0.001815
561-09 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.005407
561-10 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.005407
561-11 0.00456159 x 0.1014 = 0.000462545 0.00270285 0.005407
562-09 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.01953
562-10 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.01953
562-11 0.0164753 x 0.1014 = 0.0016706 0.00976205 0.01953
563-09 0.24663 x 0.1014 = 0.000133797 0.000781835 0.001564
563-10 0.24663 x 0.1014 = 0.000133797 0.000781835 0.001564
563-11 0.24663 x 0.1014 = 0.000133797 0.000781835 0.001564
564-01 0.03018 x 2.0568 = 0.0620742 0.362727 0403272
Total 0.171132 1.00000 1.0
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Control Variable 929
Control variable 929 is calculated as

-

CV929 = 0.0910 $/%densitychange x 100 x 22 .
p

The reactivity coefficient assumed for the control rod region is 0.00910 $/% change in density (R. M.
Harrington request 4/9/92). This number is specified as the scaling factor for CV 929. The incremental
change in density, Ap, is the result from CV 928, and the initial density divided into 100 is included in CV
929 as the multiplier on CV 928.

ntrol Variable 934
Control variable 934 calculates the moderator tank feedback:

CV934 = -0.0174 $/K x (Tyr ~ Tyrriniiad) -

The reactivity coefficient assumed for the moderator tank region is -0.0174 $/K ( per R. M. Harrington
request, November 29, 1989).

15.12 CONTROL ROD REACTIVITY

The effect of control rod movement on the reactivity of the core is accounted for in the mode (Table 33). The
shim speed control, to keep the reactor power constant is represented with control variables 943-961. Then
. the reactivity of the rods is determined with CVs 965, 967, 969, and 970. The control rods are assumed to

move only during normal shim adjustment at a maximum rate* of 5.75 in./s or during reactor scram.

Table 33. Control rod reactivity control variables

Control Variable

Varijable No. Type Description

943 SUM Time step calculation (current time less old time)

944 SUM Old time (value is updated only after time step is calculated)
945 TRIPUNIT Equal to 1.0 if a scram (Trip 510) has not yet occurred

946 TRIPUNIT Equal to 1.0 if a scram (Trip 510) has occurred

949 SUM Error in reactor power (current power less setpoint) in MW

950 LAG Lag in reactor power (CV 949) arbitrarily selected to be 0.5 s




16. GENERAL TABLES

General tables are used for specifying tabular functions that are referenced by control systems and some
RELAPS thermal-hydraulic components, such as valves, pumps, heat structures, and time-dependent volumes
and junctions. ‘All the tables used in the RELAP5 ANSR input model are shown in Table 33.

Table 33. Summary of general tables used in RELAPS input model

Table No. Abcissa Ordinate Used by
35 Temperature Saturation Pressure (Pa) Puinp cavitation model (CVs 51, 101,
151)
39 NPSH ratio Head degradation factor Pump cavitation model (CVs 61, 111,
161)
41 vie W Pump cavitation model (CVs 67, 117,
167)
42 W vie Pump cavitation model (CVs 73, 123,
173)
43 o Pump Frictional Torque Pump cavitation model (CVs 41, 91,
(N-m) 141)
44 o Pony-motor torque (N-m)  Pump cavitation model (CVs 44, 94
144)
135 Time (s) o Specified speed primary pump
coastdown curve (CV 195)
235 Time (s) o Inactive
335 Time (s) o Inactive
500 Time (s) Power (W) Inactive
501 Time (s) Temperature (K) Pool temperature (constant at 311.15
K)
511 Temperature (K) Heat transfer coefficient Film coefficient between 356-mm
(W/m?-K) (14-in.)-diam horizontal pipe and pool
521 Temperature (K) Heat transfer coefficient Film coefficient between 610-mm
(W/m*-K) (24-in.)-diam horizontal pipe and pool
531 Temperature (K) Heat transfer coefficient Film coefficient between 610-mm
(W/m*-K) (24-in.)-diam horizontal pipe and pool
581 Temperature (K) Heat transfer coefficient Film coefficient between vertical pipe
(W/m*K) and pool
591 Temperature (K) Heat transfer coefficient Film coefficient between 1111-mm
(W/m>K) (43.75-in.)-diam horizontal cylinder
and pool
599 Temperature (K) Heat transfer coefficient Film coefficient between 2108-mm
(W/m*-K) (83-in.)-diam horizontal cylinder and

