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O ABSTRACT
A.J

The Super System Code (SSC) calculates the response of nuclear reactor

systems during operational, incidental and accidental transients, especially

natural circulation events. Modules simulated and parameters calculated in-

clude: core finw rates and temperatures, loop flow rates and temperatures,

pump performance, and heat exchanger operation. Additionally, all plant pro-

tection systems and plant control systems are . accounted for. All calculations

are done in SI units.

.SSC is a general system transient code. It is highly flexible, with com-

plete variable dimensioning, allowing any number of user specified loops,

pipes and nodes. Single phase and two phase thermal hydraulics are used in a

multi-channel core representation. Inter-assembly flow redistribution is

accounted for; a detailed fuel pin model is used. The heat transport system

geometry is user specified.

The code has both transient and steady state options. Restart capability
* is provided. Input is free format in a modular structure that makes use of

abstract data management techniques.

Plant modules are simulated by individual computer subprograms which are

controlled by a master program through the use of a multiple timestep scheme.

This approach allows each module to be simulated with an optimum numerical
I

'

method. Direct integration, finite differences, and weighted residuals are

examples of the methods used to solve the governing differential equations

which describe the response of the system. Physical properties are repre-

sented by polynominal fits and calculated as in-line functions.

|
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SSC was developed using the CDC 7600. It has been successfully imple-

mented on IBM compatible systems with only minor modification. The code is

designed to yield real time or better simulation on a CDC 7600. Actual run-

ning time varies depending on the detail specified and transient simulated.

SSC is available in either a CDC UPDATE format or as FORTRAN source. The

customary transmittal package also includes the input files for the three

standard benchmark problems, as well as 48x microfiche which contain the SSC

support documentation and sample output for each of the benchmark problems.

SSC is currently available as a draft release from Brookhaven National Labora-

tory with NRC consent.

For further infonnation regarding the evolution of SSC, the reader is re-

ferred to two additional reports, which were the forerunners of this present

unified work: 1.e. ,1) A. K. Agrawal , et al . , "An Advanced Thermohydraulic

Simulation Code for Transients in LMFBRs (SSC-L Code)," BNL-liUREG-50773,

February 1978, and 2) A. K. Agrml, et al . . ." User's Manual for the SSC-L

Code," BNL-NUREG-50914, October 1978.
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Q 2. INTRODUCTION
,

2.1 BACKGROUND

i
;

The simulation of a liquid metal cooled fast breeder reactor (LMFBR) plant
i

for a variety of off-normal or accident conditions (' Anticipated'., ''Unlikely',4

and ' Extremely Unlikely') is an important part of the overall safety gylua-

I -tion. Examples of different off-rarmal or accident conditions include (a) the

withdrawal of a control rod, (b) pump seizure in one of the loops, (c) after-

heat removal .in the absence of any forced pumping power and (d) a major; pipe

| break in the primary heat transport system (PHTS) or intemediate heat trans-

port system (IHTS). In all of these events, the plant protection system (PPS)
l'
j is assumed operative per design. Th2 safety implication here is to assure
,

' that in any of these events the plant coolability is not endangered,

j. In some of the off-nomal conditions, a proper design 'of the PPS' prevents

i any loss of fuel pin integrity. For some other conditions, such as a massive

| pipe rupture in the primary heat transport system, one needs to assure that
!

|
the coolable geometry is maintained. In this case, the PPS is expected to

I initiate reactor scram, and, if possible, the affected loop is isolated. The

i
j' decay heat will then have to be removed, for both short-term and long-term, in
!

I an acceptable manner through the remaining unaffected loops or via alternate
-

i

| emergency heat removal paths. Depending on the nature and location of a pipe

rupture and the state of the plant prior to the rupture, coolant flow reversal

! or coolant stagnation could occur in the reactor core. Even if this condition
;

) were to' persist for'only a few seconds, a significant fraction of the total
-

|
fuel pins could fail and release fission gases either prior to or subsequent

to sodium boiling. Any system analysis-code, therefore, must provide a

O
. 2-1
L.
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capability to analyze such an accident.

Another important area for the system response evaluation is the plant's

capability to dissipate after-heat from an intact system in the absence of any

forced pumping power. The natural convection that may be established in the

plant needs to be evaluated from the point of view of assuring the long-tem

coolfd) capability of the plant. The entire plant, with all of the essential

components, needs to be modeled in sufficient detail to predict, in particu-

lar, the thermohydraulic behavior of the reactor core.

For some of the problems, the plant simulation may be required only for

several teas of seconds. On the other hand, the long-term after-heat dissi-

pation capability may require simulation for up to an hour or more of trans-

ient time. The computational time shculd, therefore, not be excessive, in

order to pemit execution of a suf ficient number of parametric studies.

Restricted analytical models and associated computer codes such as IANUS,

[2-1] DEMO, [2-2] and NATRANS [2-3] have been developed by other organizations

to simulate the overall response of a fast reactor plant. The first two codes

were specifically designed for the Fast Flux Test Facility (FFTF) and the

Clinch River Breeder Reactor Plant (CRBRP) respectively. The IANUS code mod-

els the PHTS, the IHTS, and the dump heat exchanger. The DEM0 code i< for

CRBRP, with the exception that the dump heat exchanger is replaced by a steam

generator and other components of the tertiary water loop.

Another code, called NALAP, [2-4] for the transient simulation of an LMFBR

system is also available. This code was obtained by adopting RELAP 3B [2-5]

(BNL version of RELAP 3) by substituting sodium properties in place of those

of water. Although this code is capable of providing a rudimentary flow decay

2-2
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() for a pipe rupture accident, a number of.modeling as well as operating limi-

tations exist. l

A number of simplifying assumptions and approximations are made in these

codes, which may be acceptable from the design point of view, but are unac-

ceptable for safety analyses. For example, the modeling of the entire reactor

core by a single average channel is highly questionable. The thermohydraulic

or neutronic couplings between ' hot', ' peak', ' average', and ' cold' channels

must be included to account for the fact that up to 20 to 25 percent of the

reactor core could be operating at peak channel conditions. An adequate re-

presentation for mixing of coolant coming out of different channels (or as-

semblies) having different temperatures in the outlet plenum is critical in

determining sodium conditions at the vessel outlet. The coolant temperature

n here influences the natural convection capability in the plant,
V There are processes that may be peculiar to safety analyses. For example,

sodium boiling and fission gas release are two important phenomena that could

be. encountered in both of the safety problems discussed earlier. It should,

however, be noted that these phenomena may not occur in all of the channels

but only in part of the core.

,
2.2 OBJECTIVES

1

To provide for a gen'eral system code, a work plan was written in fiscal

year 1976 to develop the Super System Code (SSC). The prime objective of this,

: program is to develop an advanced system transient code for LMFBRs which will

be capable of predicting the plant response when subjected to various off-
:

nonnal and accident conditions. Two major accidents that this code will be

[)
t
'

L
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designed to simulate are: (1) pipe breaks up to and including a double-ended

rupture anywhere in the PHTS, or IHTS (2) the long-term after-heat removal in

the absence of any forced pumping power. In both of these events, the plant

protection system (PPS) will be assumed to be functioning. In addition, SSC

will be able to simulate many of the ' level-2' transients such as withdrawal

of a control rod followed by reactor scram through PPS action.

Another key objective of the code is to provide a capability within the

code for doing steady-state or preaccident initialization. The initialized

conditions will be calculated from the user-specified design parameters and

operating conditions. A restart capability is provided so that a series of

transient analyses can be made from a single steady-state computation. A re-

start option during transient analyses is also available.

The first in the series of codes in the SSC program is designed to simu-

late thermohydraulic transients in loop-type LMFBRs. Subsequent versions

include a similar capability for the ' pool' - or ' pot'-type designs of LMFBRs.

2.3 SUMMARY

The SSC Program consists of developing system transient codes for both

loop- and pool-type designs of LMFBRs. These series of codes are labeled

SSC-L and SSC-P, respectively. The work reported here is on the SSC-L code.

The essential components and their arrangements in a loop system, such as the

Clinch River Breeder Reactor Plant (CRBRP), [2-6] are shown schematically in

Figure 2-1. Under nomal operation, liquid sodium flows in both primary and

intermediate heat transport systems. The steam generating loop or tertiary
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loop is also shown in this figure.

A comprehensive description of all of the models that were either develop-

ed or adapted to simulate processes of interest is given in Chapter 3. In

this chapter, descriptions of models for the steady-state plant characteriza-

tion, prior to the initiation of transients, are noted before going into their

transient counterparts.

Numerical methodology, that was developed for the SSC-L code, is discussed

in Chapter 4. As a starting point for any transient calculation, a stable and

unique steady-state or pretransient solution for the entire plant is obtained.

In doing so, the time-independent form for continuity,. energy, and momentum

conservation equations are reduced to a set of nonlinear algebraic equations.

These equations are solved in two steps: first, the global parameters are ob-

tained; then, more detailed characterization is done by using the global con-

ditions, obtained in the first step, as boundary cmditions.

The energy and momentum conservation equations which describe water / steam

flow in the tertiary loop are coupled since the constitutive laws depend ex-

plicitly on fluid pressure. These equations are represented in the form of a

set of algebraic equations for each control volume. These equations are then

solved iteratively for the steam generating system.

For sodium loops, the energy and momentum conservation equations may be

decoupled when the effect of pressure on subcooled liquid sodium properties is

neglected. This is a valid assumption. Therefore, the energy equations for

both primary and intermediate heat transport systens are solved in conjunction

with the detailed solution for the steam generator. The head requirement for
,

sodium pumps is then determined by computing the entire pressure drop in the

2-6
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(j loop. The actual pressure at any location in either the primary or secondary

system is then related directly to'the cover gas pressure.

The numerical ' integration of the transient form of the governing equa-

tions is done using a multiple timestep scheme (MTS) [2-7]. In thi s method,

different processes are integrated by using different timestep sizes. This is

achieved by dividing the entire system into a number of subsystems. Each of

these subsystems uses a different timestep in time advancement. In order to

keep the logic required for integrating the different subsystems manageable, a

total of four different timestep sizes are used. These are for (1) hydraulic

response of both the primary'and intermediate heat transport systems, (2)

thermi response of both the primary and intemediate heat transport systems,

(3) fuel rod heat conduction and power generation computations and coolant

dynxics in the reactor core, and (4) computations in the steam generating

system.

Individual processes are solved by the numerical algorithm that is most

suitable for the process under consideration. For example, the heat conduc-

tion equations for a fuel rod are solved by a first-order fully implicit fin-
ite differencing scheme. The fission heating computations, on the other hand,

can be computer by a modified Kaganove method which uses a polynomial method

or by the prompt jump approximation. The overall interfacing of all processes

is achieved by matching boundary conditions at the respective interfaces. The

overall timestep is controlled by requiring solutions to be numerically stable

as well as by user-specified accuracy criteria. A feature that is built into

the code allows the timestep sizes to be automatically reduced or increased.

2-7a

L



A large number of modeling options are built into the code. These are

discussed in detail in Chapter 3. A user can select options through various

flags or switches that are required as a part of the input.

A number of constitutive relations and correlations are required. These

can be input either in a tabular fonn or in an analytic fonn. For the sake of

computing efficiency, analytic forms are preferred and, hence, used in the

SSC-L code. Chapter 5 gives a list of all constitutive relations and correla-

tions that are needed by the code. A set of appropriate values for coeffi-

cients in these analytic equations is also noted, although no claim for their

suitability for any analysis is made (i.e., whether they are best values, con-

servative values, or desirable values). These coefficients are made avail-

able, as default, in the code. They can be overridden through input.

The SSC-L code is deliberately structured in a modular fashion. The data

transfer between various modules is accomplished by COMMON blocks. The entire

code is written in a variably dimensioned fonnat, which allows for the most

effective usage of computer core space. Standard coding practices were fol-

lowed so that exportability of the code to other institutions can be achieved.

Chapter 6 discusses various guidelines that were used in development of the

SSC-L code. A naming convection for all global variables, as well as sub-

programs, was developed and utilized in the code. This considerably simpli-

fies debugging of the code. A simplified flow chart, with brief descriptions

i of all major subprograms, is also given in Chapter 6.

Chapter 7 gives detailed instructions on how to use this code. Included

in this documentation is a detailed data dictionary, sample input deck, and

output of the code.
.
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L A word on the units is in order. The SSC-L code is written in a con- |
.{'Ss_s/ 1

sistent set of SI units [2-8]. I

2.4 APPLICATIONS
1

The SSC-L code is developed as an advanced thermohydraulic transient code

for loop-type designs of LMFBRs. Although the emphasis here is on transients
j

for safety analysis, this code can be utilized for a variety of other ob-

jectives, including (a) scoping analysis for design of a plant and (b)
i

specification of various components.

4
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[ l' 3.1 =IN VESSEL HEAT TRANSFER,

v

The reactor vessel is modeled by four regions (see Fig. 3.1-1).

1) ' Lower (inlet) plenum

2) " Extended" core

3) Upper (outlet) plenum

4) Bypass channel.

The five elevations (a-e) indicated in Fig. 3.1-1 are the sodium level,

outlet nozzle, inlet nozzle, extended core top, and extended core bottom, re-

spectively. These elevations are the reference locations for pressure calcu-

lations in i.... core. The mass flow rate, fluid pressure, and fluid tempera-

ture at the inlet and outlet nozzle connect the flow dynamics in the vessel to

those in the primary loops.

rO
V

3.1.1 LOWER (INLET) PLENUM

Fig. 3.1-2 shows a schematic of the inlet plenum of a reactor vessel. At
,

steady-state the fluid and the metal in the lower plenum are assumed to be in

thermal equilibrium. These temperatures are then equal to the fluid tempera-

ture at the inlet nozzle, i.e.,

TFLP = TMLP = TIZ (3 1-1)

where,
TFLP = temperature of the fluid in the lower plenum,

TMLP = temperature of the metal (structure) in the lower plenum,

Tgz = fluid temperature at the inlet nozzle.

During transients, the coolant enthalpy is computed assuming complete mixing

of various flows entering the region. The governing equations (in finite dif-

O
3.1-1
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ference fonn) are

(pV)ptp(n FLP - h -1FLP)/At h Wj (b,k - hk k k
FLP) -

i=1

Jout k k kWj ( h j - h FLP) + Q -1 (3.1-2)I

j=1

k k k(pVc )MLP(T MLP - T -1MLP)/At = - Q -1 (3.1-3)p

Q -1 = UA(T -1MLP - T -1FLP) (3.1-4)k k k

TFLPk = f(hkFLP) (3.1-5)

where,

(pV)FLP = mass of fluid in the lower plenum

hFLP = enthalpy of fluid in the lower plenum

k = timestep index

At = timestep

Wj = mass flow rate into lower plenum

hj = enthalpy of inlet flow

I n = total number of inlet flowsi

Hj = outlet mass flow rate

hj = enthalpy of outlet flow

Jout = total number of outlet flows

Q = heat tiow from metal to fluid

(pVc )MLP = mass and specific heat of metal on lower plenump

UA = overall heat transfer coefficient from metal to fluid in lower

plenum.

3.1-4
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!

3.1.2 IN-CORE HEAT TRANSFER-,'

1L.-)
Fig. 3.1-3 shows a general schematic of fuel bundles and their associated

coolant channels. In SSC, intra-assembly cross-flow and inter-and intra-

assembly heat transfer effects are not modeled at present, decoupling the

thennal hydraulics of a single fuel rod, with its associated coolant channel

and structure, from the others. A general fonn of such a fuel channel (divid-

ed into N6ASEC axial nodes) is shown in Fig. 3.1-4. The rod is composed of up

to five axial regions: lower plenum, lower blanket, active fuel, upper blan-

ket, and upper plenum. One or more of these regimes may be amitted at the

user's request, out the sequence will be maintained. Axial heat conduction is
,

also neglected, pennitting the analysis to be done on an axial level, channel

by channel basis. Other channels (e.g., blanket, contrtol) are analyzed iden-

tically to a fuel channel .

3.1.2.1 RADIAL N0 DING

A typical axial slice of a fuel channel is shown in Fig. 3.1-5. The fuel

is divided into NF (user input as N5NFR) nodes; the gap, clad, coolant and

structure have one node each. Thennal expansions are accounted for in the

fuel and clad in the steady-state and transient. The fuel is allowed to re-

structure once in the steady-state, the restructuring is then carried over

into the transient.

The radial nodes in the fuel are determined by either the equal radial

increnent method or the equal area method (user input option). For the equal

radial increment method, the radii are given by:

R1 = Ryg (1 + al(T1-TREF)) (3.1-6a)

p' Rj = Rj.1 + AR(1 + aj.t(Tj.1 - TREF),i=2...,NF+1. (3.1-6b)
G-
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) (Rpo - RpI)
(3.1-6c)p ,

NF

where, Rpt = inner fuel radius at temperature, TREF

RF0 = outer fuel radius at temperature, TREF

aj = coefficient of thennal expansion for node 1,

Tj = average temperature in the ith node.

In the equal area method, the radii are given by:

Rg = Rpg(1 + at (Ti-TREF)) (3.1-7a )
<

2Rj = [(Rj.1 ) + AR(1 + aj.1(Tj_1 - TREF)))2 1/2 (3.1-7b)3

and

2[Rp0 -RFI 3 /2
AR = (3.1-7c)

NF
;

The restructuring of the fuel is calculated for an axial slice during the

steady-state only. Grain growth is assumed to divide the fuel into three

regions: unrestructured, equiaxed grain growth, and columnar grain growth.

The transition temperatures for equiaxed grain growth, TEG, and columnar

growth, TCG, are user input. If the fuel pin restructures, the inner fuel

radius is determined by taking the mass balance of fuel in each slice:

2 / 2R'pg = [R EG + (PEG PCG)(RUN -REG )
(3.1-8)

+ (PUN ACG)(Ryg2-RUN )3/ *

where REG is the first node in the equiaxed grain region, RUN is the first

node in the unrestructured region, and pVN DEG PCG are the densities

in the unrestructured, equiaxed grain, and columnar grain regions respective-

ly. The new inner fuel radius, R'pI, is re-evaluated at the reference tem-

perature, TREF, before being used in the radii equations.
O,
V
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There is only one node in the clad, therefore the cladding radii are

given by:

RNF+2 = RCLI(1 + QCL(TCL - TREF)). (3.1-9a)

RNF+3 = RNF2 + (RCL0 - RCLI)(1 + CL(TCL - TREF)), (3.1-9b)

where RCLI and RCL0 are the clad inner and outer clad radii at the refer-

ence temperature.

Thennal expansion effects are not accounted for in the coolant channel

flow area or the structure.

3.1.2.2 FUEL-CLAD GAP

The gap between the fuel and cladding is detennined explicitly by sub-

tracting the outer fuel radius and inner clad radius as calculated at the

operating temperature. If this distance is negative, the outer fuel radius is

set equal to the inner fuel radius and the gap is taken to be zero.

Heat transfer across the gap is modeled in tenns of a gap conductance.

The gap conductance is computed if the gap is of finite size; for a closed

gap, the conductance is user input.

For the case of a finite gap, heat is transported across the gap by con-

duction through a mixture of fill gas and fission gasses (xenon and krypton)

and thermal radiation between the outside surface of the fuel and the inside

surface of the clad. Heat transfer via free convection of the gasses in the

gap is considered negligible.

With these assumptions, the heat flux at the outer fuel surface (per unit

length) across a finite gap is given by

q = 2w RNF+1(Tgp - TNF+2)(hcond + h ad) (3.1-10)r

O
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,a
-(j where,

hrad " cc (T NF + NF+2 TNF+2 + NF+2 NF * NF+2 ) (3.1-11)

- R
-. 1 NF+1 1

'

}** + ~ '-
, NF R CNF+2c

NF+2 _

|

1

hcond = kmix/(RNF+2 - RNF+1) (3.1-13)

N

kmix = 0.5 [ E xj kj+ 1 ] (3.1-14)
i=1 N

E xj/kj
i=1-

The emissivities (cNF **NF+2) of the fuel and cladding and the thermal con-

ductivity of the gasses (kj) are user input. The mole fractions of the

gases (xj) are determined by user input models if fission gas is released.

If there is no gap, the heat flux at the outer fuel surface is given by

q = 2n RNF+1 (TNF - TNF+2) hcont> (3.1-15)

where hcont, the contact resistance, is user input.

3.1.2.3 TOTAL REACTOR CORE POWER

The total reactor core power (which includes the fission and decay heat

contributions) is divided among the core coolant channels and the bypass chan-

nel . Therefore the total reactor power, PST0T(t), is written as

N6CHAN N6CHAN
PST0T(t) = I P5FISS(k,t) + r PSDCY (k, t) + PSBYPS(t) (3.1-16)

k=1 k=1

I
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where,

OP5FIIS(k,t) = FSPFIS(k)*F6TPOW(k) PSPT0T(0) n(t) (3.1-17)

PSDCY(k,t) = F5PDCY(k) F6TP0W(k) P5 TOT (0) d(k,t) (3.1-18)

PSBYPS(t) = F6BYP P5T0T(0)-(F5PFISS(N6CHAN+1) n(t) (3.1-19)

+ F5PDCY(N6CHAN+1) d (t)),B

where,

F6TPOW(k) = Fraction of total power allocated to the k-th channel,

FSPFIS(k) = Fraction of power from fission and gamma heating in the k-th

channel ,
s

F5PDCY(k) = Fraction of power from decay heating in the k-th channel,

F6BYP = Fraction of power in the bypass channel,

n(t) = normalized time-dependent factor for fission and gamma

heating,

d(k,t) = normalized time dependent factor for decay heating in the

k-th channel ,

d (t) = normalized time-dependent factor for decay heating of theB

bypass channel .

It is required that,

N6CHAN

I F6TPOW(k) + F68YP=1 ( 3.1-20 )
k=1

and

F5PFIS(k) + F5PDCY(k) = 1 (3.1-21)

The power deposited in a channel is further subdivided into four tenns:

1) Portion deposited in the fuel (or blanket) pellets, F5PWR5(k)

2) Portion deposited in the cladding, F5PWR6(k),

3) Portion deposited in coolant, F5PWR1(k),

O
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(3 -4) Portion deposited in structure, F5PWR7(k)
%.)

These power fractions are normalized so that

F5PWR5(k) + F5PWR6(k) + F5PWR1(k) + F5PWR7(k) = 1 (3.1-22 )

for all channels.
.

7.
'' 3.1.2.4 IN-CHANNEL _ SPATIAL POWER NORMALIZATION
.

An axial variation along the length of the channel is specified by a pro-

file supplied by the user. The axial distribution profile is stored in the
;

F5 PAX array. The data are taken to apply at the nodal midpoints. These rela-
|

tive axial distribution data are then normalized such that: !

N5ASEC

1__ I F5PAXj AZj = 1, (3.1-23)
,

|
ZT J"I |

|

where ZT is the total axial height of_ the channel, N5ASEC, is the total num- |

ber of axial slices in the channel, and AZj is the height of the j-th axial
slice.

The radial power within a fuel or blanket pellet is allowed to vary in a

user sp.tcified manner. The pin radial profile is stored in the F5PRAD array.

The user-input radial power shape is normalized such that:

N5NFR
I F5PRADj Aj

i* =1, (3.1-24)ggggg
I Aj

i=1

where N5NFR is the number of radial nodes in the pin and Aj is the area of

the 1-th node.
.
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Any power deposited in the cladding, coolant, or structural material is

a ,sumed to be distributed unifonnly in the radial direction.

3.1.2.5 STEADY-STATE ALGORITHMS

Axial heat conduction is neglected in calculating the in-core steady-state

temperature distribution. This assumption not only permits the calculation to

be done by marching from one axial level to the next, but also pennits calcu-

lating the coolant temperature distribution independently from the fuel rod

and structure temperature calculations. In the steady-state, the coolant en-

thaply (or temperature) calculations are calculated before determining the

fuel rod and structure tenperatures.

3.1.2.5a COOLANT HYDRAULIC CALCULATION O
The core region is subdivided into N6CHAN parallel channels. These chan-

nels represent either fuel, blanket, or control rods. A bypass channel is

also included. At steady-state, there are two options that may be used to ob-

tain the fraction of the total flow through these channels. The first option

requires that the flow fraction be specified by the user through the para-

meters Fk a nd FBP. These are given by the following equations:

Fk= k = 1,..., N6CHAN , (3.1-25a ),

W otalt

and

WBP
(3.1-25b)FBP = .

W otalt

O'
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l

In the second option, these flow fractions are calculated by assuming the same '

|, .1
V total pressure drop for each channel. Knowing the total pressure drop and us-

ing an iterative procedure, the fraction of the total flow in each channel can

be computed from the momentum equations. In either case, it is required that

N6CHAN

.I Fk+FBP = 1 (3.1-26).

k=1

For_ the case of single-phase sodium, the flow is assumed to be one-dimensional

and incompressible. The momentum equation for the axial pressure distribution

is,
.

G|G|fk d /1\k kdPg = - gp - -G2 (3.1-27)g
2p Dhk

Rewriting the above equation in finite-difference form, the pressure at any

axial slice is computed from

(N -

f G|G|' 1 1~k ki k'V Pj+1 = Pj - gp + AZj - G (3.1-28)2 -

k
- 2p Dhk -j _ 3,7 p) ,p

In the case where a core inlet module is attached at the bottom of the ac-

tive core, the coolant flow is assumed to be isothermal; hence no energy equa-

tion is solved for this region. The momentum equation then contains three ad-

ditional loss coefficients:
'

3 KnGk Gk fk G|Glk k
P1 =. Pe-r - gp + ALk (3.1-29),

n=1 2p 2p Dhk -_

where

K1 = loss coefficient due to area expansion,

K2 = loss coefficient due to area contraction,

K3 = loss coefficient of inlet orifice.

-
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The loss coefficients are input values provided by the user. The ALk
Oand Dhk are the length and hydraulic diameter of this section.

On the top of the core, an additional loss coefficient k4 is imposed in

the core outlet module such that the computed pressure drop in each channel

satisfies the overall force balance

k4
(3.1-30)Pd= Plast slice - G |G | - AL4 gpk k .

2p

The value of k4 or Gk is adjusted internally in SSC according to the op-

tions discussed before, so that the calculated Pd is made to agree with that

detennined from the upper plenum, since the pressure at d (see Figure 3.1-1)

is given by

Pd = Pa + A9(Za - Z ) (3.1-31)d ,

This additional loss factor k4 will be retained in the transient computa-

tions.

3.1.2.5b COOLANT ENERGY TEMPERATURE CALCULATIONS

Since axial heat conduction is neglected all the power deposited in a

particular axial level within a channel can be considered to be deposited

directly into the coolant for calculational purposes. Therefore, using

donor-cell differencing in space and assuming the flow is uni-directional, the

coolant temperature at axial level i is given by

Tj = Tj_1 + QC0 (Wcp) (3.1-32)/

where

Tj.1 = temperature upstream of axial location, i .

QC0 = total power (w) deposited in axial slice i-1.

W = channel coolant flow rate,

O
|

\
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c = specific heat of the coolant in axial slice 1-1.,q p,

Because c is defined as a function of the average temperature in the axial !p

slice, i .e. ,

cp = cp ((Tj + Tj_1)/2), (3.1-33)

an iterative procedure is used to detemine Tj. The procedure is teminated

when

Tj +1 - Tjn n

i F5 CRIT, (3.1-34)

T n+1j

where' F5 CRIT is user supplied and n = iteration index. After Tj is deter-

mined, the procedure is repeated for the next axial level in a marching fash-

ion.
,

3.1.2.5c FUEL TEMPERATURE CALCULATIONS'

<

After the coolant temperatures are determined the temperatures in the fuel

pin are detemined by applying the steady-state heat conduction equation

1_ Tr- r kj (Tj ) 'd Ti (r) = Qi i = 1, . . . ,NF+2 (3.1-35)d ,

drr

over the cladding, gap, and fuel pin radial nodes at a particular axial level
3in a coolant channel . Q3 is the power density (w/m ). [For a fission gas

plenun the equation is applied only over the clad]. The heat conduction

equation is then solved analytically to fom

3.1-17
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Qi
Tj(r) = [rj+32_r]2

4kj(Tj)

- wQi ri+12 _ q i+1 -s

+ in (r/rj+1) + Ts +1 (3.1-36)i
_

2nkj(Tj)
_

swhere, q t+1 = heat flow per unit axial length at the i+1 interface,

Ts +1 = temperature at the i+1 interface.i

Eq. (3.1-36) is integrated over each node to obtain the average temperature in

the node as
~ Qi

'

__Tj .J - (ri+14 - rj )4

_ 8kj ,

C [rj+12 (in ri+1 - 1/2) - rj2 (in rj -1/2)]+
i

C [rj+12 - rj ] / (ri+12 - rj ) (3.1-37a )2 2+ 2
i

2 _ qs +1]/(2w kj) (3.1-37b)C1 = [wQi rj+1 i

1 - Qi - l

i rj+12+C1 in ri+1 (3.1-37c )C2 = Ts +1 - ' -

I _ 4k j

The surface heat fluxes are obtained from the steady state heat balance,

i
9 i+1 = E "Qj ( rj +12 - rj ) (3.1-38)s 2

j=1

The surface temperature at the outer clad surface is determined using the ap-

plied convective boundary condition,
i

9 NF+3
TsNF+3 = + Tcool (3.1-39)

O
|\
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() where,
v

h ool = convective clad-to-coolant heat transfer coefficient,c

Tcool = bulk average coolant temperature at that axial level in the
.

channel.

The temperature at the clad inner surface is then determined by evaluating Eq.

(3.1-36) at that surface,

TsNF+2 = TNF+2(rNF+2) (3.1-40)-

.

The gap conductivity equation'is used to obtain the fuel outer surface tem-

perature,
.

s
4 NF+1

(3.1-41)+ TsNF+2Ts

NF+1 = [2wrNF+1
.

hgap3

The remaining surface temperatures are obtained.by marching inward from the

outermost fuel node and evaluating Eq. (3.1-36) at the appropriate surface,

1.e.,q
Tsj+1 = T +1(ri+1) , i = (NF-1),..., 1 (3.1-42)i .,

,

Since the material properties are all functions of the average temperature, an
,

iterative strategy is used to solve the equations; The iterations are ter-

minated when

Tj . Tj -1n n

1F5 CRIT, 1.= 1, NF+2 (3.1-43)
_Tjn

,

where n = iteration index.

After the temperatures are converged a check is made to see if any fuel tem-

peratures exceed the user specified restructuring temperatures. If the fuel-

pin restructures, the process is repeated with the new material properties,

but no further restructuring is allowed.

O
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3.1.2.5d STRUCTURE TEMPERATURE CALCULATIONS

9
In SSC, the effect of the wire wrap and any duct wall associated with the

channel is accounted for in the structure temperature calculation. For

calculational purposes, a lumped element equation is used and the average tem-

perature of the wire and structure combined is given by

(3.1-44)TSTRUC = OSTRUC/UAT0T + Tcool ,

where,

Tcool = bulk coolant temperature for this axial level of this

channel,

QSTRUC = total power deposited directly into the structure,

UAT0T = overall heat transfer coefficient,

= Uwire Awire + USTRUC ASTRUC.

Uwire, Awire USTRUC, ASTRUC = the overall neat transfer

coefficient and total heat transfer area for the wire and structure

respectively.

As was the case for the fuel pin, the structure material properties are tem-

perature dependent and an iterative procedure is employed to solve for the

temperatures. As before, the iterations are terminated when

TSTRUCn-TSTRUC"-I

TSTRUC"

~< F5 CRIT, (3.1-45)

where n = iteration index. This procedure is repeated for all axial levels of

!

| all channels.

i

O
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fh '3.l.2.6- TRANSIENT ALGORITHMS
~~

%.) .
, In transient calculations, the structure,' coolant, and fuel rod tempera-

tures are coupled at a particular axial . level. As in the steady-state, axial<

_

heat conduction is neglecsed and the flow is assumed to be uni-directional in

the channel. These assumptions do permit the transient energy equations to be

solved using a fully-implicit finite difference scheme in time' on an axial

level basis in marching fashion.
,

!

-3.1.'2.6.a COOLANT HYDRAULIC CALCULATIONS

'

= The fraction of total coola'n't flow entering a channel,' prior to the. ini-

tiation of transients,Ils established by the design of the orifice . pattern.

During transients, this fractional flow in a channel will be altered by the |

buoyancy effect. A model for the computation of the flow pattern inside.the

reactor core is developed here. This flow redistribution is then used to com-

pute the enthalpy change and the pressure drop' in each of the flow channels.

Calculations of flow redistribution in the reactor vessel are based on.

the following momentum equation for one-dimensional incompressible flow:

h (W) + h (W v) + A h+f * gp cos (g,W) = 0. (3.1-46)

In deriving the above equation, it was assumed that the control volume in the

flow circuit satisfies

$"z ^ = 0 (3.1-47),

l

.

.where W is the coolant flow rate' (kg/s), v is the velocity (m/s), p is the

pressure (N/m2), A is the flow area (m2), Oh is'the hydraulic diameter

_ 3.1-21
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3(m), z is the vertical coordinate (m), and p is the fluid density (kg/m ), ;

The Moody friction coefficient f is expressed in the form
~2f=ct(Re) (3.1-48),

where el and c2 are constants determined by the flow regime.

The differential form of the momentum Equation (3.1-46) can be applied

for any of the parallel channels from the elevation e (bottom of the core) to

the elevation d (top of the core) in Figure 3.1-1 by integrating through dif-

ferent axial regions. We obtain

dW

(pe - pd j "I [ ~

j dt

2 ) I ,j + Wj l Wj l l ,j - 9I ,j ,+Wj|Wjl (3.1-49)f k g

where j denotes the j-th channel, and

( .1-50 )= + +

j inlet core outlet

I ,j = f [(fL/(pDA )) inlet + (1/(DA ) dz) core ( 'I- I}2 2
f

2+ (fL/(pA )) outlet J

2 2I .j = [(K/(2pA ))irdet + (K/(2pA )) outlet j (3.1-52)k

I .j * [(L ) inlet + pdz + (Lp) outlet d ('-9 P

core

Note: similar equations are obtained for the bypass channel .

The flow redistribution in various channels in the vessel is calculated

from the pressure-drop equation by using two more assumptions:

1) No radial pressure variation in the lower and upper plena,

O
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n P.) At any instant,
( !
'#

N6CHAN

E Wj(t) + WBP(t) = Wyessel(t) (3.1-54),

.j=1

where Wyessel is the summation of total flow rate (s) leaving the loop (s) and

entering the vessel lower plenum, and the subscript BP denotes bypass.

Equations (3.1-49) and (3.1-54) together with the loop hydraulic equations

discussed in Section 3.2.9 constitute a set of differential ano algebraic

equations to solve for the time rates of change of the various flow rates and

the instantaneous pressures. The advancement in time of. the hydraulic differ-

ential equations is handled by a predictor-corrector integration algorithm of

the Adams type (see Chapter 4).

3.1.2.6b COOLANT TDiPERATURE EQUATION

The governing ordinary differential equation for the coolant is developed

by applying the coolant energy equation over the node, integrating over the

node, and using donor cell differencing in space. The governing finite

difference for the coolant equation is:

T k+1 - T k
(pc ) 'Ic001 ( eo co ) = Wcp (Tci 1-T +1)p co

At

+ UASTRUC (TSTRUC -Ycool +1) (3.1-55)k

+ (NRODS) q NF+3 AZs

+ Qcool Vcool,

where,

O
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p = density of coolant

p = specific heat of coolantc

T k+1 = coolant tenperature at outlet to axial slice at time k+1eo

Tcok = coolant temperature at outlet to axial slice at time k

at = timestep

W = average channel flow rate

ci +1 = coolant temperature at inlet to axial slice at time k+1kT

UASTRUC = overall heat transfer coefficient between structure and
coolant

__k+1
TSTRUC = average structure temperature at time k+1

kcool +1 = bulk coolant temperature at this axial sliceT

= (T k+1 + Tei +1)/2kco

NR00S = number of fuel rods associated with this coolant channel

qsNF+3 = heat flux between fuel rod cladding and coolant at time
k+1

AZ = height of axial slice

Qcool = total volumetric power deposited directly in coolant

Vcool = total volume of coolant in axial slice.

3.1.2.6c FUEL PIN TEMPERATURE EQUATIONS

The average temperatures in the cladding and the radial nodes of the fuel

| pin are calculated by applying Fourier's law over the nodes, integrating over
!

the node, and using a finite difference procedure in time to form,

|

-[q j+1 - qsjjk s
i)(Tj +1 - Tk

(Pcp)1 + Qi(t) i=1,...,NF, i=NF+2 (3.1-56)
at Aj

where, Aj(t) = w(rj+12 - rj ).2
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1

l
1

. (l ' sThe surface heat fluxes, q j 's, are determined by using a weighted re- !
q)

siduals procedure in space. Specifically, it is assumed that the temperature

distribution within a radial node can be approximated by:

Tj(r,t) ~ Tj(r,t) = Tj(t) Fj,1(r) + q j+1(t) Fj ,2(r)s

+ Ts +1(t) F ,3(r) i =1, . . . .liF , . . . , i =iiF+2 (3.1-57).j i

where, for r1 /0

2 - rj+1 ) . 2rj+12 An(r/ri+1)2(r
Fj,1(r) = (3.1-58a)

21 ,1 - 2r141 I ,21 i

1 (r2 - rj+1 ) - 2rj+12 En (r/rj+1) |2'

p - en (r/rj+1) (3.1-58b)
,

*
22xk l 1 ,1 - 2rj+1 1 ,2i . 1 1 I

I(r2 - rj+1 ) - 2rj+12 in (r/rj+1)2 '

Fi'3(r) = - '
+1 (3.1-58c)2l ,1 - 2rj+1 l ,2 li i

and for r1 =0

Fj,1(r) = 0, (3.1-59a),

2 - r2 ) /4wk1 (r12 - r2 ) (3.1-59b)2F ,2(r) = (ri 2
'

F ,3(r) = 1 (3.1-59c)1

where,

4 - rj ) - 2rp12(rj+12 - rj )4 2(rj+1
i,*1 (3.1-60a).

2(rj+12 - rj )2.

(r2 21 - r i+1) - 2r2j in (rj/rj+1)
11'2 (3.1-60b).;

'

2(r2 +1 - r2 )i 1

It is required that these equations satisfy all boundary conditions and all

interface continuity conditions. Speci fica 1.ly,

O;
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a) a convective boundary at the clad-coolant interface,

O
9hF+3 =-2nrNF+3(TbF+3 cool) - hcool WWa )-

b) the continuity of heat flux at the fuel clad gap,

9 = - 2nrNF+2 kNF+3 NF+2(rNF+2,t) (3.1-61b)3p+1
a

c) the temperature drop at the fuel clad gap

NF+1 Y +2(rNF+2,t)) (3.1-61c)9f1F+1 = 2nrNF+1 h (Ts NFgap

d) continuity of heat flux at a fuel nodal interface
s k (3.1-61d)q j = - 2nri j 1. Yj(r,t)|rj, i = 2,NF

ar

e) continuity of temperature at a fuel nodal interface

Tsj = fj(ri,t) ia 2, NF (3.1-61e)

f) adiabatic boundary condition for the innermost node

1_3_.Y(r,t)jr1 (3.1-61f)0 = -2nr1 k l

ar

Eqs. (3.1-56) and Eqs. (3.1-61) provide 3(NF+1) equations for determining the

3(NF+1) unknowns,

Tj(t), qs +1(t), Ts +1(t), i = 1, NF, i = NF+2.j j

3.1.2.6d STRUCTURE TEMPERATURE EQUATION

The structure temperature equation in finite difference form is

.

STRUC +1 - TSTRUC )k k! (T
(pc ) VSTRUC = UASTRUC (T_cool +1 _TSTRUC +1) (3.1-62)k k

p
at

+ OSTRUC

O
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'/^3 3.1.2.6e SOLUTION OF THE TRANSIENT TEMPERATURE EQUATIONSO
Eqs. (3.1-55), (3.1-56), (3.1-61) and (3.1-62) are assembled to form a

matrix equation in the 3(NF+1)+2 unknowns: T k+1, TSTRUC +1,kco

T k+1, q gg , T pi , i = 1,NF, i = NF+2. The resulting coeffi-s s
9

cient matrix has a bandwidth of seven and is solved using a standard banded

inversion routine. The solution procedure is then marched to the next axial

level via T k+1, and the process repeated for all axial levels of alleo

channels.

3.1.2.7 TRANSIENT FISSION HEATING

The time-dependent portion of the fission power contribution is calculated

by solving the space-averaged, one-energy group reactor kinetics equations.

The one-energy group assumption is reasonable, particularly for a fast re-

actor. The space-averaged model is quite adequate since the core of an LMFBR
4

responds, due to the relative smallness of the core and the large neutron

migration area, more uniformly than a light water reactor core to changes in

reactivity.i

The point-kinetics equations written in terns of the prompt neutron

generation time (t) may be expressed (source term neglected) as:
,

d_N, , P - BT N + r Aj Cj , (3.1-63)dt i 1

)

dCj SjN
- AjCj, (3.1-64 )

=

dt t

)
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where

N = neutron density (which is proportional to the power),

p = total reactivity (ak/k),

BT = total effective delayed neutron fraction = Esi,
i

t = prompt neutron generation time (s),

Aj = decay constant of the i-th delayed neutron group (s-1),

Cj = density of the i-th effective delayed neutron precursor,

Sj = fraction of the i-th effective delayed neutron group,

time (s),t =

By rewriting N and Cj in normalized form such that

C (t) sii
N(t); cj (t) = ; where Cj (0) = - N(0) (3.1-65)n(t) #

N(0) Cj(0) tj

Equations (3.1-63) and (3.1-64) become

-

h= fI sicj ' (3.1-66)+

dc

dt Ai (n - cj ). (3.1-67)=

The direct integration of these equations requires very small timestep

sizes due to the small numerical value of the generation time (1). To assure

numerical stability and accuracy, step sizes of approximately (100 to 1000)-

1 are required. Typically, t is about = 6 x 10-7 s, therefore, the step

| sizes of the order of 0.00006 to 0.0006 s would be required.

The simplest way to circumvent this problem is to utilize the prompt jump

approximation (PJA). This approximation nakes use of the very fact that t is

O
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(Ne extremely small. By assuming that i approaches zero, the product i dn/dt in
: j.
'"

Equation (3.1-66) also approaches zero. Thus, n may be directly solved for as

g sjCj (3.1-68)
*n=

,

!

This means that any distrubance in the reactivity (p) will be instantaneously

reflected in the power (n). Thus, for a step change in p, n jumps immediately

to some initial level dependent on the size of the reactivity insertion.

The PJA is in excellent agreement (to within < 0.1%) with the exact solu-

tion for values of p less than +50 cents. It should be noted that this ap-

proximation gets even closer to the exact solution when the prompt neutron

generation time is smaller.

The main drawback of using the PJA is the fact that agreement to the exact

O solution diminishes as p approaches S . It can be seen from EquationC T

(3.1-68) that n is discontinuous at p = S . To provide for these casesT

where o approaches BT (or more conservatively, when a > 50 cents) an option-

al numerical method is included in SSC which solves the equations " exactly".

To provide an " exact" solution to Equations (3.1-66) and (3.1-67), without

integrating them directly, the method proposed by Kaganove [Ref. 3.1-1] was

used. Here, Equations (3.1-67) are solved for ej in terms of det/dt and

substituted into Equation (3.1-66) such that

8 de
dn gn, , 1 E , i, 1 (3.1-69)E, A 1 i At dt

The assumption is then made tihat over any integration step (at), the

O
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normalized power (n) and reactivity (p) may be represented by second-order

polynomials. Thus,

n(t) = no + ni t + n2 t2 01 t I at, (3.1-70)

p(t) = po + pi t + p2t2 0 1 t i at, (3.1-71)

where

no = value of n at the end of previous timestep,

po = value of p at the end of previous timestep,

and ni, n2= 91 P2 are constants in to be evaluated.

Equation (3.1-67) is now integrated in a straightforward manner:

t t

/d[ci(p)eA p] " J[AeAuii i n(p)dp.
(3.1-72 )o o

Then

-A t -Ajt Ajui
c (t) = c e +A e e n(u) du (3.1-73),

i io i

where

cio=cj(t)|t=o.

Making use of Equation (3.1-70), Equation (3.1-73) becomes

-Ajt -Ait n -Ait
c (t) = c e +n (1 - e ) +l(At-1+e )j io o A ij

n 22 -A t
+2 [A t 2Ajt - 2 (1 - e i )]. (3.1-74)i -

2Aj

Likewise, Equation (3.1-69) becomes

O
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n(t) - n(o) = f p(u) n(p) du - { [cj (t) - cto]. (3.1-75)

Upon substituting Equations (3.1-70) and (3.1-71) into Equation (3.1.75), one

obtains

2

o y [2+png2 + P "o t2+
4

g 2 (gont+pnnt+nt =

1 y1 + 0 "2 tn
13 2 3 4

+ P "o h + P "1 +P"2h)- [c (t) - cjg] (3.1-76)2 2 2 j

The boundary conditions are then imposed that the integral Equation

(3.1-76) be satisfied at the midpoint and end of the step (i.e., at t=at/2 and

t=at). Thus, Equation (3.1-76) yields two equations in the unknowns ni and

n2 With the assumption that during any given timestep, the power and re-

activity are functions of time only (i.e., decoupled), the solution is now

complete. During a transient, the implementation of the solution in SSC

will proceed as follows:

(a) using the predicted value of reactivity at t=at and the two previous

values, the two constants pi and p2 in Equation (3.1-71) are

calculated;

(b) using Equation (3.1-76) solved at at/2 and at, the constants ni and

n2 are calculated;

(c) the predicted power may then be calculated using Equation (3.1-70).

3.1.2.8 REACTIVITY CONTRIBUTIONS

i

The total reactivity at a given time, t, is the sum of an applied re-

O
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activity, pa(t) (e.g., control rod movement), plus the sum of the various ;

reactivity feedback contributions, pj(t):

p(t) = pa(t) + E pj(t) (3.1-77).

As indicated in Figure (3.1-6), the total reactivity is then incorporated into

the point-kinetics model and used in the evaluation of the normalized time-

dependent factor for the fission and gamma heating. It should also be noted

that the reactivity effects are inherently spatially-dependent. This is not

only due to the fact that the temperatures vary spatially, but even for the

same temperatures the magnitude of the effect will depend on the location

within the reactor. Since the point-kinetics equations suppress any spatial

dependence, an appropriately weighted spatial integration of the evaluated lo-

cal reactivity feedback effects must be performed.

A survey of several references [3.1-2 through 3.1-6] and existing computer

models [3.1-7,3.1-8] has identified the following contributions to the

feedback effects:

e Doppler

e Sodium density and voiding

e Fuel axial expansion

e Structural expansion

e Bowing

e Fuel slumping

The first three effects will be discussed in more detail in subsequent sub-

sections. Models are presented and equations developed for incorporation of

these effects into the present version of SSC. The remainder of this section

will briefly discuss the last three effects.

O
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Radial Structural Expansion

O
As the core heats up there is radial expansion of the fuel assemblies and

1

core support structures which tends to effectively increase the pitch-to-

diameter ratio of the fuel lattice, reducing the reactivity. However, this

effect has a long time constant relative to the fuel, for example, since it is
l

related to the structural components. From a normal operational viewpoint
l(e.g., taking the reactor from zero to full power), this effect will be much |

more important than for those transients that SSC will be analyz:ng.

Bowing

Bowing is caused by differential thermal expansion and is a result of rad-

ial tenperature gradients. Positive reactivity can be added when fuel mater-

ial bows towards the center of the reactor. To reduce this effect, spacers

are placed between fuel elements and fuel assemblies. The temperature gradi-

ents cause stresses in the contacted material which is designed to be strong

enough to prevent appreciable displacements.

Also, as with structural expansion this effect will have a relatively long

time constant since it is the fuel assembly and not the fuel pins themselves

that provide the structural strength [3.1-2].

Fuel Slumping
__

In the event of fuel melting, there is the possibility for fuel movement

within the cladding material . If the fuel moves (slumps) towards the center

of the core, then there will be positive reactivity added to the system. How-

ever, the current version of SSC does not treat the class of transients that

O
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P

f] would lead to this condition; hence, fuel slumping in not considered further.
G

3.1.2.8a D0PPLER EFFECT

The Doppler effect is the most important and reliable prompt negative re-

activity effect in current thermal and fast reactor designs which utilize high -

fertile (U238) material concentrations. Probably one of the better under-

stood reactivity phenomena, the Doppler effect is due to the increased kinetic

motion of the fuel atoms, as measured by an increase in fuel temperature, re-

sulting in the broadening of cross-sectifon resonances and increased resonance

absorption.'

The Doppler coefficient is defined as the change in multiplication factor,

k, associated with an arbitrary change in the absolute fuel temperature, T.

Since in fast reactors this coefficient is found to vary as the inverse of

fuel temperature, a temperature independent Doppler parameter, a00P, can be

generally defined as

00P = T dk/dt. (3.1-78)a

Equation (3.1-78) may be integrated to yield

kl-k2=oDOP in T /T2, (3.1-79)l

where T1 and T2 represent two different fuel temperatures and kl and

k2 are the resulting multiplication factors. Rigorously, reactivity is de-

fined as

'

9= k (3.1-80);

and changes in reactivity, ap, as

1
l, 2,k -k

(3.1-81 ) jap = p>

.k k .

O |
,

.
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For small reactivity changes, the Doppler effect is of the order of 10-4

W1th k = 1,

kl-k2=pl-p2, (3.1-82 )

the change in reactivity due to the Doppler effect. ApDOP, can be written as

00P 00P 1
= a in T (3.1-83)Ap .

7
T

This equation may be applied locally or regionally depending on how the

temperatures and Doppler coefficient are defined. Specificaly, in discrete ,

D0P
notation, the local Doppler reactivity, p is

JK

1

00P 00P T
p a in JK (3.1-84)=

,

JK JK 2

JK

where K represents the channel, J is the axial position in the channel K, and

TJK is the effective local temperature at position JK. This effective fuel

temperature can be taken to be the volume-average fuel temperature which is

defined as

E V T
T I IJK IJK

(3.1-85). ,

JK I V

I IJK

where V gg is the fuel volume in channel K, axial slice J, between radiali

mesh I and I-1, and TIJK is the local fuel temperature at this position.

O
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.' G . It should be noted that the Doppler coefficient in Equation (3.1-84) is/
V' D0P

*

shown .to be a spatially-dependent variable. Although a will be a constant
JK

with respect to fuel temperataure, there will be spatial variations due to

different fuel types (e.g., enrichment, pin size, volume fractions of struc-

tural material, coolant, and fuel) and different sodium density. In the
D0P

present model, a will be a spatially-dependent parameter supplied by the
JK

user, Thus, the first concern relating to fuel type can be directly ad-

dressed.

The sodium density dependence is actually a neutron spectrun dependence--

the harder the spectrum, the smaller the Doppler effect (since there are less

neutrons in the resonance range). The less sodium present, owing to density

decreases or voids, implies a harder spectrum. To treat this effect, an
NA

effective isothermal sodium void fraction, X , is defined
JK

NA NA

NA p ref - p

X UK UK-

JK NA (3.1-86)
p ref,

JK

NA

where p is the local, time-dependent sodium density at position JK, and
JK'

NA D0P
p ref is the local reference sodium density at position JK. Thus, if s
JK JK

00P
and n are the Doppler parameters with and witc.nt sodium present, re-

spectively, then the net Doppler parameter can be approximated by

i

DOP D0P NA 00P NA

8 (1 - X )+n X (3.1-87)a =

JK JK JK Jrt
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D0P
To obtain an overall Doppler reactivity, p , for use in the point-

kinetics equation, a summation of Equation (3.1-84) must be performed. Thus,

00P D0P D0P T
= E a An JK (3.1-88)p =E p .

J,K JK J,K JK T

JK

00P
The values of the Doppler coefficients, agg, for each JK-th region must be

supplied by the user in units of reactivity (ak/k) for that mesh.

3.1.2.8b SODIUM DENSITY AND VOID EFFECTS

Heating of the sodium coolant decreases the coolant density and can ulti-

mately lead to vaporization (voiding). These density decreases affect the re-

activity of the reactor through two competing effects: increased leakage,

which adds negative reactivity and is important away from the center of the

core; and spectral hardening due to a decrease in the macroscopic sodium scat-

tering cross-section which adds positive reactivity. The net effect depends

primarily upon the location in the reactor.

In modeling this effect, both sodium density changes and voiding can be

treated in a similar fashion. Basically, what is required along with the spa-

tial sodium density distribution is a table of spatially-dependent sodium re-

activity worths. The sodium density will be determined internally by SSC

from knowledge of the sodium temperature distribution. However, the reactiv-

ity worths are user supplied.

There are several ways to present this reactivity effect depending on the

form in which the reactivity worth data are known. For application in SSC,

9
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[

p( the following equation, which can treat either sodium' density or voiding
reactivity effects, is used:

NA

I s M (3.1-89)=p
L ,

JK JK JK

NA
where p is the overall sodium density and voiding reactivity for use in the

point-kinetics equations, sag is the sodium reactivity worth in axial slice
f

J, channel K, in units of reactivity per unit mass of sodium effectively

voided, and Mag is the effective mass of sodium voided in segment JK, and is

defined in the'following equation:

NA NA NA
i

M =(p -#'2 1). V (3.1-90) I

JK JK JK JK

NA

In this equation, ogg is the local average, time-dependent sodium density
NA

and Vgg is the local coolant volume in segment JK.

3.1.2.8c FUEL AXIAL EXPANSION EFFECT

Axial expansion of the fuel pellets tends to increase the active core

height while decreasing the fuel density, resulting in a net decrease in re-

activity. An upper limit to the magnitude of this effect is obtained if it is

assumed that the fuel pellets are free to move within the cladding. However,

the actual mechanisms for expansion are difficult to model, especially for

ceramic fuel. Fuel pellet cracking or friction between the pellet surface and

inner clad wall will reduce the expansion significantly. On the other hand,

if the fuel pellets are not stacked in perfect contact within the clad, then
ithere may be negative fuel expansion if the fuel pellets settle.
|

O
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Physics calculations for CRBRP [3.1-9] indicate a maximum overall reactiv-

ity of .18t/ mil of fuel axial expansion. The range of this effect is quoted

to be +.025d/ mil to .18d/ mil owing to the uncertainties previously discus-

sed. For inclusion in SSC, the reactivity due to fuel axial expansion,

^
p , is based on a model which parallels the treatment of sodium density

reactivity effects:

AX *

r C=p
JK JKJK

where C is the fuel reactivity worth in axial slice J, channel K, ingg

units of reactivity per unit mass of fuel effectively voided from segment JK

and N is the effective mass of fuel voided in segment JK.
JK

The user will supply values for the C constants. An expression forgg

the internal evaluation of N is now derived based on the logic thatgg

as the fuel temperature increases, the fuel expands axially according to the

following equations:

2 2 1 1

Z = [1 + a(Tag - T g)] Z g ( 3.1-92 )a a ,

where a is tha linear fuel expansion coefficient in units of cm/cm-K and

T is the fuel volume average tenperature as evaluated by Equationgg

(3.1-85). To conserve mass, an axial increase in the fuel length (FL) implies

O
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m

i

FL;q-
a decrease in the fuel density, p# , (ignoring other dimensional--

. _f
. changes); thus

'FL1 1 FL2 2
pag Z Z 0Wgg =- pgg gg

or

FL1 FL2 FL1 2 1 2 1
pag . pag. = ogg .[a(TJK- Tgg)/(1 + a(Tgg- TJK))3 -

-

The difference in density times the original fuel volume (before expansion),
FL1

Y will give the amount of fuel voided from location JK, Ngg:

FL1 FL FL1 I

N X V (3.1-%)JK " DJK gg gg ,

! where X is the fuel void fraction at location JK and follows fromgg

'OV Equation (3.1-94) to be

FL - 2 1 2 '1
XJK = a(Tag- Tgg)/[1 + a(Tgg- Tgg)] (3.1-96)

The effective amount of fuel voided from location JK, Ngg, and the

resulting net reactivity effect associated with fuel axial expansion are given
by the following equations:

Ngg= eN (3.1-97),gg

AX.p =eI C N (3.1-98 )gg gg ,

~

where e is a user-supplied constant that accounts for the fact that the pres-

ent model does not account for the uncertainties associated with the mode of

O
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fuel expansion and does not explicit'y evaluate the increase in reactivity be-

cause the fuel that was calculated to be voided from location JK [ Equation

(3.1-95)] actually causes a net increase in axial fuel height, reducing leak-
'

age. An estimate on the size of these effects is given in Reference [3.1-4].

A recommended upper limit for e is thus given to be 0.3.

3.1.2.9 DECAY HEATING

The time-dependent portion of the decay heat contribution can be handled in

one of two ways:

(1) tabular look-up of user supplied data, or

(2) solution of user-supplied empirical relationships.

The decay heat calculations are handled in one subroutine (PDCYST). In SSC,

the default option of tabular look-up is used. Thus, paired points.of time

vs. decay heat fraction must be supplied on input. If the user wishes to

supply empirical correlations, they must be inserted into PDCYST at the appro-

priate place.

Both the relative magnitude and the time-dependent shape of the decay

heating are allowed to be channel-dependent, as discussed earlier. The user

provides F5PDCY(K) as well as d(K,t). An cdditional time-dependent function

d (t) for gamna heating of coolant in the bypass channel must also be pro-
B

vided. Both d(K,t) and d (t) are nonnalized so that at steady-state their
B

values are 1.0.

O
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/~') 3.1.3 UPPER (0UTLET) PLENUMLJ
In the upper (outlet) plenum, the coolant from the core exit and the bypass

channel mixes with the coolant stored in the region. Along with this mixing

process, the heat transfer between sodium and various structural metals and

between sodium and the cover gas also takes place. An accurate treatment for

this mixing process, coupled with the heat transfer, is required so that the

sodium temperature at the outlet nozzle of the reactor vessel may be properly

predicted. A detailed three-dimensional (in space) thermohydraulic treatment

would be expensive for a systen code. Therefore, a simplified treatment was

developed.

- A schenatic of the contents of the outlet plenum is shown in Figure 3.1-7.

The upper plenum contains a large volume of sodium, an annular bypass channel,

a small region occupied by the cover gas, and three sections of metal . Fluid

V leaving the reactor core enters tne plenum from the bottom section, while a

small percentage of cold bypass flow enters the plenum through the annular

space formed by the thin themal liner and the vessel wall. The vessel out-

let flow is represented by an exit nozzle. The support columns, chimney of

the outlet module, control rod drive mechanism, vortex suppressor plate, con-

trol assembly, cellular flow collector, baffle, and all other structures are

lumped together and represented by a section of mass (ml) immersed in fluids.

The cylindrical themal liner is indicated as another mass (m2). The vessel

closure head and other metals above the cover gas region are considered as

mass m3. The cover gas region is connected to a large reservoir which re-

presents - its connections, such as the overflow tank, equalization line

heater, and gas region of the loop paps.
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(] A user of SSC can represent the outlet plenum described above with either
%/

a two-zone mixing model or a single-zone perfect mixing model, by setting the

appropriate input option flag. . In the equations that follow, the single-zone

model is simply a sub-set of the two-zone model with the parameter (f) always

held at zero.

For the two-zone mixing model, the maximum penetration of the average core

exit flow is used as the criterion for dividing the sodium region into two

zones. The upper mixing zone is denoted as zone A and the lower zone as zone

B. The basic assumptions are

1) Core flows from different channels into the upper plenum are re-

presented by a single equivalent flow. This flow is associated with-

the mass-average enthalpy of the different channel flows.

2) The maximun penetration distance, which is related to the initial

Froude number, divides the upper plenum into two mixing zones. Full
.

penetration is assumed for flow with positive buoyancy.
~

3) The mixing process in both zones is described by the lumped-parameter

approach, i.e., conplete mixing in each zone is assumed.

4) The cover gas obeys the perfect gas law, and it is initially in4

equilibrium with the gas in the reservoir.

At steady-state, the core exit flow is at a temperature higher than the
I

mixed-mean sodium temperature of the outlet plenum. In other words, in ac-

cordance with our assumption (2) above, the core exit flow is assumed to pene-

trate the entire height of the outlet plenum. In this case, we have only one

zone, as opposed to up to two zones during transients. The governing energy

equations for this complete mixing at steady-state are written for each mater-

ial as

m
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sodium:

c - E ) + Wgp(EBPE - E ) + U Ag gg(Tg-T)W (E g ggc

+UAt tm1(Tn1 - Tg) + U Ag rm2(Tm2 - Tg) = 0 ; (3.1-99)

cover gas:

Agg(Tg - T ) + A m1(Tni - T ) + A m2(Tm2 - T )g g g g g

+ A m3(Tm3 - T ) = 0 (3.1-100)g g

internal structure (ml):

UAg tml (Tg-Tml) + U Ag gm1 (Tg-Tml) = 0 (3.1-101)

thennal liner (m2):
,

Ug tm2 (Tg - Tm2) + U A m2 (Tg - Tm2)A gg

+(UA)BP(TBPM -Tm2) = 0 (3.1-102)

vessel closure head (m3):

Tm3 - TBPE = 0 ; (3.1-103)

bypass flow:

BPE) (WC (3.1-104)TBPM = Tm2 + (TBPI - T UA
BP

TBPE = Tm2 + (TBPI - Tm2) exp (-VA/WC)BP (3.1-105),

The above seven equations (3.1-99) through (3.1-105) are solved simultane-

ously to yield a complete solution of coolant mixing in the upper plenum.