95

pool
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Table 33. (continued)
Table No. Abcissa Ordinate Used by
606 Time (s) Normlaized fission power  Control Rod and CPBT heating
607 Time (s) Normalized decay power . Control Rod and CPBT heating
608 Time (s) A1-28 decay power Control Rod and CPBT heating
820 Time (s) Pump speed (rad/s) Standby pressurizer pump speed (CV
830)
956 Time (s) Scram rod speed (m/s) Scram rod insertion rate (CV 956)
970 Rod Position (in.) Reactivity ($) Scram rod reactivity (CV 970)




17. POINT KINETICS

The heat generated in the fuel plates and coolant channels caused by neutronic heating is calculated by
RELAPS with a point (space-independent) kinetics model. The heating in the control rods and CPBT is
calculated separately by the control system that has already been discussed. One source of information for
the point kinetics input is ref. 42. As the design evolved, two key parameters, B (delayed neutron fraction),
and A (neutron generation lifetime), changed periodically. The ans91694in version of the model uses =
0.0074, and A = 0.0013 s (ref. 44). The total power for the reactor is 330 MW, and 344 MW with uncertainties
included. The reactivity specified as input to the point kinetics model comes from control variable 972, which
is a summation of several contributions, including control and safety rod worths and moderator density
feedback.
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FORTRAN USED TO LOAD RELAPS INPUT FILE

WITH FUEL SOURCE TERMS (power.f)
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COMPARISON WITH DATA

RELAPS INPUT FOR MAIN HEAT EXCHANGER

APPENDIX C
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RELAPS INPUT FOR EMERGENCY HEAT

EXCHANGER COMPARISON WITH DATA

APPENDIX D
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YOLUME ARGA, LENGTH, [:74
10101 0.08322 1.07 0.
101-02 0.08322 365 0.
101-03 0.08322 221 0.
10401 0.08322 069 0.
104-02 0.08322 1295 0.
104-03 008322 251 24
10601 0.08322 10 0.
108-01 0.8258 1.1 0.
108-02 0.8258 1.1 0.
10603 0.8258 141 0.
108-04 0.8258 1.1 0.
10805 0.8258 1.1 0.
108-06 0841 203 0.
10807 0.8258 111 0.
108-08 0.8258 1.1 0.
10809 0.8258 1w 0.
108-10 0.8258 1 0.
10811 0.8258 1w 0.
11201 0.08322 10 0.
113-01 0.08322 1.981 0.762
11302 0.08322 1.2 -0.6083
11303 0.08322 0.60%6 -0.6096
11401 0.08322 10 0.
11601 0894 16 0.
11602 0.894 16 0.
11803 0.8%4 16 0.
11604 0.894 18 0.
12001 0.08322 10 0.
1201 0.08322 231 -0.305
1202 0.08322 213 0.
122-03 0.08322 0762 0782
12401 15478 05 0.000
12601 0.08322 0.9146 0.0
12901 0.08322 625 0.0
130-01 1.6 1. 0.
134-01 0.776 1314 0.
134-02 0776 1314 0.
13403 0776 1314 0.
13404 0776 1314 0.
13405 0776 1314 0.
134-06 0776 1314 0.
13407 0776 1314 0.
134-08 0778 1314 0.
134-09 0.776 1.314 0.
134-10 0776 1314 0.
136-01 1.8 1. 0.
13801 1.66 1. 0.
14201 04284 0762 0.
14202 04264 0.7622 0.
14601 0478 16 0.
14602 0476 16 0.
14603 0476 16 0.
146-04 0476 1.6 0.
150-01 0.203 075 075
15002 0.203 075 0.75
150-03 0203 075 075
150-04 0.203 075 0.75
154-01 1.6 1 0.
156-01 165 409 409
15602 1.65 0.12 0.12
156-03 1.65 0.12 .12
15604 1.65 0.12 012
156-05 1.65 0.12 .12
156-08 0.08322 488 483
158-01 0.08322 450 0.
15802 0.08322 450 0.
162-01 0.08322 1.8 -8
16202 0.08322 157 0.
162-03 0.08322 145 0.
16204 0.08322 12.10439 ~12.10439
171-01 003035 030 03
171402 0.03095 200 00
17103 0.03035 228 0.0
17401 0.08322 050 050
*-L 00P2-LO0P2-100P2-LO0P2-LO0P2-LO0P2-LO0P2-L00P2~-L.O0P2-LO0P2-LOOP2-
201-01 0.08322 107 0.
20102 0.08322 366 0.
201-03 0.08322 221 0.
20401 008322 0.69 0.
204-02 0.08322 1285 0.
20403 0.08322 251 244