During transients, we divide the outlet plenum by up to two zones. As

mentioned earlier, this partition is based on the penetration height of the

average core exit flow. The governing equations which detennine the instan-

taneous sodim level and various temperatures are exprest ed for each material

as

sodium level:

dTb dTWi-Wex
+H [(1 - f) a(T ) +f (T ) A]; (3.1-106)

dH
b A=

dt
pAgg dt dt

O
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sodium in the upper mixing zone A-
'

-[D)- [WBP(E
DEA l-

BPE-E ) + 8 W (E -E ) + h AGt(T -T )"
A 1C B A B A

d t :-- A g HfgDA

g gg(T -T ) + U f [Atm1(T+UA m2-T )]]; (3.1-107)ml-T ) + Atm2(Tg A g A A

sodium in the lower mixing zone B:

-DEB 1

[W (E -E ) + 8 W2 BP(E -E ) + hAgg(T -T )= C C B g B A Bdt pB Agg (1-f)H

+ U (1-f) [Agm1(Tm1 - T ) + Atm2 (Tm2 - T )]]; (3.1-108)g B B

cover gas:

dT Ug g
[Agg (T -T ) + Agm1(Tml-T ) + Agm2(Tm2-T )= A g g gdt (MC)g

+Agm3 (Tm3-T)]; (3.1-109)g

metal ml (internal structure):

dTm1 1

[Ug Atm1[f TA + (1-f) T -Tml]+ U Ag gm1(T -Tml)]; (3.1-110)=
B gdt (MC)m

metal m2 (thermal liner):

dTm2 1

[U Atm2 [f(T -Tm2) + (1-f) (Tg-Tm2)]=
Ag

dt (MC)m2

+U Agm2 (Tg-Tm2)+(UA)BP(TBPM - Tm2)] (3.1-111)g

metal m3 (vessel closure head):

dTm3 U A
gm3 (Tg-Tm3) (3.1-112 )

g
=

.

dt PiC)m3

0
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The auxiliary equations required by the above governing equations are

TBPE = Tm2 + (TBPI - Tm2) exp (- VA/WC)BP (3.1-113)

T PM = Tm2 + (TBPI - TBPE) (@WC)
(3.1-114)B

BP

(3.1-115)Wj = WC+WBP ,

f = 1 - zj(t)/H(t) (3.1-116),

y = (1 f) pB * f PA , (3.1-117)

dnd the liquid sodium densities, pA and pB, are obtained from the consti-

tutive relationships for sodium. The contact areas between the cover gas and

liquid or metals (Agg, Agml, Agg , Agm3) and between liquid and metals

(Atmle Atm2) are obtained by assuming that the cross-sectional areas in a

direction perpendicular to the jet are constant during transients.

In the above equations, there are two control indices, 81 and 8 '2

which take values of either 0 or 1 depending upon the relative location of the

outlet nozzle and the maximum jet penetration height, zj. Their values are

81 = 0 and 82=1 for zj J. (zox + 7 )1D (3.1-118a),

81 = 0 and 82=0 for (zex - 1 0) < zj < (zex ^ 1 0) (3.1-118b),

2 2

a nd

81 = 1 and 82=0 fo r zj ,<_ ( zex
Y
1 D) ( 3.1-118c ).

The maximum penetration height is taken from a correlation developed earlier

[3.1-10].

It is given as

zj = (1.0484 Fr 0.785) ro+zh (3.1-119)o c ,

O
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,f ] where Fr is the local Froude number and is defined as
'

a
O 2.g 3 ,

Fr
o =|(wr 2

| [ ]. (3.1-120)
o pC) gr (pC ~ DB)o

For the case of full penetration, i.e., for zj(t) = H(t), f becomes

zero. Equations (3.1-107) and (3.1-108) are then replaced by the following

equations:

DEB 1

[W (EC-E)+WBP(EBPE - E ) + U Ag gg(T -T )=
C B B g Bdt ADB ggH

+U [A ,1(T,1.- T ) + Atm2(Tm2 - T )33 ( .1-121)g g B B ..

EA=EB (3.1-122).

The cover gas mass is determined by assuming that the temperature of the

gas in the reservoir remains constant and its pressure equals that of the cov-

p er gas in the vessel at any instant. The cover gas mass is then given by
s

M V (t) Tt g res
M (t) = (3.1-123)g ,

V T (t) + V (t) Tres g g res

where

V (t) = [L - H(t)] A (3.1-124)g gg .

These equations, when coupled with the boundary conditions [W (t),C

WBP(t), E (t), TBPI(t) and Wex(t)], provide for a complete solution toC

the problem. This set of transient differential equations are solved together

with the hydraulic equations using a predictor-corrector algorithm of the

Adams type (see Chapter 4).

|

t

3.1-49

. _ , . _ _. . . _ _ . _ . _ _ _ , . . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _. _.- _ _



3.1.4 BYPASS FLOW CHANNEL

A bypass channel to represent coolant flow between the barrel and reactor

vessel wall is included. The bypass channel is divided into two axial sec-

tions as shown in Figure 3.1-8. The lower section is adjacent to the active

core region, and the upper section is separated from the outlet plenum by the

thermal liner. The lower section is allowed to have heat generation due to

gamma heating.

The momentum and energy equations of the bypass flow are treated in a man-

ner similar to that of the core flow. Two loss coefficients (K1 and K )2

are incorporated in the momentum equation such that the overall pressure drop

through the channel can be balanced. At steady-state, the total pressure drop

is given by

AP = g[(pL)1 + (pl)23+ +
2 2

(3.1-125)
2

W El\ 1) [ K2}a [ A /1
+W2 l+3 + +

2 2 2 _ pA2 1 \pA/2_2pA /2_(p
,

In Eq. (3.1-125), the subscripts 1 and 2 denote the lower and upper section,

respectively. The loss coefficient ki is an input parameter, and k2 is

the computed value to establish the force balance at steady-state.

During transients the total pressure drop in the bypass channel is deter-

mined by the one-dimensional momentum equation:

O
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[af \ + a ]AP = b [ k * Al
2]+W 2dt (A> (pA j (pA j2

1 2 1

+ b [! Il + ! I' ] + g [(pl)1 + (pl)23
222 A pDh /2A pDh/ \

+WJW1 ffL ) / fL I
+ - 3 (3.1-126)EI 7p ( ap/22 '

( 11
-

Fluid enthalpy at the exit of the lower sections is computed from the fol-

lowing equation:

P FPBP P(t)o

k(pE)= - (EW) (3.1-127)'

AL

where A, L, FPBP are the cross-sectional area, height, and fraction of power

generation (at steady-state) of the lower section, respectively. In finite

difference form, this equation becomes

k k k
E +1out = Ekk in (1 + A y ) + E out (1 - A W )3 3

k/(1+A W +1), ( 3.1.- 128)1n (1-A yk+1) + 2 P FPBP P(t) A3k- E +1 33 o

where

(3.1-129)A3" A

k k, 1 (o in + o out)- (3.1-130)
# 2

The computed E +1 is the inlet enthalpy for computing the enthalpy risek out

in the upper section of the bypass channel. In the upper section, no internal

heat generation is assumed, but heat transfer through the thermal liner is

considered as discussed in Section 3.1.3. Calculation of enthalpy rise in the

upper section is part of the upper plenum mixing model.
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fl 3.2 HEAT TRANSPORT SYSTEM
V

3.2.1 SYSTEM DESCRIPTION

The heat transport system provides the vital function of removing reactor

generated heat and transporting it to the steam generators while maintaining

an adequate flow rate for controlling reactor temperatures within safe limits

under all plant operating conditions. In this section of the report, a de-

tailed analysis to predict the thermal and hydraulic response of the heat

transport system under both pre-accident and transient conditions will be

presented.

Figure 3.2-1 shows an example configuration of the heat transport system

for a loop-type LMFBR plant. Only one circuit has been shown. It consists of

the primary loop carrying radioactive liquid sodium and the intennediate loopc
,

carrying nonradioactive liquid sodium. The number of parallel heat transport'

circuits usually depends on total flow rate, allowable pressure drops, degree

of plant reliability, size of available components, and allowable coolant vel-

ocities [3.2-1]. The Clinch River Breeder Reactor Plant (CRBRP) has three

heat transport circuits operating in parallel [3.2-2].
,

Each primary loop contains a variable speed, centrifugal, liquid metal

pump, a check valve, an intermediate heat exchanger (shell side), and the as-

sociated piping interconnecting these components. The pump circulates coolant

through the reactor where it picks up the heat generated in the core and ex-

its at a higher temperature. The coolant transfers this heat during its pas-

sage through the shell side of the intermediate heat exchanger and returns to

the reactor to complete the cycle. All primary loops share a connon heat

O
V
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'C1 source at the reactor core and a comon flow path through the reactor vessel,
A._/

but otherwise each circuit operates independently..

The primary and intemediate locps are themally linked at the Inteme-

diateHeatExchanger(IHX). Here, the intennediate coolant, as it rises in

the heat transfer tubes, picks up the heat from the coolant. It then passes

to the shell side of the steam generator, where it gives up this heat to pro-

duce steam in the tubes, and returns to the IHX to cmplete the cycle. The

coolant is circulated by a variable speed centrifugal pump. An expansion

(surge) tank is also provided in the intemediate loop to accamodate coolant

volume changes due to thermal expansion. In the case of the primary heat

transport loops, the reactor vessel serves the purpose of the surge tank.

In the example configuration of Figure 3.2-1, which corresponds to the
' CRBRP design, heated intemediate coolant leaving the IHX flows through hot

h leg piping and enters the steam generation system superheater module. At the>

> v

superheater exit, the piping consists of two parallel nJns, each extending to

an evaporator inlet. Cooled sodium from the evaporators flows through'two

parallel runs, joined at a tee, and continues as a single run to the pump

situated in the cold leg and then back to the IHX. The expansion tank is

located just upstream of the pump.
,

Transfer of reactor power by the heat transport system is achieved by

varying systs flow rates, which in turn are controlled by changing pump

speeds. The piping runs are insulated on the outside to minimize heat loss.

nv
'
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3.2.2 ANALYSIS

For modeling purposes, the primary loop is understood to extend from the

reactor vessel outlet to its inlet. The intemediate loop is assumed to start

at the IHX secondary outlet, but does not include the shell side of the steam

generator. The heat transport systen calculations thus interface with the re-

actor calculations at the vessel inlet and outlet, and with the tertiary loop

calculations at the steam generator.

The analysis is aimed at allowing considerable flexibility in the ar-

rangement of components in the loop for future U1FBRs. In the CRBRP arrange-

ment illustrated in Figure 3.2-1, the primary pump is placed in the hot leg.

However, it could be located in the cold leg at the user's option. Also, the

check valve could be anywhere in the loop, or be absent altogether. The fig-

ure also shows one superheater and two evaporators in the intemediate loop,

with the intermediate pump in the cold leg and the expansion (surge) tank just

upstrean of it. The model could accommodate variations in this arrangement

such as none or more than one superheater, and one or more evaporators at the

user's option. Also, the pump and surge tank could be located away from each

other.

3.2.2.1 GENERAL ASSUMPTIONS

The following basic assumptions are inherent in the analysis:

(1) one-dimensional (space) flow, i.e. , unifom velocity and temperature

profiles nomal to the flow direction;

(2) single-phase liquid coolant, i.e. , temperatures in the loop are

3.2-4
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,9
.! _,) always below coolant saturation temperature;

-(3) incompressible liquid,1.e. , coolant properties are not pressure de-

pendent;-

(4) single mass flow rate model, i.e., the effect of time rate of change

of density on mass : flow rate distribution in space is neglected,

so that at any instant of time, the mass flow rate would be uniform

everywhere in a circuit, except at a~ free surface, or at a break

where there is flow loss, or at a junction where flows meet, or at a

branch where flows separate;

(5) axial heat conduction in walls is neglected.

3.2.2.2 MODEL FEATURES

(G'')
Aside from its flexibility, the model has several other features. Some

of these are:

(1) temperature-dependent material properties, expressed as curve-f'itted

polynomial functions of temperature,

(2) gravity effects included in detail,

(3) flow-dependent friction factors encompassing the full range of flow

conditions from turbulent to laminar,

(4) loss coefficients included for area changes, etc.,
4

(5) heat transfer with pipe walls accounted for.
i

r

i

4

'
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3.2.2.3 STEADY-STATE SIMULATION

Figure 3.2-2 shows a skeleton flow chart for the overall solution ap-

proach to the heat transport system. Certain boundary conditions and input

data are necessary to start the calculations. These are the system geometry

(i.e. , pipe lengths, diameters, angles at nodes, loss coefficients, heat

transfer tube dimensions, etc.), and certain reference parameters, such as the

loop flow rates W and W , the coolant teinperature at the reactor outletp s

T ,1, the pressure at inlet to the primary loop P , the reactor pressure1 i

drop APRV, cover gas pressure in the pump tank Pgas, etc. Of these, W ,p

W , T ,1 are determined from overall plant thermal balance, and P1 ands 1

APRV are obtained from the in-vessel simulation.

With this information, along with the constitutive relations, the calcu-

lation begins at the entrance of the primary loop and marches in the direction

of coolant flow. The conservation equations for flow in pipes are solved

first, unless an IHX is encountered (see Figure 3.2-2), in which case the en-

ergy and momentum equations at the IHX are solved. Following each component

or pipe run, the boundary conditions are set for the next component or pipe

run. This process continues until the outlet of the loop has been reached and

tsiperatures and pressure drops in all piping runs and the IHX have been com-

puted. At this point, the check valve pressure drop, pump pressure rise and

operating speed, the height of coolant in the pump tank are all detemined.

The intermediate loop calculations now begin at the IHX secondary outlet, and

a similar process continues until the steady-state themal-hydraulic condi-

tions in both loops are completely specified.

3.2-6
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3.2.2.4 TRANSIENT SOLUTION APPP.0ACH

The simulation and solution approach is strongly influenced by the nature

of the flowing medium within the range of conditions of interest to the model.

For instance, for liquid sodium loops, the time-dependent energy and momentum

equations can be decoupled since the effect of pressure on subcooled liquid

sodium properties may be considered negligible. However, whereas the momentum

equations are only loosely dependent on temperature through the sodium proper-

ties, the converse is not true, since convective tems in the energy equations

are directly flow dependent. So, if the hydraulic equations are solved first

with coolant properties evaluated at temperatures corresponding to the earlier

time (one timestep previous), the energy equations can then be readily solved,

using the flow rates calculated frtm the hydraulics at the advanced time.

More details on hydraulic and themal simulation procedures will be presented

in subsections 3.2.9 and 3.2.10.

The next few subsections will be devoted to descriptions of the model

equations for the individual components of the heat transoort system.

3.2.3 COOLANT FLOW IN PIPING

By far the longest time the coolant spends in its passage through the

heat transport circuit is in the piping runs interconnecting the different

components. Hence, a themal-t ydraulic model for coolant flow in piping foms

an important part of the overall system shulation model.

1
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. ( ) 3.2.3.1 HEAT TRANSFER

v

A detailed model with discrete parameter representatior. has been formu-

lated for the heat transfer process in the piping. This is preferable to a

simple transport delay model as used in other codes [3.2-3, 3.2-4] for two

reasons. First, the temperature signal is not only delayed in its passage

from inlet to outlet of a pipe run, but also altered. Secondly, a detailed

temperature distribution will aid in a more accurate detemination of the

gravitational heads and hence, the natural circulation capability of the heat

transport system under loss of forced flow conditions.

Figure 3.2-3 shows the model configuration. In the axial direction the

number of nodal interfaces (N) in a pipe section is user specified, the number

being influenced by the pipe length and the coolant velocity at full flow. In

(3 the radial direction, there are two nodes - coolant and pipe wall. Perfect
C/

insulation (i.e., negligible heat losses) is currently assumed on the wall

. outer surface. As shown in the figure, the locations of coolant and wall tem-

peratures form a staggered arrangement.

Governing Equations

The governing equations are obtained by the nodal heat balance method.

The energy balance is applied over the control volume formed between two adja-

cent fluid nodal interfaces to obtain the coolant equation. The wall equation

is related to the coolant equation through the heat flux tem. These :qua-

tions can be written for i = 1, N - 1, as follows:

Coolant:

det,t
pii+1 Ax = W(ej - ej +1) - Ucw cw [Tj j +1-Twj], (3.2-1)A A

dt

^\
(G
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p where ej+1 is the coolant enthalpy at the nodal interface i+1, T j+1 isi
O the average coolant temperature in the control volume between interfaces i and

i+1, expressed as (using subscript notation 11 + 1)

(3.2-2)Tjj+1 =

2

pjj+1 is the coolant density corresponding to Tj j+1, W is the flow rate in
2the pipe, A is the cross-sectional area for flow given by 20 9/4,U 15cw

the overall heat transfer coefticient between coolant and wall, evaluated at

the midpoint between coolant nodal interfaces i and i+1, and Acw is the area

for heat transfer between coolant and wall, given by

!

Acw = wDjax. (3.2-3)

Inherent in Equation (3.2-1) is the assumption that

) dej , dei +1 ~ deli +1 (3.2-4)
dt dt dt

Wall:
.

dT
Wi = Ucw cw [T9i+1 - Twj] (3.2-5)AMC,ww

dt

where Mw = mass of wall for length ax.

Finite Difference Forms

A fully implicit single-layer time integration scheme is applied to Equa-

tion (3.2-1) and the wall heat flux is allowed to be detennined explicitly..

! With this, Equation (3.2-1) becomes

k+1 k
k (e

i+1) = W +1 (e +1 . e +1
e-

pii+1 Aax i+1 k k k )
h 1 i+1

(3.2-6)
k k k

|

-U Acw (Tjj+1 - Twj),| p cw

| J
F

3.2-11
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and Equation 3.2-5 becomes g
k+1 k

T ) k kk (Tw,
-

w
cw cw (Tj j+1 - Twi) (3.2-DAM Cwg =U-

g
h

where the index k represents previous time, (k+1) represents the current

(advanced) time, and h is the size of the timestep.

kThe flow rate W +1 in Equation (3.2-6) is known since hydraulic calcu-

la* ions precede thermal calculations. Equations (3.2-6) and (3.2-7) are now

k kuncoupled and unkr. awns e +1 and T +1 can be determined algebraically in a

marching fashion going from i=1 to N-1.

It is worth noting that Equations (3.2-6) and (3.2-7) are for forward

flow only. However, the code has the formulation in terms of general node

counters so that the equations and the marching direction in each pipe section

are automatically adjusted depending on the flow direction, be it forward or

reverse.

Overall Heat Transfer Coefficients

In Equations (3.2-1) and (3.2-5), U w represents the overall heatc

transfer coefficient between coolant and pipe wall, and it is defined, based

on the resistance concept (see Figure 3.2-4), as

+ wa H - (3.2-8)U hcw film

The film heat transfer coefficient is given in terms of Nusselt number Nu c

as

kcch (3.2-9)f 9), _ ,

Dj

O
3.2-12
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where Nu is obtained from established correlations (see Chapter 5). gc

The wall resistance term is obtained by considering half the wall thick- '

ness (since that is where T is defined), and is expressed aswj

Dj
( o + Dj)
D

rwall = An (3.2-10 )
2k 2Djw

where Dj, D are the pipe inner and outer diameters, respectively.o

Since U is dependent on material (k , k ) and flow (Nu )cw c w c

properties, which are functions of temperature, it is evaluated at each nodal

section of the pipe.

3.2.3.2 PRESSURE LOSSES

The hydraulic model essentially calculates the pressure losses in the

pipe section as

(AP ,g)p pe = acceleration loss + frictional lossf j

+ gravity loss + other losses.
L

2 2= W (1/pn - 1/01)/A2 + W|W|/(2DA ) fdx/p (3.2-11)

o
L

2+g psinadx+KW|W|/(pA)
)

o

where f is a flow-dependent friction factor (see Chapter 5 for details). K;

is a user-specified loss coefficient to account for lesses due to bends, fit-

ings, etc. Since f/p is a continuous function, [ f/p dx is evaluated using
o

Simpson's rule. However, psina, unlike f/p, is a discontinuous function,

3.2-14
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/ dependent on the pipe geometry; hence psina dx is evaluated rather as the

summation ax I pj sinaj, where p1 = p(Tj).
i=1

The importance of these pressure loss evaluations will be seen later

unfer the transient hydraulic simulation.

3 2.3.3 STEADY-STATE MODEL

For solving the steady-state, the energy equations are considerably

simplified because of the absence of time derivatives. In fact, with the

assumption of perfect insulation, the wall equation, i.e., Equation (3.2-5),

disappears, and the coolant equation simply gives

Tj = T1 fo r i = 1, N . (3.2-12)

(N This equation also implies constant fluid properties over the pipe run.

The fomulation for pressure losses in the piping is the same as for the

transient, except that the acceleration tenn drops out, and f and p are con-

stant, simplifying the evaluation of the frictional loss tenn. Since under

steady-state, momentum balance yields

pressure drop = pressure loss, (.3.2-13 )

there being no flow acceleration, the terms " loss" and " drop" can be used

interchangeably. Generally, the tem " drop" has been used in the steady-state

analysis.

|
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3.2.4 INTERMEDIATE HEAT EXCHANGER

3.2.4.1 DESCRIPTION AND SUMMARY

The IHX in an LMFBR serves to physically separate the radioactive primary

coolant from the nonradioactive intemediate coolant while at the same time

thermally connecting the two circuits in order to transfer the reactor-

generated heat to the steam generator. Its location in each circuit of cur-

rent loop-type reactor system designs was illustrated by the example configu-

ration of Figure 3.2-1.

The IHX incorporates a liquid metal-to-liquid metal cylindrical shell-

and-tube heat exchanger where primary coolant flows in the baffled shell and

gives up its heat to secondary coolant flowing at a higher pressure in the

tubes. The higher pressure in the secondary side is to assure no radioactive
Ocoolant enters the secondary circuit in the event of a leak in any of the heat

transfer tubes. Secondary fluid in the tubes is a natural choice because it

is more economical to put the higher pressure fluid in the tubes [3.2-1], be-

sides the fact that primary coolant in the shell allows more design freedom

[3.2-5]. All current designs use an essentially counterflow arrangement.

However, the model to be described is equally valid for parallel flow as well.

The thermal response, in terms of temperature distribution in the IHX and

heat transfer from primary to secondary coolant within the heat exchanger, is

predicted by the thermal model, which involves dividing the heat transfer re-

gion into a user-specified number of nodes, and then applying energy balance

over each node. The analysis includes mixing in plena, heat transfer with the

wall, fouling, and primary bypass flow. Fouling resistance is included as a

O
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/9. user-specified parameter to allow the code to analyze the preaccident con-
| V
| ditions of the plant at any stage of its operating life. The hydraulic re-
I

sponse is obtained in tenns of pressura drop characteristics on both primary

and secondary sides of the IHX. The model includes variable friction factor

in the heat transfer section, gravity heads, and losses due to contractions,

expansions, etc. Also, a loss coefficient has been included in the hydraulic

model in order to absorb uncertainties in the evaluation of various losses

within the heat exchange unit.

3.2.4.2 ENERGY EQUATIONS

If a detailed model is needed to describe the heat transfer process in

the piping, there is even greater justification for a detailed model here,

apart from the need to evaluate the heat removal capability of the heat ex-

! change unit accurately at all times. Figure 3.2-4 is a nodel diagram for the

themal model (under counterflow arrangement). All the active heat transfer
4

tubes have been modeled by one representative tube. As in the piping, the

coolant equations are derived using the nodal heat balance method.

Essential Features
i

Some features of the model are enumerated:

(1) user-specified number of equidistant axial nodes;

(2) variable material properties and heat transfer coefficients

(functions of temperature, flow, etc.) which are evaluated locally;

(3) presence of bypass flow stream on primary side accounted for;

(4) ideal mixing plena at the inlet and outlet of each coolant stream;

/~T
V
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(5) four radial nodes (secondary coolant, tube metal, primary coolant,

shell wall);

(6) axial heat flow due to conduction in the metal wall is assumed

negligible;

(7) fully developed convective heat transfer is assumed, i.e. , entrance

effects are neglected.

The tube and shell wall nodes (see Figure 3.2-4) lie in the midplane between

the fluid nodal interfaces, giving rise to a staggered nodal arrangement. Re-

presentative time-dependent equations are noted below.

Plenum primary inlet:

pVi n d.- (ep ) = W' p ( epi n ~ *P ) , (3.2-14)y 1dt
where

ePin * *( Pin) and epy = e(Tp), (3.2-15)
V in is the stagnant volume in the primary inlet plenum, and o is the average

coolant density in the plenum. Further, from mass conservation, we have

W'p = (1 - s ) Wp (3.2-16 ),p

where s is the fraction of flow bypassing the active heat transfer region.p

Plenum primary outlet:

pV ut d-- ( epout) * N'P 'PN + O W OB-W eP p pg (3.2-17)o P p -

dt

Plenum primary bypass:

pVPB d- (ePB) " P "P ( Pi n - ePB ) . (3.2-18)
dt

Similar equations can be written for the inlet, outlet plena and downcomer on

the secondary side.

h3.2-18
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Active Heat-Transfer Region

Primary coolant:

pV (ep py) = W'p (epj - ep py)p

Upt pt(Tpg9 ,3A -Ttj) (3.2-19)-

Vosh psh (Tp$$,l shj) -A -T-

Secondary coolant:

pV h(esj) * Ws (esj+1 sj )-es
(3.2-20 )'

st st (Ttj- Tsjj+1) -A+U

Tube wall:

C A (Ttj) = Upt pt (Tpjj+1 - Ttj) (3.2-21)AMt ti
dt

st st (Ttj - Tsi1+1)*A-U

Shell wall:

Msh Cshi (Tshj) = U sh psh (Tpjj,1- Tshj), (3.2-22)Ap
v

In the above equations V , V are the control volumes between interfaces ip s

and i+1 on the primary and secondary sides, respectively. Upt, Ust, Upsh

denote the overall heat transfer coefficients and Apt, Apsh and Ast are

the areas per length Ax for heat transfer between the primary coolant and tube

wall, primary coolant and shell wall, and secondary coolant and tube wall, re-

spectively, defined as

Apt = wD2Ut Ax, (3.2-23)

Ast = wDi nt Ax, (3.2-24)
'

A sh = Ash Ax/L, (3.2-25)p

where nt = number of active heat transfer tubes, Ash is the shell heat

OV 3.2-19t
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transfer area, D1 is the IHX tube inner diameter, D2 is the IHX tube outer

diameter, and L is the length of the active heat transfer region.

Equations (3.2-19) to (3.2-22), along with the plena equations, are inte-

grated by a fully implicit single-layer scheme. The heat flux terms in Equa-

tions (3.2-19) and (3.2-20) are allowed te detennined explicitly, which un-

couples them. These equations are then ouived in a marching fashion without

resorting to matrix inversion. Subsequently, the heat fluxes in Equations

(3.2-21) and (3.2-22) are evaluated implicitly. The timestep control is

achieved (1) by checking for Courant stability violations and (2) by regula-

ting the relative change of the integrated variables from the standpoint of

user-desired accuracy. This is required particularly since the heat flux

terms, being allowed to lag in the coolant equations, could lead to unbounded

solutions if no control of the timestep size was exercised.

The above equations, in the form shown, are valid for counterflow ar-

rangement, positive flow only. However, they have been ceded with general

node counters to allow for reverse flow in either coolant stream, as well as a

choice of parallel or counterflow arrangement. All functional relationships

between enthalpy and temperature and vice versa were obtained from property

relations (see Chapter 5).

Overall Heat Transfer Coefficients

In Equations (3.2-19) to (3.2-22), Upt, Ust, and U sh represent thep

|
overall heat transfer coefficients from primary fluid to tube wall, from se-

condary fluid to tube wall, and from primary fluid to shell wall, respective-

|
ly, and are defined, based on the resistance concept, by:

1

1 1

h wall ,p + h (3.2-26)+r=

Upt film,p foul ,p

9
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. f'i 1 1 +rwall,s + h (3.2-27)
1 >=v' ut hfilm,s foul ,ss

1 1
(3.2-28), ,

U sh hfilm,pp

where the film heat transfer coefficients are calculated in tenns of Nu by

Nu k
hfilm,p pt p (3.2-29)=

,

Dph:

Nu k
hfilm,s st s , (3.2-30 )=

Di

The Nusselt numbers, Nu t and Nu t, are obtained from established corre-p s

lations (see Chapter 5).

The wall resistance tenns are obtained by dividing the tube wall thick-

ness equally between primary and secondary sides, since Tt is defined at the

midpoint of wall thickness.

An(20/(D1 + D )) (3.2-31)r
wall,p = 2k 2 2

t
and

Di
1 + D )/2D ), (3.2-32)in((Drwall,s =

,'t
2 1

t

't = thermal conductivity of tube wall.

Fouling is a time-dependeni ,nhenomenon, and the fouling resistances

1/h oul,p and 1/h oul,s are included as a user input quantity in order tof f

lend capability to the model to better analyze the response of the heat ex-

change unit at any stage of its operating life.

The overall heat transfer coefficients, Upt and Ust, are dependent on

material (k , k , k ) and flow (Nu t, Nu t) properties, Mich arep t s p s

functions of temperature and, therefore, are evaluated at each nodal section

i along with the temperatures. Referring to Figure 3.2-4, for each 1, kt

O|

! 3.2-21
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would be evaluated at i on the tube wall node whereas all other variables
,

(k , k , Nupt, Nu t) would be evaluated at the midpoint between thep s s

fluid nodal interfaces i and (i+1). The Nusselt numbers are obtained from es-

tablished correlations.

There are three options available to the user in which either

(1) both Ap and D ,p are supplied,h

(2) A is user input and D ,p is calculated fromp h

4Ap
D ,p = , or (3.2-33)h

ntwD2

(3) both A a nd D ,p are calculated by the code as follows:p h

wD22 -

-1 (3.2-34)Ap = nt 2/T(P/D )22 ,

4 _w _

and D ,p is given by Equation (3.2-33). The Reynolds number for the primaryh

D ,p*l h,p
, . (3.2-35)

Aup

where A is the flow area on the shell side. On the tube side, the Rey-
p

nolds number is given by

Re = (3.2-36),

Aus

where A , the flow area through the tubes, is given ass

2
wD 1

(3.2-37)As*Ut .

4

0
3.2-22
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(~~} 3.2.4.3 PRESSURE LOSSES !

v

-Figure 3.2-5 illustrates a typical hydraulic profile of the IHX. The

primary coolant rises in the inlet region, reverses, flows down around the

tubes, and exits at the bottom through the outlet nozzle. The secondary
'

(intemediate) coolant flows down the central downcmer into the bottom header

(inlet plendm region) .where it turns upward and distributes itself into the

heat transfer tubes. The pressure losses on both primary and secondary sides

of the IHX can be expressed as follows:

(AP ,g)IHX = acceleration loss + frictional loss + gravity lossf

+ inlet loss + exit loss + other losses.

For the primary side this equation gives

W '2 gi jge j Lp p p
(AP ,g)IHX,p = (1- 1) +1

,

f / _f_ dx + AP
2 PN P1 Y g

h A 2 J P

D ,p pAp g

W |W ! W |W | W|U| (3.2-38)p p p p p p+K +KPin pout _ +K p

2 2(pA )in (pA)out yA2
p

where
L

APg = g(p sina ax) inlet r anam + gfp sina dx + g(p sina ax) outlet plenum (3.2-39)o

W'p = (1 - s ) Wp, (3.2-40 )p

and

__ Pin + pout
0_-

(3.2-41)2

Kin (Kout) is user specified and can represent expansion (contraction)

loss from the inlet pipe to the inlet plenum and nozzle losses, or it can also

3.2-23

. . ._ .- . - . _ - - -.



O

sSEC.IN

) SEC.OUT
,

ri
|

|
1 I w,

, h - PRIM.INI '

I n

I (
! hDOWNCOMER

REGION I

) | ACTIVE HEAT
l +J TRANSFER REGION

> g

' PRsu. Our

Figure 3.2-5 Hydraulic profile of Ilg

3.2-24

_. . ._ _ . _ - . . - . . - . . - _ _ _ . . . . . . - _ - _ _ . . . - . . - - . . . - -..



. . _ .

~

O include inlet plenum. losses due to turning, flow distribution, etc. Ain
-]

represents the area of primary piping at the IHX inlet. K is an uncer-
p

-tainty absorber that is either calculated during steady state if AP IHX,p is

known from flow testing (or other means), or is input by the user if AP
_ IHX,p

is not known. . 0nce detennined or known, the value of K renains constant
p

for that particular transient. This is a useful parameter especially because

of the difficult task of detennining accurately all the losses in the complex
. internal geometry of the heat exchange unit.
1-

Similarly, for the secondary side

W2s W IW ! ls s(aP ,g)IHX,s = 1- 1 +1 f dx + aPf
g_

2 01 nN 2 9
As DA2ts

2 2W lW |/(pA in) + X ,out WlW|/(pA)out (3.2-42)
+ s,in s s s s s

+ AP ,e + K '/W IW !/(PA2)c s s s s

APg = g(p sina ax)downcomer + g(p sina ax) inlet plen

L

+ g / p sina dx + g(p sina ax) outlet plen *
(3.2-43)

and

AP ,e = Ke +Kc e (3.2-44)
.

2 2(pA ) tube in (pA ) tube out

Ks in Equation (3.2-42) is the uncertainty absorber for the secondary side.

The friction factor f is a function of Reynolds number (Re) and the relative

roughness of the channel e/D . The same approach is used in the formulationh

of the hydraulics in the sodium-side of the steam generator heat exchangers.

O
3.2-25
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3.2.4.4 STEADY STATE MODEL
,

Energy Equations

To start the calculations, the boundary temperatures at one end of the

IHX, in this case TPin and Ts re assumed to be known. Applyi ng
out,

themal balance at the primary inlet plenum (see Figure 3.2-2) gives

~ (8 "P' Pin *N P'P1 = 0. (3.2-45)Wep Pin P

On simplification, this yields

T =T (*~ }py Pi n

Similarly, at the secondary outlet plenum,

(3.2-47)Ts=Tsout.
Thus, the boundary temperatures at one end of the active heat transfer sec-

tion are known. Now, energy balance at each nodal section (see Figure 3.F-6)

gives, for i=1, N-1:

primary fluid:

(1 - S ) Wp (epj pg+1) - Upt pt ( -Tti) =0 (3.2-48)A-ep

tube wall:

pt pt( pg + T
T T

sj + Tsj+1) = 0;pg ,7
A -Ttj) -Ust st (Ttj -A (3.2-49)U

2 2

secondary fluid:

T' +T

st st (Tti - i+1) =0 (3.2-50 )si) + U(-Lfd) Ws (e A-e
si+1

where

Lfd = 1 for parallel flow,

= -1 for counter flow,

3.2-26
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and

O.; * e(T ),p

s = e(T )-i s

Equations (3.2-48) to (3.2-50), together with the functional relation-

ships of the enthalpies to temperatures, form a system of coupled, indepen-

dent, nonlinear algebraic equations that are solved iteratively for each i to

determine Tpg, , Tsj+1 tj.
For the bypass mixing volume, re-and T

ferring back to Figure 3.2-4, we have

ePB = epis

or (3.2-51)

TPB = Tpy,

and, at the primary outlet plenum:

Pout " II - 8 ) "PNP p PB. (3.2-52)S 8e

T = T (ePout) (3.2-53)Pout

At the secondary outlet plenum:

e =esin sN '

or (3.2-54)

T =T *

sin sN

With all temperatures thus obtained, an overall energy balance yields the heat

transferred in the IHX as:

Ploss,p * Wp (epi n ~ " Pout} ' (*~
and

Pgain,s * Ws (esout sin
--e

Equations (3.2-55) and (3.2-56) should yield results that match as closely as

3.2-28
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(~] . possible. Also, the heat transferred at the IHX should equal the reactor heat

plus heat' addition at the pump, to within specified limits. If not, the ap-

propriate iterated variable has to be reselected and the computations repeated

until convergence is obtained (refer also to Section 4.1.2).

Pressure Drop

The formulation for hydraulics in the IHX is the same for the steady

state as in the transient, except that " pressure drop" ( APIHX) is used in-

stead of " pressure loss", i .e. , (aP ,g)IHX-f

3.2.5 CENTRIFUGAL PUMP

Liquid metal pumps for LMFBRs are vertically mounted, free-surface, cen-

trifugal pumps driven by a variable speed motor. The impeller is attached to

the bottom of a long shaft while the drive motor and its bearings are located

at the upper end. The shaft is surrounded by a tank which extends upward from

the pump casing to the motor mounting. In order to protect the bearings of

the motor, the level of sodium in this tank is maintained well below the be-

arings, and an inert gas such as argon is used in the region above the liquid

level [3.2-6].

The sodium tank thus essentially sees only the inlet pressure to the pump

at its lower end, and the cover gas pressure acting on the sodium free surface

at its upper end. Hence, for modeling purposes, the pump is most conveniently

divided so that a free-surface pump tank is located just upstream of the pump

impeller (see Figure 3.2-7). The impeller is modeled in tems of (1) homo-

logous head and torque. relations which describe the pump characteristics, and

(2) angular momentum balance to. detemine the impeller speed during tran-

. sients. The behavior of the free surface in the pump tank is described by a

3.2-29
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mass balance at the tank. The pump equations are solved together with the
\ hydraulic equations in the loop to account _ for the interaction between the

impeller and the flow resistance in the circuit.

3.2.5.1 IMPELLER DYNAMICS

Homologous characteristics: Any given full-flowing turbomachine has de-

finite relationships between head and discharge, torque and discharge, horse-

power and discharge, etc. for any given speed. These are the pump charac.'.er-

istics relating the different parameters. However, there are very few com-
,

plete sets of data available. Also, we need characteristics for all ranges of

flow and speed conditions. Here, homologous theory [3.2-7] can be used to ad-

vantage in two ways. First, it permits the results of model tests to be used

with units of the same specific speed. Secondly, by using dimensionless,

homologous relationships, one can use one set of relationships to represent a

whole series of different pumps having nearly the same specific speed.

In a severe accident such as a double-ended pipe break in the cold leg of

a primary heat transport loop, the pump can go through several regimes of op-

eration. These are illustrated in Figure 3.2-8. If the pump parameters are

made dimensionless through division by the appropriate rated values as fol-

lows:

h = H/HR # " W/W , c = n/nR, s = Thyd/Ta, (3.2-57)R

where HR is the pump head (m) at rated conditions, WR is the pump volu-
3metric flow rate (m /s) at rated conditions, nR is the pump rotational

speed (rpm) at rated conditions and TR is the pump torque (N-m) at rated

conditions, then these variables can be related by homolegous curves, which

_ are dimensionless extensions of the four-quadrant pump characteristics.

3.2-31
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Homologous curves for head discharge can be drawn by plotting

Og i 1,gys.gintherange01
a a a

gvs.3 in the range 01 g < 1;

u u u

and, for torque-discharge, by plotting

g i 1,gys.gintherange01
a a a

a | < 1.gvs. a in the range 01
p u u

Figures 3.2-9 and 3.2-10 show these curves encompassing all four quadrants and

all regions of pump operation. The curves can be read either in tabular form,

as is done in the RELAP3B code, [3.2-8] or in the form of curve-fitted poly-

nomial s. In this analysis, the latter approach has been used. The polynomial

relations are of the following form (up to 5th order):

= at + a21 + a3 (E)2 + a4 {n)3 + (3.2-58)or ...

in the range 0 1 g i1,
a

= at + a2 a + a3 (a)2 + a4 (g)3 + (3.2-59)or ...

a <1,in the range 0 <
u

where al, a2 6 are user-specified constants for each polynomial.

There are seven sets of polynomials for head discharge and seven sets for tor-

que di scharge. This is a very convenient representation and avoids tabular

look-ups du' ring computation. The code has default coefficients for a pump

with specific speed 1800 (gpm units). This is in the range of specific speeds

3.2-32
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(~) for LMFBR pumps. They have been obtained by curve-fitting the data points in
'L.)

[3.2-7] for all regions except reverse pump, where the values are not avail-

able. The reverse pump region corresponds to positive flow and negative im-

peller rotational speed (see Figure 3.2-8) and can occur during the later

stages (t > 60 s) of the transient following pipe break, without pony motor.

Values for this regime were generated from the Karman Knapp circle diagram

[3.2-9] and then curve-fitted.

Once the characteristics are available in this fashion, the head H and

torque Thyd can be detennined, knowing rated values, operating speed, and

flow rate at any time during a transient. The head then yields the pressure

rise across the pump as

(PRISE) pump * Pin gH , (3.2-60)

where pin is the density of coolant at the pump inlet.

Angular Momentum Balance

The hydraulic torque is used to detennine the operating speed of the im-

peller. At any time during the transient, the rotational speed of the pump is

obtained by integrating

I d_9 =Tm-Thyd - T r, (3.2-61 )f
dt

where I is the moment of inertia of shaft, impeller and rotating elements in-

side the motor, T is the applied motor torque (= 0 during coastdown),m

Thyd is the hydraulic load torque due to fluid at the impeller, Tfr is

frictional torque, and n is the angular speed of the pump (rad /s).

4
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3.2.5.2 PUl4P TANK (RESERVOIR)

f4 ass conservation at the pump tank (reservoir) yields the equation de-

scribing the level of coolant free surface below the cover gas as

A d (pZ ) '' W - N (3.2-62)R in out ,res --
at

where A is the cross-se;tional area of the pump tank, Win is the massres

is the mass flo'w. rate out of the pump, ZR isflow rate into the pump, Wout

the height of coolant in the pump tank, and p is the deasity of coolant in the

pump tank.

Assuming negligible gas flow to and from the cover gas volume in the re-

servoir (see Figure 3.2-11) and applying the ideal gas law, the pressure of

cover gas is determined from

R' gas R Tgas gas
(3.2-63 )P

gas = Ares (Ztot 2)R

where Z ot is the total height of the pump tank. The temperature of the
t

cover gas is assumed to be the same as that of the coolant below it.

The inlet pressure to the pump impeller is governed by the behavior of

coolant and cover gas in the pump tank, as follows:

Pin = Pgas + pgZR+Eres (Win - Wout)I(Win - Wout) | , (3.2-64)

where K is a user-specified loss coefficient for the tank orifice. Know-res

ing P n and (PRISE) pump frcn Equations (3.2-64) and (3.2-60), respective-i

ly, the pressure at pump discharge is simply obtained as the sua

Pout = Pin + (PRISE) pump . (3.2-65)

O
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3.2.5.3 STEADY-STATE MODEL

O
The aim of the steady-state pump model is two-fold:

(1) to detemine the pump operating conditions from its characteristics, and

(2) to determine the level of sodium in the pump tank.

Impeller

In the currant approach, it was felt more logical to determine pump oper-

ating speed during steady state by matching pump hCad with load (total hydrau-

lic resistance) in the circuit. Thus, for the primary loop, the required

pressure rise across the pump is obtained from

(PRISE) pump = I aPj + APCV + APRV, (3.2-66 )

where the AP 's are the pressure drops in the piping runs and the IHX.j
APCV and APRV are, respectively, the pressure drops in the check valve and

the reactor vessel.

Similarly, /or the intemediate loop

(PRISE) pump = I APj + APIHX's + IAPSG , (3'.2-67 )
J

where IAPSG is the shell side pressure drop in all steam generator heat ex-

changers.

Pump head is related to (PRISE) pump'by

H = (PPISE) pump /(Pin 9). (3.2-68)

Knowing the bead and flow rate, the pump operating speed can be obtained from

the Nmologous head curve. Equation (3.2-58) can be rearranged to give

ala5 + a2pa + (a3p - h)a3 + a4u ,23

(3.2-69)
+ a5 4a + a6p5 = 0

This is a fifth degree polynomial equation in a, and is solved by a Newton's

'

3.2-38
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1

1

:73 iteration method specially adapted for polynomials [3.2-10]. Pump steady-

state operating speed can now be obtained from Equation (3.2-57), since both a

and OR are known.

Pump Tank

The cover gas pressure in the tank at steady state is assumed known. For

the primary loop, the gas pressure is generally equal to the gas pressure in

the reactor vessel. In the case of the secondary loop, the gas pressure is

generally equal to that in the surge tank. Thus, static pressure balance

yields the height of coolant in the pump tank:

ZR = (Pin - Pgas) / (Ping), (3.2-70)

~ here P ne Pin are, respectively, the pressure and coolant density at thew i

pump inlet.
,

|

O 3.2.5.4 PONY MOTOR OPTIONV
While the arrangement of the primary and intennediate loops is intended

to be such that natural circulation will provide sufficient heat transport for

safe decay heat rea. oval in the event of loss of all pumping power, the pumps

may be equipped with pony motors (as is the case with CRBRP) supplied with

nonnal and emergency power to provide forced circulation decay heat removal.

Therefore, a pony motor option has been included in the pump model. The pony

motor is assumed to come into play when the main motor coasts down to a user-

specified fraction of its rated speed. Once the pony motor takes over, the

angular momentum balance equation, i.e. , Equation (3.2-61), is bypassed since

the pump speed remains constant. All other calculations remain the same. Op-

tions are also available for delayed pony motor trip and for subsequent re- |

start if desired.
(nv) 3.2-39

;
.



3.2.6 CHECK VALVE g
A check valve in the heat transport system serves two purposes:

(1) to prevent thennal shock and flow reversal in a non-operating loop,

and

(2) to allow operation of the plant while one loop is out of commission.

The valve generally closes on reverse flow. The most common type utilizes a

pivoted disk which closes against a seat if flow is reversed.

The modeling approach for the check valve is similar to that employed in

the RELAP3B code [3.2-8]. The flow-dependent pressure losses are assumed to

be represented by

APCV = cj WDil (3.2-71),

P
CV

where pCy is the coolant densi'.y at the check valve location. The model al-

lows for three regions of operation for the valves, hence, three pressure loss

coefficients are required:

(1) ci for positive flow with valve or 2n,

(2) c2 for negative flow with valve open,

(3) c3 for negative flow with valve in closed position,

where ci, c2, c3 are user-specified constants, in addition to PCV, the

back pressure required to close the valve.

For positive flow, the valve remains open at all times. On reverse flow,

the valve remains open as long as APCV with cj = c2 is less than PCV-

So far, both valves behave identically, but from the closed position, type 1

0
3.2-40



: V] valve opens when AP y with cj = c2 is less than PCV, whereas type 2( C

*

valve opens when AP y with cj = c3 is less than PCV. At the user'sC

option, the~ valve can also remain open in the failed position on reverse flow.

3.2.7 SURGE TANK

The expansion (surge) tank in each intermediato loop serves to accommo-

date the coolant volume change due to thennal expansion over the operating

range. Figure 3.2-11 shows a schematic diagram of the expansion tank and pump

tank. Much like the reactor vessel upper plenum in the primary system, the

surge tank adds another free surface in the intermediate loop. During steady-

state operation, the pressure in the loop at the location of the surge ',ank is

evaluated (assuming that the level in the tank is known) by

(3.2-72)Ptank = Pgas + pgZL-

Here, p is the density of coolant at the tank location, and P is thegas

pressure of cover gas in the surge tank.

Equation (3.2-72) gives the starting point for evaluating all other pres-

sures in the intemediate loop, once pressure drops in the different piping
I -runs and components have been computed.

During a transient, the equations are very similar to those for the pump

tank and will not be repeated here.

.

v
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3.2.8 PIPE-BREAK MODEL

During a pipe-break accident in an LMFBR, the coolant flow in the system

is coupled to the break discharge rate. Since a coolant pipe is usually sur-

rounded by an outer pipe, the discharge fluid, depending on the gap size be-

tween pipes, may expand freely or be space limited.

In most existing codes [3.2-3, 3.2-4, 3.2-11] only two limiting types of

breaks are considered. One is the small leak for which a discharge coeffi-

cient of 0.611 is used. The other is the guillotine break with large separa-

tion distance so that the flow interaction between the two sides of the break

can be negiected. The medium size breaks are treated as either small leaks or

guillotine breaks. Furthermore, the effect of the sleeve or guard pipe flow

confinement is not considered.

The existing models result in a high prediction for the discharge rate.

However, this may not necessarily result in a conservative impact on the

reactor core since higher discharge rates result in an optimistic (i.e. ,

earlier) reactor scram time. This effect may be illustrated in Figure 3.2-12,

which is a sketch of the flow rate and power versus time. For a predicted

fast coolant loss, one predicts an early scram operation which is usually ini-

tiated by a low flow sensing device. With a slower coolant loss, the scram

may be initiated at a later time, or it may not occur at all. Thus, it is

important to employ a realistic rather than a " conservative" model to deter-

mine the discharage rate.

The model to be described [3.2-13] covers the entire range of break / pipe

area ratios (from small leaks to guillotine breaks with large separation dis-

tance) as well as gap / pipe area ratios (from free-jet ficw to confined flow).

O
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The flow in the break region is considered to be quasi-steady and incompressi-

ble, and gravity effects are neglected. When the break area is small compared

to the space between the coolant and outer pipes, the discharge fluid is as-

sumed to behave as a free jet. When the break area is large such that the

discharge fluid is limited by the gap space, confined flow theory accounting

for dissipation pressure losses are employed.

3.2.8.1 FREE-JET DISCHARGE
.

Consider the case of small break / gap area ratio in Figure 3.2-13(a). The

jet then expands freely (i.e., with a free stream surface) and the following

conservation equations apply:

(v1 - V2) Ap = v3 (A3+A), (3.2-73)4

(p1 p2) Ap = p(v 2 - y2)Ap + ov j ( A4-A), (3.2-74)2 2
1 3

2 = pj + 1 ov j , a = 1,2, (3.2-75)
21- pvDa +

2 2

where A, p, o and y denote area, pressure, density and velocity, respectively.

Here, A denotes the inside cross-sectional area of the pipe.p

The pressure-velocity relations for upstream and downstream pipe flows

are given in the fonn

F, (p , v ) = 0, a = 1,2. (3.2-76)a y

In addition, if the discharge coefficient based on two-dimensional free

streamline analysis [3.2-13] without wall impingement effect is employed, one

,

deduces
!
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2 2(2/w)[(1 + r 1)tanh-Iri - (1 + r 2)tanh-Ir2
2 2- (1/2)(r 1 - r 2)tanh-1 ((r1 + r2)/2)] (3.2-77)

0+ (r1 + r2)[1 + (r1 + r2)2743 5
= A /A ,b p

/ /where r1 = v1 v3 and r2 * V2 Vj-

For a given geometry and pj, Equations (3.2-73) to (3.2-77) may be

solved for pi, p2' V1' V2 Vj, A3 and A . If coolant is dis-4

charged from both sides of pipe, v2 is negative. The contraction (dis-

3 + A )/A . The dis-charge) coefficient may be defined as Cc=(A 4 b

charge rate is then given by Q = C A Vj-cb

Equations (3.2-73) to (3.2-76) are applicable for jet discharge between

two pipes as well as between two plane walls. Equation (3.2-77) is based on

two-dimensional (planar) flow considerations. However, two-dimensional re-

sults have been known to be very good approximations for circular geometry,

[3.2-13,3.2-14] and it is expected that Equation (3.2-77) is a valid first

approximation for various break configurations. It should be emphasized, how-

ever, that the impingement effect of the outer wall on the discharge coeffi-

cient has not been considered.

It may be noted that, using Equations (3.2-73) and (3.2-75), one may re-

place Equation (3.2-74) by

3 + A ) = 2vj ( A4-A). (3.2-78)(vi + v2) (A 4 3

3.2.8.2 CONFINED FLOW

When the break / gap area ratio is large, the discharge rate is limited by

the gap space as shown in Figure 3.2-13(b). Confined flow is accompanied by
|

9'
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significant dissipation losses in pressure. The governing equations are

(vi - v2) Ap = (v3 + v4) A ; (3.2-79)g

2 2 2
pt + 71 p'v 1 = pg+Y1 pv g + k g 1 ov 1,

s = 2,3,4 ; (3.2-80)i
2;

F,(p,, y,) = 0, a = 1,2,3,4 ; (3.2-81)

where k g denotes the loss coefficient from stream 1 to stream 8, and Equa-i

tion (3.2-81) represents a pipe flow relation for each stream. For a given

geometry, Equations (3.2-79) to (3.2-81) may be solved for p, and v ,

where a = 1,2,3 and 4.4

The loss coefficients need to be-determined by experiment. Meanwhile,

however, a momentum principle employed by Taliev and described by Ginzberg

[3.2-15] for converging and diverging pipe flows may be generalized to the

present configuration to obtain the idealized formulas for the loss coeffi-

cients.

Consider the control volume for each separate stream as shown in Figure

; 3.2-14. The effective average pressure at a separating stream surface is as-

2sumed to be of the form p = p1 + kov 1/2, where k is a correction coef-
f

fici ent. For example, consider stream 1-2 shown at the bottom of Figure

3.2-14. A momentum balance for the control volume yields

A 2
p1 12 + (P1+kbjPv1)(A2A12) + PV A A1 12 " P2 2

2 A (3.2-82)+ py 2 2-

Simplified by the continuity relation of v1 12 * V A , EquationA 22

(3.2-82)becomes

P1 p2 " PV2(V2 - V1) (1 + 1_ kb V /V2); (3.2-83)1
*

2

similarly, for streams 1-3 and 1-4, one obtains
,
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(~T- Pl.-P3*DV3(V3+V1)-(1-fka V /V3), (3.2-84)1

G'
1 pvi [(k -k )V3 + k V -k V ] (3.2-85)pi-p4 = pv4(v4-vi) + Y b a b4 a1

Comparison of Equations (3.2-83) to (3.2-85) with Equation (3.2-80) yields

v2 V2

k12 = (1 -) +kb (- - 1) (3.2-86),

vi vi

k13 = (1 + ) -k ( +1) (3.2-87)a ,

vi vi
.

14 = (1 - 4)2
: v V V

+ [(kb-k)3 +k 4 -k]. (3.2-88)k a b a
vi vi v1

.

The correction factors k and kb remain to be determined from experiments.a

Presently, however, the idealized values of ka = 0 and kb = 0 are assumed.
O
V If the fluid is discharged from both sides of the pipe (v2 is nega-

tive), then there exists only one separating stream surface, and the analysis

is modified accordingly . Consider stream 2 to mix with part of stream 1 to

exit at stream 4 Then, following the momentum principle, Equations (3.2-83)

to (3.2-85) are replaced by

2pl - p2 = kd PV 1, (3.2-89)

'

V /V3), (3.2-90)pl - p3 * P 3(V3 + V ) (1 - 1 kV
1 c 1

2

p1 - p4 = p [v4(v4 - vi) - v2(V3 + V )34
' (3.2-91) I

v3 + V4
+ 1_ ovi [Kjvi -ke (v3 + V1)3 *

2 v1 - v2

O.
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and Equations (3.2-86) to (3.2-88) are replaced by
i

12 = (1 - 2)2
v

k +kd, (3.2-92)
vi

= (1 + 3)2
v v3k -kc( + 1) , (3.2-93)13
vi vi

14 = (1 _4)22v2(V3+V4) V3 + V4 V3+V1v
k +kd -k (3.2-94)_ .c

2'

v1 y1 V1 - V2 VI

Again, k and kd are correction factors which are to be determined ex-c

perimentally. These are presently given the idealized value of zero.

The equations for confined flow are applicable for both circular pipes

and plane walls. However, for the unsymetrical case such as a circular break

on the inner pipe, it is implied in the analysis that the discharge fluid

spreads out circumferentially to fill the cross-sectional gap area between the

inner and. outer pipes.

3.2.9 GUARD VESSEL

As a safety feature to minimize the effects of a pipe-break accident,

guard vessels are provided around the reactor vessel, IHX, primary pump and

all piping which is below the elevation of the tops of the guard vessels.

Their volumes are such that the reactor vessel coolant level does not fall be-

low the outlet nozzle, so that the core is always submerged in coolant. If a

break occurs such that coolant spills into a guard vessel, the vessel will
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i

|

|

[} eventually fill up to the break height. Any level rise above that will create
v

'back pressure against further leakage.

A sample configuration of a guard vessel for a break in the reactor ves-

sel inlet region is shown in Figure 3.2-15. At any time during the transient

following a pipe break within a guard vessel, the volume of sodium collected

in the guard vessel can be determined by

t

Wb
VGV = _ dt , (3.2-95)

p
*

o
_

where W , the break flow rate (for the case illustrated), isb

b*W,1-W,1 (3.2-96)W 2 3 ,

and p is the coolant density at the break,

To determine the height of sodium in the guard vessel (Zgy), a detailedt

knowledge of the configuration and dimensions of the annular and bottom space

between the component and its guard vessel is required. However, a simpler

and more general approach is to have a functional relationship between ZGV

and V y in the form of a polynomial equation as 'follows:G

Zay = c1 + c2 (VGV - Vmin) (3.2-97)
.

+ c3 (V y - Vmin) if VGV > Vmi nG >

and
,

,

Zgy = 0 if VGV I Vmin a

where c , c2, c3 are user-input coefficients depending on the geometry

of the guard vessel space. Vmin is the volume required to fill up to the

lowest elevation of piping in the guard vessel. This is also a user-input

quantity and will be different for different guard vessels. VGV is limited
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.f] by V ax, the maximum capacity of the guard vessel. It seems reasonable tom
G

assume V to be the same for all guard vessels based on the volume con--

max

tained in the upper plenua setween the operating level and the minimun safe

level. ZGV is limited by Zmax, the height of the guard vessel. This can

be different for different guard vessels.

With ZGV known from Equation-(3.2-97), the pressure external to the

4 break can be detennined by

Pext = Patm if ZGV I Zbi
-Patm + pg (Zgy - Z ) if ZGV > Zbb

3.2.10 TRANSIENT HYDRAULIC SIMULATION
.

The equations describing the behavior of pumps, free surface levels,

p pressure losses in different components, and flow rates in the loops together
b

constitute the hydraulic model for the heat transport systems. Since the pri-
'

mary and intemediate systems are only thennally coupled, their hydraulic

equations do not have to be solved together, even though it is advantageous to

j solve them at the sa:ne time.

In this section, the hydraulic model will be presented for the primary

system only. Similar analysis is perfonned for the intennediate loop. Figure

3.2-16 is a sample configuration for a two loop simulation. A break occurs,

near the reactor vessel in one of the simulated loops and the remaining intact

loops are lumped together as the other loop. Note that the code has a general

fonnulation.
' The model equations are now described.

Momentum: the uniform mass flow rate model -implies that at any instant in
'

O ;
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(3 time, flow rates are constant throughout the loops except at a free surface,
V

or junction where several flows meet, or a break where there is flow loss.

With this as background, the flow rates have been Indicated in Figure 3.2-16.

Volume-averaged momentum equations can be written relating the time rate of

char.ge of the mass flow rate in a constant mass flow rate section to the end

pressure and total losses in that section. These are

dW1,1
I L=Pi-Pin,1- I aP ,g , (3.2-99)f

dt 1,1 1,1
.

dW2,1
I L= Pout,1 - Pin,b - I AP ,g (3.2-100)f ,

dt 2,1 2,1
.

dW3,1
I L= Pout,b - P nV - E AP ,g (3.2-101)i f ,

dt 3,1 3,1

dW1,2
I L=P i - P n,2 - Is AP ,g , (3.2-102)i fdt 1,2 1,2

dW2,2
E L= Pout,2 - PinV - E AP ,g . (3.2-103)f

dt T2,2 2,2

Here, Pin,b and Pout,b represent the pressure just upstream and downstream

of the break, respectively and E AP ,g is the summation of frictional andf

gravitational losses through the respective flow segment, j

l
Pump: The pressure in the loop at the pump exit is obtained from Equation 1

(3.2-65) in the pump model description.

Reservoir: The inlet pressure to the pump is obtained from Equation (3.2-64).

Level changes are described by Equation (3.2-62).

Reactor Vessel (RV): The primary loop has interfaces with the RV at inlet to |
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loop and inlet to RV. The level of sodium in the upper plenum is detennined

by

1 (3.2-104)ARV_d__(pZRV) * Wc - W ,1 -n W1,2 ,

dt

where

c"W,1+nW2,2 (3.2-105)W 3

P , the pressure at the inlet to the loop, is given by1

(3.2-106)Pi = P as,RV + pgZRV .g

Equations (3.2-104) and (3.2-106), as well as the equation for P as,RV, areg

described in more detail in Section 3.1.

An equation to detennine the vessel inlet pressure, which utilizes infor-

mation from the primary loop hydraulic equations, as well as from the vessel

coolant dynamics, must be included as part of primary loop hydraulic model.

The equation is obtained as follows (again, a two loop simulation is used for

illustrative purposes):

Mass conservation at vessel inlet yields

(3.2-107)We=nW2,2 + W ,13 .

or differentiating both sides,

dW dW2,2 dW3,1c
=n + (3.2-108)

dt dt dt

From the loop hydraulics
I

dW2,2 Pout 2 - PinV 2,2 AP ,9f

*~
dt I L

2,2

and, assuming break after pump:
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(V [ t,

dil ,1 Pout,b - PinV 3,1 apf,g3

( . -110)dt I L

3,1

The core flow can be expressed as

Wc* EW , j = 1, (N6CHAN + 1) , (3.2-111)j
J

where (N6CHAN + 1) represents the number of channels simulated in the core,

including bypass. Differentiating both sides of Equation (3.2-111) and sub-

stituting along with Equations (3.2-109) and (3.2-110) in Equation 3.2-108,

one obtains {
|

r dWj/dt = n(Pout,2 - P nV - I AP ,g)/f I L/Ai
j 2,2 2,2'

(3.2-112)
+ (Pout,b - PinV - I AP ,g)/ I L/Af

3,1 3,1

Also, applying momentum balance across the core yields

I [P nV - P -tap ,g]/(E L/A)j, (3.2-113)I dWj = i 1 f
J

Substituting into Equation (3.2-112) and simplifying yields the vessel inlet

pressure as

Piny = (A + B + C)/[E 1 + n + 1 ],
(3.2-114)j (I L) I L E L

IJ 2,2 X 3,1 A

where

A = E[(P1 + (I AP ,g)j)/(EL/A)3], (3.2-115)f

B = n[(P AP ,g)/ I L/A], (3.2-116)E fout,2
2,2 2,2

C = [(P ut,b - I AP ,g)/ r L/A]. (3.2-117)o f
3,1 3,1

A
V
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Equations (3.2-99) to (3.2-106), together with the equations for the pump,

break, guard vessel, vessel inlet pressure, etc., form a system of ordinary

differential equations and associated algebraic equations to be solved to-

gether to yield the flow rates, pressures, and free-surface levels in the sys-

tem. These equauons are advanced in time using a predictor-corrector

algorithm of the Adams type (' ee Chapter 4).s

The solution procedure is shown in Figures 3.2-17 and 3.2-18 by means of

simple flow charts. Only the main calculations involved during each timestep

are indicated. During each step, several detailed subroutines, which are not

shown here, are called.

3.2.11 TRANSIENT THERMAL SIMULATION

On the primary side, the loop thennal calculations interface directly

with the reactor vessel at the loop inlet and outlet. On the intermediate

side, the coupling is through the heat fluxes at the steam generator.

As mentioned earlier, since the wall equations are decoupled from the

coolant equations in each module, the solution can march in the direction of

fl ow. Figures 3.2-19 and 3.2-20 show flow charts for the simulation proce-

dure. To keep the illustration simple, the overall logic shown is for foniard

flow only; however, the code has the more general logic to handle reverse flow

as well.

i

O
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(intermediatesystem)

3.1-60

?



- - - . _

y- g .
.('

-

= ENTER LOOPIT

b |

| Kal |
-

3
INTERFACE WITH R.V. 08T AIN

- }y k+1
laget

4
SET

*'
e *I s e(tin tet )I

h
*

I isi |
:
i lHX, PRIMARY SIDE2

IS CHECK FLOW DIR.
T E W '

? CALCULATE e, , , T, (I s t, N-l)

I IN DIR. OF FLOW, ANO e'S'

| 3*3+' | FOR PLEN A, 8YPASSgg
n,

if

PIPC CALCULATIONS
CHECK FLO W 014. CALCULATE

,

e ,,TW, '( i s I, N-l) Oh DIR.
y

OF F LO W FOR PIPE |
':

, AOJUST 8.C.'S IS
'

FOR NEXT Pipe THl3 LAST

OR COMPONENT PE

YES

S

NO
K s K *1 0 K s N ILOOP

YES
if

SET

T, , , a T (4 )FOR ALL

PRIMARY LOOPS

1

( RETURN TO TRANSIENTDRIVER

I-
'

Figure 3.2-19 Flow diagram for transient thermal simulation
(primary system)

\

3.2-61

!



ENTER LOOP 2T 4

| Ks| |
IHX, SECONDARY SIDE

CHECK FLOW DIR, AND FLOW,_

/(
, T, k + ICONFIG. CALCUL ATE e

THERE O s I,N-1)IN DIRECTION OF FLOW.
* SH 4LSO 8's FOR PLENA,00WNCOMER

) START *L2SH +1
7

4
* 3 *'

START
SET 8.C's FRO M ,.

SH.e +1, K+1 I * +'K START
I out,SH 4

S ET B.C.'s FRO't EV NO THERE
K+l S,HK +1 , 4 N

I out,EV
jENO sL2EV

*

r1 YES

|}*} START | j sL2SH

iS o

NO /THERE SET 8.C.'s FROM IHX
_

| SH K +l K+fg ,g
7 I out ,H X

YES ,,

| ) * ) START |5
THis NO

PlPE AFTER 4'
| PIPE CALCUL ATIONS ||Jsj+g |

' YES
p

4

SET B.C.'s FROM EV

e *I seK

1 out,EV
17
0 ADJUST 8.C.'s FOR NEXT

PlPE CALCULATIONS
PIPE OR COMPONENT

CHECK FLOW DIR. CALCULATE
'

I *I , T ' (I:1,N -l) IN DIR.OFe
FLOW FOR PIPE I 18

THIS NO+ j,j,g |ADJUST 8.C's FOR NEXT pfpg
PIPE OR COMPONENT

YES

I' SET B.C.'s FOR 3 H
NO 3 g a e +IM +l K

t in,SH N

Nasyp | A a K+6 |

YES f NO p

OA
P
*

YES

( RETURN TO TRANSIENT
ORIVER

Figure 3.2-20 Flow diagram for transient thermal simulation
(intermediate system)

O
3.2-62

I



REFERENCES FOR SECTION 3.2

0 3.2-1 W. L. Chase, " Heat-Transport Systems", in Fast Reactor Technology:
Plant Design, Ch. 4, edited by J. G. Yevick, The M.I.T. Press,
Cambridge, MA,1966.

.

3.2-2 Clinch River Breeder Reactor Plant, Preliminary Safety Analysis Report,
Project Management Corporation.

3.2-3 S. L. Additon, T. B. McCall, and C. F. Wolfe, "IANUS - Outline De-
scription", Westinghouse Advanced Reactors Division, Waltz Mill, Penn-
sylvania, FPC-939.

3.2-4 "LMFBR Demonstration P1 ant Simulation Model, Demo", Westinghouse
Advanced Reactors Division, WARD-D-0005 (Rev 3), February 1975

3.2-5 W. H.- McAdams, Heat Transmission, 2nd Edition, McGraw-Hill, New York,
1942.

3.2-6 N. J. Palladino, " Mechanical Design of Components for Reactor Systems",
in The Technology of Nuclear Reactor Safety, Vol. 2, Ch.14, edited by
T. J. Thompson and J. G. Beckerley, the M.I.T. Press, Cambridge, MA,
1973.

3.2-7 V. L. Streeter and E. B. Wylie, Hydraulic Transients, McGraw-Hill, New
Yo rk , 1967.

Oy 3.2-8 "RELAP 3B Manual, A Reactor Systen Transient Code", Brookhaven National
Laboratory, RP 1035, December 1974.

3.2-9 B. Donsky, " Complete Pump Characteristics and the Effects of Specific
Speed on Hydraulic Transients", Trans. ASME, J. Basic Eng., pp.
685-696, December 1961.

3.2-10 E. Isaacson and H. B. Keller, Analysis of Numerical Methods, John
Wiley & Sons, Inc., New York ,1966.

3.2-11 B. A. Martin, A K. Agrawal, D. C. Albright, L. A. Epel , and G. Maise,
"NALAP: An LMFER System Transient Code", BNL-50451, July 1975.

3.2-12 V. Quan and A. K. Agrawal, "A Pipe-Break Model for LMFBR Safety An-
alysis", BNL-NUREG-50688,1977.

3.2-13 J. S. McNown and E. Y. Hsu, " Application of Confonnal Mapping to
Divided Flow", Proc. Midwest Conf. Fluid Dynamics, pp. 143-155, 1951.

3.2-14 H. Rouse and A. H. Abul-Fetouh, " Characteristics of Irrotational Flow
Through Axially Symmetric Orifices", J. Appl . Mech. E, pp. 421-426,
1950.

3.2-15 1. P. Ginzburg, Applied Fluid Dynamics, Chap. VI, NTIS N63-21073,
1963.;

O,

<

3.2-63

:

_ _ _ . _ , _ _ , . _ _ . . - . . ~ _ __ - . _ _ . _ _ . . _ _ - . _.- . -



- . _.

|
'

|

*
w... ,

/7 3.3 THE STEAM GENERATOR S STEM (MINET)
'

U

The representation of the steam seneration system in SSC is handled within

a computational package, designated MINET, which is coupled and interfaced to

SSC. MINET is based on a _ momentum _i_ntegral network method, which is an exten-

sion of the momentum integral method [3.3-1]. This method uses a two-plus

equation representation of the thermal-hydraulic behavior of a system of heat

exchangers, pumps, pipes, valves, tanks, etc. It is computationally faster

than the three equation methods used in RELAP [3.3-2] and its descendents, yet

represents the compression and expansion of water / steam due to changes in en-
,

thalpy and pressure.

The MINET represenution of a system is as one or more networks of accu-

mulators, segments, and boundaries. Networks are linked together via heat ex-
N/i

V) changers only, i.e., heat can transfer between networks, but fluids cannot.t

Accumulators are used to represent tanks or other voluminous components, as

well as locations in the system where significant flow divisions or combina-|

tions occur. Segments are composed of one or more pipes, p;mps, heat exchang-

ers, (inside or outside of tubes), and/or valves, each represented by one or

more nodes. Boundaries are simply points where the network interfaces with
"~

the user or the SSC code. '

MINET calculations are performed at two levels, i.e., the network level

(accumulators), and the segment level. Equations conserving mass and energy

are used_ to calculate the pressure and enthalpy within accumulators. An in-

tegral momentum equation is used to calculate the segment average flow rate.

In-segment distributions of mass flow rate and enthalpy are calculated using

local equations of mass and energy. The segnent pressure is taken to be the
- n;

v linear average of the pressure at both ends.

3.3-1
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With few ex eptions, the steam generator network is a closed sys6em, ac-

cessed through the boundary modules. The exceptions are certain variables

which are control system related, e.g. , pump speed. Boundary modules in the

hot network interface only with intermediate loop parameters, and are not

accessible to the user. Water / steam network boundary modules receive user

input information regarding pressure or flow rate and temperature (used only

i f in-flow). MINET calculations advance the other module variable (flow rate

or pressure) and temperature (if outflow).

The current MINET version uses a homogeneous equilibrium model of two

phase flow, supplemented by various two phase correlations. Extension of the

method to include better representation of the two phase phenomena, whether

through slip, drif t, or two fluid models, is a good possibility. This is be-

cause the intricacies of these models are less likely to strain the numerics

of MINET than codes where local pressures are calculated via time-dependent

equations.

The MINET package is extensive and utilizes many equations and variables.

Most of these variables are listed and defined in Table 3.3-1.

3.3.1 MINET METHOD PHYSICS

The computational speed and power of the MINET method results largely from

the local suppression of sonics in flow segments. It is implicitly assumed

that the propagation of pressure waves in pipes, pumps, heat exchangers, and

valves takes place on a time scale much smaller (milliseconds) than the trans-

ient of interest (seconds to minutes). Of course, such an assumption would be

incorrect regarding the large break loss-of-coolant accident (LOCA) of ten pos-

tulated for light water reactor primary loops. However, for steam generating

O
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- systems, one.is generally more interested in representing slower transients
,

and overall plant behavior than large break LOCA's. Thus, for a feed or steem

I 'l'ine break, one concentrates on monitoring the inventory loss and maintaining
;

; a reasonably accurate average pressure so as to properly update the conditions

; feeding back'toward the reactor.'
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Table 3.3-1 - Variables Used in MINET Models

Ah - heat transfer area in heat exchanger h

Aj - flow area for node i

A - heat transfer area in segment m |m

A - heat transfer area attributable to subsystem ss
1

A - maximum (fdl open) flow area through valve vmax y

Ath - tube cross-sectional area in heat exchanger h

A - flow area through valve vy

Cpti - specific heat of heat exchanger tube material in node i

D - equivalent hydraulic diametereq
'

Dhh - hot side tube diameter in heat exchanger h

Dwsh - water / steam side tube diameter in heat exchanger h

Eb - enthalpy at boundary module b

Ej - node average enthalpy for node i

E IM - enthalpy entering segment from bordering module IM

Ej - enthalpy at nodal interface j

Emi - enthalpy at inlet interface of segment m

E - enthalpy at outlet interface of segment mmo

E - average enthalpy in accumulator nn

E0M - enthalpy in segment outlet bordering module OM

fj - friction factor in node i

fah - heat transfer area correction factor for heat exchanger h

fk - impedance coefficient for segment mm

fin - liquid level in accumulator n

FM - fraction of flow in segment m attributable to subsystem ssm

fv - volume fraction of liquid in accumulator nn

3.3-4
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1

/O .FVsn - fraction of flow through accumulator n attributable to subsystem sO
fv - stem power factor for valve v (area = (stem)f*V kaq)*y

g - gravitational constant

H - head for pump pp

hfh - heat transfer fouling coefficient for heat exchanger h

hhj - overall heat transfer coefficient from hot side to tube wall (w/s

side) in node i

hij - local heat transfer coefficient on hot side, node i

Hr - head for pump p at rated frequency and flow ratep

hwsj - heat transfer coefficient on water / steam side in node i

1 - node number

I - inertial term for segment mn

j - interface number

k - current time step number

kj - heat exchanger tube conductivity in node 1

K'y - loss coefficient 'for valve v

i - advanced time step number

Md - number of segments in network d

Mfd - first segment number in network d

Mtd - last seghment number in network d

n - node number relative to the first node in segment; accumulator number

Nd - number of accumulators in network d

N - numbers of nodes in segment m |m

Nbd - number of boundary modules in network d

Nbid - number of inlet boundary modules in network d

Nbod - number of outlet boundary modules in network d

3.3-5
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Nf - first node in segment mm

NH - number of heat exchangers in segment mm

Ni - last node in segment mm

Nsd - number of subsystems in network d

Pb - pressure at boundary module b

Pg - pressure in module at inlet of segment Mi

P - pressure in segment mm

Pmi - pressure at inlet of segment m

Po - pressure at outlet of segmer.t mm

P - pressure in accumulator nn

P0M - pressure in module at outlet of segment M

Pib - pressure at inlet boundary module

Pob - pressure at outlet boundary module

Qi - heat transfer rate into node i

Qn - heating rate in accumulator n

- total heat trarisfer rate in heat exchang'er h
QAh

QAm - total heat transfer rate in segment.m

- total heat transfer rate in subsystem sQAs

QH - energy dumped into the hot network from the rest of the intermediate

loop

Qhj - heat transfer rate frmt hot side to tube wall, water / steam side

QHWS - energy removed through the heat exchangers to the water / steam side

- heating in subsystem s from accumulators: Qvs

QWS - energy removed through water / steam side ".oundary modules

Qws; - heat transfer rate from tube wall to water / steam side

- pressure change across segment mrm

O
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S - stem position for valve vy

Sd - demanded stem position for valve yy

t - time

Thi - hot side temperature in node i

Twi - tube wall temperature, water / steam side, node i,

Twsj - water / steam side temperature, node i

Vi - volume of node i

V - volume of accumulator nn

Wb - mass flow rate at boundary module b

Wj - mass flow rate at node i

Wj - mass flow rate at nodal interface j

W - segment m average mass flow ratem

ti est - estimated advanced time mass flow rate for segment mm

Wmi - segment m inlet mass flow rate

Wo - segment m outlet mass flow rate*

m

We - choked mass flow rate limit for segment m-

m

Wib - mass flow rate at inlet boundary module b

Wo- - mass flow rate at outlet boundary module b '

a

W - mass flow rate through pump pp

Wr - reference flow rate through pump pp

W - mass flow rate through valve vy

Zmi - elevation at inlet of segment m

Zo - elevation at outlet of segment mm

ai - pressure loss factor for node i

- pressure loss factor for segment mam

op - coefficient of heat variation for pump p ,

3.3-7 '
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Sm - pressure loss tenn for segment m

O6jp - 1 if pump at node i, otherwise, = 0

6jy - 1 if valve at node i, otherwise, = 0

APaj - pressure change due to acceleration

APfj - pressure change dJe to friction

APgj - pressure change due to grnity

APkm - pressure change due to form loss

APm - presure difference between segment m junction and accumulator n

average pressure

AP - pressure change across pump pp

AP - pressure change across valve vy

AXj - length of node i

AZj - elevation change across node i

c - relative convergence criteria

p - density

- accumula. tor n average densityon

otj - tube wall density in node i

n - interior angle between vertical at a radian to the liquid level inn

a cylindrical accumulator

| Ti - tube wall temperature time constant in node i
t

- pump coastdown time constant to pump pT p

t - valve time constant for valve vv

- impeller sper:d '.n pump pwp

ud - demanded impeller speed in pump pp

erp - reference impeller speed in pump p

x - fluid quality

Ol|
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[ 3.3.1.1 MODEL'FUNDAE NTALS
'

' V)
The calculation of pressures in MINET centers on the accumulators. Here,

equations for the conservation of wass and energy are used to advance accumu-

lator pressure and enthalpy

do Inlets Outletsn
I Wmo - I gj (3.3-1)y *

n ,

dt

and

d(o E ) Inletc Outlets dPnn n
mi mi + On + V (3.3-2)E E-V *E Nomo- E Mn n

dt dt

The equation of state is used to express the density time derivative in terms

of pressure and enthalpy,

lapn)| dP lapn) dEdon n n+i (3.3-3)= 1

dt (BP ) dt (a E / dtO n n

Note that the mass flow rate and enthalpy exiting the accumulators are those

entering the sepent, and the same parameters exiting the segment are inlet

values for the eccumulators.

Segment inlet and outlet pressures are calculated from those in bordering

modules. If a boundary module is at the end of a segment, the pressure at |
|

that end is equal to the boundary module pressure. For the case of an accumu-

lator at the segment end, the pressure differential between the accumulator

port where the segment connects and the position where the accumulator average

pressure is defined must be calculated. As accumulators are considered to be

stagnant, i.e. , zero flow rate, only elevation head needs to be considered:

!

Pmi = Pyg - pg (Zmi - Z (PIM)), (3.3-4)

v Pmo = P0M - og (Zmo - Z (P0M)). (3.3-5)p

l~
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When the accumulator contents are taken to be homogeneously distributed, the

accur.ulator average pressure is defined at the center. If the accumulator

contents are separated into liquid and vapor regions, the accumulator average

pressure is located near the middle of the liquid region. Eqs. (3.3-4) and

(3.3-5) still apply, but greater care must be taken because the density dif-

ferences between the region necessitate evaluating the elevation head in two

pieces, above and below the liquid level.

The segment pressure is taken to be the average of the pressures at both

e nd s , i . e. ,

Pm = (P j + Pmo)/2 (3.3-6)a

It is at this segment average pressure that saturation properties are calcu-

lated for the entire segnent, a step that results in significant computation-

al savings.

Similarly, a segment average flow rate, W can bt defined asm

Nt / aXj )m
Wm" E |

Wi ' /I (3.3-7)m ,

i=Nf (A jm j

where I is the segment inertia, defined asm

Nt aXm 4
I, = I (3.3-8).

i=Nf Am j

This segment average flow rate is advanced using the segment integral

momentum equation:

dW
(3.3-9)I =Pai - Pmo + rm ,m

dt

where r is the total pressure change across the segment:m

Nt
m(APgj + APfj + APaj + Sjy app + APk ). (3.3-10)AP + 6j prn= I y m

i=Nfm

3.3-10
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- (~'T -The first three tems on the right hand side of Eq. (3.3-10) are pressure
~ L.I

changes due to gravity, friction, and acceleration:

APgj = -oj aZj, (3.3-11)g

APfj = -f |tl jWj AX /2pjA 2 D (3.3-12)j j j j eq,

and
iW 2 w 2i

3 p1
2APa = /Aj . (3.3-13)-

PJ Pj+1 J

The fourth and fifth terms are the contributions due to valves and pumps in

the segnent, and will be discussed in later sections. The sixth tem is the

form loss pressure change, and is used as a catch-all for losses due to bends,

obstructions, etc. In MINET this term is calculated as

_

APk = -fk % |% , (3.3-14)m a

p
\ I
'' when fk is a user input segment impedance coefficient. In practice, thism

coefficient is selected to match pres:ures and flow rates to steady state

operating conditions,- and is maintained at the same value for transient calcu-

lations.

The enthalpy of flow entering a segment from an accumulator or boundary

module is determined by conditions in that bordering module. If the flow is

coming from a boundary module or an accumulator with homogeneously distributed

contents, the segment inlet enthalpy is set to the enthalpy in the bordering.

modul e. If the flow is entering from an accumulator with two separated re-

-gions, each at saturation conditions, the segment inlet enthalpy is set to

saturated liquid or vapor enthalpy, depending on whether the segment connects

below (liquid) or above (vapor) the liquid level.

p
V

3.3-11
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In-segment dis'.ributions of nass flow rate and enthalpy are calculated

using nodal mass and energy equations:

dpj
Vj = Wj - Wj+1 (3.3-15),

dt

E) dPd(pj j m
= Wj j - Wj+1 Ej+1 + Qj + Vj (3.3-16)EVj

dt dt

where, for a segment node:

doj (a p j) dP (301) dEjm

dt BP / dt BEj) dt
'

*

m

At this point, all of the basic equations essential to MINET have been

written. While the core group of equations has been completed, some auxil-

iary equations are needed for the various modules.

3.3.1.2 PIPE MODEL

Pipes are the simplest of the modules. All of the equations needed to

represent them were covered in the previous section.

3.3.1.3 PUMP MODEL

The pressure change across a punp is proportional to the pump head,

(3.3-18)app = p gHp.p

The intricate relationship between the pump head, the relative pump speed, and

the relative mass flow rate, is generally available in the form of homologous

pump curves. For the simple pump model currently used in MINET, quadrati

characteristics are assumed, and the pump head is given by:

3.3-12
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2 /Wp .) 2E/ l I

(1 + a ){(wp 3 '(_," Hp = Hr i l (3.3-19)p| p (wr )j - ap(Wr /
.

|p p

3.3.1.4 VALVE MODEL'

Representation of valves depends on whether choking conditions exist. If

the flow is unchoked, a form loss is calculated for the valve,

AF = -K lW lW /2p A 2, 13.3-20)y y y y yy

where K is the loss coefficient. The valve flow area is calculated fromy

the valve stem position, and user input maximum flow area and stem power coef-
,

ficient:

A = (S )fy Amax (3.3-21)y y y .

The user has three options on choke flow calculations, including neglect-
gs
- ing the possibility. If the Henry and Fauske [3.3-3] or Moody [3.3-4] models

are specified, they are used to calculate the choked mass velocity Gc

(=W/A). The valve flow area given by Eq. (3.3-21) is used to multiply this

choked mass velocity to get a choked mass flow rate. If the mass flow rate

through the valve at a given time is below the choked flow rate, calculations

proceed nomally.

In the case whan the mass flow rate exceeds the choked flow limit, the*

'

mass flow rate must be set to the choke flow rate for the next step. Because

' this contradicts.the segment integral momentun equation, care must be taken to

isolate any valve where choking is allowed in a segment by itself. Then the

segment momentum equation is overwritten with the choke flow limit.

W = Uc . (3.3-22)m m

!

Ov
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3.3.1.5 ACCUMULATOR

While much of the accumulator behavior is represented by Eqs. (3.3-1) and

(3.3-2), additional equations are needed. Because the heating term, Qn, in

Eq. (3.3-2) '.'s ,1 user input and distributed uniformly throughout the accumula-

tor, it is act a problem.

If the user wants the contents of an accumulator separated into saturated

liquid and vapor regions, he does so by indicating an initial liquid level be-

tween 0.0 and 1.0. For accumulators with uniform cross sectional area (dA/dz

= 0.0), e.<;. , an upright drum, the volume fraction, fv , is aqual to then

lovel fraction, fi -n

The quality, x, can be calculated as

of / fvn
x = 1/ ( 1 + - i ), (3.3-23)

og (1 - fvn

are saturated liquid and vapor density, respectively.when of and pg

One of the input options allows the user to specify accumulators as hori-

zontal cylinders. In the case where the contents of a horizontal cylinder are

separated into two saturated regions, the relationship between the liquid

level and the volume fraction occupied by liquid is not trivial. We define

interior angle an (Figure 3.3-1) as the angle between the vertical and a

vector running from the volume center line to the liquid level at the accumu-

lator wall, such that

1 - cos o
n (3.3-24)fi *

n 2

3.3-14
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It can be shown that the volume fraction occupied by the liquid region is re-
Olated to interior angle o by the expression:n

fvn = (On - h (3.3-25)
2

is user input, Eq. (3.3-24) isDuring steady state calculations, where fin

solved for o , Eq. (3.3-25) provides fyn, and Eq. (3.3-23) gives the qual-n

ity, which in turn is used to set the volume average enthalpy. In the trans-

ient calculations, the enthalpy is advanced directly, and the same three equa-

tions are used in the reversed order to obtain the liquid level, fin-

3.3.1.6 HEAT EXCHANGERS

Heat exchangers are among the most difficult plant components to repre-

sent, principally because of the couplexity of two phase flow and heat trans-

fer phenomena. A secondary complicating factor is the dependence of heat

transfer on geometrical considerations, given the variety of heat exchanger

designs. In addition to the heat exchangers designed for power plant use,

there are several more exotic designs used in experinental systens. Represen-

tation of the experimental heat exchangers is desirable because much of the

data useful for code verification comes from such umts.

3.3.1.6.1 HEAT EXCHANGER MODULE BASICS

It is assumed that a single tube can be used to represent the heat ex-

changer. The unit cell consists of the fluid inside the tube, the tube wall,

and the fluid outside the tube, yet attributable to that tube, as shown in

Figure 3.3-2.
O
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The tube wall temperature is defined at the water / steam side of the tube,

principally because of the sensitivity of the nucleate boiling heat transfer

correlation to that temperature rather than the tube centerline temperature.

The heat flux from the tube wall to the water / steam side is defined as

Qwsj = hwsj (Twj - Twsj). (3.3-26)

On the hot side, the corresponding expression is

Qhj = hhi (Twj - Thj), (3.3-27)
i

where hhi is the overall heat transfer coefficient:

2kj Dhh 1 1

(Dh in + + (3.3-28)hhj =
h Dwsh hrj hfh

In order to represent the various heat transfer phenmena encountered on

the water / steam side of the heat exchanger, it is necessary to use several

heat transfer correlations, each with a specified range of applicability. At

" jump" conditions, the code switches from one correlation to the next, often

with a resulting discontinuity in the heat transfer coefficient. The manner

in which this entire correlation switching process is integrated in the heat

exchanger analysis is of major importance to the stability, accuracy, and re-

liability of the model.

In the MINET heat exchanger model, the heat transfer correlation selec-

tion problem is treated using fixed length nodes. For the special case where

two heat transfer regimes may occur in one node, a noving " level" is

introduced. For a " level" node, the heat transfer calculations are done

separately below and above the jump level, and volume weighted to provide the

total node heat transfer rate.

O
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('3 3.3.1.6.2 HOT FLUID TYPE AND LOCATION

L) ..-

The user inputs the hot. side fluid type, either sodium or water, and

whether it flows inside or outside of the tube. Note that the tube wall tem-

perature is always calculated on the tube side away from the hot fluid.

3.3.1.6.3 TUBE CONFIGURATION

I

While heat exchanger tubes are usually aligned in a hex arrangement, other
,

'
|

3 - configurations are possible, particularly in experimental units. For this

reason, the three grid arrangements shown in Figure 3.3-3 are available as
1

user input for each heat exchanger.

The flow area, h, for the outside region of the unit cell must be de-

termined from the tube configuration, the tube outer diameter (0D), and the

O pitch to diameter ratio (P0D). Results for the three SSC options are given in
1 - U

Tabl e 3.3-2.
i

Table 3.3-2. Flow Areas for Heat Exchanger Tube Configurations

Grid Descriptions * An

Co-Axial (1) w 0D2 (P002 - 1)/4

Square (4) 0D2 (P002 - w/4)

Hex (6) 002 (2 v'3 P0D2 _ y)f4

* Note: The number given parenthetically indicates the number of equidistant
tubes that are closest to the reference (center) tube (see Fig.
3.3-3). This number is required as input for each heat exchanger.

(h
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3.3.1.6.4 CC/C0UNTER CURRENT FLOW

While most heat exchangers are counter current flow, there are limited

instances where co-current flow exists. Therefore, a co/ counter current flow

option (multiplier) is available as a user input for each heat exchanger.

3.3.1.6.5 HELICAL C0Il 0PTION

Two parameters are input for each heat exchanger for ',he purpose of re-

presenting helical coil heat exchangers. The coil diameter is used to modify

the friction factor, and is ignored if set to zero (straight tube). The ratio

of tube length to heat exchanger length is used to calculate the node length

inside the coil, and is useful for coils in a pool. For straight tubes or co-

axial helical coils, this factor is set to one, and the heat exchanger ler 'th

is used to obtain node length inside and outsid~e the tube.

3.3.1.7 PARALLEL FLOW PATHS

There are numerous instances where a number of parallel flow paths are es-

sentially the same, e.g., heat exchanger tubes. As very significant computa-

tional advantages can be gained by taking advantage of such parallel paths,

MINET was developed accordingly. The user inputs the number of parallel units

represented by each module. This parameter is used to determine the fraction

of the total flow through a metale attributable to a single unit.

3.3.2 MINET STEADY STATE CALCULATIONS

In order to provide maximum flexibility with regard to the type of systems

that can be represented using MINET, it was necessary to expand on the

3.3-20
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-[-) traditional steady state marching schemes. Much of the analysis is now per-
'

formed at a global level, and the process of marching through the modules has

become an intermediate step.

~

3.3.2.1 B0UNDARY CONDITIONS

Each boundary module has two ports so that it can be doubly connected.

The first port connects the module to the end of a network segment. For a

boundary module on the hot side, the second port connects to one of the inter-

mediate loops, as -indicated through user input. Boundary modules on the

water / steam side are " grounded", indicat.ing user-input boundary conditions.

The convention regarding steady state boundary conditions is for enthal-

py (or temperature) and mass flow rate to be input for inlet boundary mod-

ules, and pressure to be input for outlet boundary modules. On the hot side,

intermediate loop mass flow rates, temperatures, and pressures are used

similarly for the boundary modules, using the linkage indicated by the two

boundary module ports.

3.3.2.2 STEADY STATE GLOBAL CONSIDERATIONS

MINET interfaces with SSC at the intermediate loop, as shown in Figure

3.3-4. A section of the intermediate loop, including all heat exchangers con-

necting to the steam generating system, and connecting piping, is effectively

_ pulled into the steam generator network. At the completion of steam generator

steady state calculations, the pressure change and inertia of that part of the

-intermediate loop are returned to the intermediate loop calculations for use

-in its momentum equation. I

jW
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q Under steady state conditions, the entire network, as well as the hot
''

and water / steam sides, must obey conservation of mass and energy. The amount

of energy dumped into the hot side of the network, QH, is given by:

QH = W(E(T n) - E(Tout)).i

This energy, plus any added by heating in the accumulators, is the amount to

be removed through the heat exchangers to the water / steam side, QHWS. Any

additional heat generated in accumulators on the water / steam side is added to

QHWS to get the total energy removed through the water / steam side boundary

modules, QWS.

3.3.2.3 STEADY STATE ITERATIVE PROCESS

Global calculations need to be-performed only once in the steady statei

process. However, much of the steady state calculational process is itera-

tive. The strategy employed is outlined in Figure 3.3-5.

Sub-system analysis constrains the amount of heat that must be trans-

ferred to a specific section of the network. It is performed for a given dis-

tribution of pressure and mass flow rate.

Enthalpies and energy transfer in the network segments and accumulators

are calculated for the same mass flow rate and pressure distribution. A con-

vergence flag is set to "true" if the results of this calculation are suffi-

ciently close to previous v 21ues.

Segment modules are then analyzed in the order they appear within seg-

ments. The main purpose of this step is to evaluate segment pressure drops.

p,

V
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<) The pressure drops at current pressures, mass flow rates, and enthalpies
v

are then used to determine new system pressures and mass flow rates. An in-

ternal iteration is used in this process.

If the convergence flag was not set to "true" in the enthalpy and energy

transfer calculation, the new mass flow rate and pressure distribution are re-

turned for. sub-system analysis, etc. If the convergence flag was set "true",

steady state calculations are completed, and the results are interfaced back

to the intermediate loop.

3.3.2.3.1 SUB-SYSTEM ANALYSIS

A sub-system may'be defined as a part of the system that, for given pres-

sures and mass flow rates, requires a fixed heat input for system equilibrium

to be maintained. In its simplest form, the system shown in Figure 3.3-4 has,

U two subsystems, the. hot and water / steam networks.

For each accumulator with separated regions within a network, one addi-

tional sub-system 1.s introduced. This is because the flows exiting a sepa-

rated region accumulator do so at saturation enthalpies. Thus, for such an

accumulator to maintain an equilibrium, the fluid energy entering must com-

pensate for the saturated flow exiting.

Examples of such sub-systems include the steam drum and recirculation

loop in CRBRP and the aspirator and downcomer in the Three Mile Island once-

through steam generators. In operating plants, conditions must be tuned un-

til such sub-systems are in equilibrium. In MINET steady-state calculations,

it is assumed that such -tuning has been performed by the plant control system,
i

the plant operator, or at least on paper by the plant designer. Thus, it is

A inferred that for the system to be operating as the user indicates, the heat
V
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input to any sub-system must satisfy the sub-systen energy balance or the

plant would not be at steady-state.

Accumulators with separated regions are not allowed on the hot side of

the network. This is because (1) the hot side of the network should be sub-

cooled under steady-state conditions, (2) the part of the intemediate loop

within the network is borrowed, more or less, and to include such a key com-
1

ponent in the network would handicap intennediate 1oop calculations, and (3)

to allow for such a remote possibility would greatly complicate the network

cal cul ations.*

Knowledge of the heat input required by each subsystem is an important

step in detemining the steady state conditions. However, for some of the

more intricate systems, the fraction of flow from each accumulator, FVsne

and segment, FM m, contributing to each sub-system must also be determined.s

For sub-systems terminating at separated region accumulators, these fractions

are detemined simply by back-tracking upstream from the accumulator inlet

ports, noting where the flow came from. The remaining network side subsystem

is credited with the renainder of the flow fractions. These fractions indi-

cate how much of the heat received by each segment or accumulator counts to-

ward fulfilling the subsysten heating requirements.

While subsystem heating requirements and flow fractions do much to con-

strain heat transfer rates, ambiguous situations can still arise, particularly

in representing parallel heat exchangers. In this case two or more units

could transfer varying amounts of heat so long as together they transfer the

necessary amount. The technique used in the SSC/MINET steam generator network

to resolve these ambiguities is based o$ the available heat transfer area.

*This limitation is eliminated in a version under development.
*

.
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Thus, if two heat exchangers of equal size must make up the heat requirementm

-)-t
for a subsystem, each is assumed to provide half of the heat.

The total sub-system heat transfer area and accumulator heating must be

determined, to be used in the network enthalpy and heat transfer rate calcu-

lations to follow. Given that we know the total- heat transfer area of each

segment as the sum of the heat transfer area of each heat exchanger in the

segment, we can write the subsystem heat transfer area as

M

As = I FMsm Am . (3.3-30)
m=1

The total heat received by each sub-system as a result of heating in the

accumulators is

Nd

Qvs = E FVsn Qn (3.3-31).

n=1

/~'N
U

3.3.2.3.2 SYSTEM ENTHALPY AND ENERGY TRANSFER (ENET)

In the ENET section, the accumulator enthalpies, segment inlet and outlet

enthalpies, segment energy transfer, and sub-system energy transfer are calcu-

lated. This is done first for the water / steam network, then for the hot net-

work. A single matrix equation is used to simultaneously solve for all vari-

ables on one side on the network. For a network consisting of Md segments,

Nd volumes, and Nsd sub-systems, there are 3Md+Nd + Nsd equations

and unknowns, as shown in Tables 3.3-3 and 3.3-4. -

The equations conserving energy in the segments and accumulators are

straight-forward. In the segment inlet enthalpy equation, the enthalpy of the

flow entering the segment is set to the module enthalpy of bordering boundary

modules or homogeneous accumulators. When the flow is entering a segment from
- (m .'s) a separated region accumulator, the segment inlet enthalpy is set to the satu-

3.3-27
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Table 3.3-3
OEquations Used in ENET Matrices ,

1

Equation Type Number Used Equation

Segment Energy Md W (Emo - Emi) = QAm m

Segment Inlet
Enthal py Md Emi = E rii

Inlets Outlets
EVolume Energy Nd E 'i E - E Uni mi = Onmo r.o

Total Heat 1 Nsd QWS ; w/s side
Removal E QA "

s
QH',lS ; hot side

Separated Region
Accumulator Nsd-1 En = E(P * FE )n n

[Nsd FM A
sm m (QA -QV ) ; w/s sideE s s

ls=1 As
Segment Heat QAm "s

Transfer Rate INHm
I QAh ; hot side

i

(h=1

Table 3.3-4

Variables Used In ENET Matrix Equation

Variable Variable Name Number Defined

Emi Segment Inlet Enthalpy f1d
Eo Segment Outlet Enthalpy lidm
E Accumulator Entha'oy Nn d
Q Segment Heat Transfer Rate hid
0s Sub-System Heating Required Msd

|
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.

rated liquid or vapor enthalpy, depending on whether the connecting port is
,

/ .

5. below or above the liquid level in the accumulator. In the total heat ren1 oval

equation, the total heat input to all of the subsystems on the side is set

equal'to the total . heat to be removed from that side. The separated region

accumulator equatinn uses the user-input liquid level to calculate the

' accumulator average enthalpy.

Of the six ENET equation-types, only the segment heat transfer rate

equations dif fer significantly between the two networks. For the water / steam

network, the segment heat transfer rate is set equal to the sum of the heating

contributions made to each subsystem. The contribution is calculated as the

total heat required from segments in the subsystem, QA -9Vs, multiplied bys

the ratio of the segment heat transfer area contributing to that subsystem,

FMsm Am, to the total heat transfer area in the subsystem, As. On the-

g hot side, results from the water / steam network calculations imply the heat
i 1V transfer rate per heat exchanger, which can be used to calculate hot side seg-

ment heat transfer rates.

Once the new segment enthalpies and heat transfer rates have been

calculated, hot side segment enthalpies, heat transfer rates, and mass flow

rates are used to calculate hot network inlet and outlet enthalpies for each,

heat exchanger. Because the process of marching through the segnent modules

is executed first for the water / steam network, these hot network enthalpies

are needed before they would normally be calculated.

3.3.2.3.3 M00tJLE MARCH .

The step of marching through all of the modules in gch segment is neces-

sary for the correct calculation of the segment pressure loss, r . Becausem

the pressure loss terms are sometimes. dependent on the square of the mass flow

3.3-29
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rate, two segment loss parameters, a and s are calculated such thatm a

r *8m-("m+fk)IWlW. (3.3-32)m m m m

Five of the six tems of Eq. (3.3-10) are represented by a and s , them m

other being the segment fom loss, fk |N |W . Gravitational losses,m m m

which are independent of flow rate, accelerative losses, which are small, and

the pump contribution at reference speed and zero flow rate are included in

the Bm t em.

Ntm
sm= t APgj + APaj + 6jp pjg Hr (1 + a ) (3.3-33)p

i=Nfm

Frictional losses, valve fom losses, and the pump contrib"*',n proportional

to the nomalized flow rate, are included in an:

Nt
A Dj + 6j ojg Hr a /Wr 2f /2PiE=a j p p pim

i=Nf (3.3-34)m +Siv K /2p A 2y jy

Several of the pressure changes are dependent on local density, which is a

function of segment pressure and local enthalpy. In MINET it is currently as-

sumed that, during the steady state, enthalpy is constant across pipes, pumps,

and valves. Only in the heat exchangers does the enthalpy vary with position.

As the water / steam network segments are analyzed first, it is at that

time the enthalpy distribution is detemined for both sides of the heat ex-

changer. Later, when the hot network segments are analyzed, the heat exchang-

er enthalpy distribution is already known, and only the evaluation of pressure

losses is necessary.

At the onset of calculations for a given heat exchanger, flow rates,

pressures, inlet and outlet enthalpies, and total heat transfer rate are

already known. To force the heat transfer rate, as indicated by correlations,

3.3-30
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* tube conductivities, and heat transfer areas, to provide the required total,

\'j
heat transfer rate, an area correction factor, Fah, is used. Fah is used

to factor the total heat transfer area up or down, as needed.

The steady state iterative process for heat exchangers is shown in Figure

3.3-6. Three levels' of iteration are included in the figure, the outennost

being on.the heat exchanger area correction factor, Fah. The nodal itera-

tion is perfonned to obtain a combination of nodal heat flux and node average

properties that are consistent. The inner level of iteration is for the tube

wall temperature that producas heat transfer from the tube wall to the water /

steam side equal to the heat transfer from the hot side to the tube wall. In

the care of a " level" node, there is yet another iterative process for the

fraction of the node at which the level enthalpy is reached.

/D 3.3.2.3.4U SYSTEM PRESSURES AND FLOW RATES (PRFLOW)

The system pressure and flow rate calculation is the last major step of

the steady state calculations. Using current pressure losses, which are : >-

pendent on current enthalpies, pressures, and mass flow rates, the system

pressures and mass flow rates are adjusted, first for the water / steam side

network, then for the hot network. The equations and variables used in the

PRFLOW matrix equation are shown in Tables 3.3-5 and 3.3-6, respectively. Be-

cause the segment momentum equation contains a nonlinear tenn ([W lW )*a m

the solution is iterative.
j

For a network with Md segments, Nd accumulators, and Nbd boundary

modules, there are 3Md+Nd + Nbd equations and unknowns. Segment flow

rate, inlet and outlet pressure, accumulator pressure, flow rate at Nboq

f3 cutlet boundary modules, and pressure at Nbid ir.let boundary modules areV
cal culated.

3.3-31
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gr% Table 3.3-5
y .

'

Equations-Used in PRFLOW Matricas

Equation Type Number Used Equation

Accumulator Mass Inlets -Outlets
Balance Ng I U - W =0m m

Segnent Momentum
Balance Md Pmo-Pmi+(%+Fk )IW IWm * Smm m

Segment Inlet ( Pn + APnm , if Accumulator

fP
Pressure Md Pmi = b , if Boundary flodule

Segment Outlet ( Pn + AP m , if Accumulatorn
Pressure Md Pmo = Pb if Boundary Module,

Boundary Module
Flow Nbd Wb*Wm

-

Table 3.3-6

Variables Used in PRFLOW Matrix Equation

- Variable Variable Name Number Solved For

|J Segment Flow Rate
Mdm

P Accumulator Pressure Ndn

Pmi Segment Inlet Pressure
Md

Po Segment Outlet Pressure
Mdm

Pib Inlet Boundary Module Pressure Nbid

Llob Outlet Boundary Module Flow Rate Nbod

Vr
' \..
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Conservation of mass requires the net flow into any accumulator be zero

under steady state conditions. The segment integral momentum equation is

written using a and s , as defined in Eqs. (3.3-33) and (3.3-34). Pres-m m

sure at the segment inlets and outlets are defined by the bounding pressures,

either from an accumulator or boundary module, and any gravitational pressure

differences resulting from elevation differential . Finally, the mass flow

rate through a boundary module is constrained to the mass flow rate in the

connecting segment.

3.3.3 MINET TRANSIENT ANALYSIS

MINET transient analysis is performed at two levels, the segment level and

the network (accumulator) level . First, the response of the segments to

changes in the bordering modules is determined, and stored in the segment res-

ponse matrices. These matrices are used in conjunction with changes in bound-

ary conditions, and current accumulator conditions, to advance accumulator

! pressures and enthalpies. Segment parameters are then arivanced. This process

is done twice per step, once for the water / steam network, then again for the

hot network.

The calculational process used in the MINET transient analysis is shown

schematically in Figure 3.3-7. Steps in this process will be discussed in the

sections that follow.

3.3.3.1 INTERMEDIATE LOOP TO NETWORK INTERFACE

As discussed previously, MINET interfaces with the intermediate loop of

the SSC LMFBR representation, replacing a section of that loop in the calcu-

lational process (see Figure 3.3-4). Temperatures, pressures, and mass flow

3.3-34
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rates at connecting points are used to define current values for the steam

generator hot side boundary modules. Mass flow rates are used for inlet and

pressures for outlet boundary modules. Intermediate loop temperatures provide

steam generator enthalpies for both inlet and outlet hot side boundary mod-

ules. Only if flow is entering the network will a given enthalpy actually be

used. Further, if flow is exiting the network, the enthalpy for that boundary

module will be updated.

3.3.3.2 TIME STEP PREPARATION

At the beginning of a time step, several parameters including the time

step size, must be set. The time step to be taken, att, advances the steam

k Egenerator variables from current (t ) values to advanced time values (t ).

Most of the equations are integrated implicitly in time, which allows

time steps larger than the equation time constants to be used without intro-

ducing instabilities. However, the heat exchanger tube wall temperature is

treated explicitly in the wall heat conduction equation, and thus, that equa-

tion has a limiting time constant Tj:

Tj ptj CptjAt /fah (Dhh hhj + Dwsh hwsj) (3.3-35)=
h

The second significant task in preparing for a time step is the updating

of boundary modules and accumulator heating. The only means of updating these

required parameters at present is via user input (value vs. time tables),

which are interpolated to get current values. If the user has chosen to

control any pumps or valves in similar fashion, the appropriate tables are

used at this time to update the corresponding pump speeds or valve positions.

There are two alternate means of controlling pump speeds and valve posi-

tions. A limited control option is available in the steam generator, which

3.3-36
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|
~y -manually trips and coasts down pumps or releases and resets safety valves on

1>

\d pressure settings. These -limited control options are used to update pump
u

speeds or valve positions when that module is updated. A more sophisticated

. control is available via the PPS/PCS system. However, PPS/PCS information is

available only at the master clock time step, and the interfacing is done upon

entry into and exit-out of the steam generator.

3.3.3.3 SEGMENT CALCULATIONS

In this part of the transient calculations, the segment response matrix

must be detennined for the current segment pressures, local enthalpies, mass

flow rates, heat fluxes, as well as pump speeds and valve positions. The seg-

ment response matrix indicates the respease of local enthalpies and mass flow

rates to current conditions and changes in pressure and enthalpy in bordering

modules.

3.3.3.3.1 LOADING THE SEGMENT EQUATIONS

At this point in the calculations, values are known, for most variables,

at the k step. Time, boundary module parameters, accumulator heating, and,

depending on the control option specified, pump speeds and valve positions,

are known for the i step. The segment matrix equation is to be used, in con-

junction with the global solution, to advance local enthalpies and mass flow

rates to the advanced time step, t. The equation is of the form

Ax=By, (2.3-36)

where, for a segment with N nodes, A is a 2Nm + 2 square matrix, 8 is aa

(2Nm + 2) x 5 matrix, x_ is a 2Nm + 2 vector, and y is a 5 vector. The x

b) vector is composed of nodal-interface values:
% '
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x_ = col {aEmi> Ni...., AEj, Wj ..., AEmo > Nmo } . (3.3-37)

Vector y is made up cf changes in the enthalpy and pressure in the modules

connecting to the inlet and outlet of the segment, and unity:

y = col {aEIM , APig, AEqq , aPOM,1} (3.3-38)

The 2N + 2 equations loaded into matrices A and B depend on the con-m

ditions within the segment at step k. One momentum equation or choke flow

constraint must be used for each segnent,
Na

dW m
m

I =Pmi - Pmo + Sm-fkIWlWm- E "i|W lW , (3.3-39)i im m m
dt i=Nfm

if W est < Wc >m m

or
1t = Wc > if W est > Wc , (3.3-40)m m m _ m

where Il est is the segment flow rate estimated with Pmi and P o re-m m

maining constant. Zerc, one, or two equations must be written to constrain

the segment end enthalpy when flow is entering the segment:

Emi = EIM. if Wmi 2_ 0, (3.3-41)

and

Emi = Eqq, if timo 10. (3.3-42)

Mass must be conserved in each of the nodes

(Boj ) dEj t&pj 3 dPm
V. I *Nj - IIj+1 - Vi I (3.3-43)1 (BEj / dt (3Pm / dt

This accounts for N nass equations, giving Nm + 1, Nm + 2, or Nm+3m

equations, depending on the direction of flow at the segment end. The re-

naining Nm + 1, N > 0 F N - 1 remaining equations come from the nodalm m

energy equations.
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/3- That' tb + 1, N , .or Nm - 1 equations are needed is seemingly inm
i /
"' cor.flict' with the ready availability of energy equations for the N nodes.

. g

At this pont it is enthalpfes at the nodal interfaces that are required, and
- the ~ relationship between the constraint of these enthalpies and the nodal en-

ergy equations is not trivial.

The nodal energy equation can be written as:

i[\aEf
aojh dE apg) ldPj

Vi pj +E * W Ej - Wj+1 j+1 + Qj + V9 i 3P dt
E 1-E (3.3-44)Jj dt

Before loading a conservation of mass equation, Eq. (3.3-43), into the

matrix equation, the node average enthalpy time derivative tern must first be

eliminated. The nodal energy equation, Eq. (3.3-44) can be used to isolate

the node. average enthalpy time derivative:
- dP ]i

|WjEj-Wj+1j+1+Qj+Vj1-Ej[ap$ m
EdE \3 p j- ggj

m (3.3-45)=N

,)
+ E (( a pjy

1

dt Vi pi
' '

i aE /j

This expression is substituted into eq. (3.,5-43) to obtain a conservation of

mass equation used for all nodes. Equation (3.3-45) is eventually used to

advance all of the node average enthalpies.

In order to use Eq. (3.3-44) to advance the nodal interface enthalpy,

the derivative of node average enthalpy with respect to time has to be expres-

sed in terns of the interface enthalpies. If the obvious replacement is :

made, i.e.,

dEj dEj dEj+1
= 0.5 ( + ) (3.3-46)

dt dt dt

a not so obvious result occurs. Because the time constant for enthalpy trans-

port is relatively long, a non-physical numerical " rocking" occurs, in which
OV 3.3-39
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'

|

r

outlet enthalpies swing rapidly in response to changes in inlet enthalpy.

The donor-cell differencing scheme is used in lieu of the averaging in-

dicated by Eq. (3.3-46). The assumption is that the rate of change in enthal-

py throughout the node (except the inlet section) is uniform in response to

changes in inlet enthalpy, and thus,

dEj +1 dEj
(3.3-47)=

dt dt
.

The donor cell differenced fonn of the conservation of energy is written:

ap -

dPj i dE ,) jI ap

= WjEj - Wj+1 j+1 + Qj + Vj 1 -Ei
3Pm dt

EVj ,pj + Ej "

aE d
J i |

Thus, for a node with flow entering one end and exiting the other, Eq.

(3.3-48) effectively projects changes in outlet enthalpy in response to chang-

es in the inlet enthalpy, for current nodal conditions. This is true regard-

less of whether the flow direction is the same as steady state (forward flow),

or the opposite (reversed flow). Of course, when the flow is reversed, the

j-th interface is the node outlet, and Eq. (3.3-48) is written for dEj/dt:

dP
j pj + Ej /3pi f dE j = W Ej - Wj+1 j+1 + Qi + Vj 1-E i mV Ej j (3.3-49)

dt BP dt
(aE9 m_

,

When flow is not passing through a node, it is either entering (converg-

ing) or exiting (diverging) botr. ends. Neither condition is stable, i .e. ,

likely to continue through the time step. For a diverging flow node, we as-

sune the rate of change in enthalpy is uniform throughout the node, and there-

fore load both Eq. (3.3-48) and i.h. (3.3-49) into the natrix equation.
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(~s. . For a converging flow node, the enthalpy at both interfaces is determined from.
T /'"

outside the node. Thus it is unnecessary to use the nodal energy equation to

constrain interface enthalpy.

Thus, a node contributes zero, one, or two cor.straints on interface en-

thalpy, depending _on whether the flow is converging, through, or diverging,

respectively. For a converging flow segment, there must be one more converg-

-ing node than diverging node. Similarly, a diverging flow segment must con-

tain ont more diverging flow node than converging node. A flow-through seg-

ment has an equal number of converging and diverging nodes. Therefore, the

nadal entrgy equations account for Nm - 1. N , or Nm + 1 constraints, asm
.

a re requi red .

The nodai equations are thus loaded into the matrices of Eq. (3.3-36)

i n implicit form, i .e. ,

O y1 = f(x ). (3.3-50)t

v,

The loading logic is sunmarized in Table (3.3-7).

With the complexity involved in choosing the equation to be used in load-

ing the segment matrix equation, care must be taken that mass and energy are

conserved for each node. Because the nodal mass conservation equations are,

in fact, responding to changes in node average enthalpy and segment pressure,

and adjusting mass flow rates accordingly, mass is indeed being conserved.

Energy is also being conserved, since Eq. (3.3-45) is subsequently used (see :

Section 3.3.3.6) to advance the node average enthalpy.

3.3.3.3.2 SOLVING FOR THE SEGMENT RESPONSE MATRIX

Once the matrices of Eq. (3.3-36) have been loaded, the segment re-

.
sponse matrix is available as: |

''
~B' = A-1 B. ;

l3.3-41
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Table 3.3-7 Logic Used in Loading Segment Matrix Equation

Row I Load

E E E
1 W j>0 AE =E -E j + AE gj g

j 1
!.

. . .

.. .

.. .

E+Qf- Wf
E k

aEj,7 + C N +1 * 4Hj<0 (C -W )aE -CN7 J * N ,y aP2n-1 8j y3 j j,

N + 5 j+1aE),1+fCE,g-C-1
E

-CNaEj+f1-CE-C = (C -C C )aP +C Q - 2C NN +1N2n Any 2 4S 5 6j 5 6 j5j S 6

-WAE-CWj+(W),7+C)aEj,1
E

4C N'+1 = -C aP *O- N2n+1 W ,7>0
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.
. .

.
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.
. .

E E
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Tsble 3.3-7 (Continued)
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While the expression of the segment response matrix as the inverse of matrix A

times matrix B is simple enough, the computation involved can be signific. ant,

especially for large matrices. Because of the large number of zeros in the A

matrix, MINET loads and solvis the segment matrix equation in close-packed

form. This step saves data storage space and significantly increases computa-

tional speed. Since a fonn of Gaussian elimination is still used to solve for

the segment response matrix, there is little need to detail the process beyond

making the following points.

1) Matrix A is stored and solved as a six column matrix with 2N'n + 1

rows plus a 2Nm + 2 column matrix with one row (the momentum equa-

tion).
2) While the entries of matrix A change somewhat under various flow con-

ditions, the solver is general enough to handle any situation.

3) The solver is several times faster than full Gaussian elimination.

3.3.3.3.3 B0UNDARY ADJUSTED SEGMENT RESPONSE MATRIX

,

Before continuing on to evaluate the segment response matrices for the

ther segments, two steps are taken. First, matrix A is discarded (data stor-

age area de-allocated), as it is no longer useful . Second, advanced time

(step t) values are already known for the boundary nodules, and *.hese values

are factored into the segment response matrix at this time. For a boundary

module at the segment inlet with pressure and enthalpy specified as boundary

conditions, these changes can be factored into column 5 of the natrix:

k k L
{Bk i,5 = B i,5 + B 4,1 3E IM

+Bk AP11Ml. i - 1. ,2Nm + 2i,2

0
3.3-44

_ _ _ . . . . .
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(~} -When mass flow rate is the bondary condition for the inlet boundary mod-
wi

ule, the change in pressure must be inferred from the equation for Wmi

(afterAEggi is factored in),

aPAIM " {WA 2 2 2 0M}/8,2 (3.3-53)IM - B ,5 - B ,3 AE10M - B ,4 AP1
2

'This change in pressure is then factored into all of the rows.

{Bk k IM - B2,5)B ,2/B ,2| , i = 1, 2Nm + 2 (3.3-54)i,5 - S i,5 + (WA i 2

k k
~

i,3 - B ,3 B ,2/8 ,2} , i = 1, 2Nm + 2 (3.3-55)JB i,3 = B 2 i 2

k k i,4 - B ,4 B ,2/B ,2} , i = 1, 2Nm + 2 (3.3-56){B j ,4 = B 2 i 2

If the mass flow rate is specified for a boundary module at the outlet

end of a segment, it is the last row of the segment response matrix that is
1

used to infer the change in outlet pressure. For the case when both ends of a

segment connect to boundary n;odules, only the fifth column of the boundary

adjusted segment response matrix is effectively non-zero, and the advancement

of segment parameters to step t could be done immediately.

All os the segments in a network side are completed, and the boundary

adjusted segment response matrices are stored, before the network accumulator

pressure and enthalpy calculations are performed. First, however, the nodule

advancement process, performed while the segment matrix equation is being

loaded, will be discussed.

3.3.3.4 MODULE CONDITIONS UPDATE

In %e transient calculations, the module level variables, e.g., heat ex-

changer tube wall temperatures, are advanced at the same time that the segment,

"

equations are being loaded. This saves on data storage space and reduces code

compl exity.

('
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Essentially, tnere are two types of module level characteristics that

must be known for segment level calculatons to proceed correctly. These are

pressure drops and heat transfer rates.

As was the case in steady state calculations, the pressure losses are

broken into two parts, a constant tenn, 8m (see Eq. (3.3-33)), and a tenn

proportional to the square of the mass flow rate, o |W lWm (see Eq.m m

(3.3-34)). However, during transients, there is often wide variation in local
,

mass flow rate, and the use of a segment loss factor, am, is impractical .

Instead, a local loss factor, aj , is evaluated for each node and is loaded

into the segment momentum equation (see last row in Table 3.3-7). This local

aj i s defined consistently with Eq. (3.3-32), i .e. ,

fi

j pjg Hr ap/Wr 2 + 63y K /2pjA2 (3.3-57)+Saj = p y
2pjAjDj

Pressure losses due to gravity, friction, and acceleration are evaluated

at each segment node, for current time enthalpies, mass flow rates, and pres-

sures. For the pump and valve modules (one node each), an additional contri-

bution is made to the pressure drop, consistent with Eqs. (3.3-18) - (3.3-21).

In order to evaluate these pressure drop terms accurately, advanced time

values of relative pump speed and valve stem position are needed. If a speed

or valve position has already been set, the module calculation can proceed.

If alternate means of controlling pump speeds and valve position, either via

the limited internal control or the more extensive PPS/PCS control system,

were specified, the speed or position must yet be advanced in time.

tFor a pump, the relative demand speed, udp , is first calculated. The

advanced time relative pump speed, et, is calculated via the differential

equation

O
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AI de A
Tp = eda-wk , (3.3-58)p pdt

where T is the user input pump time constant. If the relative pump speedp

: drops below the user-input pump seizure speed, it is set to zero. The re-

lative demand speed can be tripped, i.e., changed from 1 to 0, at a user input

time, either through the limited MINET control option, or the PPS/PCS system.

More sophisticated control of the pump demand speed requires use of the PPS/

PCS system models.

-For a valve, the relative demand stem position, S is first calculated.q

The advanced time valve stem position is calculated using the differential

equation

(ds)A
k=SA-S, (3.3-59)

T l -
1 qp y(dt /

V
where T is the appropriate user-input time constant. The stem position isy

limited by the user-input minimum " leak" position and full open. The limited

steam generator internal controller is useful for safety valves which open

(Sd = 1.0) and close (Sd = 0.0) at set pressures and time constants (Tyo

a nd Tyc). When the valve position is actively controlled, the PPS/PCS sys-

tem must be used to determine the demand position, S , and the time constantd

is of ten taken to be zero.

The calculation of current time heat transfer rates is a more involved

process, partly because the tube wall temperature depends on conditions in two

otherwise disconnected segments. Because the time constants in the heat

transfer process are not small, explicit treatment of tha heat transfer rate,
k kQj , and the tube wall temperature, Tw , is possible.

3.3-47
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When heat exchangers are first analyzed during the water / steam segment

marches, the heat transfer rate is evaluated using current fluid characteris-

tics and tube wall temperatures,

k = wDhaXj hj (g k,p k,Twg )k kQj j
(3.3-60)

k k-(Twj -T(Ej ,pm ))-

later, when the heat exchangers are treated on the hot side, the heat transfer

rate is again calculated usina Eq. (3.3-60). In each case, the dependence of

the heat flux on fluid enthalpy and mass flow rate are evaluated so that heat

flux can be integrated implicitly with respect to these variables:
k

Qj t = Qj k + dQi g,1 + dQ i gy.t (3.3-61)ldE dw-

j j

Only after the current heat transfer rates have been calculated for both the

water / steam side and the hot side f s the tube wall temperature advanced

At fah (Ohh Qhjk + Dwsh QWSi)k k

Twj i = Twi k.
Ath otj Cptj (3.3-62)

The explicit treatment of the tube wall temperatures greatly simplifies

the calculational process, effectively decoupling the two network sides

briefly while system variables are being advanced. However, it also intro-

duces the time constant given in Eq. (3.3-35), which follows directly from

Eqs. (3.3-60) and (3.3-62).

In the case of a " level" node, the level is adjusted during water / steam

side calculations to the position where the level enthalpy is currently at-

tained. Partial nude conditions are then used to calculate the heat transfer

rates below and above the level. These partial node heat transfer rates are

then node fraction weighted to determine the nodal heat transfer rate.
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[] On the hot side of the " level" node, it is first necessary to detennine |

' the new hot side level enthalpy, corresponding to the level position recently

calculated on the water / steam side. In this case, algebraic equations for the

node average enthalpy and the partial node average enthalpies are used to cal-

culate the -level enthalpy and the partial node average enthalpies. These en-

thalpies are used to calculate partial node heat transfer rates, through the

partial node equivalent to Eq. (3.3-60). The nodal heat transfer rate is

.again calculated as the node-fraction weighted average of the partial node

heat trtnsfer rates. Partial node tube wall temperatures are advanced sepa-

rately, and node fraction weighted to obtain noda average tube wall tempera-

ture, which is used only when the level changes nodes.

3.3.3.5 NETWOP.K ACCUMULATOR C/LCULATIONS

l
I V Once the segment response matrices have been determined for all of the

segments in one network, the accumulator pressures and enthalpies can be de-

| ternined. Conservation equations for mass and energy in each of the Nd net-

work accumulators are coupled in the matrix equation,

CV=D, (3.3-63)

where C is a 2Nd square matrix, O is a 2Nd vector, and V_ is the 2Nd

vector

V = col { aE , AP .. . . , AEN ,aPNk*i I d
*~

d

The individual equations leaded into Eq. (3.3-63) are implicit forms of Eqs.

(3.3-1) and (3.3-2), with Eq. (3.3-3) used to eliminate the density time de-

rivatives.
.
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Vn (apnik Vj f apn) Inlets Outiets
AP**EWmo - I Wmi (3.3-65)| AE + - - - ' I-

n n
at (aEn/ at (aP ln

V (BDn k' V f 3Dnikn n

aE * + - [EnkI j _ 13 3p t (3.3-f6)on+En- n n
at (BE l at (BP /n n

Inlets Outlets
1Emi* + OnIW 1Emo" - I Wm1=

mo

The process of loeding Eqs. (3.3-65) and (3.3-66) into Eq. (3.3-63) is

straightforward, with the exception of the inflows and outflows. Here the

segment response matrices must be used to obtain the advanced time segment in-

let and outlet mass flow rate and enthalpy as a functic,n of changes in border-

ing pressures and enthalpies. As a simplification, for this part of the proc-

ess it is assumed that the change in pressure at the segment boundary is equal

to the change in pressure in the bordering accumulators (even though the abso-

lute pressures may be different). Thus, for a segnent taking flow out of ac-

cumulator 1 at d into accumulator 2, the second row of the segment response

matrix is retrieved (accumulator outflow is segment inflow). Then, for the

first accumulator mass equation, the first four columns of the segment re-

sponse matrix, row 2, are added to the first four columns of matrix C, row 1.

This accounts for changes in the mass flow rate going into the segment in re-

sponse to changas in enthalpy and pressure in the inlet and outlet bordering

accumul ato r. The fifth column entry of row 2 of the segment response matrix

is then subtracted from the first row of vector D. Note that if the segment

were connected at this outlet to a boundary module instead of an accunulator,

the third and fourth columns of the segment response matrix would be ignored.

O
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+
f, J

J .: , , if

... ! Loading Eq.L(3.3-66) is slightly 'more difficult. because the flow en-
. L/ T _

LA ^ergy Lterms. must be linearized.*

-:wt l = E yt +~ykaE . (3.3 67) .
,

E k A;

~
-

Rows must be extracted from the' segment response matrix for both W1 and
'

.aEA, Land substituted in-Eq. (3.3-67). Second order "A" terms are dropped..

:The remairiing terms are then loaded into Eq. (3.3-63).
"

.

. After ' equations for all accumulators ~.in the network 'have been loaded 'into.

the matrices, Eqi (3.3-63) is solved for vector V. This-is done using full
'

Gaussian' elimination, as these matrices are generally small and have mostly
~

non-zero elements.
,

'

V = C-1 D- (3.3-68)

Vector V contains changes in the network accumulator enthalpies and pressure
s

during-the time step.

O 3.3.3.6 ADVANCING NETWORK VARIABLES

Accumulator enthalpies and pressures are advanced using the changes in-

dicated in vector V. If the contents of the accumulator are separated, the

new level is then. calculated. Using vector V and the boundary module adjusted
1

segment response matrix, all of the nodal interface enthalpies and mass flow.

rates are then advanced.