APPENDIX G: TABLE OF ALL CONTROL VOLUMES

* lp1 hotleg

* 1 hotleg

*Ip1 hotleg

*Ppihotleg

*ipthotleg

*Ipt hotleg

¢ Ip1 MHX primary inlet plenum
* 1p1 MHX primary (shel)

* Ip1 MHX primery (shel)

* Ipt MHX primary (shel

* Ipt MHX primary (shel}

* Ip1 MHX primary (shef))

* Ip1 MHX primary (shel)

* ip1 MHX primary (shel)

* i1 MHX primery (shell)

* fp1 MHX primary (shel)

* lpt MHX primary (shel)

* Ip1 MHX primery (shell)

* Ip1 MHX primary exit pleoum
* Ip1 pips joining HXs

* Ip1 pipe joining HXs

* lp1 pipe joining HXs

* 1 EHX primary inlet plenum
* Ip1 EHX primary (shel))

* Ip1 EHX primeuy (shel)

* lp1 EHX primary (shell)

* Ip1 EHX primary (shel)

* Ip1 EHX primay exit planum
“Iplcotleg

*1p1 cold leg

* 1 cold leg

* Ip1 primary coolant pump

* Ip1 pc purmp discharge

*ipt coidieg

* p1 MHX sec src 30255 K

* ip1 MHX sacondary {tube)

* Ip1 MHX secondary {iube)

* Ip1 MHX secondary (tube)

* Ip1 MHX secondaty (tube)

* Ip1 MHX secondary (ube)
* ip1 MHX secondary (ube)

* ip1 MHX sacondary (tube)
* i1 MHX secondary (tube)
* p1 MHX secondary (tube)
* ip1 MHX sacondary (tube)

¢ Ip1 MHX soc sink 0449 MPa
* ip1 EHX sec source 311.15K
* Ip1 EHX secondary inlet pipe
* i1 BHX secondary inlet pipe
* Ip1 EHX secondary (tube)

* Ip1 EHX sacondary (tube)

* Ip1 EHX secondary (tube)

* ip1 EHX secondary (tube)

* p1 EHX secondary chimney
¢ 1 EHX sscondary chimney
* p1 EHX secondary chimney
* Ip1 EHX sscondary chimney

* 1 BHX sec snk 015077366 MPa

* ip1 ACCUM tank 100 volume
* 1p1 ACCUM tank top

* ip1 ACCUM tank 1op

* p1 ACCUM tank top

* Ip1 ACCUM tank op

* Ip1 ACCUM standpipe

* Ip1 cokiHeg horizontal

* Ip1 coidHeg horizontal

* Ip1 coldeg downcomer pipe
* Ip1 cold-eg downcomer pipe
* Ip1 cold-eg downcomer pipe
* 1 cold-leg downcomes pipe
* ipt1 IFD throat