The advancement of segment inlet and outlet enthalpy and mass flow is

straightforward, as they are equal to the values' for the just advanced. inter-

face enthalples and mass flow rate at the inlet and outlet of the segment.
:

Similarly. the boundary module enthlapies and mass flow rates can be advanced,
1.where appropriate,. using segment inlet and outlet enthalpies and flows. - 1

O
.
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Segment inlet / outlet pressures and boundary module pressure are not al-

ways as easy to advance. If the segment connects to a volume, the segment

inlet / outlet pressure is calculated using the advanced accumulator pressure

and elevation head. In the case where the pressure option was chosen as the

user input parameter for the boundary module, the pressure at the boundary

module is advanced already, and the adjuining segment pressure is adjusted to

match it. It is the case where one or both ends of the segment connect to

boundary modules and where mass flow rate boundary conditions were specified

that is most difficult. For such a boundary module at the segment inlet, Eq.

(3.3-53) must be used (these matrix B entries are carefully preserved). A

similar expression is used when a mass flow rate boundary condition is speci-

fied at the segment outlet. When a segment has mass flow rate boundary condi-

tions on both ends, Eq. (3.3-53) and the equivalent at the segment outlet are

coupled and solved for the pressure at both ends.

Once the segment inlet and outlet pressures have been advanced, a new

segment average pressure is calculated. This' advanced time pressure is com-

pared against the current value, thus giving the change over the time step, to

be used in advancing the node average enthalpies. The node average energy

equation used is the linearized fonn of Eq. (3.3-45):

t t 1-C aP * + Wj Ej e- Wj+1 1
E +1aE j = 14 m

(3.3-69)(3gp
+ Qik+ 1 3y42 } /C3

(aW / }j

where C3 and C4 are as given in Table (3.3-7). If the flow is passing

through the node at the beginning of the step, the node average enthalpy is

over-written with tha linear average of the junction enthalpies on either end.

This is a standard step in the donor-cell differencing scheme used for the
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flow-through nodes. Thus, Eq. (3.3-69) is actually used (and is critical)
l

V only for converging and diverging flow nodes.

3.3.3.7 INTERFACING BACK TO THE INTERMEDIATE LOOP

When the MINET transient calculations reach the advanced master clock

time, it is necessary to return information useful to the SSC intermediate

loop calculations. The outlet mass flow ratio are returned, but are not used

by SSC, because sodium is assumed to be incompressible. The pressure drop

across each of the intennediate loops are returned in lieu of absolute pres-

Lastly, the hot side boundary enthalpies are converted to temperaturesures.

end returned as the taperatures into and out of the steam generator section

of the intermediate loop. Note that unless flow has reversed in the inter-

mediate loop, the temperature into the steam generator will be the same as

when it was passed in at the beginning of the step.

3.3.4 MINET - PPS/PCS INTERFACE

The PPS/PCS module requires input fra MINET in order to control steam

generator and other plant functions, such as reactor power. As this informa-

tion is required for specific cmponents, such as the steam drum, additional

user input is required to identify which of the modules represent these com-

ponents. If a particular cmponent is not represented, the user inputs "999"

as the identity, and a dummy signal is sent to the PPS/ PCS for the non-

existent cmponent.

Ov
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i

In order to represent some steam generator systs pump speeds and valve

positions, it is necessary to identify the specific component, e.g., feedwater

pump, from amongst the otherwise indistinguishable modules. If the component

is identified as "999", the signal returning from the PPS/PCS system for the

missing component is ignored.

O

O
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V 3.4 MODELING 0F PLANT PROTECTION AND PLANT CONTROL SYSTEMS

,

.

3.4.1 INTRODUCTIO"

The dynamic simulation of protected transients in liquid-metal-cooled

- fast breeder reactors (LMFBRs), is an integral part of the overall design, de-

velopment and safety evaluation. The overall plant system response to a va-

riety of operational, incidental and accidental transients requires mathema-

tical rodeling of the entire plant including the interactions of the plant

protection system (PPS) and plant instrumentation and control systems (PCS).

Limited modeling of the PPS and PCS has been developed and incorporated

in a number of system simulation codes [3.4-1, 3.4-2, 3.4-3, 3.4-4]. These

models are normally highly plant dependent and often inadequate in their re-

presantation of the actual plant conditions.

The aim of this chapter is to present a fairly generalized and detailed

modeling of the plant protection and control systems that has been developed

and incorporated into the Super System Code (SSC). These models have been

formalated to be more easily adaptable to plants of similiar design and

characteristics.

The detailed description of the plant protection system is given in the

following section (3.4.2). Section 3.4.3 describes the plant contro14ystems

for various plant systems, while Section 3.4.4 discusses the interaction of

plant protection and control systems and the numerical interfacing with SSC.

i
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3.4.2 PLANT PROTECTION SYSTEM

The function of the LMFBR Plant Protecticn System (PPS) is to assure that

the results of all postulated conditions do not exceed the specified safety

limits of the reactor system. It should provide the required protection by

sensing the need for, and carrying to completion, reactor scrams, pump trips,

turbine-generator set trips and subsequent isolation.

4afety limits are imposed on important process variables required to rea-

sonably protect the integrity of each of the physical barriers which guard

against the uncontrolled release of radioactivity. The maximum safety set-

tings for automatic protective devices are related to variables on which

safety limits have been placed. A maxinum safety setting shall be so chosen

that automatic protective action will correct the most severe abnormal situa-

tion anticipated before a safety limit is exceeded. Thus, the safety limit on

reactor power would be the power level at which operation is deemed to become

unsafe, while the maximum safety setting would be the power level at which a

scram is initiated. The maximum safety setting must take into account the

measurement and instrumentation uncertainties associated with the process

variables.

The PPS can be thought of as a control system, which, in routine opera-

tion, remains an observer acting only if the plant system reaches the limit of

pemissible operation (maximum safety setting). The PPS includes the Shut-

down System (s) and the Engineering Safety Features.

The PPS does not directly include the reactor operator in implementing a

protective function. However, nanual shutdown devices are considered part of

the PPS.

3.4-2
|



I

I~'

V) In the present model, the PPS function is divided into two separate modesJ

namely; manual and automatic, mode as shown schematically in Figure 3.4-1 and

described in the following sections,

e

ns
,

e-

on

s

AUTOMATIC

O
LJ

Figure 3.4-1 PPS Operation Logic

3.4.2.1 MANUAL MODE

In the manual mode, the model simulates the operator's action through

which various shutdown systems can be activated.

To achieve this, the user must switch the PPS mode to manual and provide

the time at which the derived shutdown system must be activated. It is im-
1

portant to note that the manual action can also be used to initiate a trans-

ient anywhere in the shutdown systems. The following systems can be manually
1

activated (together or individually) through input:

[ '

o
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(1) Primary control rods,

(2) Secondary control rods,

(3) Primary, intenaediate and tertiary pump motors, and

(4) Turbine-generator set.

Manual activation is achieved through two coupled input data parameters;

namely the manual switch flag and the time at which the manual action is de-

s i red . For example the user can input the following shutoown sequences:

Primary Scram at t = 0.10 s

Secondary Scram at t = 1.90 s

Primary Pump Trip (Loop 1) at t = 2.0 s

Primary Pump Trip (Loops 2 and 3) at t = 2.2 s

Racondary Pump Trip (Loops 1,2, and 3) at t = 2.5 s

Recirculation Pump Trip (Loops 1,2, and 3) at t = 2.5 s

Feedwater Pump Trip (Loop 1,2, and 3) at t = 3 s

Turbine Trip at t = 0.6 s j

It must be noted that the manual switch does not necessarily exclude

automatic action, if au'tomatic conditions are satisfied prior to the time of

manual trip. In order to exclude any possible automatic actions, the user

should also set a long automatic time delay (see Section 3.4.2.5).

3.4.2.2 AUTOMATIC MODE

In the automatic mode, important system variables are processed through

PPS subsysten trip functions for possible protective action in response to

selected instrumentation signals.

O
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The response of process sensors and transmitters is modeled using a first

^d order approximation of the form [3.4-5, 3.4-6]:

Tm X, - X," (3 A-O=

dt

where, Tm = time constant of the measuring device, (s),

X = measured (sensed) process variable, andm

Xa = actual value of the process variable (e.g., flux amptitude,

primary loop sodium flow rate, temperature, etc.,.

The time constants of the measuring devices are normally determined ex-

perimentally and are highly dependent on the characteristics of the measuring

instrument. Table 3.4-1 summaries some typical instrumentation time con-

O stants.

V
Every important process variable is monitored by the PPS computer and the

,

measured signal as given by Equation (3.4-1) is processed by the reactor shut-

down subsystems.

Various plants use different process variables with different safety set-

tings for the PPS subsystem trip equations. In order to represent a fairly

generalized model of the PPS for LMFBRs of different design and configura-

tion, SSC provides twenty functions, fifteen of which are chosen based on the

review of the current LMFBR designs in the United States. The remaining five

functions are left blank in order to provide the user with sufficient freedom

fcr accommodation of other trip functions.

;

bV,

.
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Table 3.4-1 Typical Sensor and Transmitter Time Constants

O
Measured Variable T (s)m

Neutron Flux 0.05

Pump Speep 0.02

Flow Rate 0.50

Temperature 2.00

Pressure 0.15

Liquid Level 0.50

The following is the list of the trip functi]ns and their associated

mathenatical relations as they appear in the code.

(1) High Neutron Flux subsystem generates a reactor scram signal for

significantly large positive reactivity insertion, that is:

6m (t) > dmax (3.4-2)

where 6m (t', is the measured (normalized) neutron flux amplitude and

6 max is the specified safety setting (user supplied input).

(2) Flux-Delayed-Flux subsystem generates a reactor scram signal for rapid

reactivity disturbange, either positive or negative, which may occur anywhere

in the load range. For positive reactivity (p>o), the Laplace transform is:

m 5 10 (3A-3)L-1[A 6(s)/(A2 + s)] + A3 d (t) + A4apm (t) + At m

and according to the convolution theorem:

t

L-1 [F (s) F (s)] = f (t') * f (t - t')dt' (3.4-4)
1 2 t 2

O
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f-% - .Therefore, Equation (3.4-3) can be transformed into the time domain to ob-
\d '

tain:

t -A2 (t - t')
A E (t')e dt' + A d (t) + A4apa (t) + A 10 (3.4-5)l m 3 m S

o

'

where apm is the measured (normalized) primary loop pump speed or total re-

actor coolant flow rate, and A , A . . ., A5 are constants. associatedi 2

with the maximum safety settings.

For negative reactivity disturbances (p<o), a similiar relationship ex-

ists; except the constants associated with the maximum safety settings are
i

different.

Equation (3.4-5) is an integral equation which can be easily trans-

formed into a differential equation by the following definition:

t -A2 (t - t')
I(t) = dm(t')e dt' (3.4-6a)

o

and

t -A2 (t - t')

h=dm(t)-A2 dm (t') e dt' (3.4-6b)

o

or alternatively:

h=dm(t)-A2 I(t) (3.4-7a)

Equation (3.4-7a) is an ordinary differential equation in time, with the

O
\sl
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initial condition given by:

(3.4-7b)1(t = 0) = dm(t = 0)/A2

Therefore, Equation (3.4-5) can be readily evaluated as a function of time by

first solving Equation (3.4-7) and substituting the results for I into

Equation (3.4-5).

(3) Flux- v' Pressure subsystem provides protection against positive

reactivity excursions and/or reduction in the pressure at the reactor inlet

plenum over the desired load range, the trip equation is of the form:

C1 dm(t) + C2[P(t)] +C310 (3.4-8)m

where P (t) is the measured (normalized) pressure and C , C , C3 arem 1 2

constants associated with the naximum safety settings.

(4) Primary to Intermediate Speed Ratio subsystem generates a reactor scram

signal for imbalance in heat removal capability between the primary and inter-

mediate circuits of the same loop. The protective function is of the form:

Di apm (t) - D2 [D3 pm (t) + D4 aim + D ] + D610 (3.4-9)5

where aim (t) is the measured (normalized) intermediate loop pump speed and

0,0,...,D6 are constants associated with the maximum safety set-1 2

tings.

(5) Pump Electrics subsystem provides protection for loss of AC power to any

of the ?lant's coolant pump motors.

(6) Reactor Vessel Level subsystem generates a reactor scram signal for low

reactor vessel sodiun level, that is:

(3.4-10)L (t) 1 Lainm

O
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) where Lm(t) is the measured reactor vessel sodium level; and Lmin is the

minimum sodium level for PPS action.'

(7) Steam to Feedwater Flow Ratio subsystem generates a reactor scram signal

for large imbalances between the steam and feedwater flow rate for each heat

transport. system loop, that is:

'

|Wfm (t) - Wsm (t)| J_ a ( Any Loop) (3.4-11)

Where Wfm(t) is the measured feedwater flow rate; Wsm(t) is the measured

steam flow rate, and.a(kg/s) is the maximum difference in the flow rates for

PPS action.

(8) IHX Primary Outlet Temperature subsystem generates a reactor scram signal

if the IHX outlet sodium temperature exceeds a specified setpoint; that is:

T xm (t) > Tmax (Any Loop) (3.4-12)i

b where Tixm(t) is the measured IHX outlet sodium temperature and T ismax

the maximum safety setting.

(9) Flux-Total Flow subsystem provides protection against increasing and de-

creasing flow and power level over the load range. The trip equation is of

the form:

n

F1- I Wpm,j(t) + F2 * dm(t) + F3 10 (3.4-13)j=1

where Wpm,j(t) is the measured (normalized) sodium flow rate in the J-th

primary loop, n is the total number of the primary loops and F , F , F31 2

are constants associated with the maximum safety settings.

(10) Primary to Intermediate Flow Ratio subsystem provides protection against

O
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|large imbalance in the heat removal capability of the primary and intermediate
Ocircuits on the same loop. The trip equation is of the form:

GW1 pm (t) + G [G W3 pm (t) + G W4 im (t) + G ] + G6 10 (3.4-14)2 5

where W m(t) is the measured (normalized) sodium flow rate in the inter-i

mediate loop, and G , G ,. . . G6 are constants associated with the max-1 2

imum safety settings.

(11) Steam Drum Level subsystem generates a reactor scram signal for high and

low steam drum water levels as governed by the followilg trip equation:

1 Hmax
|

Hm (t) (Any Loop) (3.4-15)
'

( 1Hmin

where H (t) is the measured (normalized) steam drum water level, Hmax ism

maximum water level and Hmin is minimum water Ic.el for PPS action.

(12) High Evaporator Outlet Temperature subsystem generates a reactor scram

signal for high sodium temperature at the outlet of any evaporator (s), that

is:

T (t) 1 Temax (Any Loop) (3.4-16)em

where Tem (t) is the measured sodium temperature at the outlet of any evapo-

rator, and T is the maximum safety setting for PPS action.emax

I (13) High Reactor Vessel Outlet Nozzle Temperature subsystem generates a re-

actor scram signal for high sodium temperature at any of the reactor outlet

nozzles, that is:

T (t) > Trmax (3.4-17)rm

O
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where Tm(t) is the measured sodium temperature at the reactor outlet noz j
e T

V zie, and T is the maximum safety setting.rmax

.(14) Low Primary Loop Flow subsystem generates a reactor scram signal for low

primary loop sodium flow rate, that is:

Wpm (t) 1 W , min (Any Loop) (3.4-18) |p

\
-

where Wp, min is the normalized minimum primary loop sodium flow rate for PPS 1

action.

(15) Low Intermediate Loop Flow subsystem' generates a reactor scran signal

for low intermediate loop sodium flow rate, tnat is:

Wim(t) 1 W , min (Any Loop) (3.4-19)i

where Wi, min is the minimun normalized intermediate loop sodium flow rate

for PPS action.

(16-20) Blank: these five functions are left blank to allow the user flexi-

bility to simulate PPS trip functions applicable to other designs / plants.

3.4.2.3 PRIMARY AND SECONDARY SHUTDOWN SYSTEMS

In LMFBRs, the shutdown system consists of two independerit, redundant sys-

tems capable of providing sufficient negative reactivity for neutronic shut-

down, namely; primary and secondary control rod systems.

The primary rods are used for both power regulation and reactor shutdown;

while the sole purpose of the secondary control rods is reactor shutdown.

In the present model, any number of the above shutdown subsystems can be

assigned to either one of the shutdown systems, but not to both. For example,

b)t 3.4-11
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subsystems 1, 3, 5, 8, 9, 12 can be assigned to the primary rods while the re-

....aing subsystems can be assigned to the secondary rods. This option is pro-

vided through the input data and is discussed in Table 7-7 (Records 8016 3019)

and Figure 7-10.

Manual operation of the primary and/or secondary shutdown systens is al-

so included as was described in Subsection 3.4.2.1.

3.4.2.4 SIGNAL SUPPRESSION

A user of SSC can selectively suppress automatic reactor scram actions

based on any or all of the PPS subsystem for both primary and secondary shut-

down systems.

For example, subsystems 1, 3, 5, 8, 9, 12 can be assigned to the primary

system; subsystems 2, 4, 6, 7,10,11,13,14 and 15 can be assigned to the

secondary system. Additionally, if desired, the user could suppress possible

primary system scrams due to subsystens 1, 5 and 8, for instance; and also

suppress possible secondary system scrams due to subsystems 4, 7,10 and 13.

This is achieved by assigning the desired operative protective functions.

Therefore, protective functions that would be operative in this example for

the primary and secondary shutdown systens are 3, 9,12; and 2, 6,11,13,14

respectively.

3.4.2.5 SIMULATION OF IflHERENT TIME DELAYS DURING SHUTDOWN
4

In order to be able to simulate the PPS system parallel to the real plant

operation, the effect of instrumentation and mechanical tiiae lags must also be |
!

i ncluded .
i
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( There are two types of automatic time delays: (1) scram time delay, and

(2) trip time delay. The scram time delay is defined as the time from the

automatic generation of the scram signal to the time at which control rod

movement begins. The trip time delay is the time span from when the control

rod movement begins, to the time when the pumps and turbines are tripped; as

; shown schematically in Figure 3.4-2.

PPS ACTION C0seTROL R00 Puesp AN0/0R

(SCRass 360 seal) asovEasENT BESees Tumenet Trip

C O O
I I i
1 | |

4 S t. o 8 t, d
I t + 8 t, t + 8t,+ 4t,

Figure 3.4-2 Schematic of the Shutdown Time Lags
DO

These tine delays can vary anywhere from 0 to -; and must be supplied

through input data.

3.4.3. PLANT CONTROL SYSTEMS

Adequate modeling of Plant Control Systems (PCS) for the study of Anti-

cipated Transients Without Scram (ATWS) is of considerable siginficance in the

design, operation and safety evaluation of U4FBR systems. In order to assess
.

the system response to such transient events, detailed models for plant con-

trol systems nust, therefore, be provided in any large systen simulation code.

O
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The plant control system incorporates the manual and automatic controls

that maintain the plant at the desired level of power, temperature, pressure,

and flow conditions for startup, load changing, rated power, standby and shut-

down conditions. These functions are usually accomplished using a two level

feedback control system. The supervisory control (top level) uses the load

demand signal as input. From this input, the power, temperature, pressure,

flow and other setpoints are established electronically according to the de-

sired part load profile. These demand setpoints are used by individual con-

trollers (second level) which maneuver the control rods, pump drives or valves

to attain the desired plant conditions.

3.4.3.1 UNIT CONTROLLER (Cascade)

A block diagram representation of a unit controller is shown in Figure

3.4-3. It is seen tht.t the unit controller is composed of the setpoint

3tnerator, process measuring device, deadband and a proportional-integral-

derivative (PID) module.

The setpoint generator allows for the generation of process setpoint

either through the supervisory controller, X (L) or a manual switch, XD sp-

The process measuring device accounts for the instrumentation time lags, and

is modeled by the first order system described earlier in section 3.4.2.2.

The deviation (error) tional (e) can then be calculated as:

XD (L) - X Automatic itode-m

e= (3.4-20)
|

-X Manual Mode,X3p m

O
3.4-14
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Figure 3.4-3 Block Diagram Representation of the Unit Controller
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It is imoortant to note that all of the controller variables are normalized
Owith respect to their 100*. load reference conditions, in order to remove any

ambiguities of unit conversions.

There is normally a deadband around the setpoint, of width 2e , overo

which the controller is insensitive to the changes in the error (deviation)

signal, that is:

e=0 if |e|1e (3.4-21)n

The error signal is then fed to a PID module to generate a corrective trim

signal (Tr) as follows:

+ R[e dt + TD ) (3.4-22)Tr = K (e

where K is the proportional gain, R is the integral repetition rate (s-l)

and T is the derivative time (s).D

The controller response to increasing the integral rate is generally

improved at the expense of a more oscillatory behavior. The addition of de-

rivative action to the controller improves the response time significantly

while reducing the oscillatory behavior. These modes of control are usually

refered to as the lead-lag actions.

Setting the proportional gain to zero shuts off the entire cascade, while

the integral reset rate, R, and the derivative time TD can be cet to zero

selectively to shut off their respective modes.

In order to prevent undesirable oscillations and cyclic disturbances

under certain control conditions, the controllers are usually designed to

limit the excessive integral roll-up and roll-down [3.4-9]. This effect can

be accounted for by bounding the value of the integral in Equation (3.4-22) to

any positive (roll-up) and/or nega:ive (roll-down) value.

O
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f~q The integral is transfomed into a differential equation using the fol-
lowing definition:'

I=[edt (3.3-23)

Therefore,

h =e ; I(t = o) = 0 (3.4-24)

The derivative tem of Equation (3.4-22) is approximated numerically as:

de. e(t) - e(t - At)
(3.4-25)

,

dt at

where at is the integration timestep; e(t) is the current error and e(t - at)

is the error at the end of the previous timestep.

The trim signal, Tr, is the controller output signal which is used as an

O input to the next unit controller (cascade) or as an input to the actuator as
\_/

discussed in the following sections.
-

.

3.4.3.2 SUPERVISORY CONTROL

1

j, The supervisory controller uses the demanded power (load) signal and

| transforms it into a feedforward demand for the various plant controllers in
,

order to maintain the desired operating conditions.

The desired operating conditions are detemined by perfoming repeated

steady state calculations at various power levels throughout the reictor auto-
;

matic operating range assuming certain known turbine throttle conditions. )
These part load profiles of key plant variables are used as input for the

transient calculations.

; ),,('
''
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In order to increase the computational speed, the code calculates the

load dependent setpoints as functions of plant load using polynomial approxi-

mations of the form:
2

X(L)= I Cl (3.4-26)g j
i=0

where L is the fractional load and the Cj 's are polynomial coefficients ob-

tained from part-load profiles and supplied by the user through the input

data.

.

3.4.3.3 REACTOR POWER CONTROL

The reactor power control system maneuvers the primary control rods as

dictated by the plant's supervisory control in accordance with the reactor

power control cascading mechanism.

Consider the point kinetics equations of Section 3.1.4:

h=8(p/8-1)N- tAj Cj (3.4-27)I

i=1

Bj N - (Aj Cj (3.4-28)4 =

n
= g sj (3.4 29)g

i=1

where t is the prompt neutron generation time (s), N is the neutron flux

amplitude (proportional to power),8j is the fraction of the i-th delayei

neutron group Ai is the decay constant of the 1-th delayed neutron group

(s-1), o is the total reactivity (p/s is the total reactivity in dollars),

and Cj is the density of the i-th effective delayed neutron precursor.

3.4-18
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The total reactivity is the forcing function which causes the neutron,

t
flux amplitude to respond to changes in the reactor core, temperature, com-

position, and control rod movement. Thus;

p/8 = (o/8)cr * IP/8)fb + (8/8)sd (3.4-30)
I

where (p/8)cre (0/8'fb and (p/8)sd are the reactivity contributions due.

to reactor control rods, nuclear feedback effects and the cold shutdown margin '

of reactivity, respectively.

3.4.3.3.1 CONTROL R00 REACTIVITY

Rated Power Pre-Scram Operations--

It was described earlier that in general the LMFBR shutdown systen con- '

sists of two independent control rod systems na:nely; primary and secondary

control rod banks.

The primary control rods are used to regulate reactor power during nom-
,

al power operation and also shutdown if required, while the secondary control
; I

rods are used for reactor shutdown only. Therefore, during plant start-up,

the secondary control rods are withdrawn (nomally fully) and then the primary

rods are withdrawn according to the precribed control rod banking strategy. ;

! The pre-transient initialization in SSC is perfomed assuming the reactor

is critical at a known initial reactor power.,

| The present model represents the primary control rods by an U-bank rod

system which are assumed to be ganged according to a specified scheme. The

reactivity worth of each rod bank is detemined using the first order pertur-

bation theory [3.4-10, 3.4-111 The secondary control rods are all lumped

into a single rod bank with a known rod worth and initial position.
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The initialization procedure is as follows:

(1) Calculate the steady-state operating conditions at the known reactor

power.

(2) Calculate all of the feedback reactivity contributions at the

steady-state operating condition.

(3) Calculate the reactivity contribution of the secondary rods as:.

(p/S)sr " (A/8)sr . [Zin/ max - L Sin (2nZin/ Zmax] (3.4-31)
max 22 sr

where (p/s)sr is the maximum worth of the secondary controlmax

rod bank in dollars, Zin is the initial withdrawal position (n)

and Zmax is the ma.<.imum withdrawal position (a). (These data must

be supplied through input by the user).

(4) Calculate the reactivity requirements of the primary control rods

by performing a reactivity balance satisfying the criticality con-

dition at time zero of the transient using Equation (3.4-30).

That is:

(p/8) = (p/8)cr + IP/8)fb + (p/6)sd 0 (3.632)=

Hence:

(p/S)cr " I /8)pr * IP/8)sr" ~ C(P/8)fo * (P/8)sd 3 *~

or
'

(p/s)pr" - [(S/8)sr + (S/8)fb + IP/8)sd 3

where (p/8)pr is the total reactivity due to the prinary control

rod banks which is calculated as:

O
3.4-20

.



. . - .. . .- - .. . .-

i

!
!.

(p/8)pp = I'l (p/SIpr * EZ /Zj 1_ Sin (2wZ /Z )]pr (3.4-34)E -j i . j j
2w maxmax max

|

| where N is the total number of primary control rod banks.

! The maximum reactivity worth of each primary control rod bank, along with

the initial positions of each bank are supplied through input, the code uses

Equations (3.4-33) and (3.4-34) to readjust the position of the first primary
,

rod bank to achieve criticality. Therefore,

2wZ

(p /8)pp [(Z/Z - ) _1_ Sin ( Zj ')3 "j .
4 j pr

max max 2x max

-[(p/8)sr *(A/8)fb IA/8)sd
+ +

N

(p /8)pp [(7/Z )
E- Sin (2wZ/Z )] r] (3.4-35)1E *j 4 j j j'

i=2 max max nax

must be solved iteratively for the initial position of the first primary rod
i

bank, Z , using the user supplied position as the first guess. The solutionj. i
I

j is obtained using the Newton-Raphson's method for transcendental equations.

If the reactivity balance is not achieveable, a message is printed and the

calculation is terminated; the user must then reexamine the control rod worth

and the cold shutdown margin of reactivity and repeat the calculations.
'

During transient operation (e.g., load changing), the primary control rod

positions are regulated by the reactor power control and rod drive mechanism.
.

1
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For example, for the CRBRP design, the reactor power control consists of three

unit controllers (cascades) put in series, namely; ';he turtine inlet steam

temperature, core mixed mean sodium temperature and t'3e ne. con flux. The

output of the last cascade is sent to the power dead zone and saturation cir-

cuit limits of the control rod rates. Finally, the signal is divided into an

analog magnitude signal and a digital direction signal for use as demands to

the control rod drive mechanism actuator.

The multi-bank feature of the primary control rod system assumes the

- first primary rod bank (normally the fine rod bank) to be the first one to

move up or down. The movement of the second bank will start when the first

rod bank reaches the user supplied upper limit, Zup,1 or the lower limit,

Zgw,1; similarly for the third, fourth and the Nth rod bank.

The input circuitry to each control rod bank accepts on- off inputs for

IN, OUT and HOLD commands and provides the required action. The IN command

steps a single rod down into the core at a predetermined rate. The OUT com-

mand steps a single rod up out of the core at a predetermined rate (not

necessarily the same as the IN rate). The HOLD command maintains the rod in

its present position (no motion). That is:

iV IN Conmand
down

dZj ,O HOLD Command
(3.4-36)_ . <

dt V OUT Command
up

In order to reduce instabilities in the reactor power calculations, the

rod withdrawal or insertion rate is set proportional to the trin signal in the

vicinity of the power dead zone.

O
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73 The reactivity worth of the primary control rods are then calculated at
('") every time step using Equation (3.4-34) and subsequently for calculation of

the total reactivity from Equation (3.4-30), which is the used by the neutron

kineticsEquations(3.4-27through3.4-29).

It is important to note that by definition, the cold shutdown margin of

reactivity (p/S)sd is based on the fundamental requirement for reactor oper-,

ation that there must always be sufficient control poison available to bring

the reactor suberitical with some margin to spare.

Post-Scram Conditions--

| The pre-transient initialization procedure for primary and secondary con-

trol rods is perfonned independently of the nature of the transient at hand.

Immediately following reactor scram (primary and/or secondary), the power '

controller calculations are tenninated and the position of primary and/or se-

| O condary control rods is calculated based on the scram dynamic behavior, which&
is highly design dependent.

In this model, the scram dynamic behavior is described by a series of

high order polynomials. The polynomial coefficient can easily be altered to

describe the dynamic behavior of the specific design under investigation.

In most LMFBR designs, control rods are designed to fall under the force
|

| of gravity (usually spring assisted) and the motion is damped as they approach

full insertion.

The dynamic behavior of the primary control rods following reactor scram

can be well represented by two sixth order polynomials of the fonn:
I

6

a (t - t )k (3.4-37)Z = Z (t = t ). I
4 g 3 k s

k=0
I

O
,
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where Zj(t=ts) is the position of the i-th primary control rod bank at the Otime of scram (a), the ak's are the polynomial coefficients and (t-t ) iss

i time after reactor scram (s). The second polynomial is exactly the same as

Equation (3.4-37) except for the values of ak's. This equation describes

the scran dynamics for rods which are partially inserted prior to scram (under

this condition the spring effectiveness is significantly reduced for spring

assisted type control rod designs).

The dynamic behavior of the secondary control rods is also represented by a

sixth order polynomial which is similiar to Equation (3.4-37) with the excep-

tion that secondary control rods are assumed to be fully withdrawn prior to

reactor scram and hence their position is only a function of time after the

initiation of the secondary scram.

Having detennined the control rod positions, the reactivity can be readi-

ly evaluated using Equations (3.4-34) and (3.4-31) for primary and secondary

control rods.

The impact of stuck control rods (if any) for both primary and secondary

control rod systens is also included as follows:

IP/8)pr < IPI8)pstk (3.4-38a)(p/8)pp = (p/8)pstk If

(p/8)sr " IP/8)sstk II IP/8)sr < (P/8)sstk (3.4-38b)

where (p/8)pstk is the worth of the stuck primary control rod in dollars,

and(p/8)sstk is the worth of the stuck secondary control rods in dollars,

as supplied by the user.

O
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/~] 3.4.3.4 PRIMARY AND INTERMEDIATE FLOW-SPEED CONTROL
'wi ,

The LMFBR coolant sodium flow-speed control system adjusts the drive torque

on the pump shaft as dictated by the plant's supervisory control in accordance

with the sodium flow-speed control cascading mechanism.

! The dynamics of coolant flow inside the primary or intemediate heat

transport systems is governed by a momentum equation, which is essentially a

pressure balance equation that gives the sodium flow rate as a balance of the

| frictional, gravitational, accelaration pressure losses and the pump pressure

rise.

The dynamics of the pump is governed by the torque balance equation for

|
the shaft and rotating assembly (see Section 3.2.5) as:

|
'

Ih=T T Tfr (3.4-39)m hyd- -

|f]U
where I is the moment of inertia of shaft, impeller and rotating elements in-

|
l side the motor, T is the applied motor torque (= 0 during coastdown), Thydm

i is the hydraulic load torque due to the fluid at the impeller, Tfr is the

frictional torque and n is the angular speed of the pump (rad /s).

During normal operation, the drive motor torque is adjusted by the con-

troller action, in order to traintain the desired operating conditions. For

j example, a slight decrease in load causes a reduction in the motor torque

which in turn leads to a decrease in pump speed and eventually the coolant

flow rate through the variation in the pump head.

There are various methods of achieving pump speed control through ad-

justment of the drive motor torque [3.4-12]. They include: (1) changing thei

number of poles, (2) varying the hydraulic coupling, (3) changing the power

.
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frequency, and (4) chinging the external resistance. The method applied is

strongly dependent on the motor type, and the adequacy of control over the de-

sired operating regime. At present, the code allows for two options of speed

control, namely; frequency and rheostatic external resistance techniques. '

3.4.3.4.1 VARIABLE FREQUCN?Y METHM

The drive motor torque o' the squirrel cage induction motor can be writ-

ten as [3.4-4, 3.4 11]:

bl ~1
T =(a;s + g) O. Wm, norm

where T , norm is the normalized torque defined as:m

I3'4-41)Tm, norm " I /TDm

TU is the design torque, a), b) are constants characterizing the actor

behavior and S is the slip ratio given by:

S= 1 - (w/w )s

w is the pump speed (rpm) and w is the synchronous speed (rpn) whict is re-s

lated to the frequency f(Hz;, and the number of pairs of poles, p, by:

w = 60 f/p (3.4-43)s

The drive motor torque can be adjusted by varying the power frequency (f)

through an external actuator. The dynamic behavior of the actuator can be

well represented using a second order system of the form (3.4-5,3.4-6]:

2

"I h+A h+8 (I * f ) = Tr (3.4-44)l
1 odt
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L

. A- where 91. A1, si are constants characterizing the mechanical actuator,
!V'

f is the initial steady state frequency, detemined based on the zero trim,a

iand Tr is the final trim signal from the last unit controller (cascade) of the
|

pump flow-speed control system.

, Initially, the plant is assumed to be operating at the desired power
\ ;

c

level. Therefore, the steady state form of Equation (3.4-39) can be written
,

ras: t

t

. ;

T, = T + Tfp (3.4-45)' Ihyd

| and then:

| Thyd + Tfp -1
| Tm, nom (atS + b /S) (3'4-40)

[
= =

1
i To '

'

|

which can be solved for 5:
,

m, norm ) W3/(2at T2S = [1 - (1 - 4al t T m, norm ) (3.4-47)b

and therefore using equations (3.4-42) and (3.4-43) one obtains:

I f=fo =pw/60(1-5) (3.4-48)

t

| where w is the steady state pump speed (w = 600/2v).
|
;

'

3.4.3.4.2 VARIABLE EXTERNAL RESISTANCE METHOD

|

The drive motor torque of the wound rotor Induction motor can be re-
i
;

; presented by [3.4-12):
' ,

:
,

-1 !
T

(a2 k + b2 h) (3'4'49)m,no rm i
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where a2, b2 are motor characteristic constants and R is tne external re-

Osistance parameter defined by:

/R ) (3.4-50)R = 1 + (Rext m

Here, Rext is the variable resistance (o Ms) provided by a liquid rheostat

actuator and added in series to R , the motor resistance (ohms) which is re-m

lated to the normalized liquid rheostat electrode position Z according to the

following equation:

Rext * Rnax (1 - Z) (3.4-51)

where R is the maxir.um external resistance (ohms).max

The variable liquid rhoostat electrode position can also be simulated by a

second order system of the form described earlier in Equation (3.4-44). That

is:

2

h+AW2 +8 II ~ I ) = fr (1.4-52)2 2 odt

Here 92. A , E2 describe the characteristics of the liquid rheostat2

actuator, and Z is the initial steady state position of the electrodes de-o

termined based on zero trim.

It is important to note that the synchronous speed of the wound rotor

induction motor is constant and the slip ratio, S, can only vary a:: cording to

the changes in the rotor speed that is:

S = 1 - (w/w ) (3.4-53)s

The initial steady state position is also determined based on the sane

approach described earlier for the squirrel cage notor. That is:
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Tr -lThyd +7
-

T
f

g) (3.4-54)2f+b'\
*

m, norm TD 2

which can be solved for R:

m, nom) / ]S/(2bR = [1 + (1 - 4a2 b2 T 2 Tm, nom) 3. W

and therefore using Equations -(3.4-49) to (3.4-51) one obtains:

1 - [Rm (R - 1)/Roax] (3.4-56)Z=Z =
o

;

It is important to note that Z cannot exceed the value of one, which is

its maximum position.

3.4.3.5 STEAM GENERATOR CONTROL

. The purpose of the steam generator control system is to maintain the tem-

). perature, pressure, level, and pump speed at the desired value for both nomal

j and off nomal operating conditions. The steam generator control systens con-

sist of (a) feedwater system 'and ($) turbine and pressure relief mechanisms.

There are generally two different types of steam generators which have
,

been considered for LMFBR power plants; namely, recirculation type and the
,

once-through design. !

The recirculation type consists of a steam dr~um, evaporators, super-

heaters and a steam header. The feedwater flow rate and feedwater pump speed

are controlled in order to maintain a desired control valve pressure drop and ;

steam drum water level and minimize the differenhe between 'the-feedwater flow

into the drum and the saturated steam flow out of the drum. 'The steam flow
'

rate out of the steam header is controlled based on near constant pressure at-

- the first stage of the high pressure turbine.' To enable the nuclear steam

. .
\
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supply system to follow turbine load reductions, which may include large step

or ramp changes, an artificial staam load is incorporated. This load is

created by dumping steam from the steam header to either condenser and/or

atmosphere. The dump system is often controlled to give the required ramp

load changes to prevent reactor scram. Following a turbine trip, the steam

pressure relief system is switched to a closed loop pressure control mode

based on constant header pressure.

The once-through design consists of a single unit sodium to water heat

exchanger. The feedwater pump speed and control valves are also controlled to

maintain the required valve pressure drop and steam flow rate at the main

steam header. The turbine and pressure relief mechanisms are nearly identical

for both recirculation and once-through steam generator designs.

In order to be able to represent the stean generator control adequately,

a general multi-cascade valve controller and a general multi-cascade pump

speed controller have been developed as will be discussed in the following

subsections.

3.4.3.5.1 GENERAL MULTI-CASCADE VALVE CONTROLLER

The valve controller is modeled using the unit controller (cascade)

strategy developed in Section 3.4.3.1. The number of cascades is dependent on

the valve type and the system representation. The controller constants must

be supplied by the user through input data.

The valve actuator dynamics is represented by a first order systen ac-

counting for deadzone and hysterisis effects as shown schematically in Figure

3.4-4,

O
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Fig. 3.4-4. Schematic Representation of Valve Deadzone and Hysteresis
Effects

a..J mathematically represented by:

I Tr(t) 1 0 < Tr < TrO Tr T-- max '
max vo

[vo
Tr?_Trmax

|

$E. =$
0 stationary (3.4-57)

Tr(t) 1 Trmin < Tr < 0Tr T c-
-

'

min v,
,

i
+ closi ng

I1 Tr < Trg-

( vc

''

where Tr is the actuator input forcing function (output trim signal from the

last unit controller), Tr is the trim signal at which the valve actuatormax

achieves its maximum opening speed (a positive number), Tr in is the trimm

O
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signal at which the valve actuator achieves its maximun closing speed (a nega-

Otive number), T is the time in seconds to open the valve from its mininumvo

opening, Smin, to its maximum opening, S ax, T c is the time in secondsm y

to close the valve from its maximum opening, Smax, to its minimum opening,

Smin (note Tvo is not necessarily equal to Tvc), and S is the fractional

valve stem position (opening) which is bounded by:

Smin < S <S (3.4-58)max

In order to be able to simulate valve dynamics without the hysteresis effect,

and Tr in (in both sign andthe user must input identical values for Trmax m

magnitude).

The model also permits the simulation of uncontrolled valve closure

caused by turbine trip conditions at any desired time into the transient.

3.4.3.5.2 GENERAL MULTI-CASCADE SPEED CONTROLLER

The feedwater pump speed controller is modeled using the same multi-

cascade system, with the trim signal from the last unit controller as the

forcing function to the pump drive actuator.

The feedwater drive system is represented by a much simpler model as coni-

pared to the sodium pump drives. This approach was chosen because the influ-

ence of the behavior of the feedwater pumps for operational transients is less

significant than the sodium pumps.

The dyramic behavior of the feedwater pumps is therefore represented by

the following first order system:

Tf d d-a (3.4-59)=

O
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(~} where Tf is pump time constant (s) (e-folding time), a is the normalized pump
V

speed, and ad is the normalized demanded speed given by the controller as:

ad = Tr + a (3.4-60)o

Here Tr is the trim signal from the last unit controller (cascade) and

is the initial pump speed. This definition of Equation (3.4-60) is inao

agreement with the steady state solution, where Tr = 0 and ad = ao as re-

quired.

Following pump trip the demanded speed, ad is set to zero and the pump

speed will decay exponentially in accordance with Equation (3.4-59).

3.4.4. NUMERICAL METHODS AND OVERALL SYSTEM DYNAMICS

. The mathematical models for dynamic simulation of plant protection and

control systens discussed in the previous sections have been programmed and'

incorporated into the SSC computer code.

The proper sequence of calculations and the numerical integration tech-

niques and coupling of the aformentioned models with SSC is discussed in this

section.

3.4.4.1 NUMERICAL METHODS
|

Numerically the plant protection and control system models are assumed to

be explicitly coupled with the SSC overall plant model. The integrations are

performed assuming the plant is operating at steady state prior to the initia-

tion of the transient (perturbation). Hotnver, for t>0, the updated actual 1
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O|
values of the process variables needed by the PPS-PCS models are used and the

|

'model equations are then integrated using the master clock timestep as de-

temined by the SSC driver routine (see Chapter 4).

Close inspection of the model differential equations reveals that numeri-

cal stability can be insured so long as the value of the integrated function

can be numerically and physically bounded to the value of its forcing function

and/or the physical limits of the function itself. Keeping this definition in

mind, it is seen that the only differential equations which can cause insta-

bility are those which possess short characteristic times such as (Equation

3.4-1) under the condition of small time constant T as compared to them

integration timestep.

This problem can be remedied by either limiting the timestep to the

characteristic time or bounding the value of the function to its forcing func-

tion. In the case of Equation (3.4-1) this implies setting X =X ifm a

X exceeds X in magnitude. The fomer approach is used for equationsm a

where the characteristic time is readily available. Otherwise, numerical

instability is prevented by bounding the value of the function.

The numerical integration of the differential equations is achieved using

a fourth-order Runge-Kutta algorithm as described in References [3.4-4] and

[3.4-13]. The numerical differentiation is performed using the backward dif-

fercnce scheme as was described in Equation (3.4-25).

The integration strategy used for the PPS-PCS as coupled to the SSC plant

dynamic model has been very successfully tested and it was seen to be quite

efficient and accurate for the cases of interest, which were taken to include

abnJpt and severe transients such as those reported in Reference [3.4-5].

O
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T'N. 3.4.4.2 ' OVERALL SYSTEM DYNAMICS

(- /
The plant protection and control system models described in the prev'ious

sections have been coded as various subroutines and incorporated into the SSC

driver routine as shown in Figure 6-19 (PPCS8T).

It was mentioned earlier that the PPS-PCS calculations are explicit in

nature, and therefore these subroutines are executed last in the sequence of

transient calculations using the most recent values of the process variables

just before the output process. The flow chart of each of the sub-drivers,

along with its associated subroutines, is shown in Figures 6-22, 6-27, 6-28

and 6-29. The naming convention discussed in Section 6 is used in selecting

program and subprogram names. Those with the digit "8" in the fifth position

indicate the PPS-PCS modules.

O

.

i
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4 NUMERICAL TECHNIOUES
,s

~

The thermohydraulic transient simulation of an entire LMFBR system is, by

its very nature, complex. Physically, the entire plant consists of many sub-

systems which are coupled by various processes and/or components. Mathematic-

ally, each subsystem constitutes a set of differential equations with appro-

priate boundary conditions. The connections between different subsystems are

made through interface conditions. The numerical methods emplcyed in the

SSC-L code are discussed in this chapter.

.

4.1 STEADY-STATE SOLUTION

4.1.1 DESCRIPTION

f ~x .The essential components and their arrangenent in a loop-type LMFBR are
ty

schematically shown in Figure 4-1. Although only one set of loops is expli-

citly shown in this figure, any plant can, and does, have two or more sets of

loops. In the SSC-L code, the number of such sets of loops is an input para-

meter. In actual running of the code, one can simulate most transients by one

or twa sets of loops.

As shown in Figure 4-1, the primary heat transport system (PHTS) consists

of the reactor vessel and its internals, pump, primary side of the interne-

diate heat exchanger (IHX), check valve, and pipes connecting these major com-

ponents. The centrifugal pump is a variable speed pump. It provides pump-

ing head for offsetting the pressure losses due to friction, change in elva-
,

tion, and other considerations. The absolute pressure in this closed loop is

detennined when the cover gas pressure is specified. Typically, the cover gas

V(''T
pressure is close to the atmospheric pressure.

4-1

- - _ _ . - . _ _ _ _ _ _ .~ _ _ _ - . _



|

O

COVER GAS PUMP

1 GE E OR

_I_ |1po

* i -- spup,G,E p

L, TURBINEi 8

T F- 4 | | '
--

~4 | | | I

|)9
* CCNCENSER

CHECK i i
,

, _i
VALVE . L.J ,-

j CORE |j iHX PUMP **

_ _ PUMP

Figure 4-1 Sketch of the Heat Transport System

O
I 4-2

|

|
. - _ _ _ __



|

. (v'f -
The intemediate heat transport system (IHTS) consists of the secondary

sodium side of the IHX, sodium side in the steam generator, surge tank to ac-

commodate change in sodium volume, pump, and pipes connecting these campo-

nents. The hydraulic characterization of this closed loop is very similar to

that of the PHTS.

The steam generating system, including the portion of intermediate loop in

the evaporator and superheater region, is analyzed using the MINET package of

subroutines. This package performs a thermal and hydraulic analysis of net-
1

works of pipe, pump, heat exchanger, valve, accumulator, and boundary modules,

under both steady state and transient conditions.

'
4.1.2 NUMERICAL METHOD

The main objective of the SSC preaccident calculations is to provide a

unique and stable plant-wide solution for the initialization of the transient

analysis. The preaccident calculations for the entire plant including all of

the essential components in the primary, secondary, and tertiary heat trans-

port system can be time consuming if the overall conservation equations are

solved simultaneously. One way to reduce demand on computing time is to take

advantage of special features of the plant.

For example, the energy and momentum equations for liquid sodium can be

decoupled since thermal properties are independent of pressure. Thus, the en-

ergy conservation equations for the primary and 'ntemediate sodium loops can

be solved first. The required pumping head is obtained by solving the momen-

tum conservation equation. The energy and momentum equations for the water

V
,
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loop, however, cannot be decoupled since the pressure-dependent nature of the

two-phase water properties must be considered.

The resulting systen of equations to be solved is a typical set of "m"

nonlinear coupled algebraic equations with "n" unknowns (n>m). Certain groups

of these equations representing the IHX and steam generator (on a caiponent

basis) must be solved iteratively. As the number of unknowns is greater than

the number of independent equations, some plant variables must be known (i.e.,

spectfied) a priori. Since uncertainties may exist as to which operating

conditions are known or unknown, the user is allowed some flexibility in the

selection of plant variables which are input and those which are to be calcu-

l ated .

The overall logic for the plant thermal and hydraulic steady-state balance

is as follows:

1. Detennine the unspecified primary loop parameter from the reactor

power and two of the three paramete~rs: primary loop mass fl6w rate,

core inlet tenperature, and core outlet temperature. A simple energy

balance is.used.

2. Iteratively solve for two of three intennediate loop parameters, the

intermediate locp mass flow rate, the IHX inlet temperature, and the

IHX outlet tenperature. The third parameter is taken as user input.

The two missing parameters are varied, while constrained by energy

balance to one another, to give the proper heat transfer through the

IHX.

4-4
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3. Call the MINET package with intemediate loop mass flow rate, as well '

_.x

- as hot and cold leg temperatures. The pipe inertia and pressure loss

calculated in MINET and returned to the intemediate loop.

4. Determine the detailed in-core thermal and hydraulic balance.

5. Initialize:

(a) primary loop hydraulics;.

(b) second-iry loop hydraulics.

6. Initialize:

(a) primary pump speed;

(b) secondary pump speed

Since the calculation of the plant hydraulic balance (see steps 5 and 6 above)

can be done on a per loop basis and requires no-iteration or special techni-

ques, it is not discussed further here. The detailed in-vessel balance is de-

scribed in Section 3.1. However, the gross plant thermal balance warrants

some discussion.

A plant schematic of an equivalent single-loop system is presented in

Figure 4-2. The gross energy balance equations may be given by the following
!

set of three independent equations:

Q=W [e(T ) - e(T )], (4 1)
p Ro Ri

U1

Q=U A AT (4-2),

I I I

Q=W [e(T ) - e(T )], (4-3)
I Io 11 <

;

|
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[ where AT " denotes the log-mean temperature difference and it is defined

by the following expression:

LM (AT) -(AT)
outlet inlet (4-4)AT = .

(AT)
in outlet

(AT)
inlet

Equation 4-2 was obtained by assuming a once through heat exchanger, and that

U;, the overall heat transfer coefficient of the IHX is constant
throughout the heat transfer portions. It is assumed to be known from

empirical relationships.
4

In actual computations for the steady-state in SSC-L, Equation 4-2 is re-

placed by a series of nadal heat balances. The overall effective heat trans-

fer coefficient for each of these nodes is computed as a function of flow

conditions, temperature, and fouling. More details of the procedure can be

; found in Section 3.2.

1

4

!

-
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4.2 INTEGRATION METHOD

The numerical integration in time of the entire system may be carried out

in various ways. Two such integration strategies, geared to digital computer

applications, are discussed further in this section: (1) intergration of all

variables at a common timestep (i.e., a single timestep schene, STS), or (2)

integration of various processes /cmponents at different timesteps (i.e., a

multiple timestep scheme, MTS).

4.2.1 Single Timestep Scheme (STS)

The integration of the entire set of governing differential equetions can

be readily handled by advancing all time-dependent variables at a conmon time-

step. This single timestep scheme (STS) is the simplest method from the

standpoint of the caaputational logic involved.

In order to sat'isfy both stability and accuracy requirements, the timestep

size (h) has to be the smallest of all h's for different processes. Dependi ng

on the integration method used, the smallest h may or may not be a function of

time. In any case, the entire system is solved using a canmon, single value

for h at any instant.

For the various processes /canponents modeled in the SSC-L simulation, es-

timates for characteristic integration timesteps are shown schematically in

Figure 4-3. [As seen in Figure 4-3, the allowable timestep size spans several

orders of magnitude and may be quite small .] Thus, although the logic is re-

duced, a penalty in tenns of ccrputational time spent in various parts of the

e
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system where variations are occurring less rapidly or where, by the nature of

the particular process, a larger timestep could be allowed, must be paid. In-

deed, for test cases run at BNL, factors of 5 in computational running times

were seen between identical cases analyzed using the STS versus the MTS [4-1].

For this reason, the MTS method is used to handle the integration in time of

the SSC-L code.

4.2.2 MULTIPLE TIMESTEP SCHEME (MTS)

A computationally more efficient integration strategy, which takes advan-

tage of the fact that different components / processes may have widely varying

timestep size requirements, is being used in the SSC-L code [4-1]. In this

method, various portions of the overall system arc advanced at different time-

steps, all being controlled, however, by a master clock. This method is de-

noted as the multiple timestep scheme (MTS). It should be notel that the MTS

is closely related to the method of fractional steps of Yonetto [4-2]. In

this section, the division of the overall system into subsvstems and the re-

sulting timestep hierarchy and computational logic are discussed. Later sec-

tions address the individual subsystem integration method and timestep con-

trol, as well as the overall interf acing between subsystens.

The application of the MTS to the SSC code is based on physical considera-

tions. For example, some of the subsystems or processes are known to respond

rapidly while others change slowly. In general, hydraulic response is more

rapid than energy / temperature response.

An important asumption used in the SSC-L code which has bearing here needs

to be reiterated. In all regions of the system containing sinole-phase sodium

O
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coolant (i.e., primary loops, intennediate loops, and reactor plena), the ap-
{V _ propriate sodium properties are assumed to be functions of temperature only

(i .e. , not of pressure). Once this assumption is made and the sodium proper-

- ties investigated, they are found to be slowly varying functions of tempera-

ture.

The conycetive energy equations are coupled to their respective sodium

flow rates, and the flow rates are coupled to the plant temperatures. How-

ever, while the coupling of the convective energy equations to the sodium flow

rates is very strong, the coupling of the flow rates to the temperatures is

weak and enters only through the temperature-dependent nature of the sodium

properties. Since the properties vary slowly, the possibility exists to solve'

for the sodium flow rates at a different timestep than the energy equations.

;
I

O 4.2.2.1 DIVISION OF OVERALL. SYSTEM INTO SUBSYSTEMS
\,._/ r

In the SSC-L code, the momentum equations governing the flow rates for the

reactor vessel and all the sodium loops are handled separately. These nomen-

tum equations are advanced in time first. The sodium properties required are
;

evaluated using the plant temperatures at the end of the previously completed

timestep. For the purpose of the hydraulic equations only, these temperatures

(and, consequertly, the sodium properties used in the momentum equations) are

assumed to remain constant during the hydraulic timestep. Subsequently, once

I all the energy equations have been advanced to the hydraulic time, the updated

values of temperature are then used to calculate the sodium properties for the

next hydraulic timestep.;

-
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Because of the existence of two phases on the tertiary side of the steam

generators, the required water properties are highly pressure and temperature

dependent. Thus, the themal and hydraulic equations on the water side cannot

be treated separctely, but must be advanced in time simultaneously. Also

included within this set of equations are the energy equations on the sodium

side of the steam generators.

The remainder of the systea energy equations are segmented into two

groups. The first group encompasses all the energy equations in the primary

and intemediate loops, inclusive of the IHX, but exclusive of those on the

steam generator sodium-side. The in-vessel energy equations encompass the

second group and include those dealing with heat conduction and power genera-

tion in the rods and those associated with the sodium coolant convection.

Thus, the various required canputations can be grouped into four separate

categories: (1) vessel and loop hydraulic calculations; (2) in-vessel sodium

coolant energy, rod heat conduction and power generation calculations; (3)

steam generator themal and water-side hydraulic calculations; and (4) loop

energy calculations.

With the preceding discussion in mind, Figure 4-4 should be referred to.

Shown here is a schematic of the plant indicating the major camponents. Also

shown are the names of those subroutines which are the main driver modules

controlling the advancement in time of various blocks of the SSC-L transient

segnent.

The various driver modules are:

CLOW1T '

l Drivers (called by the same CRIVIT module) for the cessel, prim-
[ ary and intemediate loop sodium coolant hydraulics.

FLOW 2T

O
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C00L6T1
Drivers for the in-vessel sodium coolant energy calculations and

\ for the in-vessel rod heat conduction and power generation |

| calculations, respectively.

FUEL 5T /

STGN3T Driver for the steam generator energy and water-side hydraulic
calculations.

LOOP 1T )
I Drivers for the primary and intermediate loop energy
( calculations, respectively.

LOOP 2T

A further breakdown of all subroutines which are associated with each driver

is provided in Chapter 6.

Also shown in Figure 4-4, listed under each subroutine name, is the re-

spective variable name of the simulation time of that associated section of

the code. For example, S5 FUEL is the current time (s) at which in rod heat

conduction and power generation calculations are being computed (driven by

FUELST). Note, that since the primary and intennediate loop hydraulics are

advanced at a common timestep, their respective simulation times are identical

(i.e., S1 FLOW = S2 FLOW). The same is true for the primary and intennediate

loop energy calculations (i.e., SILOOP = S2 LOOP), as well as for the in-vessel

energy calculations (i.e. , S5 FUEL = S6C00L).

4.2.2.2 TI?1ESTEP HIERARCHY

In conjunction with the partitioning of the SSC-L transient segment as

discussed above, a timestep hierarchy for the advancement in time of the en-

tire system must be established. The variable name for the master clock, to

which all sections must be advanced, is designated S9MSTR. The corresponding

master timestep is designated S90ELT. Table 4-1 indicates the various trans-
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Table 4-1

Code Sections with Corresponding
Simulation Times and Timestep Names

j

) Section SimulationTime(3) Timestep (s)

Master Clock S9MSTR 59DELT

FLOW 1T S1 FLOW SIDELW

FLOW 2T S2 FLOW S20ELW

:! - FUEL 5T 55 FUEL SSDELT
!
'

C00L6T 56C00L S6DELT

-STGN3T S3 TIME S3DELT

! LOOP 1T SILOOP SIDELT
4

LOOP 2T S2 LOOP S2DELT

i

i.

'

,

i

l
i
I
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k |
?
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s
.
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tent code sections, their corresponding simulation time variable names, and

respective timestep names.

As in the partitioning of the SSC-L transient segment, knowledge of the

system was used in the selection of the specific hierarchy of the various

timesteps. Since the loop temperatures are assumed to respond more slowly, in

general, than any other temperatures in the system, the respective timesteps

at which those variables are advanced are set equal to the master clock time-

step (i.e., S9DELT = SIDELT = S2DELT).

Although the hydraulic calculations are driven separately, the plant sod-

ium temperatures are very tightly coupled to them. Thus, the hydraulic time-

step must exert some influence on the master timestep, since 590ELT controls

how rapidly the loop energy equations may advance. As discussed in the pre-

ceding section, the hydraulic calculations may be advanced for one timestep

using the values of the sodium temperatures at the end of the previous time-

step. Since the sodium temperatures depend strongly on the flow rates, the

hydraulic calculations must be executed first during any given master time-

step. Once the hydraulics are advanced one timestep (i.e., SIDELW = S2DELW),

a check is immediately made. If the hydraulic timestep had to be reduced (as

dictated by the hydraulic integration package's accuracy and/or stability re-

quirements), the master timestep is also immediately reduced. If the hydrau-

lic timestep may be increased, this is not allowed until the succeeding time-

I step, so the master timestep is not altered yet. The hydraulic timestep is by

far the more restrictive of the two (i.e., SIDELW is more restrictive than

SIDELT), because of the sensitive nature of the hydraulic equations. Thus, in

general, once the hydraulic timestep is allowed to increase, the loop energy

timestep immediately follows.

O
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/3 Summarizing for the hydraulic timestep limits then; SIDELW (which is the
U

same as S2DELW) will never be less than, will most always equal, but occa-

sionally may be greater than (for one time increment) the master timestep

(S90ELT = SIDELT = S2DELT). It should also be noted again, that the hydraulic

equations must be advanced first (i.e., before any other part of the system ).'

As discussed previously, the in-vessel calcuations consist of two sec-

tions: (1) sodium coolant convection calculations, and (2) rod heat conduc-

tion and power generation calculations. Since the calculations controlled by

C00L6T (see Figure 4-4) are executed at the same timestep as those control-

led by FUEL 5T, the timestep hierarchy for these calculations is as follows:

S6DELT = S5DELT 1 S90ELT .

The remaining section of the hierarchy to be assigned encompasses the
,

steam generator calculations, driven by STGN3T. In the steam generator, both
;

the thermal and water-side hydraulic calculations are advanced at a commone

timestep (S3DELT). Since the only interface with the steam generator is

through the intermediate loop, the STGN3T calculations and its corresponding

timestep are nested within the loop energy calculations. Thus, S3DELT 1

S9DELT.

The various criteria used for the timestep control of these four code

sections, as well as the logic and computational algorithm involved, are dis-

cussed in detail in succeeding sections of this chapter.
.

4.2.3 INDIVIDUAL COMPONENT / PROCESS S0LVER

As presented in Section 4.2.2, the time integration of the entire SSC

transient is dividad into four sections.
/%

V (1) Primary and intermediate loop hydraulic calculations.

4-17
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(2) In-vessel sodium coolant convection, rod heat conduction and power

Ogeneration calculations.

(3) Steam ger.erator energy (including the steam generator, sodium, and

tube wall) and water-side hydraulic calculations.

(4) Pri%ary and intennediate loop energy (exclusive of the steam

generator sodium side) calculations.

The following discussion will proceed in the order just mentioned. Only ,

the integration method used in the various components / processes will be men-

tioned here. For a description of the models and/or equations which repre-

sent any particular system, refer to the appropriate section in Chapter 3.

The timestep control is discussed in Section 4.3.

The momentum equations describing the hydraulic response of the prinary

and intennediate loops are integrated explicitly. The integration schene is a

fifth-order predictor-corrector method [4-3] of the Adams type. Al gorithms

are provided within the package for automatically changing the step size (by

factors of 2.0) according to the accuracy requested by the user. Checks are

included to test for the stability of the numerical method and to test for ac-

curacy requests which cannot be met because of round-off error.

The majority of the differential equations describing the thennal response

in the vessel are handled by a first-order (i.e. , single layne) semi-implicit

integration scheme. By semi-implicit is neant a theta-differencing method

where 9 = 1/2.

The energy equations in the lower plenum are handled by this first-order

semi-implicit scheme. The differential equations in the upper mixing plenum

encon7 ass various energy and coolant level calculations. Since the equations

also include the sodium level calculation which is inportant to the pressure
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(~'i and hydraulic response, they are under control of the hydraulic integration

package.

In the core region, the coolant energy equations are cecoupled from the

fuel heat conduction equations at the cladding wall. Once this decoupling is

done, the~ time integration of the energy equations can be handled by a simple

marching technique for each channel.

The transient heat conduction equations in the rod are handled by' applying

a first-order extrapolated Crank-Nicholson differencing scheme [4-5] to the

descretized radial nodes. The solution proceeds inward from the cladding /

coolant interface for each axial slice in each channel.
I

The method for advancing the transient neutron fission power utilizes

either the prompt jump approximation or an " exact" solution to the point re-,

7

actor kinetics equations as desired. This " exact" solution is a modi fied ver-

sion of the method proposed by Kaganove [4-6].

The coolant energy equations are advanced using a first-order fully-

implicit integration scheme. The solution proceeds up or down each channel

depending on the direction of flow.

The steam generator thermal and water-side hydraulics equations are

advanced using a first-order, semi-implicit integration scheme. The solution ;

procedure involves marching first thrcugh the steam generator segments and

secondly through the accumulators. The stern generator tube wall tempera-

tures are lagged one timestep. This effectively decouples the sodium and

water / steam sides and allows a simple marching procedure to be used. The ac-

cumulator conditions are advanced first. These conditions are then back-

substituted so that the advanced steam generator water-side enthalpies and

sodium temperatures in all control volumes and the advancec flow rates can be
O'

v
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solved for. Finally, the advanced conditions for the heat fluxes and tube

wall temperatures are computed.

The loop energy equations are integrated by a first-order fully-implicit

scheme. The wall heat fluxes are lagged one timestep. This decouples the en-

ergy equations and allows them to be solved in a simple marching fashion (in

the direction of flow) without resorting to matrix inversions.

4.2.4 OVER ALL INTERFACING

The advancement in time of the entire SSC transient segment has been

divided into four sections, as discussed earlier in Section 4.2.2. Each sec-

tion has its own individual timestep and uses various methods to handle the

'ntegration (see Section 4.2.3). Discussed here are the overall interface

conditions required between these four sections and how they are computed.

Toe impact of these interface conditions on the overall timestep control is

:ddressed in Section 4.3.

The interface conditions are presented in the order in which they are

requi red. Specifically:
3

(1) Primary and intermediate loop hydraulics interface conditions.

(2) In-vessel sodium coolant energy, rod heat conduction and power
'

generation interface conditions.

(3) Steam generator interface conditions.

(4) Primary and internediate loop energy interface conditions.

The primary and secondary loop hydraulics calculations interface with

other SSC sections through various system temperatures and pressure-related

conditions. As discussed in Section 4.2.2, the coupling of the hydraulic re-

sponse to temperature variations is weak (through sodiura properties), and,
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-C) consequently, temperature conditions updated at the end of the prekious

timestep are used during the succeeding hydraulic timestep. Thus, once this

assumption is made, there are no interface conditions to be provided to the

hydraulic' calculations, and they become self-contained.

The rod heat conduction calculations interface with the iri-vessel coolant

energy calculations at the cladding-coolant boundaries. As' discussed in Sec-

tion 4.2.2.2, the coolant energy calculations are nested with the rod

calculations and are executed simultaneously at each axial < slice.
.

The in-vessel coolant energy equations require interface conditions of

temperature at the vessel inlet nozzle (s). Since advanced values of the ves-

sel inlet temperature (s) have not been calculated when the coolant energy

equations are updated, extrapolations are required. Currently, since the pipe

energy equations generally respond slowly, the value(s) of the vessel inlet
Y temperature (s) is(are) used.

The required interface conditions at the steam generator boundaries are

the intermediate loop sodium flow rate (s) and the intermediate loop tempera-

ture(s) at the steam generator heat exchanger sodium-side inlet (s). The in-

termediate loop flow rate (s) at the advanced ' steam generator time is already

available, since the sodium loop hydraulics equations have been integrated

previously.
,

'
- .

o
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The interf ace conditions required for the primary and intermediate loop

energy calculations are (1) the vessel outlet temperature, (2) the sodium-side

temperature (s) at the steam generator heat exchanger outlet (s), and (3) the

sodium flow rate in each primary and intermediate loop. Since the loop energy

equations are integrated last, all these required interface conditions from

the other SSC transient sections are available at the advanced loop energy

time (SILOOP = S2 LOOP = 59MSTR, see Section 4.2.2).

4.3 TIMESTEP CONTROL

To provide for the automatic control of the four separate timesteps util-

ized in the SSC transient segment, certain accuracy, numerical stability, and

interface condition criteria must be established. The accuracy and numerical

stability criteria ap. ply to the specific integration method (s) (see Section

4.2.3) used in each of the four transient sections. The interface criteria

, apply to the boundary conditions (see Section 4.2.4) connecting the four sec-'

tions to each other. In this section, the various criteria used to determine

the timestep control are first discussed, then the specific algorithm used for

the actual control of all timesteps in the SSC transient segment is de-

scribed.

4.3.1 NUMERICAL STABILITY AND ACCURACY CRITERIA

As discussed in Section 4.2.3, all the integration methods used in SSC,

with the exception of the primary and intermediate loop sodium hydraulics and

reactor fission power generation (when using the prompt jump approximation -

PJA) integration schemes are either of a fully-implicit or semi-implicit type.
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( Any scheme using an implicit technique is, by its very nature, inherently

stable in a numerical sense.

The integration schse used to advance the primary and intemediate loop

hydraulic equations consists of a fifth-order predictor-corrector method of

the Adams type. An algorithm is provided within the integration package to

test for the stability of the . numerical method. Thus, automatic control of

the timesteps (i.e., SIDELW and S2DELW for the loop hydraulics and for the

PJA, see Section 4.2.2.2) for numerical stability criteria is handled within

the integration scheme itself. The user is allowed no control over these

numerical stability criteria.

The accuracy criteria provided within SSC enable the user to select the

degree of accuracy one desires for the various system variables being

i ntegrated . All accuracy criteria require a relative accuracy limit, which is

supplied by the user. A value of the relative accuracy limit desired for each

of the four transient sections must be input.

These relative accuracy limits are used such that any variable being

integrated in any of the four transient sections is not allowed to change, in

a relative sense, by more than the specified limit during any timestep. Thus,

for any variable (njj) being integrated, the following holds:

k+1 k k
ajj = |(ajj - njj)/njjl i aj (.4-6)

O
V
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where:

aIJ. = absolute relative deviation of variable u . from timestep kIJto k+1,

nil = value of n at timestep k+1.j

a, = value of n . at timestep k, and
ij iJ

= relative accuracy limit specified for transient section i.ag

Table 4-2 lists the four SSC transient sections and the names of their cor-

responding aj .

Within each transient section, after a timestep advancement has been com-

pleted, Equation 4-6 is applied to all variables just integrated. The max-

imum absolute relative change (ajj-max) is selected and compared to the

relative accuracy limit for that transient section. If the limit has been ex-

ceeded, the timestep for that section, which will be used during the next

integration step, is decreased by a factor of 2.0. Conversely, i f ajj-max

is less than a certain value (set equal to a /2.0), the timestep for thatj

section is allowed to increase by a (factor of 2.0) during the next integra-

tion step.

O
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|

O
Table 4-2

SSC Transient Sections and |>

Corresponding Names for Accuracy Criterion Limits

Section Relative Accuracy
Criterion Limit (aj);

i

L '

FLOW 1T
F1WMXA

FLOW 2T

,.

C00L6T F5MAXA
FUEL 5T

Controlled
STGN3T() Internally

;

LOOPIT'

FIEMXALOOP 2T'

.

I
1

k

i

I

i

!O
1 |
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This evaluation of the various a;3-max values from each transient Osection is performed after each timestep and forms the basis for the overall

SSC automatic timestep control from an accuracy standpoint. For all sections

integrated by fully-implicit or semi-implicit methods, the calculations of the

specific a -max values are handled in separate subroutines developed ex-g

pressly for this purpose (see Chapter 6). The a93 values for those
variables integrated explicitly are calculated internally within the |

predictor-corrector package. l

4.3.2 INTERFACE CONDITION CRITERIA

As discussed in Section 4.2.4, the four SSC transient sections are coupi-

ed together through various interface conditions at component / process bound-

aries. Some interface conditions involve variables which have already been

computed (i.e., already advanced / updated in time) at the point in the execu-

tion logic when they are required. The remaining interface conditions involve

variables whose advanced / updated values have not yet been computed at the
~

point they are needed. Only these latter (" unknown") interf ace conditions

need to be considered in establishing the interface condition criteria.

Listed in order of their requirenent by the SSC transient sections, these

" unknown" interface conditions (see Section 4.2.4 for a further discussion of

how they are computed) are:

(1) For the primary and intermediate loop hydraulics calculations: None

(2) Rod heat conduction and power generation calculations: None

(3) In-vessel sodium coolant energy calculations: Sodium coolant tem-

perature at vessel inlet nozzle (s),

O'
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4

(Jl- (4) Steam generator energy and water-side hydraulics calculations: Inter->

%

mediate loop temperature (s) at the steam generator heat exchanger

sodium-side inlet (s).

(5) Primary and intermediate' loop energy calculations: None.

At the end of each master clock step,.all previously " unknown" interface
'

conditions will have been computed. Thus, the values of the " unknown" inter-

face conditions that were predicted during the just completed master clock

timestep can be compared with the. computed values for consistency. The fol-

' lowing consistency check is made for each " unknown" interface conditions

(Y)):j

.

#

kp +1 kc +1y y
ij ij ia j (4-7)>g .

id k+1 I

'
ij

where

a = relative absolute deviation of interface condition Y .Id at end of timestep k+1. iJ

k+1 predicted value of Y . at end of timestep k+1 as used in: py n

ij transient section 1.jJ

k+1 = computed value of Y at end of timestep k+1| cy 93ij
,

! A = relative absolute acceptance limit for interface conditions
9 required by transient section 1.

1

The values of a are specified by the user for all transient sections,j

;

O
4-27

. . . _ . _. .- __ _ . . _ . _ _ __. _ _. . _ ._ _ ._ _ _ _ . , _ ..--_ ._.,. _ _.



where appropriate.

Equation (4-7) is applied to all Y at the end of each masterj

timestep. The specific logic involved in implementing all these criteria is

discussed in Section 4.2.4.

The purpose of the consistency checks perfomed using Equation (4-7) is to

provide a means for establishing acceptance limit criteria for the " unknown"

interf ace conditions. Whenever any a fails to pass the consistency test
jj

(i.e.,a > a ), the entire system time advancement is interrupted.j j

The solution automatically reverts back to the end of the previously completed

master clock integration step. The timestep in the transient section whose

interface condition just failed the consistency test is decreased substantial-

ly. The solution of the overall system is then allowed to proceed once again.

O
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(] 4.3.3 MODIFICATIONS AT PRINT AND SUBSET INTERVALS
'v' ,

The discussion of the overall timestep control for SSC is now complete

with the exception of modifications made at- print and subset intervals. For

print interval control, tqe user supplies the input data quantity S9 PINT.

This is the time interval (in seconds) at which the user desires various plant

variables to be printed / stored. To ensure that the master clock time (S9MSTR,

see Section 4.2.2.2) falls exactly on the print interval, modification to the

master clock timestep (S90ELT) is occasionally necessary.

Additionally, whenever a subset interval time is reached, modification to

the individual timestep for that transient section is required occasionally.

- As discussed in Section 4.2.2.2, the following subsets of timesteps are es-

tablished within SSC:

(1) S6DELT = S5DELT i S9DELT,p)t
V (2) S3DELT 1 S9DELT.

As seen in Table 4-1, time step S6DELT corresponds to time S6C00L, S5DELT to

S5 FUEL, and S3DELT to S3 TIME. Modifications to SSDELT and S3DELT are occa-

sionally necessary to ensure that S5 FUEL and S3STGN fall exactly on S9hSTR,

respectively. The timestep control techniques used in SSC to handle mod-

ifications at both print intervals and subset intervals are identical.

A test is made before any transhnt section time is advanced to check if a

print / subset interval would be exceeded using the current value of the time-

step. If a print / subset interval would be exceeded, the following is done:

(1) The present allowed value of the affected timestep is stored.

(2) The affected timestep is set equal to the print / subset interval time

minus the current time for the affected transient section.

O
V
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(3) A control flag is set indicating that a modification (reduction) to

the affected timestep has been made for reasons other than accuracy

or stability.

(4) For the next integration step taken past the print / subset interval,

the affected timestep is set equal to the presently allowed value for

that timestep as dictated by accuracy, stability, and interface
'

criteria.

4.3.4 ALG0RITHM

The algorithm used in SSC to effect the overall automatic timestep control

is shown in the logic diagram Figure 4-5. The various calculation drivers,

transient section times, and timesteps are described in Section 4.2.2 a'dn

Table 4-1. Variables not identified in Table 4--1 include

S9PRNT - time at which certain plant variables are to be printed / stored.

(seconds).

S9 PINT - Print interval increment (seconds)..

S9LAST - Problem termination time (seconds)..

In Figure 4-5, the numbers in parentheses indicate the locations in the

logic flow where the calculations for the four major sections of the SSC

transient segment are executed. The remaining logic described in Figure 4-5

indicates how the criteria and modifications to the various SSC timesteps,

discussed in Section 4.3.1 to 4.3.3, are implemented.

O
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h 390ELT*
$90ELT* $9PRNT-$9MSTR |$984NT7

NO

| $9MSTR e S9MSTR + $90ELT |

A0w81CE FLDwlT AND Flow 27
(1) CALCULATIONS ONE TIMESTEP

(SiOELwe S20ELWI

APPLY NS ANO AC TO HYORAULIC VARIA8LES
ANO A0JUST $80ELW ACCORDINGLY

s

WAS YES SET $90ELT = SiOELW8C T'y AND A0JUST $9MSTR

NO

$5 FUEL' YES

| $$0ELTs 59MSTR-SSFUEL |
SSOELT *--

59MSTR7 _

NO

| SSFUELe SSFUEL+ SSOELT |d
| $40ELTe SSFUEL*S6C00L f

| 36C00Le S6C00L + S40ELT |

REDUCE TIME $TEP
(2) A0VANCE COOLANT CALCULATIONS IN SECTION THAT IC

ONE TIMESTEP NOT SAflSFIED

h

ADVANCE FUELST CALCULATIONS
ONE TIMESTEP

RESET SYSTEM TO LAST

COMPLETED MASTER

| APPLY C00L67/FUELST IC | CLOCM STEP
i

ALLIC No
SATISFIE0?

YES

APPLY NS AND AC TO Coot 67/ FUEL ST
v&ReacLES AND ALTER SSOELT
ACCOR0lNGLY

% SFUELI
$9MSTR

,O ''1

'w,/ *

Figure 4-5 Logic Ditgram for Overall SSC Timestep Control
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-d $30ELT*S9MSTR-S3STGN |59MSTR

NO

| S3STGN= $3STGN + $30ELTj

l
ADVANCE STGN37 CALCULATIONS(3I

ONE TlWESTEP

h

APPLY AC TO STGN37 VARIABLES
AND ALTER $30ELT ACCORDINGLY

._ NO $3STGN=
$9MSTRP

NES

ADVANCE LOOPlf ANO LOOP 2T
14) CALCULATIONS ONE TIMESTEP

(SIDELT = S20ELT * $90ELT)

h

| APPLY REMAINING SYSTEM fC |

ALL 'C NO
S ATIS Fl60 7/ ~

YES

APPLY AC TO LOOPtT ANO LOOP 2T
VARIA8LES AND ALTER $90ELT
ACCORDINGLY

39 M,3 [ PRINT / STORE RESULTS |

39R/T

| $994NT * $9PRNT + $9 PINT]

( Ci M

S9LAST

YES

NOTE > NS AND AC- NUMERICAL STABILITY AND ACCURACY CRITERIA
AC - ACCUR ACY CRITERI A

IC- INTERFACE CRITERIA

Figure 4-5 (Cont'd) Logic Diagram for Overall SSC Timestep Control
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A 5. CONSTITUTIVE LAWS AND CORRELATIONS

U

A number of constitutive laws and correlations are required in order to

execute the SSC code. The approach taken is based on providing the best

available data into the code. The entire collection or part of these data may

be overwritten by the user. This section describes collections of data that

have been incorporated so far. All of the correlations and numerical values

used are in SI units.
..
t,

5.1 CONSTITUTIVE LAWS

The required themophysical and transport properties for all of the mat-

erials of interest are provided for in the fom of correlations. Rea.sonable

values for the coefficients in these correlations are provided in SI units.
~

These values may be changed by the user through input cards. Various consti-

tutive laws are grouped according to materials.

5.1.1 CORE AND BLANKET FUELi

Thermal-conductivity (W/m K)

The themal conductivity of mixed oxide [5-1] core (U0 -20 w/o Pu0 )2 2

and blanket (oxide) materials is given by the following relation:

ko(1-P) 1

k(T,P) = +k3 T3 (5-1),

1 + (k4 + k P) P kt+kTS 2

where typical values for k , k , k , k , k4 and k5 are noted ino i 2 3.

Table 5-1, and P is the fractional porosity (= 1 - fractional density).

O
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Table 5-1

Parameters in Fuel Thereal Conductivity
|and Specific Heat Correlations
i

Parameter Fuel material Blanket material.

k 113.3 113.3o

k1 0.78 0.78

k2 0.02935 0.02935

k3 6.60x10-13 6.6x10-13

k4 1 1

k5 10 10

P input input

c 194.319 194.319o

c1 1.3557x10-3 1.3557x10-3

c2 -9.3301x10-7 -9.3301x10-7

c3 2.4482x10-10 2.4482x10-10

c4 502.951 502.951

c5 0 0

c6 0 0

T 3020.0 3020.01

T 3060.0 3060.02

9
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,

-Specific heat capacity (J/kg K)
.f3.O'

The specific heat capacity of mixed-oxide [5-2] core and blanket

materials is given-by the following relations:,

I

c

e (T) = co [1 + ctT + c2T2 + c3T3+ s] fo r T < T , (5-2)p 1

;

c(Tj)-c(T)p p 1
c (T) = c (T ) + (T - T )- for T1< TIT, (5-3)p p I 1 2

T2T1,

I c (T) = c4 + c5T fo r T > T , (5-4)p 2

: where values of various parameters are noted in Table 5-1, and

i

| c (T ) = co [1 + c1 i + c2 12 + c3 1 ], (5-5)p I T T T 3
,

I and

c(T)=c4+c52 (5-6)p 2 T .

| Coefficient of thermal expansion (m/m K)

i The average linear coefficient of themal expansion from T to T foro

core and blanket materials is represented by the following equation [5-3,

i 5-4]:
,

i hij=ao + at T for T 1 T . (5-7)3
!
' ,

For higher temperatures, the average linear coefficient of themal expansion 1

is given by the following relation:

{ E(T)=a2 for T J_ T . (5-8)4
i

| For intermediate temperatures,

j 'E(T4) - H(T3)~
| E(T) = E(T ) + (T - T ) for T3<T<T, (5-9)3 3 4
| . T4-T3 -

Io
|
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|
where

O|a(T ) = ao + al 3, (5-10)3 T

a(T ) = a2, (5-11)4

and other parameters are noted in Table 5-2.

3Density (kg/m )_

The core and blanket fuel materials density is given by the following set

of correlations:

p(T,P) = for T 1 T 1 T , (5-12)o 3

[1 + a(T) (T - T )]3o

p(T , P) - p (T , P)4 3p(T,P) = p(T , P) + (T - T ) fo r T3<T1T, (5-13)3 3 4
T4-T3

Ip(T,P) =
_

for T > T , (5-14)4
[1 + a(T) (T - T )]34

where P is the fractional porosity. The above correlations imply that (a) the

core fuel density for different restructured regions have the same temperature

dependence below fuel solidus temperature (T ), and (b) the molten fuel den-3

sity, i .e., density beyond its liquidus tenperature (T ), does not depend4

upon its pre-molten fractional density. The following two equations are noted

for the sake of clarity:

po(1 - P)
p(T ,P) = (5-15)3

[1 + a(T )(T3 - T )]33 o

|

| O
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,

4

I

' Table 5-2

Parameters in Fuel Coefficient of Thermal !
; '

Expansion, Density and Emissivity Correlations
i

i
; f

: Parameter Fuel material Blanket materiali

..

3

-6 -6o 5.7506x10 5.7506x10 :0
1

-9 -9; at 2.997x10 2.997x10
-s I-s4

a2 3.1x10 3.1x10
!4

T 295.4 295.4
,

o,

T3 3020.0 3020.0
: Tu 3060.0 3060.0

*

:
.,

| 3
3o 11.04x10 10.0x10g

i j
3; 3og 8.733x10 8.744x10:

P input
i

input

,1
.

t e 0.75 0.75o

i 'l -s -s5x10 5x10i

f Ts 400.0 400.0
,

I
,

t

d

}'
,

t
e

,-

i

!

.
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and

Op(T ,P) = pt. (5-16)4

The average linear coefficient of thermal expansicn is already noted above;

other parameters are noted in Table 5-2.

Emissivity (Dimensionless)

The core and blanket material emissivity [5-5] is given by the following

correlations:

e=eo for T 1 T5 (5-17)

and

e=eo + el (T - T ) fo r T > T5 (5-18)S

where e , el and T5 are given in Table 5-2.o

5.1.2 CLADDING AND STRUCTURAL MATERIALS

For stainless steel, the default material for cladding and structure, the

thermal conductivity (W/m-K) [5-6], specific heat (J/kgK) [5-6], and the

average linear coefficient of themal expansion (m/n-K) [5-7], are represented

by polynomial fits of data. These equations, for tenperatures up to melting

point, are given by the following:

k(T) = ko + k T + k T2+kT3 (5-19)i 2 3 ,

c (T) = co + c1T + c2T2 + 03T3 and (5-20)p

a(T) =ao + alt + a2T2 (5-21),

where values for various parameters for both cladding and structural materials

are noted in Table 5-3. The structural or cladding material density is re-

lated to the average themal coefficient of linear expansion as follows:

5-6
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Table 5-3

Parameters for Cladding and
Structural Material Properties

Parameter Cladding material Structural material

k 9.01748 9.01748
g

'

1.62997x10 1.62997x10
k1

-4.80329x10' -4.80329x10
k2

2.18422x10' 2.18422x10''
k3

e 380.962 380.962
g

ci 0.535104 0.535104
-u -u

-6.10413x10 -6.10413x10
c2

c 3.02469x10' 3.02469x10'b) 3

%.J
8127.87 8127.8700

-s -s
1.7887x10 1.7887x10

"o
-3 -3

2.3977x10 2.3977x10at
-13 -13

3.2692x10 3.2692x10a2

T 298.15 298.15
g

e 0.55 0.55
g

-u -s
ei 2.5x10 2.5x10

400 400Ti

(
U
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(5-22)
po [1 + a(T)(T - T )]3o

where po is the density at temperature T .o

The cladding and structural enissivity [5-8] are given by the following

relations:

e=e for T 1 Ti (5-23)o

and

n + et(T - T ) fo r 1 > T1, (5-24)e=e
1

where values for e , et and T1 are also noted in Table 5-3.o

5.1.3 CONTROL R0D MATERIAL

For the control rod material (boron carbide), the thennal conductivity

(W/m-X), the specific heat (J/kg K), the average linear thermal coefficient of g
3expansion (m/m-K), and the density (kg/m ) are represented by polynonial

fits [5-9]. These equations are:

k(T) = (5-25)
(1 + k4 P) ki+k2 T

2c (t) = c (1 + c1T + c6/T ) (5-26)p o ,

E(T) = ao + at T (5-27)

a nd

po(1 - P)
p(T)= (5-28)

[1 + I(T)(T - T )]3o

O
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These equations are similar in, fann to Equations (5-1), (5-2), (5-7) and

-

(5-12),respectively. Values for the various parameters are noted in Table

5-4, and P is the porosity, which is an inoet quantity read in with the con-
,

'trol rod geometric data. These corielations are valid in the temperature

range from 500 K to 1250 K.
.

i
5.1.4 S0DItN>

i

i

|
All of the required thennophysical properties for liquid sodium and sodium

vapor are taken from Golden and Tokar [5-10]. These are noted as follows:

! Thermal conductivity (W/m K)
'

The thermal conductivity of liquid sodium is given by the following equa--

tion:

k(T)=ko+kgT+k2 T2 (5-29),

I ( ,

where
,

ko = 109.7 ,;

i
-

kt = -6.4499 x 10-2

i
4

! k2 = 1.1728 x 10-5 ,
,

| Specific heat capacity (j/kg K)
i

i The specific heat capacity at constant pressure for liquid sodium is

given by '
4

| c(T)=co + c1T + c2T2, (5-30)p

where
3
;

i
co = 1630.22 ,

c1 = -0.83354 ,

!

i
r
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Table 5-4

Parameters for Control Rod Material Properties

Parameter Value
_

k 334.13o

kl 21.6178

k2 0.05381

k3 0.0

k4 2,2
.

k5 0.0

c 1741.79a

c1 2.34856 x 10-4

c2 0.0

c3 0.0

c4 0.0

c5 0.0

c6 -46,634.7

-1.4886 x 10-3ao

! 4.124 x 10-6al

po 2381.0

|
T 295.4o

|
- - . - _ .- _. .

O
,
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c2 = 4.62838 x 10-4 .

Enthalpy (J/kg)

The enthalpy of saturated liquid sodium is given by

h (T) = ho + h T + h T2+hT3 (5-31)s 1 2 3 ,

where

4ho = -6.7511 x 10

h1 = 1630.22 ,

h2 = -0.41674 ,

h3 = 1.54279 x 10-4 .

For unsaturated liquid sodium, the enthalpy is written as

Ps P !
h= hs--+ , (5-32)

Ps A

where the saturation vapor pressure (ps) and the liquid sodium density

(ps) are given in the following equations. For incompressible sodium,

p(T,ps) = p(T) = ps(T) ;
'

hence, Equation (5-32) becomes

h= hs - (5-33).

p

*

For most purposes, the liquid sodium enthalpy may be approximated by the

saturation value.
!

In SSC we also need to compute liquid sodium temperature from its

enthalpy value. Although it is computed iteratively in the code by inverting

Equation (5-31), an approximate correlation is given by the following:'

L
h h h 4o + ct s + c2 sh 2 + c3 s3 + c4 s , (5-34)! T=c

!

|

OV

l 5-11
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where

co = 55.5057 ,

c1 = 5.56961 x 10-4 ,

c2 = 2.17341 x 10-10 ,

c3 = -7.27069 x 10-17 ,

and

c4 = 4.41118 x 10-24 ,

Saturationvaporpressure(Pa,i.e.,N/m21

The saturation vapor pressure of sodium is expressed by the following two

equations:

10910Ps * P1 + P2/T + p320910T for T 1 Ti (5-35)

and

10910Ps * P4 + P5/T + p610910T for T > T1 (5-36),

where

P1 = 11.35977 ,

p2 = -5567.0 ,

p3 = -0.5 ,

p4 = 11.68672 ,

p5 = -5544.97 ,

p6 = -0.61344 ,

and

T1 = 1144.2 .

The saturation temperature of liquid sodium as a function of pressure is

given by the following equation [5-11]:

O
5-12
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:( Cn
A/ Ts= (5-37),

An(9.869 x 10-6 ) - c1p

where

co = -12130.0 ,

c1 = 10.51 ,
,

2and p is the pressure in N/m ,

Density (kg/m3)
_

,

The density of saturated liquid sodium is given by the following re-

lation:

ps(T)=po+ptT + p2T2 + P3T3 for TiiT1T2, (5-38)
'

where,

ao = 1011.597 ,

p1 = -0.22051 ,

p2 = -1.92243 x 10-5*

,

p3 = 5.63769 x 10-9 ,

~

T1 = 370.9 ,'

a nd ,

T2 = 1644.2 .

The density of unsaturated liquid sodium is related to that of saturated

liquid through a compressibility factor (B ), as follows:
T

p(T,p) = ps(T) exp [8 IP - Ps)] (5-39)T ,

where p3(T) is given by Equation (5-38) and ps is given by Equations

(5-35) or (5-36). If incompressibility is assumed, ST " 0. Hence,

p(t,p) = p(T) = ns(T) (5-40).

:
|

O
,

|

I

5-13
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2Dynamic viscosity (Pt, i.e., N s/m )

O<The dynamic viscosity of liquid sodium is represented as

c2
tog 10n = c1 + T-- + c3 0310T, (5-41)1

where

c1 = -2.4892
'

,

c2 = 220.65 ,

and

c3 = -0.4925 .

,

Heat of vaporization (J/kg)
,

The heat of vaporization, fitted over the range 1150 to 1500 K is given

by the following equation [5-11]:

AT+AT2 (5-42)A(T) = A 4 -i 2o ,

where
'

A = 4i40241 x 106o ,

A1 = -17.5055 ,

A2 = - 0.380i84 '

.

Specific heat capacity (J/kg K)

The specific heat capacity at constant pressure for sodium. vapor was fit-
'

ted over the range 1150 to 1500 X, and is given by the equation [5-L1]:

c y(T) = co + ctT + c2T2 (5-43)p ,

where
,

3co = 4.4015 x 10
,

,

c1 = -2.2987 ,

c2 = 6.34 7 x 10-4 .

O
'

9
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.

3O Density (ka/m )
V

The density of sodiun vapor is given by the following equation:

py . p A(T) (5-44)
T.

in which the factor A(T) was fitted over the range 1150 to 1600 K and is given !

by the equation [5-11]:

A(T)=ao + ali + a2T2 (5-45),

where

I 3.27317 x 10-3ao =
,

! a1 = -8.72393 x 10-7 ,

1

6.07353 x 10-10 ,( a2
=

a

j Enthalpy (J/ka) !

j At a given reference pressure p, the sodium saturation tenperature Ts !

,
is first calculated. The liquid saturation enthalpy h (T ) and heat of |g s

vaporization A(Ts) are then calculated. The vapor enthalpy is then given by

! the equation. |.

! h (T) = h (T ) + A(T ) + hyt (T - T ) + hv2 (T - T )y g s s s s
(5-46)+hy3(T-T)3

.

.

3 ,

where'

hyl = 4.4015 x 103 ,

hv2 = -1.14935 ,

j hy3 = 2.11567 x 10-4 .
,

A(T ) is given by Equation (5-42), and hg(T ) is given by Equation '

; 3 s
i

| (5-31).
:
i

|
*

|

O
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5.1.5 WATER / STEAM

i

The constitutive relations for water are currently given by correlations

where the properties are evaluated as a function of enthalpy (H) and pressure (p)
[5-12].

Enthalpy of saturated liouid (J/kg',

The enthalpy of saturated water is given by

H (p) = ao + alp + "3p2 + a3p3 + a4p4+ 5 (5-47)g SP ,
,

where

ao= 5.7474 x 105 ,

a1 = 2.09206 x 10-1 ,

a2 = -2.8051 x 10-8 ,

a3 = 2.38098 x 10-15 ,

a4 = -1.0042 x 10-22 ,

2and p is pressure in N/m .

Ent|taluy of saturated vapor (J/kg)

The entalpy of saturated steam is given by

o+bp+bp +bp +bp4, (5-48)H (p) = b
i 2 3 4y

where

bo= 2.7396 x 106 ,

l= 3.7588 x 10-2b
,

b2 = -7.1640 x 10-9 ,

b3= 4.2002 x 10-16 ,

b4 = -9.8507 x 10-24,

O
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[p Temperature of compressed liquid (K)
y

The temperature of compressed liquid is given by-'

T(H,p) = c (p) + ct(p)H + c2(p)H2 + c3(p)H3 (5-49)o,

'

where
,

c (p) = c00 + c01P e[ o

et(p) = c10 + citp ,

c2(p) = c20 + c21p ,

c3(p) = c30 + c3tp ,
:

and the coefficients cjj are given in Table 5-5.
'

2

Temperature of superheated vapor (K)

The temperature of superheated steam is given by

T(H,p) = d (p) + d (p)H + d (p)H2 (5-50)o t 2 ,

where

d (p) = dOO + d01p + dO2P2,o

2d (P) = d10 + d11p + d12pi ,

~
'

2d (p) = d20 + d21p + d22P2 ,

; and the.ccefficients djj are given in Table 5-6.

Density of compressed liquid (kg/m3)

The density of compressed water is given by
,

2 + f H , for H 16.513 x 1054D(H,p) = fi+fH 3 J/kg (5-51)2
'

|
| or i

f5
D(H,p) = f4+ , for. H > 6.513 x 105 J/kg (5-52);-

H-f6

The coefficients fj are given in Table 5-7.

;O
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Table 5-5

Values of Coefficients for
Temperature of Ccmpressed Liquid Water

Coefficient Value

2.7291 x 10*coa
-7

c1 -1.5954 x 10o

4

cio 2.3949 x 10
-13

cit -5.1963 x 10
-12

c20 5.9660 x 10
-18

c21 1.2064 x 10
-17

c30 -1.3147 x 10
-25

c31 -5.6026 x 10

Table 5-6

Values of Coefficients for
Temperature of Superheated Water Vapor

Coefficient Value

+2
doo 6.5659 x 10

-4
d -5.2569 x 1010

-10
d 1.6221 x 10

20
-s

9.9066 x 10dO1

-3.4406 x 10dit
'"

d 1.8674 x 10
| '

21

d -2.1879 x 10O2

d 7.0081 x 10~
| 12

d -1.4567 x 10'22;

i O
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/m Table 5-7
b

Values of Coefficients for Density of Compressed Liquid Water
,

Coefficient Value

fl 999.65 + 4.9737 x 10-7 xp

f2 -2.5847 x 10-10 + 6.1767 x 10-19 x p

f3 1.2696 x 10-22 - 4.9223 x 10-31 x p

f4 1488.64 + 1.3389 x 10-6 xp
,

f5 1.4695 x 109 + 8.85736 x p
'

f6 3.20372 x 106 + 1.20483 x 10-2 x p

3Density of superheated vapor (kg/m )

The density of superheated steam is given by
I0(H,p)= (5-53),,

9o(P) + 9 (P)H1
where,

9o(P) = 900 + 901P + 902 P/ =

91(P) * 910 + 911P + 912/P i
'

and

900 = -5.1026 x 10-5 ,

901 = 1.1208 x 10-10 ,

902 = -4.4506 x 10+5 ,

910 = -1.6893 x 10-10 ,

911 =--3.3! N x 10-17
,

912 = 2.1038 x 10-1 .

O
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3Specific heat of compressed liquid (J/m g)_

The specific heat of compressed water is given by
Ic (H,p) = (5-54)p ,

a (p) + al(p)H + a2(P)Ho

where

a (p) = a00 + a01Po *

al(p) = a10 + allp ,

a2(p) = a20 + a21P i

and

a00 = 2.3949 x 10-4 ,

a01 = -5.1963 x 10-13 ,

a10 = 1.1932 x 10-11 ,

all = 2.4127 x 10-18 ,

a20 = -3.9441 x 10-17 ,

a21 = -1.6808 x 10-24 ,

3S_p_ecific heat of superheated vapor (J/m K )

The specific heat of'superheat steam is given by
1c (H,p) = (5-55)p ,

b (p) + b (p)Ho 1

where

b (p) = BOO + b01p + bO2P2,o

b (p) = b10 + bilp + b12P i1

|
and

BOO = -5.2569 x 10-4 ,

bO1 = -3.4406 x 10-11 ,

bO2 = 7.0081 x 10-19 ,
|

b o = 3.2441 x 10-10 ,
i

bli = 3.7348 x 10-18 ,
j

|
!b12 = -2.9134 x 10-26 , ;

5-2C
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2}q Viscosity of compressed liquid (Ns/m )

! The viscosity of compressed water is given by

n(H,p) = co + ctX + c2X2 + c3X3 + c4X4
-.

(5-56)
2 + d E ).(p - pi) H 1 H ,3- (do+dE+dE1 2 3 i

n(H,p) = e (H) + el(H)(p - pi) H<H<H2, (5-57)
'

io

o+fZ+fZ +fZ3+f74 H>H, (5-58)n(H,p) = f
1 2 3 4 2,

where '

X = go(H - 9 )1 ,

E = g2(H - g3) >

Z = g4(H - 95) >

e (H) = e00 + 801H + e02H2 + 803H3o ,

et(H) = e10 + e11H + e12H2 + e13H3 ,

>

- and the coefficients are given in Table 5-8.
!
>

2*

Viscosityofsuperheatedvapor(Ns/m1

The viscosity of superheated steam is given by

n(H,p) = (ao + al ) - D(bo + b T) for T 1300 K, (5-59)T 1

T 3o + al ) + (co + c1T + c2T2 + c3T )Dn(H,p) = (a
( 5-60,)

o+dT+dT2 + d T )(eo + etD + e2D)3 2+ D(d 1 2 3

for 300 < T < 375 K,

2D) for T > 375 K; (5-61); n(H,p) = (ao + al ) - D(eo + eld + e2T
_

|

where

T = T (H,p) - 273.15,y

D = Dy(H,p) ,
i

j-. and the coefficients are given in Table 5-9.

!
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O
Table 5-8

Values of Coefficients for
Viscosity of Compressed Liquid Water

|
|

Coefficient Value

c 1.2995 x 10-3a

c1 -9.2640 x 10-4

c2 3.8105 x 10-'+

c3 -8.2194 x 10-s

c4 7.0224 x 10-6
d -6.5959 x 10-12o

d 6.763 x 10-12i

d -2.8883 x 10-122

d 4.4525 x 10-133

eco 1.4526 x 10-3

el -6.9881 x 10-9a

e2 1.5210 x 10-14o

eos -1.2303 x 10-20

elo -3.8054 x 10-11

eil 3.9285 x 10-16

e12 -1.2586 x 10-21

e13 1.2860 x 10-27
f 3.0260 x 10 '+o

f -1.8366 x 10-4l
f 7.5671 x 10-s2

f -1.6479 x 10-53

f. 1.4165 x 10-6i

H 2.76 x 105i|

H 3.94 x 1052

Pt 6.8946 x 10s

9 8.5813 x 10-60

91 4.2659 x 10'+

92 6.4845 x 10-6

93 5.5359 x 10'+
gu 3.8921 x 10-6

95 4.0147 x 105
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Table 5-9

Values of Coefficients for
*

Viscosity of Superheated Water Vapor '
<

:
4

'
Coef ficient Value

-8
a 4.07 x 10g.

-s
a 8.04 x 10t.

-7
b 1.858 x 10-

g

j - b 5.9 x 10'y
' -6

c -2.885 x 10
"

c 2.427 x 10.

| -11
c -6.7893 x 10

2
i - 11

9 c 6.3170 x 10
3

4 2
d 1.76 x 10{ o

4 *

d -1.6,

i

j -3
i d 4.8 x 10

2
-6'

i d -4.7407 x 10
3

', -s
e 3.53 x 10

n
-11

e 6.765 x 10
,

1
1 - _ t i.

e 1.021 x 104

2

i
i

n

!O .

9

'
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Ccnductivity of compressed liquid (W/m K)

The thermal conductivity of compressed water is given by h
k(H,p) = ao + a1X + a2X2 + a3X3, (5-62)

where

"X=
5.815 x 105

'

and
ao= 5.7374 x 10-1 ,

a1 = 2.5361 x 10-1 .

I
,

a2 = -1.4547 x 10-1 ,

a3 = 1.3875 x 10-2 ,

Conductivity of superheated vapor (W/m K)

The thermal conductivity of superheated steam is given by
c0 (5-63)

T .2 )
k(H,p) = X + D (Z + ,

4

where

T = T(F,p) - 273.15 ,

D = D(H,p) ,

X = z0 + alt + a2T2 + a3T3 ,

2Z=b 0+bT+bT1 2 ,

and

2.1482E5c = ,

a0 = 1.76 x 10-2 ,

a1 = 5.87 x 10-5 ,

a2 = 1.04 x 10-7 ,

a3 = -4.51 x 10-11 ,

b0= 1.0351 x 10-4 ,

4.198 x 10-7bi= ,

b2 = -2.771 x 10-11 .
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,m
: I In addition to the properties listed above, various partial derivatives

of many of the functions were required. These are obtained by analytically

differentiating the appropriate correlations.

5.2 CORRELATIONS

The required pressure drop and heat transfer correlations for the range of

interest are-included in this section. Representative values for various

curve-fitted parameters are noted in SI units.

5.2.1 FRICTION FACTOR CORRELATIONS

Fluid flow and heat transfer correlations for the entire flow regime are

required by SSC. The following is a complilation of the friction factor cor-
fm\j relations that have been selected or developed so far.

The pressure change due to friction is given by the following equations:

AP, , _ _f_ 1 0U2 (5-64),

AL Db 2
.

where the hydraulic channel diameter, D , is defined ash,

--_. (fl w area)4
(5-65)Dh= wetted perimeter

,

and U is the fluid velocity. The friction factor, f, depends on the Reynolds

number Re and the surface roughness e. The friction factor for turbulent flow

in a pipe is given in the Moody chart. The Moody chart is expressed as [5-13]

the following transcendental equation:

1/ VT = - 2.0 tog 10 [(e/D /3.7 + 2.51/(Re v'I)] . (5-66)h

For smooth pipes, i.e., for e/Dh = 0, the above equation simplifies to the

) following transcendental equation:

5-25
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|

1/ v f = 2.0 togio (Re V f) - 0.80 (5-67)

O|
,

which is the same as Prandtl's universal law of friction for smooth pipes

[5-14] .

Rather than the above-mentioned transcendental equation, a simplified

fonn of the friction factor is desirable. The following explicit relation for

f [5-15], which is accurate within 5%, has been coded in SSC. i

6
f = 0.0055 (1 + [20000 * + 10 ]I/3) (5-68)

Dh Re
.

For smooth pipes, the above equation reduces to

f = 0.0055 + 0.55(Re)-1/3 (5-69),

which is very similar to the Koo correlation [5-16].

A comparison fer computing efficiency in calculating f from either Equa-

tion (5-66) or Equation (5-68) was made. The approximate representaticn,

Equation (5-68), was found to require 25% less machine time. Since the

friction factor needs to be evaluated for each pipe section or node secticn,

only Equation (5-68) for f has been incorporated in SSC.

The friction factor for laminar flow in pipes and heat exchangers is

given by:

f= (5-70)
-

The Reynolds number is evaluated at the bulk temperature of the fluid.

Three sets of correlations for friction factors of in-core assemblies are

available:

O
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f, / a) Fuel Assemblies _ (L6ATYP / 2 or 3))

I
j 64.0/Re Re < 800

f= (5-71)
.

(1.029 + 2837./Re .24) . 0.316/Re.25 Re > 800l

1
<

b) Blanket Assemblies (L6ATYP = 2)

(110./Re Re < 400
4

1 ~ (Re - 400.)110
Re 4600.

i f= f (5-72)
(Re - 400.) 0.48/Re .25 400 1 Re < 50000+ .

,.48/Re .25 5000 < Re0
\

c) Control Assemblies (L6ATYP = 3)
#
84./Re Re < 800

| [' 84./Re
'

1+ F6FRC1 Re-F6FRC2 -84. Re)
4 - (Re-800.)/1200.

'

( 800 1 Re < 2000 (5-73)f=

F6FRC1 Re-F6FRC2
-

1- [1.034/P0 24
'

k + 29.7 - (PD .94) . (Re.086)fppD .239].885 2000 $_ Re6 2

:

; where, F6FRC12, F6FRC2 - user supplied constants
,

PD - assembly pitch to diameter ratio'

PWD - wire wrap pitch to diameter ratio
J

For the inlet orifice region and bypass region, the following correc-
i

tion is used:

96.0/Re Re < 2000
f (5-74)

FF6FRC1 Re 6FRC2 2000 1 Re

O
'
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5.2.2 HEAT TRANSFER CORRELATIONS

O
The liquid Tetal heat transfer correlations for forced convection in a rod

busdie have been develolped by West, Schad, Graber and Rieger, and

B(cishanskii. These correlations have been compared with the experimental

data ty Kazimi [5-20]. In view of the comparison, the modified Schad cor-

re13 tion is selected. The following correlation is valid for Pe > 10, i .e.,

fo the turbulent flow regime:

1 + h (P/0) + h (P/D)2] . (a + b Pe ) (5-75)Nu = [h c
2 3 ,

where

h1 = -16.15 ,

h2= 24.96 ,

h3 = -8,55 ,

a nd

a=0, b=1, c = 0.3 for Pe > 150 ,

or

a = 4.496, b=0, c = 0.3 for Pe < 150 .

The above correlation also agrees well for the laminar flow regime.

For liquid metal flew in a pipe, Acki's correlation [5-21] for heat

transfer is used:

Nu = 6.0 + 0.025 (i Pe)0.8 (5-76),

where
i 0.014(1 - e-71.8x)_

6 =
,

X

!

| 1
x =

'

0 0Re .45 Pr .2

O'
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(-] In the laminar region,

Nu = 4.36 for Re < 3000 . (5-77)

For the shell side in the intennediate heat exchanger, the Nusselt number

is obtained from the Graber-Rieger correlation [5-22]:

Nu = A + B PeC 110 < Pe < 4300 (5-78)

1.25 < P/D < 1.95

where

A = 0.25 + 6.2(P/0) ,

B = -0.007 + 0.032 (P/D) ,

and

C = 0.8 - 0.024(P/D) .

The range of applicability is also indicated above. For Pe < 110, we use a

constant value for Nu (evaluated using Equation (5-78) at Pe = 110).
.

The heat trar,sfer correlations for water / steam are given for four dif-

ferent mode.s of heat transfer. The first mode of heat transfer is forced cor-.

vection. The Nusselt nucber for this model is given as [5-23]:

0No = 0.023 Re .8 0Pr .4 (5-79)

The haat transfer for nucleate boiling is given as [5-24]:

h=S- hNB + F - h (5-80)e ,

where the nucleate boiling coefficient hNB is given as:
1

"

| K 0.79 C 0.45 0.49g g p i
'

hNB = 0.00122 OAP .75 , (5-81)05 p 0.29 A0
,

fg .24 0.24 i0l pg

where

Cg = specific heat of liquid
,

Kg = thermal conductivity of liquid
.

ps a = surface tension
b
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Afg = latent heat of vaporization, and

AP = difference in saturation pressure corresponding to the
wall superheat.

The Reynolds number correction factor F, and the nucleate boiling suppression

factor S are represented as:

2.34 1 0.45 1 < 2.'

,

Xtt Xtt
F= (5-82)

2.57 + 0.7643 1 1 >2., ,

Xtt X
_

tt

R 41.05 - 1.3 x 10-5 e , Re 1 2.5 x 10

0.83 - 4.3 x 10-6Re , 2.5 x 104 < Re i 105

0.32 exp (-1.92 x 10-6 Re), 105 < Re < 6 x 105

0.09 . Re > 6 x 105

and

1F .25Re = Reg

where Xtt is the Lockhart/Martinelli [5.25] paramter:

X * *

(5-84)= . .
,

The convective coefficient h is calculated from the Dittus Boelter equationc

based on liquid thermodynamic properties [5.23].

The heat transfer for film boiling regime is given as [5.26]:

7 ptg .06800.8 1.23 / 98\ .68
0

(5-85)Nu = 0.0193 Reg Prg (g (pg) ,

where subscripts 1 and g denote, respectively, liquid and vapor phase at satu-

ration and subscript B indicates a bulk property of the steam / water mixture.
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l' ..
.

' For superheated steam, the following heat transfer correlation for forcedt

convection is used [5.27]:

Nu = 0.0133 Re .84 pr .333 (5-86)0 0
-

:

|

The. steam / water quality at the DNB point is given by [5.28]:

4.38 x 104 |
pg

5XDNB * for q > 6.3 x 10 ' (5-87)
VG/1350.0

|
Hgg p g

>

.

or

g - (5.3 x 10 fq)1.54.38 x 104 5p
;

XDNB = for q < 6.3 x 10 (5-88)5

Hgg og v'G/1350.0
.

where H is the latent heat of vaporization (J/kg), G.is the mass flow rategg
'

2 2; per unit area (kg/s m ), and q is in W/m ,

;
1

j- .

'

,

I

<

J.

\

4.

4

I

a

|

{.
,

t |

|
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f3 6. CODE DESCRIPTION

' (__)

6.1 SOFTMRE PRACTICES

At an early stage of the SSC development effort it was recognized that a

set of well defined programming standards would be essential to the successful

completion of the project. The choice of an acceptable standard was somewhat

less obvious. At that time (prior to the formulation of the '77 standard)

much of the published software standards literature for FORTRAN focused on the

activity of the X3J3 standards subcommittee of the ANSI. However, no clear

concensus appeared to be forthcoming. In this perspective, it was decided to

proceed with the SSC development in close adherence to the then accepted

! 1anguage specification set forth in the " USA Standard FORTRAN ANSI X3.9-1966".
'

'

W1th few exceptions this standard has been maintained throughout the code's'

devel opment.

The interchange of computer software between dissimilar mainframes is

often a major limiting factor in the dissemination of large codes. To bridge

this problem, every effort has been made to ninimize (or at least to localize)

any mainframe dependent features found in SSC. These exceptions are clearly

marked and are easily recognizable. The recommendations of the ANS STD.3-1971

fonn the basis of the coding practices followed in this area.

6.2 CODE STRUCTURE AND DATA MANAGEMENT

|

SSC is a deliberately structured ensemble of modules, each of which is de-

termined by the component system / function it seeks to model. Modules are,

v
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interfaced through " inlet" and " outlet" junction points. This approach to

system intergration has been found to facilitate the substitution of more

advanced (or spcialized) component models while minimizing inter-modular data

coupling.

The SSC data structure is specified by the modules to which the data is

associated. Labelled commons provide the basis of intra-modular communica-

tion.

Main memory storage is minimized through the use of a dynamic allocation

scheme. Data which assumes a problem or system dependent length are stored in

consecutive locations in a large fixed length block. The length of this block

can be manipulated to obtain an optimal length for a given class of problems.

A symbolic naming scheme is used throughout SSC to avoid problems caused

by naming ambiguities and degeneracies. To this end, all memory addressing is

accomplished through a system of uniquely assigned identifiers (no two identi-

fier: address the sGr.e mecory location). Identifiers are restricted to six

(6) or fewer characters. The first character specifies the physical property

which describes the type of data stored. A list of all relevent characters is

given in Table 5-1. Tha second character indicates the module to which the

data belongs. These characters are listed in Table 6-2. The remaining char-

acters (up to four (4) but at least one (1)) are assigned mnemonically. In a

parallel fashion, procedure names are assigned according to a similar naming

i convention. Procedure identifiers are also restricted to six (6) or fewer

i c haracters . The last character (from Table 6-3) designates the main system

division to which the procedure is resident. The next to last character in-

dicates the module of which the procedure forms a part. These characters are

found in Table 6-2. The remaining prefix of from two (2) to four (4) charac-

ters was assigned mnemonically to canplete the procedure name.
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f^N. TABLE 6-1-V Initial Letters Used to
Indicate Type of Quantity and Units

J

A Area 2m

B Mass kg

C Material properties; constants (See Table 6-2)
D Density kg/m3

E Energy; enthalpy J; J/kg
F Fractions, factors -

G Mass flow rate per unit area kg/s m2

H Heat Transfer Coefficient W/m K2

L Control flags, counters, etc.

M Maximum allow:able dimension
'

N Actual dimension specified

j P Pressure; power h/m ; W2 '

i Q Surface heat flux; niscellaneous 2W/m ; --
,

R Reactivity; angular measure k/k; radians
,

.S Time s

T Temperature K (not C)
U Velocity, angular velocity or speed m/s; rpm

V Volume 3m

W Mass flow rate kg/s

X Distance (length or radius) m

Y Distance (width or diameter) m

Z Distance (height or axial direction) m

O
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Table 6-2

Digits Used to Indicate
Major Modules (or Regions)

1 Primary loop.

2 Secondary loop.

3 Tertiary loop and steam generator.
5 Fuel (and blanket) rods.
6 Reactor ccre coolant volumes.
7 Reactor vessel, structure, etc.

8 Plant protection and control systems.
9 Global or general quantities, not pertaining to a specific

module or modules (or regions).

NOTE: For entities pertaining to more than one region, the digit used is
determined by whichever module creates or alters it.

For material properties constants (first character is "C"), the digits have a
slightly different meaning:

1 Soci ua. 6 Claoding of fuel rods.

2 Sodium vapor. 7 Steel, other structural

3 Water or steam, material

4 Reactor fuel blanket. 8 Fission product / gap gas

5 Reactor Fuel.

Also for material properties constants, the third character is meaningful; for
example:

A Coefficient of themal
expansion.

C Specific heat capacity. K Themal conductivity.

D Density. N Dynamic viscosity.

E Emi ssivi ty . P Pressure.

H Enthalpy. T Temperature.

O
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'
-

>

Table 6-3

'

Final Letters Used for Procedure Names *>

R Routines of the input processor (reader) segment.

S Routines of the steady-state segment.

T Routines of the transient time-stepping segment.

U Utility routines used by more than one program
segment.

F Functions other than those calculating material
properties.

C Routines calculating local conditions or
correlations

* The final letters of material properties tunctions
generally correspond to those used for the third
character for material properties constants (see
Table 6-2).

.

I

1

.

v
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6.3 FLOW CHARTS -

The modularized structure of the SSC-L code lends itself to a natural

sub-divi sion. The code is divided into three major sequentially disjointed

processes (i.e., MAIN 9R, MAIN 9S AND MAIN 9T) as shown in Figure 6-1. These

routines are the main driver programs and are called in succession by the

controller routine. Each perfoms a unique set of tasks and is executed only

once for any given case. It should be noted that this program structure is

compatible with over-layed loader procedures found on most large computer

systems (e.g., 0VERLAY and SEGLOAD).

A set of sample segmented loader directives fomulated for the CDC 7600

SEGLOAD utility is given in Appendix B.

The flow chart of each of the drivers, along with its associated

subroutines, is shcwn in Figures 6-2 through 6-36. Note on these figures that

any subrcutine which calls subordinate routines that are continued on a

subsequent figure is designated by an asterisk (*). A brief description of

all subroutines used in SSC-L can be found in Appendix A.

O
.
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'9%

4

:-ENC 9U

:-EXIT 9U

:-INIT9U
SSC--:

:-MAIN 9P*
:

:-MAIN 95'

: -M A I N9 T ->

Figurc 6-1 Main SSC Driver Programs

:-CCOLE5-

:-FCELb5+

:-LOCF'5- :-::: 9T-
:-csc=9:+

: -;_cc a s . : n;' 97-,

M A l t/J--- : --C PEX 99 + WIN 93--: Gi ,97--:

: -F 9 A'_9 5 - : - A I '! 9 " '-
:-: NIT 9R~

:-PINTis : . 5 97

Figure 6-2 Main Input :-FPN795
Processor Figure 6-4 fiain Transient

Driver :-5AiE93 Segment Driver.

Figure 6-3 fiain Steady-
State Segment

j Driver
1

}

1

;, .

(*) indicates that subordinate subroutines are contained in subsequent figures.; Note:
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O

: LISTIR
: -VRFr!R--:

: -LI5T!P

._n wan ._.-I c . u =.. v i 14 a wr . ~ 2
: -READlR- : : -L:7 3;.

;-ERR 9R : -VFFY3R -:
_i t e r. _r a-A s .

. - c. z m =. = =.. ~

:-DMODIR CHEX90--:
. _ c . p. o - . _ ,

_i
r, p::

,
. F M .

: -READ 3R--: : -VFFY --:

:-OENPD :-PCHKC;:
:-!NPD3R

: -'i R F v 8 0 - - : _!9TSR

:-GENPD : -/PFY90- : -L';T9;
rpnca=__. ._ ;acq' ' ' ' - ' - - - ' Figure 6-6 Input Processor_-

: n t , 0.,R -- :, . . . .Verification Subreutines: , n m, s ,9P,

4

.. c._
: -u . rm

. _ c_ q c , ,. .t,pg f

: ., =,. ia

: ;E .4 D E R -- :
. _ p ;_,i 4 r. n. .

- - _ . - ..cc,:. . . .

: -E :cs
._:= aun. m

. : r-::__. ::_ . ;.
.

.
. . . _. - . - - . .::._..-

: - S E NR E, : -:a: :=--:
: _- .._,_.w

. _ : b- . c_ = _ _ . _ : : : c_ t_, .__.w.v.o::, .m . .. s . t

_ . --- _ . . __
: -..ter--: : - s,

. ,== =__._=== ==Figure 6-5 Input Data - -- ' " '~

Read Subroutines Figure 6-7 Input Processor
Computational
Subroutines

O
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~
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-

-
.-
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*
L

,

:-DT95
t-

PBAL95 -:-IHX15
.

/ *

:-STGN3S+ ,

: -CCRE65 Figure 6-10 Overall Plant Tnermal '

_ Balance Driver -

: -LFLN6S -

C00L65- :-CPTN53--: :-CVAL:S
: -PRES 6S

'

.

- :-ENOIS
-UPLN65 ''

f|
Figure 6-8 In-Vessel Coolant Stead -State ~HYOPIE

.
1 -. .~-Subroutines '. '

: DJPEt$ '

:-ALFA 55 LCOP15--: . ,
'

: -PP'C 5 ! $
:-FRAC 55 . ..

e:-PtyP15 - - .,

I:-GRC55 - +

:-PE5:5 / /

:-PRE 55---:-PREX5S ' '

i

:-P CE'; /
4 FUEL 55--:-PRNT55 Figure 6-l'1 PrimaryLoopSteIdy-State

",- uru nes
: ?UT55

.

:-STEM 55--:-ALFA 55
, :-E-d23

! '

. pr.pc2;
-. . .

:-TEMP S--:-GAMA55
'

:-F=Esa5
^

*

:-TSAk55
' OCPEE --- : -P L MP ES_.

,,

:-XPAN55
; : oE925 -

f
/

I'd cFigure 6-9 Fuel Heat Conduction a: .

Steady-State Subroutines ' /
., .

:-TANKE5,

Figure 6-;2 Secondary Loop 5'teady-State
S brouttries- -

-

|

-
*

|
,

r

t
b.

-

:
<. .

# -
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., i
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:-ENET3S+ : -EVLV35

:-H8AL35 : -GETA9J
: -CP3C

:-HXHT3$--: : -INA9U
: -NCCE3C

:-HX35 ENET35--:-LEC9U+

; :-INIT35
' : -NEWA9U
,

:-IN$O33 : -OUIA9U

[ :-MODL3C : CELA9U
< 27",- --:

-

b
| Figure 6-15 SG S-S Energy Balance. _ . p . r.,

, . -

l . _ r" t r" p T. C_ _ _ . . _ %' " q a C;.
^'

. -. . . _n_-

. - T +" nc ie. v -as

: -PFFL35+ : -O P 5 V I''

.-PRNT3C : -OE T /. 9U
:-CP3C

: -PUP'P 3 5 -- : : - | N A 9L,
m ~ _ _z " _ ..m_ L = = = _ . = = _ . . .

._qs6P_v . _.C".C.,-.**

. _.
P

. _2

. _ C i O C. 7_ C. ._.7_.1..~ O..:
a

. -- . s

: '/ A L / 3 3 : OJ"A9a
|

: - v U,. L-
, .

.. .: : :._ -_r

Figure 6-13 Steam Generator (SG) Figure 6-16 SG S-S Pressure and i

Steady-State (S-S) Driver Mass Flow Balance

.

. _ n c _: -t . - .

; - - , 'g r 3 ~,
:--- T:--:;

: : - _ _ , -:
| . .-._:=- .:-

. ,-

,

--?.r 5 3 ::

. .-.< :~.

:- .<33:---:
:-E34 33--: - -? .5 3:

. - - ...:,-

.

. . . - - ,

- a w

H']]----: ;-*[2/[]

. _ . r : :--

. s
.. ,

: .c. :.-
:- .. c35--:

. .,.-u==,.

.

._..m.=-. . ~ _ - -

|
.

| f- e-- ,*

- w. _ 5 -
1

Figure 6-14 SG S-S Heat Exchanger Enthalpies
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@
:-CEFN!T

: :-EGIVIT
. :-CEFN2T

:-E0lV2T
:-INIT2T--:

:-INIT1T--: :-RSET2T
. -WGHT2T

:-XI2T
:-INTGIT

INIT97--: :-RITEIT
'

:-XIIT
:-INITST

:-! NIT 6T

:-! Nil 8T
.

:-PRETIT

Figure 6-18 Pre-Transient Initialization

: -C OOLE T-- : -LFL *.6 T

:-OEFNIT2

.

:-OP /i
:-GENPD

:-READ 97--: :-FUEL 5T*
CRCR97--: :-ALCC87

:-LOOP!T+
:-VPFY9T--:-LIST 9T

:-LCGC2T>

! Figure 6-17 Pre-Transient E;.:vsT--: om5-

! Input Processor
'

:-PRC50T-

: -P G',T } T -

:-R3EI'~ '

:-ss E9 --:-sw,E Ls

! . _ : r m. : =. _L .

I

l [{**a

'

Figure 6-19 Transient Integration Driver
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l
,

| O
! : -COEF6T
,

,

.

: -ICIVIT
l
,

| : -ECIV2T
: -CEFN1T
: ._CIV1T'

: -FLOWST
: -FUNC1T
: -GVSLIT

:-CVALIr
- u. v r p 1 T. w.

: -PDFG1T--:
:-FiRW!T

: -FLOWIT--:
: -PLOS1T
: -PCW5T.--:-PPMT5'
. _ c.c.c c I i. .

:-HEAClI
: -PUMP 1T--:

:-TORK1T
. _ rcIr,. ..

: -UPLN6T
: -VE5_iT--:-5PEK'T--:-val"

P I '/ 1 ' ' - - :
-5;EK2.--: 'vi;~:

rcr. pT.

.m n.

_ r_ v . u r r
-,

4

_ _ . . : e .:, -i a sv

:-HYCP1T|

. -. _ rre2.__.-, . .

._pr
. r.. . i r . .m

: -FLm .42 7 -- :
. -p\_ n~ _ . .;'.

. _ p a. . t. c_o ,
-

. .

,,-,

:.- ~uc;_

j : UN'P2T- :
. _ r, e ; t = r

-

. w. >

,

. - P. C_ c_ _O ', .

: :~+c
. . , - ,

. _ t r. .i r r.3 : T. . >

_-v===_,u-.

.

- :, = :. . . . = -.

. ..

. _ p. : ,yL =w ,I _ .

. .

. _ \a: n i n R.sT.- vsu

: -,,e-..e1 -

Figure 6-20 Driver for Hydraulics during Transient
|

O
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,

p : -BOIL 6T : -PRNT1T
U

: -CCEF5T : -PRNT3C
.

: -FRAD5T : -PPNT5T

: -GAMA5T : -PPNT5T
PPNT9T--: : -HYDPIT

: -LEAKST : -WRITIT--:
: -PIPWIT

: -POWST
: -WPIT2T--:PIPW2T

: -PREST
FUEL 5T--: : -WRITST

- PROPST- ' '' Figure 6-24 Transient Printer
: -PROPST :-END1T : -ENCET
:

: -PUT5T LCCPIT--:-IHX1i LOOP 2T--:-IHX1T
.

;

: -SGMAST : 3IPEIT : -P:RE27

. coLvsr Figure 6-23 Transient Figure 6-25 Transient
~

Energy (1) ._AcvN3T,. Energy (2); :

_ I _ d m. r.c.
v.

: -CPKR9U--:-CPkR3T
: -XPAN5T

Figure 6-21 Driver for Transient : -H*T37"

Fuel Heat Conduction
:-HX3T

: -AFPL87
. _:,_ . o c_7 ._ m o_t1n
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!

:-P5018F

:-P5028F

:-P5038F

| : -P5048F

- -P5058F
I

:-EXTR8C : -P508SF

:-RUNG 9U : -P5078F

FCONST--:-SCRTST : -P5085F

:-TCRCST : -P5099C

:-VAPFSC : ;5108
c_ r. ; . 4.=r. _ _Figure 6-27 PCS Flow Control %

._ctr_.te. a

: R5:85F
:-FMTRST

=ci c;2

CD58T---:-PPSH8T--:-5CRv97- :-5F NET +
:-P5;457

._p c ga r.__._:co var __._c_ro#v.a 7. ,. .v . ., s .s . s

: os!5EF

Figure 6-28 PPS Driver,
. c. cia:F.

| : D5: 787
1

. :-PSISEC1

1
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. ..

_==__=c==--

Figufs 6-29 PPS Trip
Func tions

O
.
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l

1:

;' . .