* Ip1 IFD throat

* Ip1 IFD twoat

* p1 PSVAW jon pipe

*p2hotleg
“f2hotleg
*p2hotieg
* K2hotleg
*K2hotleg
* p2hotleg




20601 0.08322 10 0. 0.3255 457 * ip2 MHX primary inlet plenum
20801 0.8258 11 0. 0.636 457 * Ip2 MHX primary (shel])
20802 0.8258 mm 0. 0.636 457 * Ip2 MHX primary (shel)
20803 0.8258 1.1 0. 063 457 * Ip2 MHX primary (shel])
20804 0.8258 m 0. 0635 457 * Ip2 MHX pritnary (shel)
208-05 0.8258 1 0. 0.636 457 * Ip2 MHX primary (shell}
208-06 0841 - 203 0. 0.8%4 457 * b2 MHX primary {shel)
20807 0.8258 wm 0. 0.636 457 * Ip2 MHX primary (shell)
208-08 0.8258 m 0. 063 457 ¢ 2 MHX primary (she¥)
208-09 0.8258 111 0. 0.636 457 * Ip2 MHX primary (shel)
208-10 0.8258 1.11 0. 0.636 457 * Ip2 MHX primary (she)
208-11 0.8258 1 0. 0636 457 * Ip2 MUX primary (shel)
21201 0.08322 10 0. 0.3255 457 * Ip2 MHX primary ex?t planum
213-01 00832 1.981 0762 0.3255 457 * p2pps joning HXs
21302 0.08322 123 -0.6093 0.3255 457 * Ip2 pips joining HXs

21308 0.08322 0.609% +0.6096 0.3255 457 * p2pipe joining HXs

21401 0.08322 10 0. 0.3255 457 * Ip2 EHX primary inlet plonum
21601 0894 16 0. 0.00170 457 * Ip2 EHX primary (shell)
21602 0.894 15 0. 0.00170 457 ¢ Ip2 EHX primary (shelf)
21603 0.894 15 0. 0.00170 457 * Ip2 EHX primary (shell}
21604 0.8%4 16 0. 0.00170 457 ¢ Ip2 EHX primary (shel)
22001 0.08322 1.0 0 0.3255 457 * Ip2 EHX primary exit plenum
22201 0.08322 231 -0.305 0.3255 457 * p2cold log

2202 0.08322 213 0 0.3255 457 * Ip2cold leg

22203 0.08322 0.762 0.762 0.3255 457 * p2 cold leg

2401 15478 05 0.000 - - * p2 primary coolant pump
22501 0.08322 0.9146 00 0.3255 457 * 2 pe pump discharge
22901 0.08322 625 0.0 0.3255 457 * p2cold leg