L/
i..-

:-DP3C
L :-ADTW3T' - :-ENTH3C
,

. : :-HWS3C
: -DPS.V3C :-TEMP 3C-

'
: :-ESWT3T.- :
: -FLV 3 T- :-XDNB3C

:-XDRY3C.

F :-GETA9U- :-HWS3C
i

: HX3T----:
^

i-GETM9U :-LOAD 3T
!~ ADVN3T--:
; :-MOOL3C :-NODE 3C

-,

; :-PUTA9U :-PRT937
.

'
- Figure 6-33 Transient SG Cold-Side-

4.
|-RELA 9U . Heat Exchanger Calculations
.

. :-TEMP 3C' :-AODM9U
t

. :

i :-VOL3C. :-GETA9U
I Figure 6-30 Update Transient. IOSG3T--:
; SG Variables :-NEWA9U '

; .

:-DP3C :-PUTA9Ur

;- Figure 6-34 SG Matrix Calculations
.~ :-HHOT3C
). :-ADDA9U
#

:-ADDM9U :-ADDA9U
i :-LOAD 3T--: .

1. HXHT3T--: :-PUTA9U :-GETM9U |
! :-PUTM9U-

| :-NODE 3C :-LEC9U-
j. :-HHOTIC NET 37---:.

:-HWS3C :-NEWA9U
-

:-PRT83T--:
} :-TEMP 3C :-PUTA9'J
1 :-TEMP 3C
|,
i Figure 6-31 Transient SG Hot-Side Heat ^ -R EL A 9'~t
; Exchanger Calculations F19ure 6-35 Transient SG Mass and

. .

+

! Energy Balance
:-OP3C|

1 :-ADDA9U-

:-GFSK3Cp
:-GETA9U

' :-GMDY3C SOBC3T-~
VALV3T--: :-PUTA9U

:-LOAD 3T
:-RELA 9U-

j; , :-NODE 3C
!

Figure 6-36 Transient Boundary.

; Figure 6-32 SG Transient Valve Conditions Into
! Conditions Segment Matrices
!
t

1 '

i

! -

'
,
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6.4 DATA DICTIONARY

Since SSC is a system simulation code, by its very nature it requires

many variables and parameters to describe any given plant representation. To

aid the user in understanding and interpreting SSC and its results, a data

dictionary of all global variables has been constructed. A global variable is

defined as any variable whose name adheres to the symbolic naming convention

(see Section 6.2) and which resides in a labelled common block.

Contained in the alphabetically arranged data dictionary is the following

information for each variable:

1. Type of variable (e.g. , "A" designates array; "S" designates
scala r) .

2. Definition of the variable.

3. Units (in SI dimensions).

4. Labelled common block in which the variable resides (note - if re-
ference is made to common block VD9V, this signifies that the

,

variable is a dyndmically allocated array).

5. Listing of each subroutine where the variable is referenced
(i.e., where it appears on right hand side of an equal sign).

6. Lising of each subroutine where the variable is defined (i.e.,
where it appears on left hand side of an equal sign).

7. If the variable is an input quantity, the input file and data re-
cord it appears on. Abbreviations used are: V-VESSEL, N-NALOOP,
S-STMGEN, 0-0PDATA, M-MATDAT, T-TRNDAT.

Since the data dictionary encompasses approximately 200 pages, it is impracti-

cal to reproduce it here. However, a sample page is provided in Figure 6-37.

A complete data dictionary is supplied to every user both on 48X magnification

microfiche and on tape.

O
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O O
!

ftf4THAN TYPE DE F I NI T ION UNITS L AGELLED REFEREtCED DEF INED -fAML
COMMON

TlOlkta A TEMPEHATLRC OF COOL ANT EXI TING IHX PRl- K VO9V HYDRIT IHXISMARY SIDL PRNT9S IHXIT
PRNTIi ENDIT
PRETIT PBAL9S
PSINGT LOOPIS
IHXIT
PBAL95
Etols '

LOOPIS

T I OUTo A COOL Af 4T TEMPERATURE AT OUTL E T OF PRIMARY K VDSV INTF9T PRE 11TLOOP FLIN8T LOOP 3T
PRNT1T t-

LPLN6T
I

1
1 TIOUTP A COOLANT TEMPERAllOE AT OUTLE T OF FH! MARY K VD9V INITli{ PUMP

! ,

TlOUT A COOLANT TEMPERAILNE AT lHX FHIMARY OUT- K VD9V IHXIT PRETITLET AT PREVIOUS T!taf 1HXITm
e

w
'N TIPird S COOL AtJT TEMPERATURE AT IHX trLET A T AD~ K SCRHIV IHXIT IHXIT {vat (ED infiE
i

TiPMPI S ]N!TlAL v At UL OF TIPUMP K Of0SOR LISTOR READ 88
CALC 8R

I

T l Pf 4AS A TE MPCH AR Y AM A Y TO STORE ADVANCfD TIME K VD9V IHXIT IHXIT
v

T EMPE R A {URE S IN IHX SECONDARY S!DE

i

T I Pf 4A A COOL A?JT T E MPE R A TURE AT ADVAf4ED T IME K VD9V IHxlT IHXfi

ilHUT S CGOLANT TEMPERATLFE AT IHX PRIMARY OUT- K SCRHIV IHXITLET Af ADV At4CE D T it1E

!!PSH A TEr&U4AR( AfHAY TO STOHE lHV 9t t! IEM- K VO9V IHxIT lHXITPCnATUPL AT ADVM(E D T IMI:

! Figure 6-37 Sample Page from Data Dictionary
!
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(n) 7. INPUT /0UTPUT DESCRIPTION

7.1 GENERAL DESCRIPTION OF INPUT

In the design of SSC, great emphasis has been placed on flexibility and

adaptability so as to make its capabilities applicable to any LMFBR design for
;-

a wide class of transients. This approach to modeling necessitates consider-

able interaction between the user and the code, especially during the initial

stages of the calculation.

The structure of the SSC input is drawn on the same modular lines as

that which dominates the calculational portion of the code. The basic campo-

nent of the input is the input record or card-image record. These records are

grouped on a modular basis to fann subdivisions of the input, which in
:

p turn are referred to as data files (see Figure 7-1 and refer also to sample

input provided in this section and Appendix B). Each data file has been
' assigned a file name to delimit as well as to identify the file partitioning.

The entire sequence of input records constitutes the input file.

Input is processed by SSC in a three-fold operation (refer also to Fig-

ures 6-2, 6-5, 6-6 and 6-7). The interpreter, built around a version of the

GENRD [7-1] processor makes the initial pass over the input. Verification

follows, checking for consistency within the data set and against the criteria

|
detailed in the data dictionary (Section 6.4 and accompanying micro-fiche).

An inconsistency at this point causes the program to enter an error mode and

generates a diagonistic message on the output file. The program is terminated

at the end of this stage if any error has been detected. As a further check,

|
all card-images are entered on the output file as they are interpreted, as are

O all decoded values assigned to all parameters.
U
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|

OPDATA

VESSEL

FILE-NAME: r NALOOP

STMGEN

MATDAT

OLDATA

TRNDAT

TRNREG

_ _

OPDATA overall plant operating conditions-

VESSEL core and in-vessel components-

NALOOP primary and secondary heat transport systems-

STMGEN steam generator-

MATDAT material properties-

OLDATA user initiated program control-

TRNDAT conditions to initiate transient scenario-

| TRNREG transient restart update-

..

|

Figure 7-1 SSC Input Files

O
7-2

.

Am



. _. - - - - . . _-. . = - . - . .

. w][ 'With the verification complete, the third processor proceeds to initial-

ize a series of internal parameters on the basis of the defined input. The

steady state calculations are then initiated.
,

The list of input required to initialize SSC consists of a series of

free-fomat card-image records. These records contain control specifications

and/or data in columns 1 through 72. The record format is ' free' in the sense

that as long as the sequence of data confoms to the ordering detailed in this

document, the physical placement of data fields as well as their degree of nu-

merical accuracy is detemined solely by the user.

A very rudamentary psuedo-grammar foms the basis on which the SSC input

is constructed. The overall schene in which this grammar operates is describ-

ed in Figure 7-2. Its syntax is defined as follows:

'p .

V '801' TITLE FILE RECORD d DATA RECORD STOP END 'E0I7

-CHARACTER -

TITLE: =

- BLANK -

TITLE:

A title will appear as part of the banner heading on major pages of the output
'

fil e. It is limited to one record's length but may extend beyond the seventy-

two (72) character limit to eighty (80) characters. Although a required por-
,
.

tion of the input, this record is provided solely as a means of associating an

[ input with the resulting calculation. The user may choose any degree of func-

tionality desired to assign to the titles, since it is not otherwise process-

ed.

7 -3
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O
BEGIN

GET NEXT-RECORD
WHILE NEXT-RECORD IS NOT *E0I' 00

PROCESS TITLE
GET NEXT-RECORD
WHILE NEXT-RECORD IS NOT 'END" 00

WHILE NEXT-RECORD IS NOT 'STOP" DO
IF NEXT-RECORD IS FILE-RECORD
THEN

CLOSE PREVIOUSLY OPE.NED DATA FILE (IF OPENED FILE EXISTS)
OPEN NEW DATA FILE
GET NEXT-RECORD

ELSE

IF NEXT-RECORD IS DATA-RECORD
THEN

PROCESS DATA
GET NEXT-RECORD

ELSE

ERROR CONDITION
GET NEXT-RECORD

END

INITIATE PROCESSING (T0 EXTENT SPECIFIED)
GET NEXT-RECORD

END
END

END-STOP

Figure 7-2 Psuedo-Grammar Format of SSC Input Files

@
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.

j FILE RECORD:
v

To open a data file, the following pseudo-grammar is appropriate:

FILE-RECORD: & DIGIT-STRING--+ VI-* BLANK = FILE-NAME-+

DIGIT-STRING: = DIGIT =

The numeric sequence accumulated in this field is used to identify differing

versions (V) of similar input files. It is provided as a convenience and is

subsequently ignored by the processor. The FILE-NAME provides an associative

link between the data of the accompanying data file and a particular computa-
'

tional module (s). The current SSC FILE-NAMES are shown in Figure 7-1.

DATA RECORD:

The pseudo-grammar for an individual DATA-RECORD is:

BLANK-

..
DATA-RECORD: = DIGIT-STRING uD ;- DATA-L IST --+

For a DATA-RECORD to be properly processed, its DIGIT-STRING (or strings) must

be among the set of defined record numbers of the corresponding data file. A |

. list of all valid record numbers can be found in the sections of this chapter

dealing with the particulars of each data file.

The use of a hypenated digit string (e.g., 201-2100) indicates that the

data which follows is to be assigned to a range of consecutive record numbers.

This format is used exclusively with records whose record numbers possess an
bV implied dependency (e.g. , record 1010, file VESSEL).

7-5
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A DATA-RECORD is completely processed before the next record is inter-

preted. A DATA-RECORD is implicitly defined to have a maximum length equal to

one or more card-images (72 characters). It is terminated either by a slash

(/) or by a column seventy-two (72) preceeding a DATA-RECORD, a FILE-RECORD or

a STOP, as described below. Infomation following a slash (/) is not process-

ed, nor is any information beyond column seventy-two (72). As a result, the

user may find this to be a convenient place to annotate the data files. Wi th-

in a given data partition, several options are available as described below:

) --

/ --

P --*

- DATA-RECORD -
INTERP-SPEC - FILE-RECORD -

-- STOP -

i |

DATA-LIST: ) DATA-ELEMENT y/3

= REPEAT-SPEC'

% (-* DATA-L IST l

..e----

- BLANK -

+ BLAllK

Er3 < ,

.- - _

hDATA-ELEMENT: = DIGIT-STRING ---.

BLAfiK

O
7-6

.



_. - . - . . . . ._ - . _ - -

.

.
Two shorthand constructs are provided for the specification of input.

The
4

INTERP-SPEC: r DIGIT-STRING = 'I'

and the

REPEAT-SPEC: DIGIT-STRING = 'R'
i

Both are used to assign numeric data to consecutive memory locations. The

REPEAT-SPEC stores a sequence of one or more constants. For example:

7.2, 3R

is equivalent to

7.2, 7.2, 7.2-

*

and

(1.0,15,0.72),4R

is equivalent to

1

i 1.0, 15, 0.72, 1.0, 15, 0.72, 1.0, 15, 0.72, 1.0, 15, 0.72
4

; The 'I" specification provides a means of inserting one or more equally spaced

; values between two real (or two integer) end points. For example,

11, 71, 19'

is equivalent to

11, 12, 13, 14, 15, 16, 17, 18, 19
|

and -'

a

! 1.0, 31, 2.0
,

is equivalent to

; 1.0, 1.25, 1.50, 1.75, 2.0
i

: U-
,

7-7

__ _ - . _ . _ _ . ~ , _ - . . _ . . . . , . _ _ . _ _ ._ _ _. _ _ .._ _ _ . _ _ _ _ ..._ _ __ _ _ _ _ _. _ _ - _ _ _ _ . .



The integer preceding the 'I' specifies the number of equally spaced values to

be inserted between the end points. The terminal points bound the sequence

and are not strictly considered to be members of it, therefore,11, 7I,19 and

not 11, 91,19 and 1.0, 31, 2.0 and 1.0, SI, 2.0 in the preceding examples. A

check is made to detennine the data type (real or integer) of the end points.

Both points must be of the same type. If an integer interpolation is indicat-

ed, the resulting increment must also De of integer type.

O

,

!

O
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C)~ 7.2 STRUCTURE OF THE INPUT FILE
y

The SSC input data files (refer to Figure 7-1) are of three basic types:

component description, program control and transient delineation. The major-

ity are .of the first type. In this grouping are VESSEL, NALOOP, STMGEN,

MATDAT and OPDATA. The third category is limited to TRNDAT and TRNREG (for an

in-transient restart). OLDATA is the only file containing direct program con-'

trol.

As might be expected, the entire system must be completely specified be-

fore the calculation can proceed. Under default program control, the process-

ing of VESSEL, STMGEN, NAL00P and OPDATA fulfills this function. The file

MATDAT is not required to make the plant specification, but it must be pro-

cessed when the system is initialized if the user wishes to alter or add to

the existing system defaulted material property parameters. OLDATA is also
* included at this point if other than default program control is required (for

a definition of what constitutes default control, consult Section 7.9 of this

document). 'The ordering of the files in this pre-calculational block is in-

consequential, but a record containing only the character-string 'STOP' ter-

minates it.
'

Fram a particular plant configuration, any number of valid transient

scenario's may be initiated. The conditions and events which define a tran-

sient are specified in TRNDAT. This file is always followed by a 'STOP' re- |

cord. The final record on the input file is the 'END' record which consists

of the character-string 'END'.

,
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7.3 IN-VESSEL DATA (VESSEL) O
All geometric and hydraulic data required to specify the core and in-

vessel components are described here. Subsequent pages of this section

(Figure 7-3 and Table 7-1) show, on a record-by-record basis, how the specific

information is supplied by the user.

These records may be input in any order, except that record 1 must be

first, as it contains variable dimensioning data.

The core and in-vessel cmponents are represented physically by a lower

inlet plenum, core and upper outlet mixing plenum (see Figure 3.1-1). The

core is composed of any number of parallel channels and a bypass (see Figure

3.1-3). For the input data, a distinction is made between number of channels

simulated (denoted by N6CHAN and use of couater K) and number of rod types

(denoted by NSRTYP and use of counter L). This is done, because any number of

channels may be represented, but the physical makeup of many of these channels

will probably be identical (i.e., N5RTYP less than N6CHAN).

The physical makeup of each rod type is assigned through records of the

101 series. Record numbers of this series possess implied rod type depend-

e ncy. That is, the actual record number is fomed by summing the value of the

rod type identifier and 100 (i.e., record 101 = 100 + (the rod type identifier

for rod type one (1))). Here, by allocating (or setting to zero) the required

lengths, materials, etc., of the regions provided (i.e., lower fission gas

plenum, lower blanket, fuel, upper blanket, upper fission gas plenum, also

refer to Figure 3.1-4), any fuel, blanket or control rod description may be

speci fied .

The rod type is assigned to the individual channels through record 2.

Records 3 through 21 contain various other geometric and hydraulic data for

the channels.
7-10



Record 23 contains data which is very useful for off-nomal initial op-

erating conditions.- This data enables the user to correctly initialize the
,

iflow split to the various core channels under off-nomal conditions and make '

use of known information obtained under normal (i.e., full power / flow) opera-

tion. Accurate data specifying the flow split to the core channels is usual-

ly available at design power and flow conditions. T;ius, a steady-state case

may be run at design conditions setting L60PT = 0 and specifying the known

flow fractions through record 4. The result of this run will be the calcula-

tion of the F6LSA4(K) (refer also to Table 7-1, Record 23 and Section

3.1.2.5a, K ). To then run at some off-nomal condition where the4

individual flow fractions are not known, L60PT is set to 1 and the previously

computed F6LSA4(K) values are used.

Records 31, 33 and 34 must be utilized together for each channel . These

/] records contain data needed to specify frictional pressure drop infomationQ
across the inlet orifice zone for each channel . Specifically, the following

,

data are entered:

Record 31 Effective hydraulic diameter (m).-

Record 33 Frictional pressure drop across orifice (N/m2).-

Record 34 Fraction of the total orifice zone length over which-

the frictional pressure drop is taken (value 0. to

1.0).

For each channel, two of these values must be non-zero, the other zero. If

two or more values are zero, there is no frictional pressure drop across the

assembly inlet orifice assigned to that channel .,

In records 24, 28, 29 and 32, data for K-loss type pressure drop calcu->

lations are required. To allow the user some flexibility, these numbers may

O
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be read in as either positive, negative or zero values. If the number is

positive, it is assumed in each case to be the loss coefficient itself. If

the value is less than zero, it is assumed to represent the actual K-loss

pressure drop (N/m2). The value of the corresponding coefficient is then com-

puted internally. If the value is zero, no K-loss pressure drop is assigned.

It should be noted when running cases initiating from off-normal conditions

(i.e., at some condition other than that at which the K-loss coefficient was

computed), that the actual K-loss coefficient should be read in and not the

pressure drop. This thus entails a two step procedure; first running a

steady-state initialization case to obtain the K-loss coefficients at the nom-

inal conditions at which the pressure drop is known, then running a subsequent

case at the off-normal conditions where the previously calculated values for

the K-loss coefficients are the known input.

The records of the 201, 301, 401 and 501 series contain various Tower

profile and fission gas data for each channel . Record numbers of these series

possess implied channel dependency.

O
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J

J.
i

4

. . OV VESSEL

| 10 7.5.18.14.12.18.14.4.6R.1/,

20 4.1.5.2.5.2.3/j 30 2.667E-5. 7.206E-1, 4.175E-5 1.710E-l. 2.790E-5. 1.034E-l. 2.060E-3/-

I 40 1.555E-5. 6.742E-1. 3.126E-5. 1.542E-1, 1.798E-5. 1.18 3E-l . 1.26CE-2/
50 1.162.t.76.1.126.15/

}
70 1. 70*E-5.1.9979E-5. 3.497E-5.4.1883E-5. 3.497E-5.4.1883E-5.5.1438E-5/

! 80 3. 726 t E-3. 3. 2537E-3. 3. 6242E -3. 3. 3985E- 3. 3. 6242E- 3. 3. 3985E - 3. 3. 937E -3 /lin 0.0.7R/

IO .'Oh5 R h b6 0 $R 'Od 5
4 140 0.002921.2R. 0.0064260.49. 0.0076455/j 150 0.0.7R/
1 ISO 2.413E-3.2R. 5.969E-3.47, 5.8295E-3/ PSAR TABLE 4.3-1j 170 0.0.7R/ |

,

tj 180 2.413E-3.2R. 5.969E-3.4R. 5.8295E-3/
j 190 1.E-5.1.0.I.E-5,1.0.1.E-5.1.0.1.0/

200 1.0E+04.7R/ ,
4

i 1210 3.5E*06,7R/
4 230 C. 0.0.8R. 871497. 5222. , 25, 25. 0. 0001, 0. 01, 5. 0E5/
i 240 86.2. 158533.2. 26205.3. .8. -39989./t 250 1. 300.0/j

270 0. 2R. 1.0773.6.5*wa.12.7495.7.7453.13.3153/i 280
| 16..l.4.0.6.25.3.30.0.121.5.1.289.14.0.1400.0.560. 3 wl,-15tS8.. 72.4.7126E7 l.9517E7.12.8E7/j 290 20.15.1.25.2.585.0.t288 -300000.0 .920000.0/1 300 0.316.0.25,-16.15.24.96.-8.55.0.3/
d

3tC 0.0.?R/
!
-

320 0.0, 14R/
330 5.01CE5. 4.85E5. 5.01E5. 4. 86E5. 6.67E5. 6.89ES 7.07E5/| 340 1.0 79/

3 1010 0.0. 0.3556. 0.914*. 0.3556. 1.2192. O. 2. 10. 2, 94

| 1.2509. 51.739. 60, 70, wa. 96. 0.96. 0.98. 50. 0.95. 0.96.
C.98. 40. 96. 0.96, 0.98. 217 0.0014 0.1101. 0.00305 1.75/[ 1020 0.0. 0.0. 0.0. 1.6256, 1.159. 0.34, 10, w.
1.072. 7.6923. 60. 70. O. 0.0.3R. O 0.0.3R. 90. 0.96 0.96. 0.98.61. 0.00084 0.110. 0.00305 1.75 /

1030 0.36068. 0.0. 0.9t**. 0.0. 0.576"8. 2. O. 8 O. 2. 1.05, 21.179,60. 70. O. 0,0.3R. 51. !.0.3R. C. 0.0.3R. 37 .000762 .10033.l 0.0011176 1.75 / !
| 1040 0.0. 0.3556. 0.9t94, 0.3556, 1.2192. O. 2. 10, 2, w. |

1.2509, 51.739, 60, 70. 40. 96. 0.96. 0.98. 50. 0.95. 0.96. t

0.98. 40. 96. 0.96. 0.98. 1. 0.0019 0.1101 0.00305 1.75/
.,

'

1050 0.0. 0.0. 0.0. 1.6256. 1.159. 0.3R. to. 4l . 072. 7.6323, 60. 70. C . 0. 0. 34 O, 0.0.3R. wo. 0.96 0.96 0.99.
'

'

1. 0.00C89 0.110. 0.00305 1.75 /
201-2020 0.03. 0.09. J.750. 0.920 1.090. 1.180. 1.210. 1.210 1.1301.010. 0.850, 0.660. 0.05. 0.02. 0.001.wRi
203-2060 0.3. 0.700. 1.300. 1.'50, 1.900. 1.900. ! 700. 1.250.

0.750. 0.3. 0.00;.*4/
2070 0.001.2R. 1.0.04 0.001.2H/
301-3060 1. 4A/
3070 1./

401-w070 0.98. 0.0! 0.0/
501-5070 80. 0.95. 81. 0.03. 82. O C2/

!

i

,

Figure 7-3 VESSEL Data File Sample Input for a Seven Channel Description
(Typical of CRBRP)
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l a f ! Hip t FE Au M fitt IfdiH HADl'A LW EACH C H Af t(L (K = '1,fbCHANIc

F-L C v3 I L'
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Table 7-1 Input Description for Data File VESSEL |
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i
tRECORD 29

A6LFE9 REAL M2 FLOW AREA OF LObER REGION OF BYPASS CHAR #EL j
i
I

A6tEBP REAL M2 FLOW ARE A OF UPPE R REGION OF BYPASS CHAT #EL
h
I

16LROP RE AL M HYDRAULIC DI AMETER OF LOLER BYPASS REGION CHAtfEL

V60 ROP REAL M HYDRAUL IC DI AMETER OF UPPER BYPASS REGION CHANNEL

F 61NEP RE AL - CH ( t4/ M2 3 IF >0 TOTA'. K -LOSS COEFF . AT HYPASS ItLET
IF < 0. TOT AL K-LOSS P-DROP AT OYPASS IttET

H6AE9 REAL W/K OVERALL t( AT TRANSF ER COEF . EETWEEN UPPER BYPASS REGION SOOlUM AND LINER

RECORD 30
F6FRCI REAL - COEF. USED IN FRICT ION F ACTOR CORRELATION FOR ROD BUNDLES (EO. 5-71)

F6FRC2 REAL - COEF. USED IN FRICT ION FACTOR CORREL AT IOt4 F OR ROD Bur (CES (EO. 5-711

F6NUCI RE AL - COEF. USED lie to. NUMBER CORREL AT Iota sFORCED CONNECTION - ROO BUNDLEI (EO. 5-75) {
l

F6NUC2 REAL - COEF. USE D IN NU . PUMEER CORREL AT ION (FORCED CONVECT ION - ROD BUtJDLE) (EO. 5-751

F 6 toc 3 PE AL - COEF. USED IN to. toMBER CORREL ATION (FORCED cot 4VECT ION - ROD ButOLE) (EO. 5-75

F6 toc % RE AL - ExP. USED IN to. taA10ER CORRELAT ION (FORCED CONVECTION - ROD DUNOLEI (EO. 5-751
N t

i
e

|'[ RECORD 31
! .tE2CHAN IREAL M HYDRAtt IC DI AME TER OF ltLET ORIF ICE ZOPE OF E ACH CHANtEL Ek =Y6HYOZ8KI *

I,
* NOTE: E*' THE THFEE PARAMETERS 16HYOZ. PEElt42, Ato F6ZINZ TWO MUST BE NON-ZERO

"

T HE O T t(R lEPO F OR E ACH CHArtf L .
>

i
'

RECORD 32
F 6L S A ( 1,K I * RE AL GR tN/M23 K-LOSS PRESSURE AT ltLE T ORIF ICE ZOPE FOR E ACH CHAT #EL EK = 1,N6CHAN)

* RE AL - OR (N/M23 x -LOSS PRESSURE AT ASSEMBLY OUTLEI FOR E ACH CHANtJEL (K = 1.N6CHANIF 6L S A s 2,K I

NOTE: IF V AL UE POSI T I VE ; THE AC TUAL K - L OSS F AC T OR . L*

IF V At LC NEGAT I VE ; THE K-LOSS PRESSURE DROP (t4/ M2) .

t40 T E : DAT A F OR THIS RECORD CONSISTS OF A SERIES OF PAIRED POlt4TS.
Ttt itOEx tK IS INCREt'E.NTED OVER ItC SET OF ALL DAT A REQUIRED
FOR ItC RECORD. THAT IS: F 6LSA t l . l l ,F 6LSA (2. l l F6LSA( n ,2) ,E TC .

RECORD 35
* REAL N/M2 PRE S9URE DROP DUE TO F RICT ION ACROSS ItC INLE T ORiflCE ZOff FOR EACH CHAtPEL f.REE INZ i x )

IK = 1 Nt>CHANI
!

NUTE: OF THE THREE PARAME TE RS Y6HYOZ. PEE !NZ, AND F62!NZ TWO MUST EE NON-ZERO*

TtE UTHER ZERU F OR E ACH CHAT #4E L .

\RECORD 3%
REAL - FRACTION OF ASSE MBL Y INL E T ORIF ICE ZOtf LENGTH (261 Nil ASSIGtED TO EACH CHANNEL iF6ZINZH<> *

1,tJt;CHAN ) !(K *
l

FJU TE : OF THE THFEE PARAME IE RS Yt;HYOZ, P6F INZ AND F 621NZ THQ MUST DE NON-ZERO l*

TtC OTt(R ZERO FOR E ACH CHAT 4EL. 6

i
t

Table 7-1 (cont.)|
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|

j RECUND 101 - 1 93 i I MPL I E D ROD T Y PE DE PE NLE NC Y , L = REC.NUM.-1006
ZEA F GP RE AL M

AX l At LENGTH Of LOWE R F ISSION GAS PLEtJUN REGION OF L-TH ROD T YPE
ZEA BL k' RE AL M

AX!Al L E NGTH OF LOWER BL AtWE T REG I ON OF L-TH ROD T YPE
26 AF LL. REAL M

AMIAL L E NG T H OF ACTIVE FUEL REGION OF L-TH ROD TYPE
,

i
; 26U6L K REAL M

Axl AL L ENGlH OF UPPER BL AtWE T REGION OF L-TH ROO TYPE
} 26UFGP REAL M

AX1 AL LENGTH OF UPfTR FISSION GAS PLEtAJM REGIOt4 OF L-TH ROO TYPE
t6LFGP I N TE GE R -

NUMUER OF AX X AL COOL ANT NODES TN LOWER F ISSION GAS PLENIX1 REGIOtJ OF L-TH ROG TYPE
| N6L BL K INTECER -

NUMBER OF AX i AL COOL ANT NODES I N L OWER OL At& E T PEG ION OF L * TH ROD T YPE1
j N6AFUL INTE CE R -

NtE1HER OF Ax ! AL COOL ANT NCOES IN ACTIVE FLCL REGIOr4 OF L-TH ROD TYPE1

i PEUOL K INT ECER -

PA.lMUt H OF Ax! AL COOL At4T NODES IN UPPER EL AtFE T REGION OF L-TH ROD TYPE
,

iPEUFGP IN TE GE R -

NittiiER OF Ax[ AL COOL ANT NOfCS It4 UPPER FISSIOtJ GAS PLENUM REGION OF L-Tri ROO TYPE
F6PO RLAL -

PlTCH T O O l AME T E R R A T I O OF L-TH ROD TYPE

F tt'WD F<E AL -

PlTCH T O D I At1E T E R RA T I O F OR W I RE WR AP OF L - TH RCD T YPE

L5CLMT INTEGE R lt(E x OF CL ADDif4G MATERI AL OF L-TH ROD TYPEN

h L55TMT J N T E GE R I NI W X Of S T HUC l t lRAL MA TE RI AL OF L - TH ROD T YPEOo
L5LbMI I NTE GE R I NDE X OF L OWL H BL At& E I MATERI AL OF L-TH ROD TYPE

,

IF'JO BU REAL
F HAL T I Ot4AL t r&<E S TRUC TUPED GRA IN DENSI T Y OF LOWER BL ANKE T OF L TH ROD TYPE

F 5DL BE REAL -

F RAC T J Of 4 AL E QU I A*ED 6HA l N DENS I T Y f'F LOWE R BL AtEE T Of L-TH ROO TYPE
,

f SOL HC REAL
F R AC T I Ot4AL CCa. UMr#9 UH A IN Of NSI T Y OF LOWE R GL APFE T OF L - TH ROO T YPE

L5AfMT I NT E GE R irKix iT AC T IVE F UE L MA TE RI AL GF L-TH ROD TYPE
F 5CAF U REAL

F H AC i l Ut4 AL UNHE STRX TURE D GRAIN DEt611 Y OF ACTIVE FUEL OF L-TH ROD TYPE
e bOAF E REAL -

F RAC T IOr4AL E QU l xE D GR A I N DE NS I T Y OF AC T I VE FULL F OR L - TH ROD T YPE
F 5DAf C REAL -

F R AC T I Or4 AL COL t rir4AH GR A lt4 DENS I T Y OF AC T I \ E F UE L F OR L TH ROD TYPE
<LSUOMT INT E Gt s -

INDtx te t ='PE R HL Ar*E T MA TER I AL OF L - TH ROD T YPL
F5;DifiU HEAL

f RAC T !L'r4AL Ur#<F S TRUC TUPED GRA IN DE NS [ 1 Y OF UPPER BLANKET uf L - TH ROO T Y PE
F 5Di UE FE AL

f R AC 1 IUf 4AL E OU < I A * E D GR A I N DE NS I 1 Y CW UPPE R OL ATAE i OF L-TH ROO TYPE
F 50t 4K H AL

F RAC T IOf 4AL Cut UMr4AH GRAIN DF NSI T Y OF UPPE R BL ANkE T OF L - TH ROC TTPE
NSARW INTE GE H ta Mit k LI Hul15 PE R ASSf_ MBL Y OF L-TH HOD TYPE
v 5 WIRE RE AL M W lbf WPAP O! AME T Lf4 Of L - T H ROO T ) PE

,YtFLAT bl AL M
HL K -C AN F L A T - TO-f L A T Ir#ER O f AME TEH OF L - T H ROD IYPE

e.Ap r.N RE AL M TOTAL Fi 'A -C AN WAL L THICkfaSS OF L-TH ROD TrPE
26tNZ F,t A! M

L E r#2 TH C4 THE l ea f Y HT OH At t IC OR I F I C E luff OF L - TH ROD TTPE
l

!
{ Table 7-1 (cont.)
i e G #
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I

RECORD 201 - 299 (IMPLIED CHAT #EL OFPENDENCY. K = REC.NUM. -200)
'

F5PAXtJ) REAL - AX l AL POWER FRACT ION FOR CACH NODE IN TFC K-TH CHAT #EL. (J = NSAGECILSATYP(K)))

RECORD 301 - 399 i IMPL IED CHAT #EL DEPEtEPEY . K = REC.NUM.-3001
F5PRADtil RE AL - FUEL POWER FRACT ION IN E ACH RADI AL FUEL PJODE IN IFE K-TH CHAT #EL ( ! = 1,N5tJFR(K I ) i

!

NOTE: NO AXI AL DEPENDENCE |
!RECORD 408 - 999 4 IMPL IED CHAT #JEL DEPEPOEFEY , K = REC.NUM.-9001

FSPWR5 REAL - FRAC TION OF POWER GEff_ RATED IN THE K-TH CHAT #EL DEPOSITED DIRECTLY INTO THE FUEL f

F5PWR6 REAL - FRACllON OF POWER GEtERATED IN DE k-TH CHAT #JEL DEPOSITED DIRECTLY INTO TtE CLAD i
I

F5PWR1 REAL - FRACTION OF POWER GEtERATED IN ItE K-TH CHAT #EL DEPOSI TED DIRECTLY INTO THE COOLANT I

RE CORD 501 - 593 ( IMFt. l E D CHANtEL DE PEtJDE tEY , K = REC.NUM.-5001 .I
!

L5 GAS 4II It41 EGER - Itif X OF E ACH FISSlON GAS TYPE 174 THE K-TH CHAT #JEL

IF5GASt11 REAL - t$1E FRACT ION OF EACH FISSION GAS IN ItE K-TH CHAT #EL

N NOTE: DATA F OR THIS RECORD CONSISIS OF A MAXIMUM OF 3 PAIRED POINTS. [
8 ItC INDEX tle 15 INCREMENTED OVE.R TFE SET OF ALL DATA REQUIRED !

[ FOR THL RECORD. THAT IS: L5GASill.F5 GAS (ll,L5 GAS (2),F5 GAS (2),ETC
[
|
i

i

;

5

:

t

!,
Table 7-1 (cont.) :

;

i

I
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7.4 S0DIUM LOOP DATA (NAL00P) g
All geometric and hydraulic data required to specify the primary and

secondary loop piping, pumps and IHX is input using data file NALOOP. Sodium-

side hydraulic infonnation in the steam generator is input using data file

STMGEN. The listing included on subsequent pages of this section (Figure 7-4

and Table 7-2) shows, on a record-by-record basis, how the specific infoma- '

tion is supplied to NAL00P by the user. These records may be input in any

order, except that record 1 must be read first, as it contains variable

dimensioning data.

The present version of SSC assumes that all primary heat transport sys-

tems (HTSs) are geometrically identical and are operating initially at the

same steady-state. The same assumption applies to all secondary HTSs.

The numbering sequence for pipes within an t;TS is important. In the

primary loop, the pipe numbers must start at 1 at the versel ' outlet and pro .-

ceed sequentially around to the vessel inlet. On the primary loop, the IHX

primary side is considered a pipe and a number must be assigned to it (1100 +

L11HX).

On the secondary side, the pipe numbers must start at 1 at the IHX sec-

ondary outlet and proceed sequentially around to the IHX secondary inlet.

Here, in the intemediate HTS, the IHX secondary side and the steam generator

are not assigned pipe numbers.

Piping data are read in on records 1101-1199 for the primary HTS and on

records 1201-1299 for the secondary HTS. The individual pipe number (K) is

derived from

(a) K Record Number - 1100 and=

(b) K Record Number - 1200=

7-20
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a() . for the primary and secondary HTS, respectively. IHX data (geometry, noding,

etc.) is read in on records 101-104,1002and1003.

The positions of the pumps in both primary and secondary loops are spe-

cified via record 1001 by the pipe number preceeding the pump. Required data,

e.g. , rated head, speed, flow, torque, etc. , must be provided on records 112

for the primary pump and 122 for the secondary pump. The coefficients in the

polynomial equations describing head and torque characteristics are given de-

fault values which should be satisfactory for most situations.

The position of the check valve in the primary loop is specified on re-

cord 1001 by the pipe number preceeding the check valve. If the number speci-
|

4

fied is zero, then no check valve is assumed and the pressure drop across the

valve is always zero. Check valve data is supplied on record 111.

Provisions have been included in SSC so that all plant loops which are

operating identically can be grouped into one simulated loop for computational

efficiency if desired. Specification of loop simulation is given in records 1

(the N1 LOOP parameter) and 2 (F1 LUMP (K), K = 1, N1 LOOP). Note that the value

j of the summation of FILUMP must equal the value of N9 LOOP contained in record

i 1 of file OPDATA.
i .

,

p

,

I

, a.
.

7-21

_ , _ - _ _ _ _ __ _ . _ .- _ , _ - _ _ _ _ _ . _ _ _ .. _ ._.._ _ ,_ _ _ _ _ _ _ _ _. --



CV NALDDR
10 1. 5. 19, 8. 40. 6. 16, 3. 31, 7 19/
20 3/
1000 2950. .019934 .02222. 1.9361. 7.5804 14.5832,

35607.0. 74.4153. 1.5. 0.0. 0.0, 70/
1010 -1. O. .314 .273. O. 437 0.0 0.0. .194/
1020 4.8585. 4.0234 0.305. 4.572. 7.6172. 3.0582. 6.8527. 7.3624/
1030 39.5507 -32.0256. 0.0, 47.1703/
1040 13.250. 0.8. -90./

!!!D 1. 1. 6894.76. 17.1.29. 2.296E09/
112D 139.5984 1116.0. 2.1261, 26991.. 6.0. 3.066. 0.0/
1220 139.598*, 1116.0. 2.1261. 26981. 6.0, 3.0, 4.5. 12.0. 0.0/
10010 1. 4 3. 2. 2. 1/
11010 0.4002, 36.1859. 0.889. 0.0127

10.2366. 46.1719, 2R. 20.713*. 6.9086. 9,44, 4R. 5.4087
0.0. -24.3++3. -26.9663. -0.351. -32.2414 -46.88 -*5.C43. 0.0, 2R/
5 PUMP TO IHX 5

11020 8.16CCO-1, 26.2311. 0.5842. 0.0127 |

)27.854 34.2996. 0.0. 4R. -33.636. 0.0/
5 IHX. J=3 5 i

11030 132.54, 7.8639. 0.03686. 0.0127
-90.0. 4CR/

!!040 3.740CE-1, 20.97C2. 0.58*2. 0.0127
16.53, 66.9*, 2R. 22.487. 0.0. 0.0/

11C50 1.3883, 26.8225. 0.5842. 0.0127
-1.3593. -9.2+. 4R. -9.CO 0.0. -31.9. -90 0. GR. 0.0, 29/

10C2D 0.02825, 2250, 90024.9/
12010 1.1. 150.015. 0.5842, 0.0127
-9.256*, 0.0. *R. -30.77520. -27.19762. -0.6. 189 -0.32944
0.C0. 22.93075. 43.73177 65.239. 0.0/

| 12020 1.42, 3*.864 0.5842. 0.0127.
! *5.!!65. 3R. 28.410. 0.0 3R/'

12070 !.2. 94.34 0.58-2. 0.0127i

-69.85, 2R. -2.C746, 5.34 ICR. 2.1462. 0.0. 3R. 6.56*.
0.0/

10C30 73332.7. 0.0/

O

Figure 7-4 NALOOP Data File Sample Input for a One Loop Description
(Typical of CRBRP)

1

l

|

O
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I

:

i

!

,

!
I

h

***** FILE NALOOP

RECORD 1 MUST BE sHE FIRST RECORD IN FILE NALOOP
( NILOOP INTEGER - NUMOER OF PRIMARY LOOPS SIMUL ATED

| NIPIPE INTEGER - NUMBER OF PIPES IN PRIMARY LOOP

i NINODE(Ji INTEGER - NUMBER OF NODES IN EACH PIPE OF FRIMARY LOOP (J = 1.NIPIPE)
J

j N2 PIPE INTEGER - NUMOER OF PIPES IN INTERMEDIATE LOOP

f P IOOE(J) INTEGER - NUMBER OF NODES IN EACH PIPE OF INTERMEDI ATE LOOP (J = 1.N2PIPEI

F40TE : THERE EXISTS AN IMPLIED MAXIMUN NUMBER OF DAT A ELEMENTS FOR ANY 6<ECORD.
AT PRESENT THIS LIMIT IS 99. THIS MAY RESTRICT TFE 6: EAT TRANSPORT SYSTEM
tJODAL I Z A T I ON .

,

| RECORD 2
J FILUMP(K) REAL - NUMOER OF AC TUAL LOUPS IN EACH SIMUL ATED LOOP (K = 1.N! LOOP)
?

RECORD 100
N1 TUBE jNTEGER - NUMBER OF TUBES IN IHX

N
j YlTUDI REAL M tr#ER DI AMETER OF lHX TUGES

YlTUO2 REAL M OUTER DI AMETER OF lHX TUBES

| AIIHX REAL M2 FLOW AREA ON PRIMARY SIDE OF IHX

VlBYP REAL M3 VOLUME OF SOOlUM IN lHX PRIMARY 8) PASS

VllHX REAL M3 VOLUME OF SOOlUM IN IHX fYelMARY FEAT EXCHAt0E REGION

BISHEL REAL KG MASS OF IHX SHELL

AISHEL REAL M2 tE AT TRANSFER ARE A OF IHX StELL
'FIPOD REAL - PITCH-TO-DIAMETER RATIO FOR [HX TUDE BUrOLE

HIFLF REAL (M2-K1/H FOULit6 RESISTANCE ON OUTERIPRIMARY) SURF ACE OF TUBES
4

{ HIFLS REAL (M2-K)/W FOULING RESISTANCE ON It#E R (SECOtOARY ) SURFACE OF TUDES
J

| LISTRC INTEGE R - PRIMARY L OOP SIRUCTURAL MAIERI AL 10

)

!

!

Table 7-2 Input Description for Data File NALGOP
,.

|
--- ._. . _. ._ _ ._ . .
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I
,

|

RECORD 101
LIFDIR INTEGER - |HX FLOW INDICATOR: I - PARAL LEL FLOW IN IHX, -1 -COUt4TER FLOW

LIKP INTEGER - INPUT OPTION INDICATOR: 0 - Pl FOiv SPECIFIED, 1 - FILOS$(J1HX6 SPE C IF I F D

FilN REAL - PRIMARY INLET LOSS COEFFICIENT FOR IHX

| FLOUT REAL - PRIMARY OUTLET LOSS COEFFICIEt4T FOR !HX

LIKS INTEGER - INPUT OPilON INDICATOR: 0 - P2FO4x SPEC IF IED. I - FPLOSX SPECIFIEDi

|
' F2|NHX REAL - ItJL E T L OSS COEF F I C IE NT TO IHX SECOtOARY SIDE

I F2 Expt 4 REAL - L OSS COEFF ICIENT FOR EXPANSION FROM TUDES TO OUTLE T RCION IN ]HX
!

{ F2 CONT REAL - LOSS COEFF ICIENT F07 CONTRACT ION F ROM I NLE i PL E NUM TO TUBES IN IHX

f F20UHX REAL - OUTLE T LOSS COEFF ICIENT F RON IHX SECONDARY S' I DE
1

'
|

} RECORD 102

{ XIPLENill REAL M LENGTH OF lHX PRIMARY INL E T PL ENUM
.

XIPLENf2) RE AL M LENGTH Of lHX PRI'tAGY OUTL E T PL Et1H

i X2FtEN t t ) REAL M LENGTH OF IHX INTERMEDI ATE IPL E T PL ENUM
| ro
j A X2PLE N t 21 REAL M LENGTH OF [HX INTERMEDI ATE OUTLE T PLENut1

V IPL E N t 1 ) REAL M3 SODIUM VOL Lt1E Uf lHX PRIMARY INLE T PLENUM

V I PL EN t 2) RE AL M3 SOOlUM VOLUMF OF !Hx PRIMARY OUILE T PLENUM

V2PL EN t i l REAL M3 SOOlUM VOLLt1E OF f(ix INTERMEDI ATE lite T PLEta.JM
| V2PL EN t 21 REAL M3 SODitti VOL UME OF IHX INTERME DI ATE OUTLE T PLEtJUN
1

RE COPO 103
RIPL EN( 11 REAL DE G THE ANGLE OF FLOW IN MX fHIMARY lit E l PLE NUM

| RIPL Et4:21 REAL DE G THE ANGLE OF FLOW IN IHX PRIMARY OUT L E T PL E NUM

R2PL E N t 1 1 REAL DEG THE ANGL E OF FLOW IN THX SECONDARY INLE T PLENUM

| R2PLEN(2) REAL DEG THE ANGLL OF FLOW IN IHX SECONDARY OUTLEl PLENUM

!

| RECORD 109
'

x2DOWN RLAL M L E NG T H Of lHX CENTRAL (XMJCOME R REGION

f Y2OOWN REAL M lt#1R DIAMETER OF IHX CE N T R AL DOWNCOME R

| R2 DOLT 1 REAL D THE ANGtE OF F L OW IN THL lHX CE N TRAL DOktJCOME R
j

}
i RE CORD 105
1 TICONV Rt AL K CONVER6E NCE CRI TERION F OR TE MPERAILAfES IN IHX

FIEPS RE AL M rot >GHtf SS OF PHIMARY L OOP PIP!NG

F 2E PS REAL M ROi WM JE SS OF INTERMLDI ATE LOOP PIP!NG

| Table 7-2 (cont.)

! 9 O O
J
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5

1 ,

I
'

.

I
i

i
!

!

{
'

RECORD 111
'

!! FAIL INT EGE R - MODE OF PRIMARY C6tECK VALVE: 0 - WORKING. I - FAILED

itTYPE INT EGE R - TYPE OF PRIMARY CtECK NALVE,

?!PCV REAL N/M2 OACKPRESSURE FOR CFECc: VALVE TO CLOSE
I

FICVAL(1) RE AL t1% CtECK VALVE CHARACT IST IC COEF. FOR POSIT IVE FLOW W/OPEN VALVE IEO. 3.2-718j ;

f FlCVAlta) REAL M4 CtECK VALVE CHAPACTISTIC COEF. FOR NEGAT ivE FLOW W/OPEN VALVE (EO. 3.2-71) (
! L

j FICVAL(3) REAL M4 CtECK VALVE CHARACTISitC COEF. FOR NEGATIVE FLOW W/CLOSE D VALVE (EO. 3.2-711 }
| t
.

i RECORD 112 i
I ZlHEDR REAL M RATED FEAD OF PRIMMlY PUMP j

UlOMGR REAL RPM RATED SPEED OF PRIMARY Pt1P [N

k QIFLOR REAL M3/S RATED VOLUMETRIC FLOW RATE CF PRIMARY Ptt1P i

un '

TIORKR REAL I4-M RATED 10 ROUE OF PRIMARY PUMP |

ZlRTCT REAL M FE lGil OF PRIMARY PUMP TANK

AIRES REAL M2 X-SECTIONAL AREA OF PRIMARY PUMP TANK

QlPYTO REAL N-M PUMP TORQUE UNDER POfJY MOTOR OPERATION I

!

RECORD 122
22tEDR REAL M RATED tEAD Or !NTERMEDIATE Plt 1P

U20t1GR REAL RPM RATED SPEED OF INTERMEDIATE PUMP

] 02 FLOR REAL M3/5 RATED VOLUMETRIC FLOW RATE OF INTERMEDI ATE Plt 1P
4 i

T20PKR REAL NM R A TE D 10 ROUE OF INTERMEDI ATE PUMP
i

22 RIOT REAL M tEIGHT OF lt4TERMEDIATE PUMP TANK

A2RES RE AL M2 X -SF C i l ONAL ARE A OF INTE RMEDI ATE PUMP T ANK I

22TTOT RE AL M t( I GHT rf SUPGE T AtJK |

f A2iANK F,E AL M? x-SE C T IUf 4AL AREA OF SURGE TANK |
2

Q2PYTO PEAL N-M Pl#1P TOROUE Uf KER POtJY MOTOR OPERAllOf4

1

i

Table 7-2 (cont.) |

|

1

__ __ _ _ _ _ _ _ _



- -_. _ - _-_-_

RECORD 1001
LIPUMP I NT EGE R -

PlPE NUMBER PRECEDING PUMP 1N PRIMARY LOOP
! LICV INTEGER -

PlPE NUMBER PRECEDING CHECK VALVE IN PRIMARY LOOP
Ll[HX INTEGER - PIPE NLt10ER OF lHX IN PRIMARY LOOP
L2 PUMP I N TEGER -

PIPE NUMBER PRECEDING PUMP ltJ INTERMEDI ATE LOOP
L2 TANK INTEGER -

PIPE NUMUER PRE N DING EXPANSION TANK IN IN1ERMEDI A TE LOOP
L2EV I N TEGER -

PlPE NUMUER PRECE DING EVAPORA TOR IN INTERMEDI ATE LOOP
i

| RECORD 1002
FIBETA REAL -

PRIMARY BfPASS F RACTION THROUGH IHX
,

N)ACTV INT E GE R -

NUMBER OF AC T I VE (UNPL UGGE DI TLUES ItJ IHX OF LOOP
PIPOHX REAL N/M2 PRESSURE DROP OVER IHX PRIMARY SIDEi

I

{ RECORD 1003
| P2PDHX REAL N/M2 PRESSURE DROP OVER SECONDARY SIDE OF lHX1 N
i I F2LOSX RFAL -

LOSS COEFF ICIENT FOR SECONDARY SIDE OF lHXe N
cn

,1 RECORD 1101 - 1199 I IMPL IE D IPRIMARY LOOP) PIPE DrPENDENCY , J = HE C . NUM . -- ! 100 )
j FILOSS REAL -

LOSS COE F F ICIEt4T F OR J - TH P I PE IN PRIMARY LOOP
! XIPIPE RE AL M L E NG TH Of J-TH PIPE IN PRIMARY LOOP
j YlPIPE REAL M INNE R DI AMF TE R OF J-TH PIPE IN PRIMARY LOOP

*

i
! YITHIK ** REAL M THIE KNESS OF J- Di PlPE WAL L IN PRIMARY LOOPi

4 RISlN(Il REAL DE G
IHE Af 4GL E OF PRIMARY FL OW AT E ACH NOi3E IN J-TH P!PE OF LOOP|

(l = 1.NINOR4N!PIPEtJi11
1
; * NO T E : FUR IHX, ENTER PRIMARY SlDE HYDRAULIC DIAMElER
!
i

* * NO T E : THIS VALUE IGNORE D FOR IHX PRIMARY PlPE
,

! HECORD 1201 - 1299 I IMPL ll D 4 IN TE RME DI A It tOOP) P ! PE DE PE NDE t4CY , J = PEC.NUM.-12001} F2 LOSS REAL -

L OSS COE F F I C I E N T FOR . l- T H P I PE IN INTERMEOl ATE L OOP}
X?P!PE REAL M t t NG T H Of J-TH PIPE IN I N1E RME D I A T E L OOP

; YPPIPE Rf' AL M
I f #d H D I AME T E R Of J-iH PIPE If4 INTERMEDI ATE LOOP5

Y2THIK HL AL M
THICKNF SS Of J - T H PI PE W AL L IN I N T E RME DI A T E L OOP1

ROSINIII REAL DE U THE ANGL E Of INTE RM( DI A TE F L OW AI ( ACH NODE OF J- 1H PlPE OF L OOP
.

J

i (l I .N2 NODE (NOP I Pt i J) I )=

Table 7-2 (cont.)
.

l O O O
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7.5 STEAM GENERATOR AND BALANCE OF PLANT DATA (STMGEN)g .

G
All data required to specify the steam generator system (including

balance of plant) and its associated sodium-side interfaces are input to SSC

through the data file STMGEN. A flexible approach to specifying overall plant

gemetry has been implemented. This results in an efficient user interface as

well as the ability to handle a general class of plant configurations.

The abstract concepts of module and junction fonn a basis for the ap-

proach to specification of overall steam generator geometry. As such, they

serve both to unify the implementation of the approach and to pro /ide a con-

venient structure.for the user to create an input file from plant specifica-

tions.

A module is defined to be an abstract entity which, for modeling pur-

poses, represents a physical component (pipe, pump, heat exchanger, etc.) of

V the steam generating system and balance of plant. A set of basic module types

is predefined within the scope of SSC, covering all major plant component

types. Specific components are represented in the STMGEN input file by de-

claring appropriate module types and supplying each with a set of parameters

determined from the original component. Each module declared in STMGEN is

assigned a distinct MODID by which it may be referenced elsewhere in the file.

Plant component interfaces are represented by module ports. Every module type

has one or more ports associated with it. Distinct PORTIDs are assigned to

each module port as part of the module declaration.

A junction is an abstract entity representing an interface between two

plant components. Junctions are used for linking individual modules together
|

| to represent the overall plant structure. Each junction links two ports from
:

I
.- different modules by referencing their MODIDs and PORTIDs. Additionally,

\ junctions are used to specify the vertical elevation to the center of the two

linked ports.

7-27
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All STMGEN input records confonn to the format defined in Sections 7.1.

All records begin with a record number field which serves only to identify the

record type. Following the record number field is a series of positional data

fields containing the set of record data items. Data field definitions are

fixed for each record type; there are no optional fields or alternate field

definitions. A detailed listing of all valid record types and their data |
|

field definitions are given on subsequent pages of this section. |

STMGEN records may be arranged in any order, although it is recommended

that they be grouped for best readability.

There are four main categories of STMGEN input records:

(1) Module Specification

Module speci#ication records are used to define a set of nodules repre-

senting the set of real components of a particular steam generator plant. Each

component is represented by a module of appropriate type, with a unique inte-

ger module identifier (MODID) assigned by the user. Additionally, each module

has one or more ports (each assigned a PORTID), which need only be unique

within the module. Ports within different modules may be assigned the same

PORTID without conflict. A direction is assigned for each port, based on the

direction of coolant flow during nonnal plant operation.

The number and direction of ports for most module types are predeter-

mined by the type of component they represent. Pipes, for example, always

have exactly one inlet and one outlet port. Some ty?es, such as volumes, may

be used to represent more than one component type and, therefore, require the

number and direction of their ports be specified by the user.

There are three classes of module specificarian records:

Module geometric records specify MODID, F0RTID, and all geometric-

properties (dimensions, configuration, etc.)

7-28



(' ')
- Module perfomance records specify properties of a parametric nature(m

(operating characteristics, etc.)

Module initialization records specify initial steady-state values for-

module-related variables (fluid levels, flow rates, valve positions,

etc.).
All module . types require a geometric specification record containing a.

'

unique MODID for each module declaration. Perfomance and initialization re-

cords, however, are required according to module type. Table 7-3 lists these

requi rements. Linkage between geometric, perfomance, and evaluation records

for a specific module is accomplished by specifying the same MODID on each re-

cord.

(2) Interconnection Specification
*

,

) Interconnection specification records are used to define the network of ~

inter-module connections representing the structure of the real system being

modeled. Each record defines a junction between a pair of ports belonging to

two separate modules, by using their MODID and PORTID. The relative elevation

to the center of the junction is also included in the record. A correct set

of junction records must specify exactly one connection for each port in the

systeri. Multiple connections and unconnected ports are treated as error con-

[
ditions and a diagnostic message results.

|

(3) Key Module Declarations

I

Key module declaration records are used to specify the MODIDs of cer-

tain modules as required to recognize the network structure for processing

purposes. For example, interfaces between STMGEN modules and specific inter-

mediate 1 cop numbers are specified by key module records.
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Table 7-3 Required Data for Steam Generator Modules |

MODULE REQUIRED DATA f

Pi pe Ge setric Data

Volume Geometric Data
Initialization Data

Pump Geometric Data
Performance Data

Heat Exchanger Geometric Data

Boundary Geometric Data
Initialization Data

Valve Geometric Data
Perfonnance Data

O

O
7-30



- - _ - . - - - - _ _ _ _ _ _ - _ _

( (4) Global Specifications

Global specification records are used to define parameters relating to

the STMGEN data set as a whole, as opposed to individual modules. These in-

clude control flags, convergence criteria, and system constants.

The following steps outline a recmmended procedure for the construction

of a STMGEN input file from a given set of plant specifications.

(1) Identify thr set of plant cap 6nents and the overall structure for

the plant to be modeled.

(2) Make a schematic diagram representing the above in terms of a set

of interconnected module types as defined by SSC. Assign all

MODIDs, PORTIDs, flow directions, port elevations, and plant inter-

faces by labelling the diagram,

p (3) Construct a set of module specification input data records for the
d above, supplying all required parameters from plant specifications.

(4) Construct a set of junction records to interconnect the modules ac-

cording to the diagram.

(5) Construct a set of key module records frm the diagram.

(6) Construct the remaining global specification records.

The STMGEN examples contained in the following pages and in Appendix B

are derived from a simplified one loop and a two loop representation based on
;

- CRBR, respectively. Figure 7-5 is a schematic depicting the set of plant cm-
! ponents to be represented by SSC modules. All major components are labelled,

except for pipes. Figure 7-6 shows the same schematic with all module identi-

fiers (MODIDs) and port identifiers (PORTIDs) assigned; labels frm Fig. 7-6

have been mitted for clarity. The following pages (Figure 7-7 and Table 7-4)

/^)\
contain the completed STMGEN input file derived from the above.

L
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V
g(TURBINE BYPASS VALVE

TURBINE } Jy OTTL{ VALVE
HEADER ) '' '

V
jiMAIN STEAM ISOLATION VALVE

SAFETY / SGAHRS SH VENT VALVE SGAHRS S.D.
RELIEF :'- sN' VENT VALVE'

[ ''''VALVES

SUPERHEATER TO AUX. FEED7OUTLET PUMP TURBINE
OCHECK VALVE

STEAM PACC HEAT LOSS ~

ORUM
f AUX FEED, ( - j

() \ MAIN FEED
'"

> A m STEAM DRUM DRAIN LINE
/ \ / \ ISOLATION VALVEa:
W 8
5 t TO TOPPING
E 8 HEATER
E %

U\ / \ /
Vw T ,r

,

' RECIRC.
PUMP,r

|

Figure 7-5 Schematic Depicting Steam Generator Components
to be Represented (Typical of CRBRP)
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/m'u)

Key

40'S 1 - 99 Pipes-
"

100 - 199 Volumes
'I 200 - 299 Pumps '502o 300 - 399 Heat Exchangers

501 400 - 499 Boundary ConditionsD9 500 - 599 Valves~ - -402199 v ~ -

22

IT 514
4

512 21
'

511 107 t+ 11413 ;' % -> 4152

513

412
509

417
525 5I - 508

1

,",, 416'

g

108( ) 1

10 4
03 ; A A 503/ 5 / \

302 301 06

2

\ / k /U V
4---- 3 "g

11 -

404 1
12

Figure 7-6 Schematic of Figure 7-5 with Module and
Port Identifiers AssignedO

i
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I
i

Oy STMGEN
10 1.1.2.2.0.0.2540.3.CE-6.1.3/
ID 2.1.2.39.0,0.457.3.33E-6.2.3/
10 3.1.2.7.9.0.3098.5.CE-6.1.3/
1D 4.1.2.30.0.0.25*.6.0E-6.2.6/
ID 5.1.2.27.0.0.4064.3.75E-6.3.6/
10 7.1,2.60.29.0.3048.5.CE-6.4.3/
10 9.1.2.155.9.0.6096.3.75E-6.2.1/
10 10.1.2.8.0.0.5842.3.CE-6.1.3/
10 ll.1.2.98.46.0.4318.3.CE-6.3.6/
10 12.1.2.40.0.0.431?. 3.CE-6.2.6/
1D 14.1.2.5.0.0.152%.3.CE-6.1.3/
ID 18.1.2.10.0.0.1524.3.CE-C.I.3/
10 21.1.2.16.65.0.4064.3.33E-6,1.3/
10 22.1.2.16.65.0.406+.3.33E-6.1.3/
ID 23.1.2.0.C92.3.99.1.CE-6.1.3/
1010 101.2.20.325.1.83.0.2.1.0.255.12.3/
1C20 101.1/
1020 101.2/
103D 101.3/
103D 101.w/
1020 101.5/
102D 101.6/
1010 107.1.0.16*0.1.0.0.0.1.C.251.46.3/
1C20 107.1/
IC2D 107.2/

~

1030 107.3/
102D 107.4/
102D 107.5/
1C20 107.6/
1 C 1 D 1 C8.1. 0.16*0.1. 0. 0. 0.1. 0. 249. 94. 3 /
103D 108.1/
1020 109.2/
1010 109.2.2.23.1. 83. 0. C . 0.15.255.12. 3 '
1030 109.1/
1020 109.2/
1020 109.3/
103D 109.w/
1010 199.1.39.5.0.*6.0.0.4 .0.257.56.1/
1020 199.1/
103D 199.2/
1020 199.3/

*

1110 101.2. 0.4029. -6.75E+6 /
1110 107.1.-l.0.0.0/
1110 108.1.-l.0.0.C/
lilD IC9.1.-l.C.J.C/
1110 199.1.-l.0.0.0/
2010 201.1.2.0.1.0.3556.3.33E-6.3/
2210 201.111.24.0.*0.279.253.10.0.99999.0.0 0/
301D 301.1.2.3.4.14.02.1.0339E-2.1.567-E-2.1 952.

1.0E10...wiwE-4.757.15.71.1.0.6,0.0.. 0 -l.0.6/
3010 302.1.2,3.4.1*.02.1.0339E-2.1.587-E-2.1.952.

1.CE10.1.474E-*.757.6.71.. 0.6,0.0.1.0.-l.0.3/
402D 401.1/
wCID 402.1/
*C2O +03.1/
*CID wCw.1/
*CID 405.1/
-010 606.1/
4010 *11.1/
*CID wl2.1/
*010 413.1/
-01D *19.1/
"010 w15.1/
*C2D 416.1/
4010 *17.1/
4110 401, 4**.C. 492.0 .0.0.999'
*110 *C2.0.0.0.0.1.025E7.999/
4110 wC3.-l.0.0.0.0.0.1/
wild *Cw.0.0.0.0.0.0.1/
4110 4C5.0.0.0.0.1.013E5.999'
*110 *C6.0.0.0.0. 1.CE+7. 399/
4110 wl!.0.0.0.0.1.013E+C5.999/
*llD 412.0.0.0.0.1.013E+C5.999/
411D *13.0.0.C.0.1.013E+C5.999/
wild *14.0.0.0.0.1.013E+C5.999/
4110 415.C.0.0.0.1.013E+05.999/
4110 416. 0.1. 297.0. 0.0. 999/
*110 417.0.0.0.0.1.!E+7.999/
5010 50 I . I .2.1. 0. 0. 6096. 3. 75E-6. i . 0 2919. 0. 5.1. 0.1. C . 0 '

Figure 7-7 STMGEN Data File Sample Input for a One Loop Description
(Typical of CRBRP)
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5 010 5 02.1.2.10 0. 0. 0. 457,3. 75E-6.1. 0. 042. 0. 5.1. 0E-5.1. 0.2 /

@ 50 l b 503.1.2.1. 0. 0. 0964. 3. 0E-6. 3,0. 0073. 0.5, 0,5 t . 0.0/
5010 508,1,2.5.0.0.1016.1.CE-6,3,0.00811.0.5.1.0E-5.1.0.0/
5010 509,1,2.1.0.0.152%,3.0E-6,3.0.00561.0.5.1.0E-5.1.0.2/
5010 510.1.2.1.0.0.0586.3.0E-6,3,0.0027.0.5.1.0E-5.1.0.2/
5010 511,1,2.1.0.0.0586,3.0E-6,3.0.0027,0.5,1.0E-5,1,0,2/
5 010 512.1.2.1. 0. 0. 0586. 3. 0E-6. 3,0. 0 027,0. 5,1. 0C -5,1. 0. 2/
5010 513,1,2.1. 0. 0.1524. 3. 0E-6,3,0. 0 05a l . 0. 5.1. 0E-5.1. 0. 2 '
5010 514.1,2,1.0.0.457.3.3E-6.3.s 164.0.5.1.0.1.0.0/
5010 525,1,2.4.0.0.457,3.33E-6,3,0.1640.0.5.1.0,1.0.0/
5210 501.1.0E-6.-999,0.0.0.0.0.0.0.0/
521D 502,1. 0E-6,199, 1.1E7 1.0.6.CES.I.0/
5210 503. 1.CE-6. -999.0.0.0.0.0.0.0.0/
5210 508, 1.0E-6.-999,0.0.0.0.0.0.0.0/
5210 509.1.0E-6.-999,0.0.0.0.0.0.0.0/
5210 510.1.0E-6.107.1.241E+07.1.0.1.240E+07,1.5/
5210 511,1.0E-6.107.1.275E+07.1.0.1.274E+07,1.5/
521D 512.1.0E-6.107.1.310E+07.1.0.1.309E+07.1.5/
5210 513.1.0E-6,-999.0.0.0.0.0.0.0.0/
5210 514.1.0E-6.-999.0.0.0.0.0.0.0.0/
5210 525.1. 0E-5. 0. 0. 01,1. 0. -0. 01,1,0 /
6210 1.459.6,0.0/
6210 2, 839.15. 1.0/
6210 7.459.6,6.1/
6210 9,459.6.1.4/
6210 10, 4384.8. 0.029/
6210 502.0.1.1.0/
6210 18.0.0001.0.0/
6210 5C8,0,0001.0.0/
6210 14.91.67.1760.0/
6210 509,0.0001.0.0/
6210 510,0.001.0.0/
6210 511,0.001,0.0/
6210 512,0.001.0.0/
6210 513.0.001,0.0/
6210 21,414.5.0.0/
6210 525.414.5.0.0/
6210 23,459.6,0.1/
9010 251.16.401.1.1.1/
9010 259.4.1,2.1C9.1/
9010 254.205.109.3.2.1/

. 9010 234.36.2.2.201.1/
9010 234.74,201.2.3.1/
9010 234.74.3.2.4.1/
9010 235.92.4.2.301.1/
9010 249.9 .301.2.5.1/
901D 25+.571.101.1.23.1/
9010 254.48,23.2.109.*/
9010 256.0349.101.2.7.!/
90;D 2+9.9+,302,2,108,l/
3010 2*9.9*.108,2,525.1/
9010 257.55,199.3.502.1/
9010 257.56,502.2,405.1/
9010 257.56.199.1.9.1/
9010 257.56.9.2.501.1/
9010 257.56.501,2.402.1/
9010 2+0.05.%C3,1,10,l/
901D 249.94.10.2.302.3/
9010 235.92.302.*,11,l/
9010 2+9.9*,11.2.30I.3/
901D 235.92.301 w 12.li
9010 235.92.12.2.*04.1/
9010 25+.205.109.2.19.1/
9010 245.0.19.2.503.1/
9010 245.0.503.2,*06.1/
9010 255.12,5.2.101.3/
9010 255.12.101,%.18.2/
9010 252.0,18.1,916.1/
9010 257.0.500.2.wl7.1/
901D 256.0349.101.5.508.1/
9010 256.0349.101.6,509.1/
9010 257.9.509.2.411.1/
9010 235.92,7.2.302.1/
9010 250.96.525,2.107.3/
9010 251.46.107,2.513.1/
9010 251.wC.107,4,510,1/
9010 251.46,510.2 w12.1/
9010 251.46.107.5.511,l/
9010 251.46.511,2,*13.1/
9010 251.46,107.6.512.1/

6
Figure 7-7 (cont.)
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! 9010 251.46.512.2.414.1/'

9010 251.46.513.2.415.1/
9010 251.96.107.1.21.1/
9010 254.0.21.2.514.1/
9010 25*.0.514.2.22.1/
9010 257.56.22.2.199.2/
10010 1.CE-4.40.0.99999 II.4E+6/
10020 199.501.999.502/
10100 1.999.101.302.999.301/

Figure 7-7 (cont.)
.

|

|
|

.

'

.

.

|
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,

!
l

- ***** FILE STMGEN

* PIPE GEOMETRIC RECORD *
i
i

1 fiE CORD I

) MODID IN!EGER - MODULE 10 OF PIPE

j PORTID INTEGE R - PIPE INLET PORT ID

PORT!D INTEGER - P!PE OUTLET PORT 10

X3 PIPE REAL M LErdIH OF PIPE

Y3!D REAL M INNEFs DIAMETER OF PIPE,

.i

> 32Y REAL - SURFACE ROUGHNESS TO DIAMETER RATIO

N 3 NODE INTEGER - NUMBER OF CONTROL VOLUMES IN EACH NODULE
I
* N3 PATH INTEGER - NUMBER OF PARRALLEL UNI TS REPRESENTED BY MODULE
!
}
I * VOLUME GEOMETRIC RECORD *

!

RECORD 101
MODID INTEGER - MODUL E 10 OF VOLT #1E

N
e L 3VSHP INTEGER - VOLUME SHAPE INDICATOR; l-DOX, 2-HORZONTAL CYLINDER
w
N V3VOL REAL M3 VOLUME OF ACCUMULATOR (PE R UNI T )

j Y3VOL REAL M VOL UME HE IGHT i
'

i

j F3VMIN REAL - MINIMUM VOL UME Of140ARY REL A T I VE TO HE IGH T '

! F3VMAX HCAL - MAXlMUM VOL UME HOUNDARY RELATIVE TO HEIGHT
l
% 23VOL RE AL M E L EVATION OF VOLUME CENTERL itC
l
j N 3P A TH INTEGE R - NUMHER Of PARRAL LEL LR4I TS REPRESENTED BY MODUL E

* VUL UME OUIL E T GEONE TRIC RECORD * )
1

|
RECGRD 102

MOO!D INIE GE R - MODUL E I D Of VOIUME

PORTID INTEGER - VOLUME OUIL ET PORT ID

i

| * VOLUME I NL E i GE UME I R lC RECORD *
.

|

| RECORD los
MOOlO I N TEGE R - MODULE 10 OF VOL UME

PuRIlO INTEGER - VOLUME INIET PORI 10

|

* VOLUME INITIALIZATION RECURD *

| Table 7-4 Input Description for Data File STMGEN
1
1

_ _ _ _ _ _ _ _
!
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RECORD I11
MODID INTEGER - MODULE ID OF VOLLt1E

|
- L3PSEP INT E GER - NUMUER OF REGIONS; I-HOMOC4NEOUS, 2-SEPARATED
I

F 3LOLV REAL - RELAT IVE LIQUID LEVEL IN VOLUME

G3VOL REAL J/S HEAT INPUT INTO VOLUME

i
'

= PUMP GEOMETRIE RECORD *

RECORD 201
| MODID I N TE GER - MODULE ID OF PUMP
!

PORTID I NT EGE R - PUMP INLET PORT ID

| PORTIO INTEGER - PUMP OUTLET PORT ID
!

x3 PIPE REAL M LENGTH OF MODULE

}
Y31D REAL M DIAMETER OF PIPE'

F32Y REAL - SURF ACE ROUGte4ESS TO Dl,AMETER RAT IO
4 w
f CO N3 PATH I N T E GE R - NUMHf R OF PARRAL LEL UNI TS REPHESENTED BY MODULE
t

i
< * PUMP PERf OFMANCE RECORD *
!
!

} RECOHD 221
| MOD 10 I N T E GE R - MODUL E 10 OF PUMP

i 23 PUMP HE AL M RAIED tEAD OF FMtiP
q

F 3ZWP RE AL J/5 COE F F |CIENT Of PUMP HE AD V ARj AT ION
!:
! W5HEFF HEAL KG/S REFEPENCE FLOW RATE FOR PUMP
i

RE AL 5 PUMP COASTDOWN TIME CONST ANT
| S3PTAU *

REAL S PUMP SEl2VRE TIMES3PSEZ *

i

HEAL - PUMP SE !ZURE REL Al IVE SPE ED
.'

R 3PSE Z *

t4U T E : OF THE THREE PARAMETERS 53PTAU. S 3PSE Z . Ato R3PSEZ TWO MUST BE NON-ZEROa

l WHILE THE THIRD IS EQUAL T O ZE RO .
i

FA Ai E ACHAt46f H GE OME TH 1 C RE COHO **

i

!
i

!
i
1

j Table 7-4 (cont.)
.

O O O
1

3
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!

:

|
!

i t

:

] RECORD 301
.

.t
*

j MODID INTEGER - MODUL E ID OF FE AT EXCHANGER
d

PORT!D INTEGER - WATER / STEAM SIDE INLET PORT ID

PORTIO IN TEGE R -

WATER /STE AM SIDE OUTLET PORT ID

PORTIO INTEGER - SOOllei SIDE INLET PORT ID
PORTID IN1EffR - SODitti SIDE OUTLE T PORT ID

'

X3PjPE REAL M LENGTH OF MODUL E
>

t
t

! Y3fD REAL M trJSIDL D1 AMETER HX It 0E
i

d Y30D REAL M TL0E OUTE R DI AME TFD FOR HX
J

| F3TOPD REAL - PITCH TO OUTE R DI AME TER RAT IO FOR it0E OUNDL E IN HX

H3F OUL REAL - WATER SIDE FOUL.!NG HEAT TRANSFER CUEFFICIENT FOR HX

F 3'Y REAL - SUHFACE ROUGtJESS TO O! AMETER RATIO
I i

N3TUDE INTEGER - PA.t1BER OF TLOES IN EACH HEAT EXCHANGER
'

*

[ N3 NODE INT EGE R -

NLt10ER OF NODES TO OE USFD IN REPRESENTING IN E ACH MODULEta
e M3 TYPE INT EGE R - ID PAIMUER OF HEAT TRANSFER IUDE MATERIAL

13LVTP INTEGER - IYPE OF LEVEL CALCULA T ION NEEDED, I-DNO,2-ORYOUT,3-X=0.7
|

| 13HSID If 4TEGER - ItO! CATES HOT SIDE POSITION WITH RESPECT TO TUDES; 0-00TSIDE, I-INSIDE
13 GRID INTEGE R -

FAtOER OF TUDES EQUI-DiST ANT FROM REFERENCE TUGE; l-CO-AX; 4-SQUARE; 6-HEX
( D3CO IL REAL M HLt! CAL COIL DIAMETER e 0 IF STRAIGHT TUBE)

F31TOO REAL -

RATIO OF INf4ER LENGTH TO OUTER LENGTH ( l IF STRAIGHT TLOE)
F 3CCFL REAL -

CO- AND COUrJTER-FLOW MUL T IPL IER (-l IF COUrJTER-CURRENT HX. +1 IF CO-CURRENT HXI
N3 PATH IN T E GE R -

fat 1 DER OF PARRALLEL UNITS REPHESENTED BY MODULE

* OUIL E T DOUf 4DARY GEOMETRIC RECORD *

RECORD 901
MOOlO INTEGE R -

MUDL E..E 10 OF OUTLET BOUNDARY

PORTIO IN T E GE R - BUL20ARY PORT 10

!
l

* |NL E T HOltOARY GE OME TRIC RE CORD *
i

k
' RECORD 402

MODID I NTEGE R - MODULE 10 OF INL E T BOUNDARY

PORilO INTEGER - UOUFOARY PORT 10

f

I
* DOUtJDARY INII)ALllATION COrO!TIOta RCCORD *

|

j Table 7-4 (cont.) i
i

I
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!

!

!
!
|

I RECORD 9iI
! MODID I NT EGE R - MODULE ID OF BOUNDARY

|
|

W3DC REAL KG/S FLOW AT DOUNDARY MODULE

| E3RC REAL J/KG ENIHALPY AT DOUNDARY

P3BC REAL N/M2 PRESSLEE AT DOUFOARY MODULE ,

K 3 LOOP IN T EGE R POINTS 10 CONNECTING LOUP ORDINATE IF HOT dlDE=999 (GROUND) ON COLD SIDE
,

|

* VALVE GEOMETRIC RECORD *

|

RECORD 501
MODID I NT E GE R - MODUL E ID Of VALVE

PORTID IN T E GLR - VALVE INLET PORT . ~1
,

!

PORTIO I N T E GE R - VALVE OUTLET PORY ID
:

f X3 PIPE REAL M LE NGTH OF MODULC

Y310 REAL M INNE R D I AME T E R OF P I PE

! F 32Y REAL - SURF ACE ROLOiNLSS TO DI AMETER RAT IO
|

N 3P AT H I N TEGE R - NUMULR OF PARRALLEL UtillS REPRESENTED BY MODULEj q
-

i

! Sn A3VMAX HEAL M2 V AL VE F L OW ARE A WiE N F ULL OPEN
o

| F3VALV REAL - V ALVE LOSS COEFF IC IENT

S3VPOS REAL S VALVE POSITION

F 3S10A RE AL - V ALVE ARE A = t S3VPOSa *F 3 STOA) * A3VMAX

13CHOK I NTE GE R - Ct IOKE FL OW OP T I ON 0- En PASS CHOKE POSS I B I L i 1 Y , 1 -F AUSKE , 2-MOODY
j
i

V AL VE PE RF ORMANCE RE CORD **

1

!
: PECORD S24
! MODID I NTE GE H - MOfMR E ID OF PIPE
i

S hMIN REAL 5 MINIMUM VALVE STEM POSI T ION t GREATER THAN ZERO I'

t

i J 3 v PRS INTEOfR - VOL UME ID WiiERE PRESSURL 15 MON 110 RED

|
P3v0PN f<E AL N/M2 FOR SAF E IY VALVES. PRESStHE SE TPOINT F OR OPENING

'
53v0PN RE AL S FOR SAf f. T Y V AL VE S , OPE NING 11ME CONSTANT,

P3VCLO PE At N/Md F OR 5Af f 1 ( VALVtS. THE SStHE SE TPO I N T F OR CLOSI NG

| 53VCLO PEAL S F OR SAF L T Y V ALVES. CLOSING ilME CONSTANI

J

* F t OH SL GMt'N! PE RF ORMANCE RECORD *

|

|

i

i

I Table 7-4 (cont.)
.,

! O O O
!
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!

@ @ 6-
)
i

l

I

i

|

RECORD 621 ,

MODID I NTEGE R - MODULE ID OF FIRST MODULE IN FLOW SEGMENT !

! W3BAR REAL KG/S AVERAGE FLOW RATE IN FLOW SEGMENT
t

j F3K REAL - SEGMENT FORM LOSS COEFFICIENT
i

JUNCTION GEOMETRIC RECORD **

RECORD 901
Z3JCTN Rt' AL M JUNCTION ELEVATION

PWIDI INTE GE R - MODUL E ID OF F IRST MODUL E !

PORTIDI INTEGER - PORT 10 OF F IRST NODULE

MODID2 INTEGER - MODULE ID OF SECOND MODULE

PORT!D2 IN TEGER - PORT ID OF SECOND MOOtt.E

[ * RUN OPTION RECORD *
b
e-a |

RE CORD 1001 !

R 3CONV REAL - PEL AllVE CONVERGENCE CRITERI A

N31 T E R INTEGER - MAX NUMBER OF ALLOWED ITERATlONS FOR ANY ITERATIVE CALCULATION

13HTYP INTEGER - HOT SIDE FLUID TYPE; 0-SODIUM, 1-WATER
,

'

L 3 PRON IN T EGE R - STEP tAJMBER F ROM WHICH S.G. WILL PRINI AT EACH STEP
,

P3GUES REAL N/M2 INI11AL PRESSURE GUESS FOR WATER /SIEAM SIDE

KEY MODULE DEFINITION RECORD **

i

R6CCAD 1002 .

HDR ID I NT EGE R - MODUL E ID OF S T E AM HE ADE R !

TVLV |D I NI E GE R - MODULE ID OF TUROINE VALVE

T BVL V 10 IN TE GE R - MODUL E 10 OF TUROINE OYPASS VALVE

R /L v I D I NT E GL R - MOLRILr ID OF RELIEF VLAVE

i

1 '

,

.

.

Table 7-4 (cont.) i
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f
;

|

4

INTEPML DI A TE LOOP DEF INI TIGN HECORD *
*

I
!

RECORD 1010
LOOP NUM I NTE GER - LOOP NUMBER

FWVLV ID I N TE GER - MODULE ID OF FEEDWATER VALVE

STORM ID INTEGER - MODUL E ID OF STEAM D.'UM

SPHIR ID I NT E GER - MODllLE I D OF SUPERHE A T E R

fWPMP ID INTEGER - MCOUL E 10 OF FEEDWATER plt 1P

| EVAP ID INTEGER - MOOLILE ID OF E VAPORATOR
I
4
-

>

s,
b '"

I Table 7-4 (cont.) '

|

{

l

i

!

|
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7.6 OPERATING DATA (0PDATA)
,

Data pertaining to the initial overall plant operating conditions, plus

specification of the plant balance initialization logic are input to SSC

through the data file OPDATA. The listing included on subsequent pages-

(Figure 7-8 and Table 7-5) shows, on a record-by-record basis, how the

specific information is suppied by the user. The records for this data file

may be entered in any order.

Record 2 is used to detennine the particular plant balance initializa .

tion logic the user desires (refer also to Section 4.1.2). Of the three

i values contained on record 2, two must be specified as known (denoted by en-

.

tering values greater than zero) while the other one is assumed unknown (de-
;

noted by entering a value less than zero) and will be calculated by SSC. The
O's_,/<

unknown value to be entered need not be too precise; it can be an approximate

initial guess (but it must be entered as a negative value).

The accuracy of the initial guesses entered on record 3 are nore impor-

tant. The value of the parameter assigned as positive is used internally in

SSC to start the iterative logic for the intermediate loop and steam generator
'

bal ance. Thus, the more accurate the guess, the quicker the converged solu-
'

tion is obtained.
1

i

!

U"%
f
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Ov CFCATA
10 974.GE06. 3 /
20 -817.59, 671.04, 1742.55/
30 0.0. 0.0. 16l0.25/
O 1.04E 05, 8.6E C5. 4.0. 0.0. 0.0/

[D- 1.3.1.1/

Figure 7 8 Data File OPDATA Sample Input (Typical of CRBRP)

O

!

i

1
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***** FILE OPDATA
,

j RECORD I

4 P90P REAL W REACTOR POWER

NGLOOP INT EGE R - NUMDER OF OPERAT ING LOOPS PRESENT IN PLANT

RECORD 2*
T60VTL REAL K VESSEL SODIUM OUILE T TEMPERATURE*

T61NLT REAL K VESSEL COOLANT IPAET TEMPERATURE*

REAL KG/S SODILt1 FLOW RATE IN PRjMARY LOOPWILOOP *

4 ,

; * NOTE: OF THE THREE PARAMETERS IN THIS RECORD. TWO MUST BE GREATER !

THAN ZERO AND ONE MUST DE LESS THAN ZERO

RECORD 3*
i T21HXI RE AL K IHX INTERMEDIATE SOOlUM INLET T EMPE RA TURE*

I
T21HXO * REAL K IHX INTERMEDI ATE SODIUM OUTLET TEMPERATUREj

W2 LOOP * REAL kG/S SODIUM FLOW RATE IN SECONDARY LOOP

[ * NOTE: OF THE THREE PARAMETERS IN THIS RECORD, ONE MUST BE GREATER
A THAN ZERO, AND TWO MUST DE LESS THAN ZERO
U1

RECORD %
PIGASI REAL N/M2 INITIAL COVER GAS PRESSURE IN EACH PRIMARY PUMP TANK

i

P2GASI REAL N/M2 IN!TIAL COVER GAS PRESSURE IN E ACH INTERMEDI ATE LOOP

| 22 TANK REAL M HC lGHT OF COOL ANT IN StAlGE (EXPANSION) TANK
,

I TIPUMP REAL K TEMPERATURE RISE ACROSS PRIMARY PUMP
!

T2 PUMP REAL K 1E MPE RATURE RISC ACROSS INTERMEDI ATE PUMP

I
'! RCCORD S

LlEPRT IN1E GE R - PRIMARY AND SECONDARY LOOP DET AILED PRINT OPTION; I - REPORT. 0 - NO REPORT

j L3PRNT I N T E GE R - SG DETAILED PRINT OPTION; l-9 - TOW TO HIGH OETAll REPORT, 0 - NO REPORT

| LSPRNT I NT E fEP - DETAILED I N -VE SSE L TEMP. OlSTRitiUTION PRINT OP110N; I - REPORT. 0 - NO REPORT

LEPRNT I N T E CE R - IN-VE %fI FI UlO DiNAMICS DE T A! LED PRINT OPTION; I - REPORT, 0 - NO REPORT

Table 7-5 Input Description for Data File OPDATA

_ _ _ _ _ - - ._ -.



7.7 MATERIAL PROPERTIES DATA (MATDAT)

A set of material properties data is built into the code. These are

described in Section 5. Any of these properties may be altered by the user.

The data required to alter the default values of the material properties pro-

vided within SSC, or to create new material properties, are input to the code

through data file MATDAT. The listing included on subsequent pages (Figure

7-9 and Table 7-6) shows, on a record-by-record basis, how this specific in-

fonnation must be supplied by the user. The records within this file may be

entered in any order.

The numbering schene for the various records follows the global naming

convention for material property constants (see Table 6-2). For example, the

50-series records (50-59) are used to provide data for the fuel material types

(global material property number 5). Computer storage within SSC can be allo-

cated to accommodate only one heat transport system coolant (sodium), but up

to 10 types of blanket material,10 types of fuel material,10 types of clad-

ding material,10 types of structural material and 10 kinds of fission gasses.

Default values are presently provided in SSC for material property num-

bers 10, 40, 50, 60, 70, 81, 82 and 83. Refer to Section 5 for further speci-

fic information on these particular materials.

g7-46
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',
OV MAIDAT
100 109.7. -6.4499E-02. 1.1728E-05. 1630.22. -0.83354, 4.62838E-04

1011.597 -0.220510. -l.92243E-05. 5.63769E-09. 370.9. 1644.2.
-6.751tE+04, 1630.22. -0.41674, 1.54279E-04 !!.35977 -5567.0,

a -0.5. !!.68672. -5544.97 -0.61344, 1144.2. -2.4892. 220.65.
-0.4925. 0.001, 1.0E-05. 750.0. -12I30.0. 10.5/

510 334.13C 21.6178 5.381E-02 0.0
2.2 0.0 17*l.79 2.34856E-04
0.0 0.0 0.0 0.0

-46634.7 9999.0 9999.0 2.25E-06
2.5E-09 0.0 295.4 9999.0

,

9999.0 2381.0 0.0 0.55
2.5E-04 400.0 9999.0 3R /

710 4.9341695E+01 -1.71228E-02 0.0 0.0 *60.59 0.0 0.0 0.0 0.0 0.0 0.0
0.0 7833.35 /

;
' Figure 7-9 Data File MATDAT Sample Inout

,

4

P

,

I

;

!

I

i

!

I
i
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***** FILE MAfDAT

RECORD 10
Clk0 REAL W/dMakt ADDI T IVE Cot 4ST ANT FOR L IQUID SODIUM TtERMAL COtOUCT IVITY FUtET ION E 5 -2'.D

ClKI REAL N/(M*K2) F IRS T OnOE R COE F . F OR L l OU I D SOD I UM THE RMAL CONDUC T I V I T Y F UNC T I ON (5-291

CIV2 HEAL W/(M'K31 SECOND ORDER COEF. FOR L IQUID SODIUM THERMAL CONOUCT IVI TV FUNCT lOta (5-29)

CICO RE AL J/ wG*KI ADO ll l Vi cot 4ST ANT FOR L IQUID SODIUM SPEC . FE A T C AP. FUl4CT Iota (5-301

CICI REAL J/(K6*K2) F IRST ORDER COEF . F OR L IQUlO SODIUM SPE C . FE A T C AP . FUNCTION (5-30)

CIC2 REAL J/1KG'K3) SECOND GRDER COEF . F OR L IQUID SODIUM SPE C . IE AT CAP. FUt4CTION (5-30)

CIDO REAL kG/tMil ADDITlvE cot 4GTANT FOR SATURATED LIQUID SODIUM DENSITY FUNCTION (5-301

FOR S A TUfi A T E D L I QU I D SOD I Uti Ef NS I T Y FUNC T lO' f 4 15-38)CIDI fiE AL kG/tM3*KI F l HS T ORDL R COE F .

CID2 HEAL KG/tM3*K21 SE COtO OHUER COE F . F OR S A T UR A 1 E D L I QU l O SOO l UM DE NS I T Y F UNC T I ON (5-381

CID3 HEAL KG/tM3*K33 IHIRD ORDER COEF . FOR SA TURATED L lOUID SODIUM DENSI T Y FUt4Cl lON 45-38)

CIDTI RE AL K L Ot40 R S AlUR A T E D L IQU I D SOD il#4 IE MPERA TURE DOUt40 FOR EQUAT ION E5-38)

CIDT2 Rt AL K UPPE H SA TilH A T E D L IQU ID SOL) LUM TE MPERATURE DOUto FOR EQUAT ION (5-383

ClHO REAL J/KG ADOlilVu CONGT ANT FOH SA TUH A TE D L I QU ID SODIUM E N THAL PY FutaCT ION (5-311

LlHI REAL J/tyG'KI F|RST ORDER COE F . FOR SATUH ATED L IQUlO ' ODIUti ENTHAL PY FUNC T .TN (5-31)
y

SECOND rWD( R COEF . F OR SATURA1ED L IQUlO SODIUt1 ENTHALPY FUNCl lON (5-31)** ClH2 ItE AL J/IKG'Kdi
CD

CIH5 HE AL J/tKG'Kil T H I RD ORDt R COf f . FOR SAit0ATED L IQUID SOOlUM E NTHALPY F UNCilOta (5-311

CIPI Rf Al iNIN/MJ ADOliIVE CONST ANI f 94 SOD IUM SATUH AIE D VAPOR PRE SSURE F UNCT IOt4 (5-35)

CIP2 Rf At t.Nitui21'K FIRST ORDEH COE F . f ' W SOD kv S A 1 URAL ( D V APOR PRE SSURE F UNC T I ON (5-35)
*

CIP3 HL AL L N t N / I MJ * K i i F 1RS T OHDi R col f . F OH SUOldM GA TUHA Tf,.D VAPOR PRESSURE FUNCTlON (5-353

CIP9 HE AL L N I N . M? ) ADD I I | VE CONS T Ate! F OR SODI UM % TI HAT E D V APUN ORESSt IRE FUt4C T lON 85-361

CIPS HE AL L N I N ' i td ) * K F [ HS T OHbl R COE F . F OR SODlUM SATUHATED V APOR PHESSURE t UNC T ION (5-36)

L l Pt, F+ Al lN(N/tMd*Vei F IHST ORDE R COE 5' . I OR SGD I UM sal UH A T ED V APOR PRE.SSURE FUt4C T I OtJ 15-36)

CIP11 f E AL K SA T UH A lt D SOD il#1 V APOH PR[ SwHL T E MPE P A TURL CR I T E R f 0N IEOS. 5-35, 5-361

CINI RE AL L N I N'S/ MU ) A[U I T I Vt C ONS T AN T F OR L I QU l O SOU LUM DYNAtill VISCOSITY F UNC T I ON (5-911

CINJ RE AL LNfN*S/MJiak F IRO ORI>ER COEF. F OR t 10010 SUDIUM DYNAMIC VISCOSI T Y F UNC T Iota LS-91 :

CIN5 PF At iNIN*S/tMJakii FIHST OHO [ R Cut 6 F OH L IQUID SOS IUM OYNAMIC V ISCOSI I Y F UNCT |ON (5-9II

Plil Ht AL F H All f uN ( >I INI T I AL il t1Pt RAll M Gile SS 10 lt4LHL MI NT F OR SECOND PASS lia SATUHATED
SOlllUM Il Mif R A f t kl 11[ HAT lON

CiJ? HL A HL l A l i VL CONVE Rot NLE CRI TE RIOta t OR SA1URATL D 9)DIUM il MPE H A1URE C ALCUL Al lON

'Ii HE At K INI1l At GI Il SS F OH SA T URA l f D SUD I UM ILMP(RATUHL CAtCUtATIONr

01150 PE AL F tNIN tida (Ot4ST ANI USLO IN C AL CI A. A T ING 90DIUM SA T URA T Iota TEt& ERA!URE (EO. 5-371

1 ; C, ? HEAL ' N il 4/ tM ) Cl %T Atal USf D I N C AL Ct ll A l l NG SOO l dM gal Uli A T F D l LTE R A I URF (EO. 5-371 i

~

Table 7-6 Input Description for Data Filo HATDAT
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RECORD 40 - 4'.3

CSK0(I) . HEAL W/(M*K) ( OEF . KO FOR BL AtWET MATERI AL itERMAL CONDUCT IVl1Y (EQ. 5-11

CSKl(le REAL - COEF. K1 FOR BLANKET MATERIAL TtERMAL COtO CT iv! T Y (E0. 5-1) j

C4K2(1) REAL !/K COE F . K2 FOR DLANKET MATFRI AL THERMAL CONDUCTIVITY (M. 5-1 ) ,

f

CSK3(l) REAL 1/K3 COEF. K3 FOR BL AtWE T MATERI AL itERMAL COtOUCTIVITY (EQ. 5-1) ?

CSK9(I) REAL - COEF . K9 FOR OL ANVEi MATERI AL TFERNAL COtJOUC T lV ! T Y (EO 5-I)
,

CSK5(l) GE %L - COEF k5 FOR DL ANKE T MATERI AL THERMAL COtOUCT|VITY (EQ. 5-1)

| C9C0(!) REAL J/(KG'K) ADOITIVE CONST ANT FOR 81 ANKEI MATERI AL SPEC. HEAT CAP. FUNCTION (5-2) .{
I|

C9Cl(l) REAL 1/K F IRS T ORDE R COEF . FOR BL ANKET MATERI AL SPEC. FE AT CAP. FUNCTION (5-2) ,

]

C9C2(1) REAL 1/K2 SELOND ORDER COEF . FOR PL AtEET MATFRI AL SPEC. HE AT CAP. FUNCTION (5-2) ;

|'
C9C3(l) REAL 1/K3 T H I PD ORDE R COE F . FOR BL ANKE T MATERI AL SPEC. HEAT CAP. FUNCTIOri (5-2)

, t
'

CSC9(1) REAL J/(KG'K) ADDI T IVE CONST ANT FOR EL ANKET MATERI AL SPEC. HEAT CAP. FUNCTION (5-41 !

'

09C5(l) REAL J/(KG'K2) F IRTH CCDER COEF . FOR BL AtWET MATERI AL SPEC. HFl.T CAP. FUNCT IC"4 (5-9)

C4C6(la REAL K2 INVE RSE SECOt0 OFOER CUEF. FOR BL APWET MATE RI AL SPEC. FE AT CAP. FUNCT ION (5-2) [
,

h C%Cil(!) REAL k ,LOWFR BLAtWET MATERIAL TEMPERATURE BOUND FOR EQUATIONS (5-2). (5-3) Ato (5-4) !
I

C%CT2(1) REAL K UPPFR blat.KET MATERIAL TEMPE RATURE BOUND FOR EQUA TIONS (5-2) . (5-3) AND (5-%) |

|

C%A0(1) REAL M/(M*K) ADOli!vE C(tJST ANT FOR OL AtWEi MATERI AL COEF. OF THERMAL EXPANSION FUNCTION (5-7) i
i

C4Altl) REAL M/tM*K2) F I RS T ORDE R COE F . F OR (R ANAF T MATERI AL COEf , OF itfRMAL EXPANSION FUNCTION (5-7) |

CSA2tli PEAL M/(M*K) ADD I T I VE CONI T ANI F OR BL AtWE T MA TERI AL COEF . OF THERMAL EXPANSION FUNCTION (5-8)
t

C%ATO(!) RL AL K REFE RE NCE TEM'TRATURE FOR C9 Ari

CSATitla FEAL K dLAtWET M*!rRIA- r MPL RA TURE DOUf o F OR E uU A T ION (5-7)
,

CSAT2(l) RF AL K wet F M*.i RIAL TEMPERATURE BOUtO FOR EQUAT ION (5-On

f C%DO(l) Et AL KG/M3 FIRST ORDER COEF. FOR BL ANKET MATERI AL DENi! TY FUNC T IOt) (5-15)-

CSDIL!) HLAL VG/M3 ADDIT IVE COTE T ANT FOR OL ANKET MATFRI AL DENSITY F UNCT ION (5-16)

C9EOll) AL - ADDI T IVE CONST ANT FOR OL ANKET MA TERI AL EMISS!vl TY FUNCT ION (5-17)

CHEl(l) e t AL 1/K F IRST ORDER CCEF . FOR OL At# L T **AIERI AL EMISSIV I T Y FUNC T ION (5-18)

C%ETO(l) REAL V OLAtWET MATERIAL TEMPERATURE CRI TERION FOR EQUAT IONS (5-17) AtO (5-18)

| CSTMLTill Rett k OLAtWET MATERIAL MEL T !NG TEMPERATURE

C%TEGO(I6 REAL k T E MPE RAILCE AT ONSEi OF NL MNAR GRAIN GROWTH FOR DL AtWE T MATERI ALS

C4fCGG(Ii HEAc K TEMPERAlURL AT Ot6E T OF COLMNAR GRAIN GROWTH FOR OLANKET MATERI ALS
i

!

Table 7-6 (cont.)
t _ _ _ _ _ _ - - .
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RECORD 50 - 59
CSK0tli REAL W/tM*K) COEF. KO FOR FUCL r1ATERIAL THf RiiAL CC4OvCii.i!Y iEu. S

CSAltli RE AL - CULF. Al FOR FUEL MATE RI AL THE RMAL COtOUC T ; V I TY (EQ S-Il

CSK2411 REAL i/K COEF. K2 FOR FUE L MA TE R] AL THERMAL COtOUCTIVITY (EQ. 5-1)

C5K36!) REAL 1/K3 COEF. K3 FOR FUEL MAIERI AL THERMAL CuiOUCT IVI T Y IEO. 5-11

CSK9til REAL - COEF . K4 FOR FULL MAiERI AL IHE RMAL CONDUC T iv l T Y (EQ. 5-1)

i CSK5415 REAL - COEF. k5 F OR F ULL MA T E RI AL THERMAL COrotrilVITY tEO. 5-11

' CSCOL1) REAL J/(KG'K1 ADDI T i vE CQNS T AN T F OR F UEL MA1ERI AL SPEC. TEAT CAP. FUNCTION (5-21

f C5Citl) REAL 1/K F IRST OHOER COEF . FOR FUEL MATERI AL SPEC. tE AT CAP. f t#4C T I ON 85-2)
'

C5C2tli REAL 1/K2 SECOr4D ORDER COEf. F OR I UEL MATERI AL SPEC. HEAT CAP. f t#JC T IOr4 (5-21
i

C5C3til REAL 1/K3 IHIRD 06 DER COEF . FOR F UEL MA TE RI AL SPE C . HEAT CAP. Ft#JC T ION 15-2)

j C5C9til RE A J/lkG'K) ADDITIVE CONST ANT FOR FliL MAIERI AL SPEC. HEAT CAP. FUNCTION (5-95
!
i CSC5til REAL J/tKG*K2r F !R T H OF4Df R CCf f . FOR FUE L MATEHJAL SPEC. HEAT CAP. FUNC T I Or4 (5-91

y CSC6til RE AL INVEHSE SECOro ORDEh COEF . F OR FUEL MATE RI AL Sf f C . HE AT C AP. Fur 4CTION (5-23
e

] C5CTit!) RE At LOWL R FL:EL MATERIAL TEMPERAlta?E BOUNO FOR EQUAT IONS (5-21 (5-31 AtJD (5-41

CSCT2til REA A UPPE R F KL MATERI AL TEMF1R A TUf 4 lb n lND FOR EOUA T IONS (5-21 15-3) AND (5-91

C5AOti) RF At i .M*K) ADDI T ! vE cot 4Sl ANT F OR Full MATE HI AL COEF . OF THERMAL EXPANSION (5-7)

I CSAlt11 HEAL M/tM*K2) F IEST OHUEH COEF . F OR F UEL MA TERI AL COEF . OF TiiERMAL E XPANSION (5-7)
!
; C5A?([l REAL M'lM*K) ADDI T isE CONST Ar4T FOH F UEl MATERI AL COEF . OF THrRMAL E XPANSION (5-81
t

i CSAT0ti1 HEAT K RE FEPt NC E TE MPE RATURE FOR CSA0
|

| C'. AT I I | ) FLAL F L OWCH Ft1EL MA TE RI At TE MPERAIURE BOUNO FOR EQUAllON 15-71

CAT 2411 REAL K UPPE R FUE L MA TERI AL TE MPEH A T URE Dour 4D FOR EQUA T ION 85-0)
i

J5D0ll! REAL VG/M3 f I RS T UHOE R C OE F . FUN FliL MALE kl AL DE t!S I T Y fur 4C T IOt4 45-15)

C5DI(lI bl *.L KG/M3 ADDITIVE CONSTANI F OR FUL L MA T E R l /i DE NS I T V f UNC T l ON L S- I til

C5EOtIi HEAL ADOL 1IVE CoriSTANI FOR FUEL MA TE HI AL EMIS$lv t TY FUNCIION (5-17)i

j U,Litil RE AL 1/k F lHST OHf 4 R COE F . F OR F UEL MA f t HI AL EMISSIVIIY FUNC T ION t5-681

| CSET0il, RE AL K S UL L MAllHIAL TE MitHA TLHtE CRI TE HION FOR EQUAT IONS (5-171 AfC (5-10)

f C 5 TML T .1 i HE AL k F Ut t MAIt'RI AL Mt:L I ING if MPE RA TURE
I
j ( 51 E i. J t 11 PE AL K IEMITHAiUHf A T ONLL T OF E QU I A X E D OH A I N OROW T H F OR F t(_L MA T E R I AL S
.

I C5TCGGiii PE AL k l E MPE H A T UHF A T ON'l i OF COI MNAH GRAIN OHOWTH F OR FUt L taATERI ALS -

<

|

| Table 7-6 (cont.)
!
4
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RECORD 60 - 69
C6K0(ll REAL W/(M*KI ADOI T IVE CONST ANT FOR CL ADDI.4G MA TERI AL MERMAL CONDUCT I V I T Y F UNC T ION (5-191 '

C6 Kill) REAL W/tM*K2) ~lRST ORDER COEF. FOR CLADDING MATERIAL THERMAL CONDUC T I VI T Y FUNC T ION (5-19)

C6K2(1) RCAL W/(M*K3) SECOQ ORDER COEF. FOR CLADDING MATERI A( THERMAL CONDUCTIVITY FUNCTION (5-193

C6K3t!) REAL W/(M*K9) THIRD ORD 9 COEF. FOR CLADDING MATERIAL TIERMAL CONDUCTIVITY FUNCTION (5-19)

C6C0(1) REAL J/(KG'K) ADDI T IVE CONS 4 ?NT F OR CL ADDING MATERI AL SPEC. HEAT CAP. F UtC T ION (5-20)

C6 Cit!) REAL J/tKG=K2) F I RS T ORDE R COEF . .'OR CL ADD I NG MA T E R I AL SPEC . I C A T C AP . FutC T ION (5-20)

C6C2til REAL J/tKG'K3) SECOND ORDER COEF. FOh CLADDING MATERIAL SPEC. it' AT C AP. FUNCTION (5-201

C6C3(la REAL J/(KG'K9) THIRD ORDER COEF. FOR CLAMING MATERIAL SPEC. T C AP . FUrC T ION (5-20)
!

C6A0(l) REAL M/(M*K) ADDI T IVE CONST ANT FOR CL ADDir A MATER! AL. COEF . OF THERMAL EvPANSION FUNCTION tS-21) ,

fC6Altil REAL M/tM*K2) FIRST ORDER COEF. FCR CL ADDING FMTERI AL COEF. OF THERMAL EXPANSION FUNCTION (5-21)

C6A2(l) REAL M/(M*K3) SECOND ORDER COEF. FOR CLADC!NG MA TERI AL COEF. OF THERMAL EXPANSION FUNCTION (5-21)

C6AT0t!) REAL K REFERENCE TEMPERATURE FOR C6AO
N

h C6ATIt1) REAL k MAXlMUM TEMPERATURE RANGE FOR CL A!) DING COE.- OF EXPANSION
| +-s

C6D0ill REAL KG/M3 REF E RENCE DENSI TY F OR CL ADDING MA :ERI AL DENSI TY FUFC T ION L5-22)

C6E0t!) RFAL - ADDjilVE CONSTANT FOR CLADDING MA'ERIAL EMISSIVITY FUNCTION (5-23) Atas (5-29)
,

C6El(l) REAL 1/K F IRST ORDE R COEF . FOR CLADDING MATERI AL EMISSIV17Y FutCTIOr4 (5-24)

C6ETC(i) REAL K REFERtNCE IE MPERATURr FOR C6E0 ;

C6TMLT4II REAL K CL ADDING MATERI AL MFLilNG IEMPERATUK ,

a

1

Table 7-6 (cont.) ,

I
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RECORD 70 - 79
C7k0tli REAL W/tM*K) ADDI T IVE CONST ANT FOR STRUC TURAL MATERI AL TF(RMAL CornC T I VI T Y F Lt4CT ION (5-19)

C7kttil REAL W/(M*K2) F IRST ORDER COEF. F OR STRUC1 URAL th f LRI AL THERMAL COtOUC T I V ! 1 Y FUNC T ION (5-19)

C7K24II REAL W/(M*K3) SE COf 0 ORDER COE F . FOR STRUCTURL . TERIAL THERMAt COtOUC T I V l i Y FUNC T ION (5-19)

C7K3tiI RE AL W/(M*K9) THIRO ORDER COEF. FOR STRUCTUPAL MATER 1AL THERMAL COtOUCi i V ! T Y FUNC T ION (5-19)

C7C0(l) REAL J/ LAG'K) ADD I T I VE CONST ANT F OR STRUC TURAL MATERI AL SPEC . HE A T C AP. F UFC T ION (5-20)

C7Citl) REAL J/tKG'K2n F IRST ORDER COEF. FOR STRUCTURAL MATERIAL SPEC. HEAT CAP. FUNCTIOri (5-208;

,
C7C2(!) REAL J/(RG'K3) SECOND OiOER LOEF. FOR STRUCTURAL MATERI AL SPEC. HEAT CAP. FUrJC T I ON (5-20)

!

C7C3til RFAL J/(kG*K91 TH160 OROfR COEF. FOR STRUCTlOAL MATERIAL SPEC. HEAT CAP. FUt4C T ION (5-20)

. C7A0ll! HEAL M/(M*K) AUDI T ! vE STRUCillRAL MATERJ AL COEF. FOR THERMAL EXPANSIOtJ FUNCT ION 85-211
1

C7Al(l) RE AL M/(M*K28 # 1 RS T ORDER STRUC TUR AL MATERI AL COEF . FOR THERMAL EXPANSION FUNCTIOt1 45-213

C7A2(1) REAL M/(M*K3) 1 ECOto OFW R S T RUC T UR AL MATERI AL COEF. FOR THERMAL E XPAt4SION FUNCT ION (5-21)

~
C70TO(In REAL K I C MPE R A T URE A T WH I CH RE F E RENCE DE NS l 1 Y 15 SPECIFIED (5-221

C70011I REAL kG/M3 RE F E RE NCE OFNS I T Y FOR STRUCTURAL MATER!AL DENSITY FUt4CTION (5-22)
N

bi RECURO BC - 89
fM C8Kltil REAL W/(M*K) ADGlilVE TERM FOR COVER GAS THERMA CONDUC T I V I T Y F UNC T ION (FORM SIMILAR TO (5-29),

j APO USE D lti (3,1-191)

| CE,Ka t i ) c .4/ t M * Ke i F IRST ORDE R COEF . FOR COVER GAS THERMAL CONDUCTIVITY FUt4CTION IF ORM SIMIL AR 10
1 (5-21) Af 40 USE D IN (3.1-1913
:

CUK3t|} RE AL W/IM*K31 SLCOto ORDE R COEF . F OR COVE R GAS THERMAL COtOUC i l V I T Y F Uf 4C T ION (F ORM SIMILAR TO
4 5-2f31 AND USE D IN (3.1-191I

i

!

l,
i
1

1

Table 7-6 (cont.)j.
,

a
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,
I
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!/^') 7.8 . TRANSIENT DATA (TRNDAT)v

All data required to specify a particolar transient scenario are input

to SSC through the data file TRNDAT. The record-by-record listing is given on

the following pages in Figure 7-10 and Table 7-7..

It should be noted that certain records are not required for all trans-

ients. In particular, if the check valve status is not to be changed from-

that set in steady-state, record 1004 would not be entered. Similarly, if no

pipe break is to be imulated, the 1100-series and 1200-series records would

be omitted.

The frequency with which results are printed / stored during the transient

is dhtated by the S9 PINT (J) array on record 9001. The selection of the print

intervals is very important because it can have the secondary effect of dis-

'( turbing the synchronizacion of the master clock timestep with the subordinate
'

timesteps of the major conputational segments (see Chapter 4). Thus, although

there is quite a bit of latitude in the setting of the print intervals, they

must be carefully chosen, as detailed below. Otherwise, a verification diag-

nostic will result which will terminate the run.

Regarding the S9 PINT (J) array, the following holds:

S9 PINT (J) is the master clock interval after which results will be-

printed / stored . |

- S9 PINT (J+1) is the master clock time after which the previous S9 PINT

is no longer valid.

Thus, the index "J" is incremented over the set of paired points.-

There may be as many pairs (intervals) as the user finds necessary.

S9 PINT (1) is imposed from time 0.0 to S9 PINT (2). S9 PINT (3) is then-

Q\> used from the master clock time S9 PINT (2) to S9 PINT (4), similarly,
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S9 PINT (5) is used from S9 PINT (4) to S9 PINT (6), and so on. It

should be apparent that S9 PINT (4) must be strictly greater than

S9 PINT (2), and S9 PINT (6) must be strictly greater than S9 PINT (4),

and so on.

S9 PINT (1) is used to define the initial transient timestep (S9DELZ),-

such that:

S90ELZ = 2" S9 PINT (1)
*

where n is an integer less than or equal to one (1).

- Since the master clock time' step is only allowed to increase and/or

decrease by factors of 2, all acceptable succeeding print inter-

vals must be functionally related to S90ELZ and thus to S9 PINT (1).

Specifically:

S9 PINT (2*J+1) = 2* * S90ELZ 2*+" * S9 PINT (1)=

where m is some integer greater than or equal to zero (0).

An example of an acceptable S9 PINT (J) array is as follows:
,

0.25,2.0, 0.50,5.0, 1.0,16., 4.0,100., 2.0,200.

since S9 PINT (3), (5), (7) and (9) are all integer powers of two (2) of
,

S9 PINT (1).

An example of an unacceptable S9 PINT (J) array is as follows:

0.1, 1.0 0.2,5.0 0.5,10., 1.0,100.

since S9 PINT (5) and (7) are not an exact power of two (2) of 59 PINT (1).

Record 9004 has been included in the present version of the code on an

experimental basis. It is strongly suggested that at least four of the six

options (i .e. , L1ECAL, L1WCALL, L5 CALL and L6 CALL) be engaged (i .e. , set equal

to one (1)) on a regular basis.
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i.

. .

!
i
1

; O
!
!

4

i

OV iRNCAT;

! 10010 0, 0.I, 1182./'
. 10073 0, 0.I, 1182./
I. 10030 0. 21.946, 10.912, 0.0. 0.2002, 0.0, 0.0.10R. 76.45/
' 31010 406, 3, 1/

3101D 402.3.2/
: 31010 405,2.2/

3101D '+06.3.2/
3 31010 411.2.2/

31010 412.2.2/
' 31010 413.2.2/

3101D 414,2,2/
j 31010 415.2.2/
i 3101D 416, 13. 1/
. 3101D 417,4,1/
j 31110 401,0.0. 492.0, 44*.0.
j 3.0. 492.0, 0.0001,
, 99999.0, 492.0. 0.0001/
' 3111D 402,0.0.3.373987E+6,1.025E+7,
. 5.0.3.373987E+6.5.0E+6, *

i 99999.0.3.373987E+6.5.0E+6/
31110 405,0.0,3.373907E+6,1.013E+5/

I 99999.0,3.373987E+6.1.013E+5/
31110 406.0.0, 1.25E+6.1.0E+07,

! 1.0, 1.25E+6,1.0E+07,
99999.0. 1.25E+6.1.CE+07/

31110 411,0.0.2.6E+6.I.013E+5.1

! 99999.0.2.6E+6.1.013E+5/'
31110 412,0.0.3.33E+6.1.013E+5,

99999.0,3.33E+6,1.013E+5/
. 31110 413,0.0.3.33E+6,1.013E+5.
I 99999.0.3.33E*6,1.013E+5e
i 3111D wl4.0.0,3.33E+6,1.013E+5.
t 99999.0.3.33E+6.1.013E+5/
; 31110 415.0.0.3.33E+6,1.013E+5,
| |g 99999.0.3.33E+6.1.013E+5/ -

31110 416.0.0, 297.0. 0.1.
I 41 3, 297.0, 0.1.

} 47.0, 297.0.104.78,
t 52.9, 297.0.10%.78,
i 67.6. 297.G. E5.37
| 91.5, 297.0. 31.22.

109.3, 297.0, 22.**.4

} 167.3, 297.0. 13.17
; 239.0. 297,0. 15.80.

j- 290.9. 297.0. 12.49,
378.7. 297.0. 14.63,

! 600.0, 297.0, 18.54,
j 99999.0, 297.0, 18.54/ aux FEED
| 31110 417,0.0.2.7E+6,0.01,

2.0.2.7E+6.0.0'.i

] 30.0.2.7E+6,12.6.
! 99999.0.2.7CE+6,12.6/ LINE TO TUA8!bC FOR AFW PUMP. TAB 5.6-1
j 32010 101.8/
; 32010 107.2/

32010 108,2/
1 32010 109.2/
1 32010 199,2/

4

.

!

}
4

) Figure 7-10 Data File TRNDAT Sample Input for a One Loop Description
(1)/pical of CRBRP)

:

I
!

!O
,
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O
32110 101.0.0,-6.75E+6.

64.6.-8.29E+6,
77.2 -7.42E+6,
165.5,-7.77E+6,
241.2.-9.95E+6,
289.0,-1.31E+7,
600.0,-1.32E+7

99999.0,-1.32E+7/ PACO
32110 107,0.0.0.0,

99999.0.0.0/
3211D 108,0.0.0.0,

99999.0.0.0/
32110 109,0.0.0.0,

99999.0.0.0/
32110 199,0.0.0.0.

99999.0.0.0/
3301D 501,3,0/
33010 502,0,0/
33010 503.9.0/
33010 5C8.4.0/
3301D 509.9,0/
330!b 510.0.0/
33010 511.0.0/
3301D 512,0,0/
33010 513.11.0/
33010 514,4.0/

| 33010 525.0.0/
| 33 TID 501,0.0.1.0,

1.0.0.0001,
99999.0.0.0001/ TURBINE THA0TTLE VALSE

33110 503,0.0, 0.5,,

| 2.0, 0.5,
'

5.0, 0.000!.
99999.0, 0.0001/ 50 ISO VALVE TO TOPPING .-EATER

33110 508.0.0.1.0E-05,
2. 0.1. CE -C5,

30.0.1.0.
99999.0.1.0/ LINE TO TUF91NE FCA AFW* PUMP

33 10 509,0.0.1.0E-5,
1.0,1.0.

16.1.1.0,
18.2.0.7
22.3.0.45,

,

*2.0.0.14,
52.2.1.0E-5,

600.0.1.0E-5.
99999.0.1.0E-5' 50ArP5 50 SENT VALVE

33110 513,0.0.1.CE-5.
1.0.1.0,

16.1.1.0,
25.',0.86,
46.5,0.75.
75.7.1.0E-5.

297.6.1.0E-5,*

294.0.0.03,
317.5.0.05,
600.0.0.05.

99999.0.0.C5/ 50 ara 5 5H iENT VALVE

I Figure 7-10 (cont.)
\

|

|
|
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!
*

f
1

+

r

I

|Le
1
4

33110 514,0.0.1.0,
j 2.0.1.0,
: 5.0.0.0001.
! 99999.0.0.0001/ SH ISO VALVE CLOSES 2-5(S1
! I4010 201.3, 0.01, 0/ RECIRC PUMP TRIP

34110 20l.0.0,1.0.
, 4.0.0.0.
1- 99999.0.0.0/
| /

! 50010 0. 6. 6.CE-07/
I . 50020 .927F*.2R. 91485,2R. 9 f f 97.29. 99469. 92384/
j LG030 0.145E-05, 7.554E-04 6'.438E-04, 1.287E-03, 5.583E-04
; 1.732E-04 /
)- 50040 0.0129. 0.03C8. 0.132. 0.335. 1.34, 3.27/
1 50050 1.0. 0.0. 0.5. 200.0. 0.25. 400.0. 0.25, 9999.0 /
' 5101-51020 1.. 0.. 9476.1.. .8859.2.031. .8178,4.125,

.7447.8.377 .7245.10.. .6468.20.31. .5662.41.25, .5065.70.17,
4683.100 , 4331.142.5, 4017,203.1, .349.412.5 .3119,701.7
.2864.1000.. .2335,2031.. .1640.4125.

/

5103-51040 1. 0.. .9423.1., .8753.2.031. .8053.4.125.
.7341.8.377. .7163.10.. .6939,20.31. .5724.41.25.. 5207.70.17

j 488.100.. 4575.142.5. .*302.203.!. 392.412.5. .3459.701.7,
J .3197.1000.. .2628.2031.. .209.4125. /
1 5105-51060 1.,0.. .9473.1., .8858.2.031, .8212,4.!25.
I .7549.8.377 .7383.10.. .6703.20.31, .6027.41.25. .5533.70.17'

.5218,100.. 4924,142.5. 4655,203.1. 417.419.5. .3792,701.7,

.3515.1000.. .2898.2031., .2311.4125. /

51070 1.,0.. 99988.1.E3. 9998.1.E4. 9881.1.E5. 88718.1.E6/
C201-5202D C.0,16R/
5203-52C60 0.0,14R/ *

52070 0.0.12R/
5301-53020 0.0.18R/ '

5303-53060 0.0.14R/
5307D 0.0.129/
5901-54020 0.0.18R/
5*03-54C60 0.0.14R/6, 5*070 0.0.12R/ .,

5501-55020 0.0.18R/
5503-55C63 0.0.14R/ '
55070 0.0.12R/
60010 2. 1. 0.C/

g 60020 2. 0. 0./
*

90010 180.0. 1.0. 0.00001. I., 0.25.5.0. 1.0.10.0. 2.0.9999.
| 90020 .001. .001, .02. .02 /
1 90030 .01, .01/
; 90040 1. 1. 1, 1, 1. 0/
! 90C50 1. 1. 3. 1, 1. 0/
: 91010 101.201.301,501.601.901/

) 80010 3.3/
80020 1.5R/4

| 80030 999.0.59/ *** TIME CELAY AFTER AUTO PUMP TRIP
80090 0.01.5PI TIME OF MANUAL PUMP TRIP' ***

j 80200 1. 999.0. 0.6/ *** PRIMARY SCRAM
80210 1, 999.0, 0.6/ * * * SECONDARY SCRAM
80060 8.41. -24.54 0.94 8.41, 2.75, 2.1/ *** REACT!v!TY
80070 1.00457.-0.32893,-3.35569.4.83219.

-2.48130. 0.**254 0.0.0.9981* .01961.
-7.2467 .16.21624,-17.71316.
10.13424,-2.36038 ,2.0.0.30/

80080 0.93602. .3620.
-1.50T,3.1.04077. .79071. 11714,0.0.2.0/

I
,

4-
4

!

Figure 7-10 (cont.)

!9
:
i
!
;

'
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J

80C50 1. . l .0.0.0.0.0/ LOAD CEMANO FORC ING FUNCT ICN CONST ANTS l,

1 80090 0.0. 0.0, 0.0. 0.0/ '

80100 (1.0. 0.01).9R>F8VMAX F8TRMA
80110 ( 0. 0, -0. 01 ) .4R/F8VM!N,F87RMN
80120 1.0.*A/G8CPEN
60130 1.0.4A/580LOS
80140 0.150. 50. 20,2R. 5.3R. 2/ PPS SENSCR TIME CONSTANTS

; 80150 1121.99 1113.0, 1746.36. 1613.64 822.52. 673.30.'
787.21, 9.0E+2. 9.5696E+5. 10832506.0. 137895.14 139.60.
139.60/

80160 1.2.3.9.5,6,7.8.9,10,20/
80170 11.12.13.19.15.16.17,18,19/
80180 1.2.3.4.5.6.7.8,9,10.20/
60190 11.12.13.19.15.16.17.18.19/
01010 1.15/ H[GH FLUX SET DOINT

i 8102D .03607. 036. .99. 1706. 0364,1.Ol . 03607. 036. 1969. 0916/ FLUX-CE
i 8103D 1.318.-l.0,.0425/ Cl-C3 (FLUX-SORTIPR))

81040 .147.-l.0.1.0,-1.0. 0075..C595/ 01-C6 (P/I SPEED RATIO)
81050 -999999./
81C60 6.0/ REACTOR VESSEL LEtEL'
81070 92.0/ El ( STEAM-FEED WATER RATIOl
81000 716.0/ SETPOINT FOR THX PRIMA 9Y CUTLET TEMP
81090 -999999./4

' 81100 .147.-l.0.1.0, '.0. 0075. 05eGI-G$tPRIMARY TO INT FLCW PATIO)
81110 1.120. 71/ MAX *NC MIN STEAM CRUM LEsEL SETPO!NT3
8112D 672.0/SETPOINT FCR H[GH EVA OUTLET SODIUM TEMP
81130 850.0/SETP0lNT F0F REACTOR OUTLET NOZZLE SOCIUM TEMP
Oll*D 0.20/ LOW ARIMARY LCCP SODIUM FLOW SET 00!NT
O!!50 0.2/ LOW INT LOCP 500!VM FLOW PATE
8116-81200 -999999./
820CD 1.0. 01/ Fewrxt,F80ROZ
82010 010, 0.5. 0.94 0.94, 0. 0.9%. - 3. 81 E- 3. 3. 81 E-3. 2. 60 / CEN< l
82010 020, 0.94 0.94, 0.99 O. 0.99 -3.81 E -3. 3.81 E-3. 9. 35/ CONK 2
82010 030, 0.94 0.99, 0.99 D., 0.94 - 3. 81 E- 3, 3.81 E-3. 5. *8 / C BNx 3

83010.101, 0. 3.60.0.1. 085.1.11685, . C65,5. 34.5. 34.1. 30. 0. 2067725.1200.
83010 201. 0.3,60.0.1.085.1.0397 .065.5.l*.5.3*.I.0.30.0. 2067725.1200
84000 3.3.1,3.1.1,l/
8*010 111. 0.1. 0. 0. 05,0. 0.10. 0. - 10. 0. 0. 0 i .1. 0. 0. 2. 0. 62,0.12. 0. 0 < P . C i .L 1

| 84010 121. 0.0.375.0.8.0.0.10.0 -10.0.0.01,1.0.0.5.0.0.1.0.0.0 P.C2,L1
84010 131, 0,1. 0. 0. C2,0. 0.10. 0, - 10. 0. 0. 01.1. 0. 0. 02. 0. 0. 0. 0. 0 / P.03.L1
84010 211. 3.1.0.0.C2.C.C.;0.0.-10.0.0.01.1.0,0.15,!.0.0.0.010/ !,CI.LI
84010 221, 0.1.752E-5. 02. . C . ! O . . - 10. . 01.1. 0. 0. 5. 0. 0.1. 0. 0. C r f .C 2.L1
84010 231. 0.1.0.0.C2.0.0.1C.0.-10.0.0.C! i.0.0.02.0.0.. 0.0.0- . 03.tl
84010 311, 0,1.0.0.0.0.0.10.0.-10.0.0.01.1.0.0.02,1.0.0.0.0.0/ c'.CI.L1
8401D *11, 0,1,0,0,0.C.0.10.0.-10.0.0.01.1.0.0.5.1.0.0.0.0.0 Fv.01,L1
840!D *21. 3.-l.0.0.0.0.0.10.0.-!C.0.0.0.1.0.0.5.0.;.T,0.0.0/ c/.C2.L;
84010 431. 0,1.0.0.0.0.0.10.0.-10.0.0.01.6 .0.0.5.0.0.0.0.0.0' Fv.03._
84010 510, 0.1.0.0.0.0.0.10.0,-10.0.0.01.1.0.0.15.1.0.0.0.0.0/ 'l 0!
9* 010 610. 0.1. 0.0. 0. 0. 0.10. 0 - 10. C . 0. C 1.1. 0. 0 .15,1. 01. 0. 0,0. 0 = Sv.01
84010 710. 0.1.0.0.0.0.0,10.0 -10.0.0.01.1.0.0.15.. 02.0.0.0.0 R/.C!
8+01 D 810. 0.2. 0. 0. 0. 0. 0, ! 0. 0, - 10. 0. 0. 01.1. 0. 0. 2. 0. 3 3. 0. I' . -C . ' P.:51
8401C 820, 0.2.C.0.0.0.0.10.0 -10.0.0.01.1.0.0.2.0.69.0. 1.0.0- P.C52
84010 830. 0.1.0,1.0.0.0.10.0.-10.0.0.01.1.0.0.C5.0.C.' 00.0.0/ P.C33

i

Figure 7-10 (cont.)
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l

| RECORD !!O! - !!39 ( I MPL I E D PR I MAR Y L OOP DEPE tOEff Y , J = REC.NLt1.-l1001
' J1BREK I N TE GE R - FHIMARY LOOP PIPE pat 1 DER CCt4T AINING ORE AK
!