23001 1.6 1. 0 0. 0 * Ip2 MHX sec src 30255 K
23401 0.776 1314 0 0.01588 457 * Ip2 MHX secondary (tube)
23402 0.776 1314 0. 0.01588 457 * p2 MHX secondary (tuba)
23403 0776 1314 0. 0.01588 457 * Ip2 MHX secondary (tube)
23404 0776 1314 0 0.01588 457 * Ip2 MHX secondary (tube)
23405 0.776 1.314 0. 0.01588 457 * p2 MHX secendary (tubo)
23406 0778 1314 0 0.01588 457 * Ip2 MHX secendary (tuba)
2407 0.776 1.314 0 0.01588 457 * Ip2 MHX secendary (tubo)
23408 0.776 1314 0. 0.01588 457 * p2 MHX secendary (ubo)
23409 0776 1314 0. 0.01588 457 * Ip2 MHX secondary {tubo)
23410 0.778 1314 0. 0.01588 457 * Ip2 MHX secondary (tube)
23601 1.66 1 0. 0. 0. * 2 MHX sec cink 0.449 MPa
23801 1.66 1 0. 0. 0. * p2 BiX secsource 311.15K
24201 0.4264 0.7622 0. 04573 457 * Ip2 EHX secondary inlet pipe
24202 04264 0.762 0. 04573 457 * Ip2 EHX secondary inlet pipe
24601 0476 1.6 0. 0.01%05 457 * 12 EHX secondary (tube)
245-02 0.476 1.6 0. 0.01905 457 * §p2 EHX secondary (tube)
24603 0478 16 0. 0.01905 457 * p2 EHX secondary (tube)
24504 0476 16 0. 0.01805 457 * 2 EHX secondary {iube)
250-01 0.203 075 0.75 0508 457 * |2 EHX secondasy chimney
25002 0.203 075 075 0508 457 * p2 EHX secondary chimney
250-03 0203 0.75 0.75 0.508 457 * Ip2 EHX secondary chimney
250-04 0.203 075 075 0508 457 * Ip2 EHX secondary chimney
25401 1.6 1. 0. 0. 0. * p2 EHX sec snk 0.15077366 MPa
256-01 + 165 4.09 -4.09 1449 457 * Ip2 ACCUM tank fop volume
25602 165 0.12 0.12 1449 457 * P2 ACCUMtankiop
25603 1.65 0.12 .12 1449 457 * p2 ACCUM tank top
25604 1.65 0.12 0.12 1449 457 * Ip2 ACCUM tark top
25605 1.65 0.12 .12 1449 457 * p2 ACCUM tank top
256-06 0.08322 4588 -4.88 0.3255 457 * ip2 ACCUM standpipe
258-01 0.08322 450 0. 03255 457 * Ip2 cold-eg horizontal
258-02 0.08322 450 0. 0.3255 457 * p2 coldHeg horizontal
26201 0.08322 0.64538 0.0 0.3255 457 * 2 coldHag downcomer pipe
26202 0.08322 13.83439 -13.83439 0.3255 457 * 2 coid-lag downcomer pipe
27101 0.03035 0.30 03 0.1985 457 * 2 iFD throat

27102 0.03095 029 0.0 0.1985 457 * 2 {FD troat

27103 0.03035 0.84 0.0 0.1985 457 * p2 {FD throat

27401 0.08322 050 050 0325 457 * p2 PSVAW jon pipe
*-LOOP3-LOOP3~LOOP3-LO0P3-LOOP3-LOOP3-LO0P3-LO0P3-LOOP3~LO0P3-LOOP3-*

30101 0.08322 328 0. 03255 457 * 3 hotleg

304-01 0.08322 0.69 0. 0.3255 457 *p3hotleg

30402 0.08322 1285 0. 0.3255 457 * p3hotleg

304-03 0.08322 251 24 0.3255 457 * p3hotleg

306-01 0.08322 10 0. 0.3255 457 * 1p3 MHX primany inlet plenum
308-01 0.8258 111 0. 063% 457 * Ip3 MHX primavy (shel)
308-02 0.8258 1.1 0. 0.635 457 © Ip3 MHX primavy (shell)
303-03 0.8258 1.1 0. 06% 457 * 1p3 MHX primary (shel)
308-04 0.8258 RG] 0. 0.63% 457 * Ip3 MHX primauy (shell)
308-05 0.8258 1.1 0. 0.6% 457 * p3 MHX primary (shel)
30806 0.841 20 0. 0.8%4 457 * ip3 MHX primary (she)
0807 0.8258 1.1 0. 0.6%6 457 * 13 MHX primavy (shell)
308-08 0.8258 11 0. 0.6% 457 * Ip3 MHX primavy (shel)
308-03 0.8258 1.1 0. 0.6% 457 * Ip3 MHX prmary (she)
308-10 0.8258 111 0. 0.63% 457 * Ip3 MHX prirmexy (sheX)



2031 0.8258 11 0.
31201 008322 10 0.
31304 0.08322 181 0762
31302 0.06322 123 05093
31303 0.08322 0.50% 050%
3140 0.06322 10 0.
31601 0.8%4 16 0.
31602 08% 16 0.
31603 0.894 15 0.
31604 0894 16 0.
32001 0.08322 10 0.
32201 0.08322 231 0.305
3202 008322 213 0.
32248 008322 0782 0762
32401 15478 05 0000
32601 008322 09145 00
32301 0.08322 625 00
33001 165 1. 0.
33401 0776 1314 0.
33402 0776 1314 0.
33403 0776 1314 0.
334-04 0776 1314 0.
33405 0776 1314 0.
334-06 0.776 1314 0.
33407 075 1314 0.
334-08 0.77 1314 0.
33409 0778 134 0.
33410 0.776 1314 0.
33501 1.6 1. 0.
33801 1.66 1 0.
4201 04264 0762 0.
342:02 04284 07622 0.
3601 0476 15 0.
34602 0476 16 0.
603 0476 15 0.
34604 0476 16 0.
35001 0208 075 075
35002 0208 075 075
35008 020 075 075
35004 0203 075 075
35401 166 1 0.
35601 165 409 4%
35602 165 012 012
356-03 165 0.12 012
35504 165 012 012
35605 165 012 012
35606 008322 488 488
35801 0.08322 7.24 0.
353.02 0.08322 7.24 0.
36201 008322 12186 09
36202 008322 13.93439 -13.83439
37101 0.03095 00 23
7102 0.0305 051 00
37103 003095 058 00
37401 0.08322 050 050
*LO0P4-LOOP4-LOOP4-LOOP4-LOOP4-LOOP4-LOOP4-LOOP4-LOOP4-LOOPA-LOOPA-*
45101 0.08322 328 0.
42901 0.08322 625 00
45501 0.08322 7.4 0.
45802 00832 7.24 0.
45201 0.08322 12166 09
46202 008322 1393439 1383439
47101 0.03035 030 03
an-oz 0.03095 051 09
471-03 0.03085 0.9 00
47401 0.08322 050 050

* 3 MHX primary (shel)

* 1p3 MHX primary exit plenum
* 3 pipe joining HXs

* Ip3pipe joning HXs

* Ip3pips joning HXs

* Ip3 EHX primary inlet plenurm
* 1p3 EHX primary (she)

* Ip3 EHX primayy (shell)

* 1p3 EHX primary (shell)

* 1p3 EHX primary (shaf)

* 1p3 EHX primary exit pleaum
* p3cold leg

* p3cold leg

*Ip3cold leg

* 1p3 primary coolant pump
* 1p3 pe pump discharge

* 13 cold leg

* 3 MHX soc s1¢ 30255 K

* 3 MHX secondary (tube)
* Ip3 MHX secondary (tube)
* Ip3 MHX secondary {tube}

* Ip3 MHX sacondary {tube)
* 1p3 MHX secondary (tbe)
* Ip3 MHX secondary (ube)
* Ip3 MHX secondary {tubs)
* Ip3 MHX sacondary {tube)
* Ip3 MHX sacondary (tube)

* ¥p3 MHX sacondary (tube)

* Ip3 MHX sec sink 0.449 MPa
* Ip3 EHX sec source 311.15K
* Ip3 EHX sacondary nlet pipe
* Ip3 EHX secondary inlet pipa

* Ip3 BHX sec snk 0.15077365 MPa
* p3 ACCUM tank op volume

* 53 ACCUM tank op

* 1p3 ACCUM tark top

* 1p3 ACCUM tank top

* D3 ACCUM tank fop

* p3IFD throat
* 3 PSVAW join pipe

*pdhotleg

*lpdcolleg

* Ip4 cold-eg horizontal
‘weu»ulaghom' 1]

* ip4 cold-leg downcomer pipe
* 4 cokd-leg downcomer pipe
* p4 IFD hoat :
* Ip4 IFD fvoat

* Ip4 IFD throat

* Ip4 PSVAW join pipe
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