N I NHRe. I N T E EER - NLt1bE R OF taDDES IN OF<0 KEN PRIMARf PIPE 'UPSTRE Ati OF BREAK
!

xtBRER REAL M LENGTH OF FHIMARf PIFE UPSTPEAM OF BREAK

| FILSEA RE AL - LOSS COE FF IC IE NT AT PRIMARY BPFAK

AIBREK REAL M2 BREAK AREA IN PRIMARY PIPE

AIGAP RE AL M2 x-SE C T I Ot4AL ARE A BETWEE N OROKEN PRIMARY PlPE APO GUARD VESSEL3

| SIBREK REAL S T IME OF FHIMARY PIPE BRE AK
i

NOTE: THI S RE CORD SE R I E S IS SPE C I F iEO ONL Y F OR L OOP ( S) CONTAINING OREAKtSt.

j RECORD 1201 - 1299 t !MPL IED EECOtOARY LOOP DE PEtOENCY , J RE C . NLIM . - 120 0 )=
! J26REK I NT E GE R - SE COf 0ARY LOOP P!PE NUMBE R CONT AINING BRE AKl

| N2NBRK INT E GE R -

FAttBE R OF NOOES IN BfM] vet 1 SECOtJDARY PIPE UPSTREAM OF BREAK
l

i x26RE K RE AL M ifNGTH OF PRIMARY PlPE UPSTREAM OF BREAK
!

F2LS8K hE AL L OSS COEF F l(IE NT A T SECOtjOARY BREAK

) b A2BREK RE AL M2 BRE Ak AfsE A IN SECONDARY PIPE
O

A2 GAP R[Al M2 x - SE C T | OWi ARE A DE TWEEN EsROVEN SECOtOARY PIPE AND GUARD PlPE

! S2bRt K RE AL s T I ME OF SECONDARY PIPE BREAK
i
1

NOI E : THis REiORD SE RIES I S SPEC IF I ED ONL Y FOR LOOPI S I CONTAINING BFCAKtS).!

HECORD 3101
MCOlD IN TE GE H - MQEA IL E 10 DF UtxtOAR1

j N $i A 3 IN T E GE R -

Ni tiUE R OF T ABl E f N T R i f 5 ( t4 CORRE SPOTO I NG 311 I PECORDt

I MiC T P IN it ti R - EW O4AHY CONfil T IOt4 T ) PE I - FLOW; 2 - PRE SMHE
k
i

! NfCORD 3111
Mi;DID l hii Gt & tKO fL E 10 UF BOUtOARf

I
S3TA8111 H AL 5 I iME F OR I ABt E ENTRY*

i

E 3 T AB i l i t-E at J.*G OR * Et4 TH AL P Y ( J/ kG ) OR T E MPE R A TURE t K ! FOR T Ahl E E N TR'.'
*

) P %TAOi!1 RE At PA CR k6/S PRL SSURE ( P A i OR FtOWi&G Si FOR Y ABt E ENTRY
*

I

POTE : DATA 15 E NT E RED AS A (F,E R Of f ! td D SE RIE S OF PA I RE D PO I NTS ,*

.

t

I
!

| Table 7-7 (cont.)
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i

! G @ @ ;
|

!

RECORD 3203 [
MOOID INTE GER - MODULE 10 OF VOLUME ( ACCUMUL ATOR)

t

N3VOL T IN T E GER - tit 10ER OF T ABLE ENTRIES ON CORRESPONDING 3211 RECORD

'RECORD 321i
MODID INTEGER - MODULE ID OF VOLUME

RE AL 5 TIME FOR T ABLE EN!RYS3v0LT(l) *

RE AL J/S HEAT INPUT TO ALL PARALLEL VULUMCSQ3v0LT(!! *

* tJOTE : P ,t A 15 ENTERED AS A USER DEritED SERIES OF PAIRED POINTS.
r

;

RECORD 3308 i

MCO!D INT EGER - MODUL E 10 OF VALVE

N3v AL T ( ! ) INT E GER - NUMEJER Ok T ABLE ENTRIES ON CORRESPONDING 3311 RECORD

INTEGER - PPS/PCS OPTION 0-IGNORE PPS/PCS; t-ACCEPT PPS/PCS SIGNAL
N3vCAS *

i

* NOTE: AT PRESENT, N3vCAS MUST DE SET EQUAL TO ZERO(0),

N
s RCCORD 3311
$ MODID IN TEGER - MODULE 10 OF VALVE ,

NteL 5 T IME FOR T ABLE ENTRYS3V AL T ( I s *

REAL - V AL N E S T EM POSI T ION 0-FULL CLOSED; l - F UL L OPE N53vPST(11 *

1

* PO T E : DATA 15 ENTERED AS A USER DEF INED SERIES OF PAIRED POINTS.

RECGRD 3401
MODID INT E GE R - MODULE 10 OF PUMP

tt3PUMTIIi INTEGER - NUMBER EE T ABLE ENTRIES Ore CORRESPOtOING 3911 RECORD

S3PTPP REAL 5 plt 1P TRIP TIME

INTEGE R -
PPS/PCS 'PTION 0-IC[KOFPPS/PCS; I-ACCEPT PPS/PCS SIGNAL

N3PCAS *

* TOTE: AT PRESENT , N3PCAS MUST DE SET EQUAL TO ZERO(0).

RE CCf<D 3911
' MODID jNIEC4R - MODULE 10 OF PUMP

PE At S T IME FOR Y ABLE ENTRYS3PUMTiin *

HEAL Rt L AT IVE PUMP SPt L D O -F UL L ST OPPE D; l -F Lt. L SPEEDH5PUMI(l# *

= NOTE: DAIA IS ENTEM D A'i A U9 R DE F ltt 0 SERIES OF PAIRED POINTS.

|

Table 7-7 (cont.)
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1

PECDPD 5031
LEPJPT INT E GE H - TR Af6!ENT POWE R t L AG; O - PROMT Jt#1P APPROXIMAT ION, 1 - EXACT

-

,

N5E% P INT E GE R -

ta r1 DER Of DE L AYE D ttUTRON GROUPS ( MA X [ MLei t.( 6)
i C5LN PE AL 5 PROMT PE UT RON GE fir A T ION
.I

*
TIME

} HECORD 5002
i F'.E>f lS t v l PE AL -

FRACTIONAL POWE R IN E ACH CHANNEL AND BYPASS DUE TO F ISSICt4 HE AT INGl
(K = I ,fi>CHAN * l l

RE COPD 5003
. f5BETAINI Fl AL -

F H AC T 1 L24 Of N- TH E F FE C T I VE DE L A YED PEUTRON GROLP 10(N(71j
4

( HE C t+C 500*
1 C5LMDAtNi RE AL S-! DE C A Y CONS T ANT Of N- TH DEL AVED f(NTRON GROtP (0(N<75i

f .

1 RECORD SCC 5
F 5Pt3PD i l l RE AL -

F RAC T IOf4AL TRANSil NT DE C AY POWER IN OYPASS
*

I EtPOPDtii RE AL S 1RAthlENT POSISLRAM T IML F OR DE C AY POWE R IN UfPASS
*

* NO f f : DATA IS ASSI6 rid AS A tr,E R DE F i tt D SE R IE S Of PA IREO POINTS C4 UP TO 2S PA!RS.
N
e RECC60 5101 - 51 % ( I Pt'L I E D CH Af f E L DE PE fft f A' Y , K = RE C . ra.ti . - 5100 s( F5PD411 REAL -

F R AC T |C#4AL TRANSIENT DECAf POWL R IN K- TH CHAT #JEL
*

S5f0111 FE AL S T R ANSI E f 4 T POS T SCH AM TIME F OR DE C A Y POWE R IN K-TH CHAf#f L
*

1

t4G T E : DATA 15 ASS!6 FED AS A USE R DE F itaED SI RIES Of PAIREO POINTS OF LP TO 25 PAIRS.t *

hi C Cs<D 5201 fP.r 3 L IMP 1 It D C HAff& L DE Pt f a lt f 4C ( , K RE C . NL N . 5J003"

F % FtJ1 bi At R
Mt SH WE 1GHit D lu 4'PL [ R Fl AC I . COI f . W!IH SODIUM PRESE NT FOR K-TH CHAT #JEL
EJ 1,f f.6L I C * A l l

htC0HU 5301 - 5Fr) l lMPL lE D CHAR #4t l 1( PE Nf 'E f A' Y , K Rt L . f AM . -51001
) F56D&tJa PE AL R

ML SH Lt 16 Hit D [xiPI [ R HL AC T .CL4 6 . W / O SOD ilti PRE SE N T F OR K- T H C HA Nf f L; tJ 1,th3L|CIAls
i
! PE C t60 5%31 - 5* % l lMPL IE D CHANf e t OL PE NEiE iK. Y . K = HE C .tA M. - 5% 0G I

FbuR2T(J1 f,E At h/AG MELH WL I(44TED SODilti VOlO PEACT.Cutf. F OR K - TH CHANT 4L (J = 1.NSSLICik11

HECOPD %GI Swi i ltt'L IE D Criart& L Et F t rif NC Y , K = RE C . ra ti . -55001
F 5AW6T t J) FE At HiFC

NE SH WE |(44T[ D f Ut i AXXAl E kPANS!(t4 RE AC T . COL f . F OR K- TH CHANNEL (J= 1.NSSLiC(K))
i

1
> hECCFD LGol
. L tM l *. I Nit i .l H MlalNo i s Pf OP i l Of 4 ; i Of4E lOti. MIXING, 2 TWO Zori MIXING
i L tiL OW If 4TE tt O i i (A4 Pt DIGIHilD tilt >N UPT ION; O - NO F L OW HE D I S T R I BU T I ON , 1 - F LOW REDISTRIBUT IONi

[ I LSI ('H hi AL > GUf f R t t A T TE MPE R A It61j
IF SE T .LT.

0.0 THEN THtRMAL EXPANSION MODft WIL L EE llSE D IN OOlL ING CAL CLL AT IONS.
IF SE T . Gf . 0.0 THfN S I NI >t : MASS 6 L C44 RATE WIL L OL ( R A D IN BOIL ING C ALCLIL AT IONS.

Table 7-7 (cont.)
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RECORD E002
LE4 GAS INTEGER - COVER GAS PHESSURE OPT ION; I - CONSTANT MASS. 2 - CON $ TANT PRESSURE. |

3 + CONST ANT FEED /8LEED RATE g

i

06CC48 RE AL AGr5 COVER GAS FEED / BLEED RATE j

P6CGF8 REAL N/M2 COVER GAS PRESSURF CHANGE REOUIRED TO ACTUATE FEED / BLEED VALVE |
,

I

RECORD 0001
N8PCSD INTEGE R - tauMUEra OF FEEDRACK CASCADES IN IHE PEACTOR POWER CONTROLLER

N8 CONK INTEGE R - tJUMUER OF PRIMARY CONTROL ROD BANKS s

t

|
4

RECORD 8002
L8PUtP4Js * INTEGER - MANUAL / AUTO PUMP TRIP FLAG; I - MANUAL. 0 - AUTO (J = 1.19'NILOOP+1)) !

!

NOTE: PARAME TERS ARE ASSIGtEO ON A SUBSYSTEM /COMPONEt4T BASIS. THAT IS. DATA ;

ASSIGNMENTS ARE MADE FOR THE PUMP IN PRIMARY LOOP l . THE PUMP IN PRIMARY ;

LOOP 2 iIF NEEDED). Ato 50 SO ON. UP 10 TtE PUMP IN PRIMARY LOOP "t41 LOOP"

THE DAT A FOR ALL "NILOOP" PRIMARY LOOP PUMPS IS FOLLOWED BY CORRESPOPOING
SERIES FOR TtE SECONDARY LOOP (S) AND E ACH OF TWO OUMMY STEAM GEtERATOR ,

y
PUMPS. DAT A F OR THF L AST PUMP 15 ASSICNED TO THE TUR81f4E. PUMP TRIPS

a

C5 FOR TtE STEArt GENE RA!N APO* .UROltE MUST DE SET THROUGH RECORD 3901.
E.a

RECORD 8003
REAL 5 PUMP T RI P T IME DE L AY AF TE R Af4 AU TOMAT I C PPS S I GNAL (J = 1.49'NILOOP+1))58 TOL Y l Ji *

NOTE: PARAME TERS ARE ASSIGNE D ON A SUBSYSTEM /COMPOtENT OASIS. THAT IS DATA [

ASSIGtJMLNTS ARE MADE FOR THE PUMP IN PRIMARY LOOP 1 TFE PUMP IN PRIMARY t

L OOP 2 i I F tJE E DE D ) , AND 50 50 ON. UP TO THE PUMP IN PRIMARY LOOP "NILOOP" !
ItC DATA FOR Att "N. LOOP" PRIMARY LOOP PUMPS IS FOLLOWED BY CORRESPOPOING
SERIES FOR TFE SECONDARf LOOP LSI APO EACH OF TWO DUMMY STEAM GENERATOR
PUMPS. DAT A FOR TtC LAST PUMP IS ASSIGNED TO itE TURBINE. PUMP TRIPS
FOR THE STEAM GENERATOR Ato TURGINE MUST BE SET THROtrAi etECORD 3901.

F<ECORO 90O*,

S8 mat 4P t J i * RE AL S TIME AT WHICH PUMPS ARE TO BF TRIPPED MANUALLY IJ a 1.t9'NILOOP+11)

NOTE: PARAME TERS ARE ASSIGNED ON A SUBSYSTEM /COMPCtJEt4T BASIS. THAT IS. DATA
ASSIGit1E NTS ARE MADE FOR THE PUMP !N PRIMARY LOOP l. THE PUMP IN PRIMARY
L OOP P ( If NE EDED r . AND SO SO Ote. UP TO itE PUMP !N PRIMARY LOOP "NILOOP"
TtC DAT A FOR ALL *NILOOP" PRIMARY LOOP PUMPS IS FOL LOWED BY CORRESPONDING
SE RIE S F OR TIE SECOtOARY LOOP LS) AtO E ACH OF TWO OUMMY STE AM GEPERATOR
PUMPS. DA T A F OR TEC LAST PUMP 1S ASSIGNED TO THE TUR8INE. PUMP TRIPS
FOR ItC STE AM GEPERA TOR AND TUF<HltE MUST DE SE T THROUGH RECORD 3901.

RE CCHO Es005
F f>DI RE AL - t RAC i 14 44AL t uWt R DE MAtO A T T I ME = 580TI

F Ep %2 F<E AL - f R AC T I(*4AL .POWE R L '1AND AT TIME = 58DT2

580T1 RE AL S TIME AT WHICH Itt LOAD DEMAto ST ARTS CHANGING ,

SEsO T 2 M At b TIML AI WHICH T6C LOAD DE MAtO REACHES A CONST ANT LEVEL

Table 7-7 (cont.)
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I

!

*

PECORD tsDC6
FURSCR REAL 1 RE AC T ! v ! T Y WORTH OUE THE SECOrOARY CONTROL ROOS (EO 3. 4- ? '' )

.!
4

F EPIJN RE AL i COL D SHUTDOWr4 MARGIN OF RE ACl ivliY ( CON 2T-..' (EQ. 3.%-30)
|
i

! 285RMx RE 4 M MAX [ MUM INSERTION LIMIT OF THE SECOtOARY .o. 'OS CORREL OrJOING TO F85Rtig

! IEG. 3.%-311

| F8SAMx RE AL i MA x 1 MUM FE AC T I V I T Y WOH (H Of i>E SE COtJORY CONTROL Ro--- (EO. 3. % - 31 )

FOR$TP REAL $ REACT!VliY WORTH OF it0 PRIMAHf SYSTEM STUCK ROD 'EL. 3.%-38A)

I
i F8HSTS FEAL $ REACTIVITY WORTH OF THE SECOf0ARD SYSTEM STUCK RuO (EQ. 3 %-3101
1

l
- RE COHD GG37

REAL - COLF F IC IE NTS FOR A biH DEGREE POLYNIMjAL (EQ. 3.%-37)j C8A0 *

REAL - COEFF ICIEt415 FOR A 6TH EEGREE POLYNIMI AL (EO. 3.%-37)CbAl *

RE AL - COE F F I C I E N T S F OR A 6TH DE GHEE POL YN IMI AL (EQ. 3.9-373C6A2 *

REAL - COEF F (CIENTS FL4 A 6TH DEGRE E POL 1NIMl AL (EQ. 3.4-37)C8A3 *

RE AL - COEFF ICIENTS FOR A 6 TH OE GRE E POL YN I M I AL tEQ. 3.%-37)C84* *

REAL - COE f f ICIER 4TS F OR A 6TH Ef GREE POLYNIMI AL (EO. 3.%-371(EA5 *
y

'
e

F<E AL - COE F F IC IE NTS FOR A GTH DEGRE E POL YNIMI AL (EO. 3.%-37)| Ch CHA6 *

*
RE AL CUl f F IC IE,NIS FOR A 6TH DEGRE E POLYNIMI AL (EQ. 3.%-371

1 C t163 **

1
HEAL CCif f lC lENTS F OR A bf H DE GRE E PC( Yts lMI AL (EQ. 3 %-37)C et31 **

RE AL - COE F F IC it NTS f t R A 6TH DEGREE POL)NIMIAL IEO. 3.%-376Coud **

RE AL Cot F F IC IENTS F OR 4 G TH OE GRE E POL YNI MI AL (EQ. 3.%-37)Ce03 **

i

I C tsb% ** FE AL Cot F6 IC IE r4TS F OR A 61H DE GREE POL YNIMI AL IEO. 3.%-37)

9E AL CDE F f IC IE NIS FOH A 6 TH L4 GRE E POLYNIMIAL tEO. 3.%-373C titf5 **

l
FE AL - COE F F I C I E N15 f 0R A 6TH OE GRE E POLYNiMI AL (E O. 3.%-373

| C8P6 **

StOP T REAL $ M A x ! ti ti T IME RAN(i OF VALIDLTY Of POLYNOMI ALS FOR f tC PRIMARY ROOS

FHISPI FEAL F H AC T !OfJAL POHi l ON Of THE SCH AM RODS AT WH ICH WE SH IF T TO SECOfO POLYNOMIAL FIT

relTE ; 1HIS PGi Yte til AL DE SCHlhE S THE FHIMAHY ROO POSI T ION AS A F Lf4C T I ON Of TIME=

AFTER SCRAM WITH 164 ROUS FULLY OUT.
tajiE : 1 H ! b pol Y NLit t Al ht SCRIfsE S T HE PHIMARY ROD POSITIOr4 AS A F l.tJC i l ON OF TIME**

A6T[H SCRAM WITH T hi RODS PARTIA!LY I NSER TE D .

Table 7-7 (cont.)
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RECORD 8008
REAL - COEFFICIENTS FOR A 6TH DEGREE POLYNIMIAL (EO. 3.9-371C8CO *

REAL - COEFF ICIENTS FOR A 6TH DEGREE POLYNIMf AL (EO. 3.%-371CBC1 *

C8C2 * HEAL - COEFFICIENTS FOR A 6TH DEGREE POLYNIMIAL IEO. 3.4-371'

RE AL - COEFFICIENTS FOR A 6TH DEGRE'E POLYN]MI AL (EO. 3.%-37C8C3 *

REAL - COEFFICIENTS FOR A 6TH DEGREE POLYNIMIAL (EO. 3.9-371COC% *

REAL - COEFF ICIENTS FOR A STH DEGREE POL YNIMI AL (EO. 3.%-37)C8C5 *

REAL - COEf flCIEt4TS FOR A 6TH DEGREE POLYNIMI AL (EO. 3.4-37)C8C6 *

58055T RE AL 5 MAY! MUM TIME RANGE OF VALIDITY OF POLYNOM1 ALS FOR THE SECONDARY RODS
i

'
* NOTE: THIS POLYNOMI AL DESCR!EES TFE SECOtOARY ROD POSITIOtt AS A FUFCTION OF TIME

'AFTER SCRAM, SINCE ItE SECONDARY RODS ARE ASSUMED TO BE FULLY OUT , ONLY ONE
POLYNOMIAL IS USED. !

>

|

| RECORD 8009
-

'

3 58R!l RE AL S TIME AT WHICH TtE REACTIVITY lt6ERTION STARTS. .

I !

| p 58R12 REAL S TIME AT WtilCH THE REACTIVITY lt6E RT ION E NDS.

h FBRII REAL 5 REACTIV!TY AT THE START OF THE INSERTION (CORRESPONDING TO SORll)'

F6Rl2 RE AL $ REACTIV!Ty AT THE END OF THE INSE RT ION I CORRESPONDING TO SOR12) '

RECORO 8010
RE AL - MAtlMUM FRACTIONAL V AL VE OPLNING (I 1,tNILOOP+31) (EO. 3.9-574F8VMAx(11 =*

|
REAL - MAXIMUM VALVE TRIM (!= 1, t NIL OOP+ 3 8 ) (EO. 3.4-571' F8TRMA(!) *

* NOTE: DATA IS ENTERED AS A SERlLS OF PAIRED Pott 4TS. THE INDEX *1" IS INCREMENTED
OVER THE SE T OF ALL REQUIRED DAT A. THE REQUIRED VALVE SEQUENCING 15: ,

- MAIN FE ED WATER CONTROL VALVE t ONE EN TRY PE R LOOP I ,
- T HRO T T L E V AL VE ,

0) PASS VALVE.
- MOTOR OPERATED REllE F VALVE

t<ECORD B01!
HE AL - MINIMUM F RACT IOf4AL V AL VE OPE N ING Il 1. ( N I L OOP + 31 ) (EQ. 3.%-57)f8vMINtil * a

RE A. - M I N I Mt ti V AL VE 1 RIM (f 1, 8 N! L OOP + 31 ) 4 E 0. 3.9-571f ts T RMN i l l * =

* NO f f : DATA 15 E NTE RE O AS A c. ERIE S OF PA!RE O POINTS. THE INDEX "l" IS INCREMENTED
OVE R ItE SE T OF AL L RE QU I PE D O A T A . TFE REQUlHED VALVE SEQUENCING IS:

MAIN FE ED WATE R cot 4 TROL VALVE tote ENTRY PER L OOP l .
- itiROT TL E VALVE.
- B) PASS V AL VE .

MO T OR OPE R ATE D RL L IE F V AL VE

|

Table 7-7 (cont.),
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1 1
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i

|
.

f*E C CPD 8012
1,(NILOOP+3)) (EQ.3.9-57JSuCPE N t i l REAL 5 VALW OPENING T I Mt' (! =

* F40TE: THE RE QUIRE D VALVE SEQUENC ING IS:
i - MA lt4 F EED WALE R CONTROL V ALVE t ONE E N T RY PE P L OOP ) ,
; - T HRO T T L E V AL VE ,
,

- BYPASS VALVE,
i - MO T OR OPE R A T E D RE L I E F VALVE
t

F<E C ORD 8013
1, I t4 L LOOP * 3 ) ) ( E Q . 3. 9-57 )58 CLOS (!) REAL S V AL VE CL OSING T IME (l =

* NOTE: THE REQUIRED VALVE SEQUENCING 15:
- MAIN FEED WATE R CONTROL VALVE (ONE ENTRY PER LOOPl.
- THROTTLE VALkE.
- BrPASS VALVE,

i
- MOT OR OPE R A TE D REL IE F VALVE

4

RECORD 8019j T IMF CONST At4TS USED IN COMPUTING SE NSOR ME ASUREMEt4T T IME L AGS. II = 1,3+5'NILOOPlCt3TIMEtji RE AL S
(EO. 3.9-1)*

|

P40f E : THESE CONST ANIS CORRESPOND TO TIE FOLLOWltO SE NSORS:
RE F E RE NC E PRE SSUbE

- SOO!UM L EVE L
N - IHX OUit E T T E MPE R A TURE (ONE ENTRY PER L OOPi

h - EVAPOHATOR INLET TE MPE R A T URE (ONE ENTRY PE H LOOP )
i cn - FEED WATEa FLOW RATE ( ONE E t4 T R Y PE R L OOP )

STE AM FL OW RATE (ONE Et4TRY PE R L UOP I
- STE AM DRUM LE VEL 60fL ENTRY PER L OOP)
- RL AC T OR OU TL E 1 NO22LE TEMPERATURE

I
f

! RECORD 8015
1 U81RE F RE AL PPM PE f t FE NCE 100 F'E PCE N T POHE R , PRIMARY L OOP PUMP SPEED

UGORE F PEAL RPM REFEREtKE 100 Ft RCE N T POWE R , INTERMEDI ATE t OOP PUMP SPEED

I
e W81 RE F RtAL VU/S Rt F E RE tK E 100 PE RCE NT POWE R, PRIMARY L OOP SC)DIUM MASS FLOW RATE
t

W6PPE F dt At vG/S REFLHfNCE 100 PE RCE NT PO&& R , INTERMEDI ATE LOOP SODIUM MASS FLOW RATE'

\

! TaHREF RE At V RE F E RE NCE 100 PE RCE NT POWER. CORE mixed ME AN OUTLE T T E MPER ATURE

|
; i t31 Ht f Hi Al A RE F E f<L NCE 100 PERCEN a ? OWE R , REACTOR VESSEL SOOlUM INL E T TEMPERATURE

|
| THIPLF RE AL K RL F E kf NCE 1001 POWLR, STF AM T E MPL RA TilRE AT THE TURt3!NE I NL E T

i
' T85REF PLAT K PLF f PE t4CL 100 PE RCE N T POWE H. LOLD SHUT OOWN TE MPt R A TURE

i

Ptf6eE F bE AL t4s Ma *2 bE F E Rf FKE I 00 f E RC E t4 T POWL R , REAC1OR INl E i PLE t4UM PRESSURE

I PO THE F PEA! N/tta * J hl F L PL Ni t 100 PE fKE t41 POWF R . T URH I NE It4L E T FHE SSLCE

PHE4PF Rt AL t4 M**P klFERENtl Illu Pt Hf E NI PtA4E R , PRE SSURE DROP ACROSS F E EDWATER VALVE

! WHFWhF bt AL PG/S RE F E RE NCE 100 PE RCE N T Pu&1 R , FE ED WATER FLOW RA TE

&a3Sif F Hf AL *95 f 6 f E Rf tp f 100 f T RCE NT POWE R , S T E AM F L OW R A T E

i

1

Table 7-7 (cont.)'
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IPECORD 8016
|LBAvtPi!) INTE(ER - PROTEC T ivE FUtCT ICt45 E x AMINE D BY TFE PRIM. SHUTDOWN SYSTEM ii 1.J: O(J<213
t
L

|RE CORO 8037
L8 A'.LS t i s INTEGER - PROTECT ivE Ft.tJCTICES EX AMi>ED BY THF SEC. SHUTDOWN SYSTEM tl * I,J: 0<J<21) |

L

!
!RECORD 8018

LOFLt4' t i t INTEGER - PROTECT ivE rLFCTIONS OPERATIVF 6 0R TT! 1ARY FJiuf DOWN SYSTEM t l = 1.J: O(J<211 !

* NOTE: A T LE AST (tJL Muif BE OPE R A T I VE .
i
i

IRECORD 6019 '

L 8FLf4S ( l ) INTEGER - PHOTECT!vE FLPsCTIONS OPERAT!vf FOR SECOtOARY SHUT DOWN SYSTEM (! = 1,J: 0(Jf213

[
* NOTE: AT L E AST Cet MUST BE OPE RA T I VE .

|

\RECORD 6G20
LOPMAN INTEGE R - MANUAL / AUTO SCPAM FLAG FOR TFE PRIMARY SHUTDOkre SYSTEM; I - MAtoAL, 0 - AUTO [

i
'

56PDLY PEAL 5 FH it AR Y SHUTDOWN SYSTEM SCRAM T IME DEL AY AFTER AN AUTOMATIC PPS SIGNAL
N

h 58PMAN RE AL S TIME AT WHICH PRIMARf SHUTOOWN SYSTEM 15 TO EE MANUALLY TRIPPED
N j

NOff: SELECT IOtJ OF MANUAL SCRAt1 DOES F40T PREVEt4T AN AUTOMAT!C SCRAM, (

TO PfEVENT AN AUTOMATIC SCRAM FROM THE PRIMARY SHtFDOWN SYSTEM. 58PDLY r

SHOLLD DE SE T TO A LONG T iME. I

RECCRC 632I f
L8SMAN I NT E GE R - MAPOAL / AUTO SCRAM FLAG FOR THE SECOtOARY SHHTDOWN SYSTEM; I - tvNUAL. 0 - AUTO !

EOSDL Y RE AL S SECONDARY SFAJTDOWN SYSTEM SCRAM TIME DELAY AFItR AN AUTOMAT IC PPS SIGNAL [
,

S85taAN PEAL S TIME AT witch SECONOARY SHUTDOWN SYSTEM IS TO BC MANUALLY TRIPPED L

t.O T E : SELECT iuN OF MANUAL SCRAM GOES NOT PREVENT AN AUTOMAT IC SCRAM.
TO PHLVE NT AN AUTOMAT IC SCRAM FROM THE SE CONDAHY SHUTDOWN SYSTEM, 575DLY |
Sin".WJL D ti SET TO L ONG T I ME . |

L
RECWD 8101

f ti6SF x FE AL - F R AC T IONAL HIGH PEUTRON FLUX (PPS SETTING) SEQ. 3. -26 i

'l

I

i.

t

:

I
-

,

6

i

?.
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i

_ _ _ -_ __



- - - , . . - - ,

I

I
i
i

!
j RE C ORO 810t'
,| 266Sr4A REAL - RE AC TOR VESSE L SOOlUM LEtLL PPS SETTING (EQ. .5.9-101

1

RECORD 8107
i CGPfl HE AL - SE TPOINT CONST ANT FOR STE AM TO F EED WATER RAT IO FUNC T IONIPPS FUNCT IOrJ 7 6
'

tEO. 3.9-11s

$ RECORD 8108
iti2SHX RE AL K IHX OUILLT TEMPE R A TURE i SETTING (EG. 3.4-121

RECORD 8110
C8PGl REAL - CONST Afil UCIO. IN DE TERMINING TtC SE TPOINT FOR THE PRIMARY TO

INTE RML DI ATE FL OW RAT IO (PPS FUNCTIOf4 101 (EO. 3.4-198

C8PGJ REAL - COr4ST ANT Uc.E D IN OF TE RMINING lt#E SE TPOINT FOR THE PRIMARY TO
i INTERMEDI ATE FLOW RAT IO (PPS F UNC T ION 103 (EO. 3.%-19)
l
i C9PG3 REAL - CONST ANT USED IN DE TL RMINING THE SETPOINT FOR THE PRIMARY TO ,

INTERMEDI ATE FLOW RATIO (PPS F UNC T ION 10) (EO. 3.%-l%1 (

$ COPG9 RE AL - CONSTANT LfaED lt4 DE TE9MINlt#i Ttt SE TPOINT FOR THE PRIMARY TO

J
INTERMEDI ATE F LOW RAT IO (PPS FUNCTIOt4 101 tEO. 3.9-19)

C6PG5 FEAL - CONSI ANT Uff D IN DE TLRMINING THE SE TPOINT F GR TFC PRIMARY TO
INTERrt'OIATE FLOW RATIO (PPS F UNC T ION 101 (EO. 3.9-l%>

C BPGti PE AL - CONST ANT USED IN DE TERMINING THE SETPOINT FOR THE PRIMARY TO
[ INTERME DI ATE FLOW RATIO IPPS FUNCTION 101 (EO. 3. 9 - ! <. s

m
CD RE CORD 8111 *

Z83SMx RE A1 M SE TPOINT SIE AM DRUM MAX lMUM WATER L EVEL PP5 SE TilNG 100. 3.9-iLA

Z83SMf 4 REAL - SEIPOINT STE AM ORUM WATE R LE VEL PPS SETTING (EQ. 3.9-151

!
4

d RECORD 811d'
18 dSE V r<E AL A PPS SE I T I NG E V APORA TOR E X I T SODIUM TE MPE R A T LCE 4EQ. 3.9-161

RECORD Hil3
T othN2 RE At k PPS SE I T Ifdi Rf AC TUR OUTLET NOZZLE TEMPERATLNE tEO. 3.9-171

RLCURO 811%
F t31SF L Rt At - PRIMARY PUMP PP5 ';L T i l NG tEO. 3.%-181

! RtCORD 8115
! F 8;"El PE At INTE RMI DI A TE PUMP SPt E D PPS SE T T ING IEO. 3.9-101

i

|

HE C Ut<0 8200
f ee tf AL fi At HIGH FLU 4 L | MI T E H 4 F R AC T I ON OF 1)i

3
F8CFDZ RL Ai - C ut4 T HOL fu)O Di AO ZoiJE IF RACT IOrd GF 11'

1

1

:

j Tabl e 7.-7 (cont.)
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fRECOPD 8102
C8 pal RE AL - CONSTANTS USED IN DETERMINING THE SETPOINT FOR FLUX DELAYED

'

{FLUX FLtJCT ION WHEN RHO IS GREATER THAN O d PPS FUNCTION 2) (EO. 3.9-3)

COPA2 RE AL - CONST ANTS USED IN DETERMirJING sHE SETPOINT FOR FLUX DELAYED |
FLUX FLNC T!ON WFEN RHO IS GRE ATER THAN OIPPS FUNCT ION 21 (EO. 3.9-31

'

i
i

i C8PA3 REAL - CONST ANTS USED IN DETERMINitJG THE SE TPOINT FOR FLUX DEL AYED f
I FLUX Ft#CTION MEN RHO IS GRE A TER THAN O (PPS FUNC T ION 2 3 (EO. 3.9-3) |

COPA9 REAL - CONST ANTS USED IN DETERMINit& TtC SETPOINT FOR FLUX DELAYED !
FLUX FUNCT ION MEN RHO IS GRE A TER THAN O I PPS FUtJC T ION 2) (EO. 3.9-3)

C8PA5 REAL - CONST ANTS USED IN DETERMINING THE SETPOINT FOR F LUX DELAYED i
FLUX FUNCT ION MEN RHO IS GRE ATER THAN O tPPS Ft# JCT ION d) (EO. 3.9-31 :

COPBI REAL - CONST ANTS USED IN DE TERMINING itC SETPOINT FOR FLUX DELAYED
FLUX FLtJCT ION MEtJ RHO IS LESS THAN O(PPS Ft#4CT ION d) (EO. 3.9-31 i

C8P82 RE AL COtJST ANTS USED IN DETERMINirJG TLE SETPOINT FOR FLUX DELAYED
FLUX FLtJC T ION WHE tJ RHO IS LESS THAN O tPPS FUNCT ION 2) (EQ. 3.9-3)

C8P83 REAL - CONST ANTS LEED IN DE TERMINitJG THE SE1 POINT FOR FLUX DELAYED !
y FLUX FLNCTION WHEN RHO IS LESS THAN O tPPS Ft# JCT ION 21 (EO. 3.9-3)
a

<n C8P89 REAL - CONST ANTS USED IFA DEIERMIN!NG itE SETPOINT FOR FLUX DEL AYED
@ FLUX Ft# JCT ION MEN RHO IS LESS THAN 0 4PPS Ft#JCTION 21 (EO. 3.9-3) |

C8P85 REAL - CONST ANTS USED IN DE TERMINING DE SE TPOINT FOR FLUX DELAYED
FLU ( FUNCT ION MEN RHO 15 L E SS THAN O (PPS Ft#4C T ION d i LEO. 3.9-31 f

f

!'

RECORD 8103 |

( CHPCI REAL - CONST ANT USE D IN DE TERMINING THE SE IPOINT FOR F LUX-SORT (PRES |

j SURE i FLtJC T IONE PPS Ft# JCT ION 31 (EO. 3.9-8) |
| \
| COPC2 PE AL - C OtJS T ANT LEE D IN DE TERMINING ItC Sf fPOINT FOR F LUX-SQRT (PRES i

! SURE) FLNCTlONI PPS FLNCTION 3) (EQ. 3.9-08 I

! !
f C8PC3 REAL - CONST ANT USED IN DE TERMINING THE SE TPOINT F OR FLUX-SQR T tPRES
( SURE) F t#JC T ION E PPS F UNC T ION 31 (EO. 3.9-B) ;
i '

I PtCOPD 8109
CUPOl RE AL - CONST ANT LFED TO EE TERMINE ItC SETPOINT FOR PRIMARY TO INTER

MEDI ATE SPE E D RailO Ft#4CilON ( PPS F UNC T ION 9 3 (EQ. 3.9-98

CUPD2 REAL COtJST ANT USE D TO DETERMINE THE SE TPOINT FOR PRIMARY TO INTER
MEDI Alf SPEE D RA T IO FUNC T IOtJ (PPS Ft#JCTION 9) (EO. 3.9-9)

CHPD3 PE AL - CONST ANT USED TO I( IERMINE Ytf SEIPOINT FOR PRIMARY TO INTER
Mt DI A TE SPEED RA T !O F UtJC T I ON (PPS FUNCilON 9) (EO. 3.9-91

Cte)(N RE AL - LONSTANT USt D TO DL TE RMite THL SE TPOINT FOR PRIMARY TO INTER I
MLulAIF t,Pl ED RA T IO fl#El lUN ( PPS F t#4C T ION 9 3 (EO. 3.9-91 i

i

CHPOS PEAL COf 6 f ANT USE D TO DFTERMINE THE SETPOINT FOR PRIMARY TO INTER |
MED I A TE 5PE E D R A T IO F t#JC i lON (PPS FUNCTION 9) (EG. 3.9-91 ;

!
E8PD6 PEAL CE# ST ANT USE D TO DE lE RMINE Ttf SFIPOINT FOR PRIMARY 10 INTER i

MLDI ATE SPEED RAT !O f t#JC TION (PPS FLNC T ION 91 (EQ. 3.9-9) i

_.___ _____________________ - ---
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HFCORD 8201
IN I E GE R - PPS/PCS MODULE lELNi l F IE Rt100'D *

1
'

Z8CRIN RE AL M INITIAL POSITIOt4 OF THE PRIMARY CONTROL ROOS, MAY VARY FROM 0.0 tFULLY INSERTEDI TO
| Itt V ALUE ASS!GNED ZUCRMX (FULLY WI THDHAWin (EO. 3.%-39)
i
L |

k ZBCRM4 HEAL M MAXIMUM INSE RIlON L IMI T C# THE PRIMARY CONTROL ROOS (EQ. 3.9-39)

Z8 SAT PEAL M PRIMARY CONTROL ROD SATURATIOt1 POSITION

Z8LOCR F<E AL M L O((R POSI T ION OF T6f ROD DAtF BEFORE Itf PEX T BANK MOVEMENT BEGINS ,

|
ZOCRUP PEAL M UPPE R POSI T lota OF THE ROD BAtW OEFORE IFC NEx1 BAF4K MOVEMENT DEGINS

|,

| U8CREta REAL M/S PHlMAHf cot 4T ROL RDD DOWNWARD VE L OC I T Y (NEGA T I VE VALUE s (EO. 3.%-36)

| U8CRUP fiE AL M/S PRIMAR( CONTROL ROD UPWAPO VEL OC I T Y (POSITIVE VALUE) (EO. 3.%-36)
,

I F8AOMs RE AL $ MAv !MLei PE AC T I V I T Y OF THE PRIMARY CONTROL ROD BAtFS tEO. 3.%-391

NOTE: A *1001D IS A THRE E ( 31 DIGli CODE DESIGt4E0 TO UNIGUELY IDENT IFY A*

PC S CON T ROL L E R . SINCE A CONTROL ROO DANK IS DEF INE D WITH NE I THER
SUH -Si S T E M NOR LOOP DE PE tJDE NC I ES , O l G I TS ore t 11 AND THREE(31 ARE
01 COrattt4T ION ALWAYS ASSIGf fD A V ALUE OF ZERO10 3. THE REMAIN!?JG
DIGli (21 DESIGNATES THE bat * TO WHICH THE DATA 15 ASSOCI ATED.

N 1 T 'S VALUE WILL rat 4GE F PC*1 ONE t I ) 10 THE USER DEF INE O MAxlMUM NUMBER
: OF COF41RUL ROD Bath 5 (N8CBF# ) WHICH IS FOUND 04 RECORD 8001.

N
O

Rt CORD 8301
I NT E GE R - PPS/PCS MODULE IDENT IF IE RMODID =

MHMOTR INTE GE R MOTOR T (PE F L AG (G/1 SOUlRREL (AGE / WL*O ROIOR;

t4tteGL E INT E GE R - NUMBE R OF PAIRS OF PtX ES F OR SQUIPPEL CAGE TYPE MOTOR 1E0. 3.%-93)

Grf Rt R REAL HE H T Z I GO PL fCE N T RE FE RE NCE F REGL(NCY CE THE MOT OR-GE NE RA TOR SE T

ChPC; RE AL CONST At4 T S AdSOL I A TE D W I TH THE Pt r1P DR i vE SYST E M IEG. 3.%-%0)

Ces AC T RE AL - AC TUA f DR lot 4ST AF4TS (EO. 3.%-%%)

F tntPL FEAL - Pt t1P e t l GH SPE ED L IMIi

RtsMA * RE AL OHMS MA(IMUM RESIST ANCE OF THE L I QUI D RHE OS T Al ACTUATOR (EQ. 3.9-51)

et&O T RE AL ut e*G MOTOR Hi S I ST ANCE 4 EQ. 3.9-501
'L &RF M REAL HPM SINCIMONOt IS SPE E D C4 THE SOOlUM PtMS (EO. 3.% -5 3 )

t#ilt : A MODIO is A T HRE E. ( 31 DIGli CUL{ Dt SIGtf D TO UtilOtK L Y liX N T IF Y A*

M S L ON T ROL L E R . SINCE IHf RF IS ONL) Ort' DR I VE R PER PtM) AND Ord PUMP
Pt R t t' a 4 % fuf SE L( ND D IG 1 i OF itt PUMP CON 1HOL L E R F10DIO 15 SUPE RF LUOUS

'AND 15 bv L ONVErdiluN AL WAYS ASSIGNE D A V AL UE OF ZE ROi O I . THE F IRST
DIGli Ut THE MtOID CULT IS ASSIGtK O ON A SUEfSYS TE M OASIS. A Plt 1P
DH i \ E R IN A PH!M,aHY HE A T TH ANSPOR T SYS TE M 15 AS$1Grd D A VAL UE OF Off(l)
udLE THE SE CONDARY SYSit M COUNTE RPART IS ASSIGNLD A V AL UE OF TWO(2).
1HL PLANT LOOP 15 IDfNilFitO Bf DC t10DID t S L AST DI G I T . ITes
rat 6t UF VALID VALLIS I S Of f ( l ) T HROt )GH IHf MAX IMUM talMOE R OF LOOPS
SIMit A TE D INILOOP6.

Table 7-7 (cont.) |
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t

RE r '' J 6%00
NGC%1st i i li.it A R - taJMHER OF FLOW CONTROLLER CASCADES ASSOCI ATED WI TH EACH SUBSYSTEM / COMPONENT t

il = 1,1 % * N I LOOP * 313 f
i* NOTE: IK FOLLOWING CASCADE SEQUENCING IS ASSUMED;

. i- PRIMARY HEAT TRANSPORT SYSTEM IONE ENTRY FOR EACH LOOPl .
- SECOtOARY HEAT TRANSPORT SYSTEM (OfJE ENTRY FOR E ACH LOOPD , f

- FEEDWATER WATER PUMP (OPE ENTRY FOR EACH LOOP 3, ,

- FEEDWATER VALVE toff ENTRY FOR E ACH LOOPl . (
- THROT TLE V ALVE . [
- BYPASS VALVE, [
- RELIEF VALkE !

PECORD 040I
HCOID * !NTEGE R - PPS/PCS MOOLLE IDENi lF IER

718FL AG INTEGER - CONTROLLER MODE FLAG 4 0/1 , AUTOttAT IC/MANUAll (FIGURE 3 %-33 |

F8 GAIN REAL - CONTROLLER GAIN (EO. 3.9-221
I

F8REPT REAL ir5 INTEGRAL CONTROLLER REPET I TION RATE |
g

C8 TIME REAL S T IME cot 4ST ANTS (EO. 3.9-221

F8ROLU FsE AL - INTEGRAL L IMI TER t UPPER L IMI T I

FaKLD PE AL INTEGRAL L IMI TE R(LOWER L IMI T l |y

F 8DOPO RE AL - DEAD bAPO (F RAC T IOP4 OF 11

h8PM RE AL - MArOAL ADJtETIOL E SE TPOINTS FOR CONTROLLERS ,

'

C8 T IME RE AL $ f lME. CONST ANTS

Cef P RE AL - FLOW CONTRCLL ER PART-LOAD PROF ILE COEFF ICIENTS FOR LOAD DEPENDENT SET POINTS

* NOTE: A MODID IS A THHEE t 3 DIGif CODE DESIGNED TO OtJ1QLELY IDENTIFY A
PCS CON TROL L E R . lHE F IRST DIGIT DENOTES iti SUBSYST E M/ COMPONENT . !T
MAY ASSLtiE % ALLES OF ONE t 11 THROUGH EIGHTt8) IN ACCORDANCE WiiH iti
FOLLC441tJG DEFINIT ION:

I - PHIMARY Ff A T TRANSPORT SYSTEM
2 - SE COtOARY ff AT TRANSPORT SYSTEM
3 - F E F cwa TE R Kt1P
% - F E E L44A T E R V AL VE
S- itPOTTLE VALVE
8' - BiPASS VALVE
7 - RLLIEF vat %E
8 - PCSLR CCt41ROL L EH

OlGIT TWO(26 [DE NT IF IES A CASC ADE WI THIN A SUBSYSTEM. IT IS ASSIGtED ,,
% ALUE CE Cet t i n TO A LtSE R E(F itt D MAX IML*L FOR SUBSYSTEMS I THROL94 7
THIS MAxlMuM IS f(F Itt D BY A CORRESPOtJOING E NTRY ON THE 8%'O RECORD. TK
MAXIMUM NLfitt H (f POk& H CONIROLLERS (SUBSYSTEM Es t IS CEF INED ON RECORD 8001.
Itt. PLANT LOOP 15 1[t N!!F IED BY THE L AST DIGli OF THE NOOlD. ITtS RANGE
i s ZE RO10 : itW<OUChi Ttt: MAxlMUM NUMBER OF LOOPS SIMut A TED INILOOPl . A VALVE
Cf IE RO t O I IN THE THIRD DIGli Ito!C ATES NO LOOP DEPENDENCY. OY CONVENTION
A IE RO r o s IS AtHAYS ASSIGidD TO itE THIRD DIGli OF POLER CONTROLLER t10DIO.

Table 7-7 (cont.)
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i

!
I GECCRJ kcl

59tAST RE at S TOTAL PRO 6LEM SIMUL AT ICr4 i iti
4

| S WAuA et al S max!MLei T IMESTEP ALLCsiD
1

59M!t.A FEA S M I N I Mtet T IME STEP AL LOWED

5951NT RE AL L MASTER CtOCK INTERVAL AT WHICH A REST ART DUMP WILL OCCLR
1 59PINTIJ) RE AL 5 MALTE R CL OCA INT E R'. AL AT WHICH A SYS T E M F<E PCA T WILL BE GENE R A TE D

*
I

f S$1NT t J+ 1 * FE AL 5 M45fER CLOCK T IME AF T E R WHI CH T4 CORRESPONDING 59 PINT .S to LOtaGER VAL ID
i

I~{ * NOTE: THE ! Pit u '# 15 INCREMENTE D OVE.R Ttf SE T GF PAIRED POIN!S.
lHERE MAY BE AS MANY PAIRS a I t.T E R v AL S I AS THE USERS F itOS NECESS AR(.

1 SuPINitil 15 IMPOCE D F ROM T IME O TO 59PlNit2). 59PINTt3) !S TFita USED FROM
| Itf MASTER CLOCK TIME SwPINit2 TO 59PINit4). SIMIL AR lL Y , 59 PINT (5) IS USED FROM
'

59PINTi%i TO 59 Pit 4T t 6 5 Ato SO ON.
11 SHOLA D BE APP ARE NT THAT SPINT W1 MLST 6E S TH IC T L Y GREATER THAN 59 PINT (2),

|
APO 59 PINT d 61 MUS T E-E S T R I C T L Y G9E A TE R THAN 59P I Ni t % ) . Ato SO ON.j

i Trf9E IS QUITE A b l i C4 L A f l Tuli PEPt1! T TED IN THE SELEC T ICf4 OF PRINT l t4T E RV AL S
4 HUT Ytf Y MUS T BE C APE FUL L Y C HOSE N 6EE SEC T l Ott 7. 8 )
}

N PE C leo 9032
8 FIEM* A PE AL -

Pe t All' E AC C UR AC Y ACCE P T ANCE L I MI T F OR LOOP THERMAL C AL CUL A T IOt45N
N

F I J' = A fEAL btLAT!VE ACCURACY ACCEPT AriE L IM1i FCA LOOP HvDPAUL IC C AL CUL A T IONS
e

j (SMAuA HE AL RE L A T ! w E ACCtHACY ACCE PT AtKE L IMI T FOR FLKL C ALCUL AT ICt45

FEMAmA PE AL PE L A T I '. E ACCL6ACY ACCE PT AfrE LIMIT FUR li4- VE SSE L COOL ANT C ALCUL A T IONS
i

f/E COs0 SCCI
F I ICOA AE AL Pt L A T ! . E I N T E f4 ACE COto l T I Cr4 ACCEPT Att E L IMI T n9 L OCP HYDR AuL IC C ALCL4 AT ICt45

F E I Ci.A RE AL AftATI.L IN!EDF ACE COtol T IC#4 ACCEPT ANE L IMI T F CR l ta - s E SSE L COOL ANT C ALCUL AT Iotas

&Cx 9009
| L;ECAL INis t L H L Cx P T hi W AL CF TIOte; ! - MODUlt. IS C ALLEO 0 - MoDUL E 15 TOT CALLED
i
{ t !# At N T E r.t a t o e a @ A. 4 IC Ce T IOra. 1 - MWULE IS C ALLED. 0 - t1UUttE IS TOT C AL LED

-

E

j L K Ait INTE t4 H d i t. A*t i 4 tC H A T LA GP T I ON ; 1 MOCUL E IS C ALL ED. O P10Ent_E 15 NOT CALLEO

tMAL I N!t Li R 6 tt L & T1:/a. I t%t a. t IS rAtLED. 0 - MODULE IS TOT CALLED
i t.C Att INTE iE R ! !. stSMt CUOL ANT (* T f fta. I ttut E IS C AL L ED, O MODULE IS POT C AL L ED

t tK at t INitu H f 6 uPf l(N; I - Mt Oi( E 15 C At t t D. O MUDUL E 15 740T C Att ED

!

|
,

!

l.

; Table 7-7 (cont.)

i
I

! O O O
;
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!

| 9 9 9 |
1 'i

! !

'i
L

!

|i

| *
'

RECORD 9005
LIEFRT INTEGER - LOOP TtERMAL REPORT OPTlON; O - f40 REPORT . 1 - REPORT IS GENERATED

LlWPRT INTE GER - LOOP HYORAULIC REPORT OPTION: 0 - NO REPORT. 1 - REPORT IS GENERATED }
l

L3PRNT INTEGER - STE AM GE NF R ATOR RE POR T OPT ION; O - NO REPORT. 1-9 - REPORT IS GErERATED WITH !

CORRESPOPOINulY GREATER DE T All

LSPRNT INTEGE R - FUEL REPORI OPTION; O - NO REPORT. 1 - REPORT IS GENERATED

L6PRNT INTEGER - IN-VESSEL COLLANT REPORT OPTION; O - NO REPORT, 1 - REPORT IS GEtERATED ;

I
L8PHNT INTEGER - PPS/PCS REPORT OPTION; O - to REPORT . 1 - REPORT 15 GENERATED

!

PECORD 9000 *
LSDMPZ INTEGE R - DLP1P L AGELLED COMMON BEFORE INITIAlllATION; I - YES, 0 - NO

$

'
L90MPI INTEGER - (1 UMP L ABELLED COMMON AF TER INITIAlllATION; I - Y E S . 0 - to

E

L90MPL It4T EGE R - DUMP L ADELLED COMMON AFTER LAST TIME STEP; I - YES. 0 - to !
l

[ L9T6LD INTEGE R - DUMP CONTAINER ARRAY T ABL E INFORMATION; I - YES 0 - NO ,

N [
iW

NOTE: THIS RECORD IS CURRENTLY V AL ID OrLY ON CDC INST ALL A T IONS. t*

\ !

|

I i

|

!

Table 7-7 (cont.) !
!
I
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7.9 PROGRAM CONTROL FILE (OLDATA)

O
The input data file OLDATA allows the exercise of other than default

program control. Its principle function is in the generation and subsequent

use of restart data files. There may be up to three records in this file, one

corresponding to each of the code's three control points. In the absence of a

control record, the associated control point default values are assumed.

The syntax of all the records in this file is:

nD m, IN, OUT/

The record number, 'n', identifies the control point. It may be assigned the

values 1, 2 or 3 corresponding to the pre-steady-state initialization, the

steady-state or the transient control points, respectively. The function

parameter, 'm', indicates the control option to be exercised. Its value is

assigned from the following table:

Function Parameter Function

0 No-op

1 Read

2 Write (only)

3 Read and Write

4 (or greater) Default |

The fact that OLDATA is not a member of the set of required input files

should not belie its usefulness. While it is true that the file's utility

i
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!

|
J

(] should not be unduly exaggerated, the file serves a function which, if not es-

sential to the smooth operation of the code, adds sufficiently to it.

In the absence of OLDATA, the system maintains default control. What

constitutes default control is particular to.the individual control points.

In both the pre-steady-state and steady-state modules, processing proceeds

. from beginning to end, neither reading nor writing a restart. Under default

control, the transient is initiated at time zero with the current data image.

A restart is subsequently stored at the interval (S9SINT) specified on TRNDAT

record 9001. By assigning this parameter a sufficiently large value, the

saving of a restart can be effectively subverted.

By employing other than default control, the user can not only initial-

ize to a previous state, but can also dictate which computational modules will

be processed. Access is barred to either the steady-state or transient module

by specifying a No-op.(0) on the corresponding control record. Since OLDATA

is itself processed by the pre-steady-state module, a No-op is ignored on re-

cord one (1). The steady-state calculations could be bypassed if, for exam-

ple, the transient was to be initialized from a previously detemined steady-

state or resumed at a simulation time greater than zero. Often, parametric

studies requiring only the steady-state portion of the code are desired. For

these computations, a No-op would be assigned on the transient control record.

It should be "oted, that if the transient were to be resumed at a simulation
I

time greater than zero, the function parameter on record three (3) must be |
assigned a negative value.

Ov 1
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The "IN" and "0UT" control record parameters correspond to the available

I/O devices from which a restart will be read and/or written. The program

contains default values for these tenns. The default values are retained if

the user terminated the control record after the function declaration (e.g. ,

20 2/). The default values for the "IN" and "OUT" parameters are:
|

Record In 'Out

10 10 20

20 30 40

30 50 60

It should be noted that the last digit in each of these terms is zero.

This indicates that there is to be no file position before a read / write opera-

tion. This, once again, is the default mode of operation. If file position-

ing is required, up to 99 files may be skipped before a given I/O operation is

initiated. This type of control may be exercised by specifying the number of

files to be skipped as part of the I/O device assignment. For example,
4

3D 1, 52, 40/

would read the third file (skip 2) from unit 50.

Similarly,

30 1, 347, 60/

'

would skip the first 47 files on unit 30 before initializing the transient.

What should be evident is that a given I/O device assignment it ccmorbed of
'

two fields; the device field and the file positioning field. The first ffeld

contains only one digit (the first). By convention, user interaction is per-
'

,
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,

g mitted only with a device whose unit number is an integer multiple of ten

(10-90). The value found in the device field when multiplied by ten yields
,,

the I/O device. The renaining one or two digits make up the file positioning

field and according to its value the device will be positioned to retrieve a

particular file.

An I/O device is rewound before it is either read or written. The rewind

before a write may be suppressed by signing the "0UT" parameter negatively

(e.g., 3D 1, 50, -60). This will result in a series of consecutive restarts

generated at intervals of S9SINT seconds through the course of the transient.

A particular file may be accessed on a subsequent restart by entering the

appropriate file positioning control as discussed above.

O

,

e

|

O
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O
OV OLCATA
10 99/
2D 99/
30 99/

Figure 7-11 Data File OLDATA Sample Input (Default Values)

;'

O

|
!

I

Oi

!
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t

<

7.10 RESTART TRANSIENT DATA (TRNREG)

The data file TRNREG may be u' sed to alter a transient proceeding from a,

restart at simulation time greater than zero. The two records in this file,

101 and 105, correspond to TRNDAT records 9001 and 9005, respectively.

This file is not required and either or both records may be omitted. If

not re-initialized, the parameters previously set would be maintained.

.

O
-

.,

|

. |

:

i

t

1

1

;

+

|

T

,

,?

a

!Y .f

O:

!
<
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i

***** FILE TRNREG

) RE CORD 101
59L AS T REAL S TOTAL PROLL EM SIMUL AT I ON T IME
59MAWA RE AL S MAXIMUM iIME STEP ALLOWED

j 59MINA REAL S MINIMUM T IMESTE P AL L OWE D

j C95|Ni RE AL 5
MASTER CL OCK IN TE RV AL A T WHICH A REST AR T OtJ1P WILL OCCUR

59PINTIJ) * REAL 5
MASTER CLOCK INTERVAL AT WHICH A SYSTEM REPORT WILL DE GENERATED

,

59PlNTtJ+17* REAL 5
MASTER CLOCK 11ME AF TER WHICH THE CORRESPOt4 DING 59 PINT IS NO LONGER VAL ID!

i
* NOTE: THE INDEX J" 15 INCREME NTE D OVER THE SE T OF PAIRED POINTS.|

TIERE MAY DE AS MANY PAIRS IINTERVALSI AS THE USERS f if05 NECESSARY.

59P i t4 T ( l i 15 IMPOSEO FROM iIME 0.0 10 59 PINT (2). 59 PINT (3) 15 T&EN USED FROM
THE MASTER CLOCM TIME 59PlNT(2) TO 59 PINT (%I. SIMIL ARILY , 59PINTtSt is USED FROM59PINTt%) TO 59PINTt6), Ato SO ON.

,
'

IT SHOtAD BE APPARENT THAT 59PINTf93 MUST BE STRIC TL Y GRE ATER THAN $9 PINT (2),
Aro 59PINI(63 MUST DE STRICTLY GRE A TER THAt4 59Pir4T t % 8, Ato SO ON.N

e

itf RE IS OUllE A BI T Of L AT I Tt0E PERMI TTED IN Te( SELECTION QF PRINT INTE R / AL Sg
OUT T F E Y MUS T DE C ARE FUL L Y CHOSE N (SEE SECT IOr4 7.81

; RELORD I05
LlEfHT If4TE CE R -

LOOP itt RMAL RE POH T OPT 10r4; O - f40 RE POR T , 1 - RE POR T IS GEt4ERATED
L IWRi t r4TEGt R -

LOOP HYDRAUL IC REPOR T OPT ION: 0 - NO REPOR T . 1 - RE PCH T IS GENERATED
L3PRNT Ira f cER -

S T E At1 GF NE R A T OR RE POH T OPTION; O - NO REPORT, 1-% - RE POR T IS GEt4ERATED WITH
C ORRE SPOf 4DI NGL Y GREATER OfTAIL

t t. Putti I N T E GE R
FUEL REPOR T OP f lON: 0 - FO REPOHT. ! - RE POR T I S GE NL H A IE D

1 L t.PMn ] NH GE R -

IN-VESSEL CQ L ANT REPORT OPTIOf4: 0 - to RE POR T . 1 - RtPORT IS GLtERATED1

j i +arn irnE u n PPSeec5 RtPosi GerlON; o - NO Rteoar, i - ntnwi 15 GErrRA f tD
4

1

1
1

I

I

j Table 7-8 Input Description for Data File TRNREG
,

!

|

{
|
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APPENDIX A

Alphabetical Listing of Subroutines in SSC-L

A00A90

This steady-state utility module adds a floating point data value to an

array entry.

ADDM90

This transient utility module adds a floating point data value to an ar-

ray entry.

ADTW3T

This transient module advances heat exchanger tube wall temperatures at
.

the'end of the time step. Heat transfer ratio in the " level" nodes are ad-

justed to match implicitly advanced nodal average heat transfer rates.

|

|
ADVN3T

This trans'ient module advances almost 'll steam generator variables 'ata

the end of a time step. It uses segment response matrices and changes in accu-

mulator pressures and enthalpies to calculate advanced enthalpies and mass

flow rates.

O
A-1
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ALFA 5S

This steady-state module calculates the coefficient of thennal expansion

for each node in the fuel slice.

ALOC3R

This reader module allocates global container storage for steam genera-

tor variables.

ALOC8T

This transient module allocates container space for the PCS/PPS variably

dimensioned global variables.

APPL 8T

This transient module calculates the scram reactivity worth of the pri-

mary and/or secondary control rods utilizing the user supplied polynanial

coefficients for rod position as a function of time after reactor scram.

O
A-2
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.

4

B0lL6T'q
This transient module calculates liquid and bubble temperatures in upper

and lower slugs under boiling conditions.

BREK1T

This transient module computes pressures at any primary loop break loca-

tion.

BREK2T

This transient module computes pressures at any intermediate loop break

location.

CALC 1R

This reader module manipulates certain primary and secondary loop input

data and initializes subsequent loop structures where the user has chosen to-

default these values to those entered for the primary loop.

CALC 3R4

This reader module loads the steam generator input data into the data

arrays, using the component order information generated by VRFY3R.

O
1

A-3
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CALC 7R

This reader module sets fuel / rod slice-type dependent arrays and deter-

mines nonnalized axial and radial power distributions.

CALC 8R

This reader module interprets the coded iterative scheme designated by

the user for establishing the initial plant balance.

CHEX9R

This reader module calls the verification routines.

COEFST

This transient module calculates appropriate coefficients for the tran-

sient temperature calculations in the fuel / rod.

C0EF6T

This transient module calculates coefficients for the various pressure

loss tenns used in FLOW 6T.

I

l
|

|

O
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,

f

I _C00L65
*

This steady-state module is the driver routine for in-vessel coolant
I . energy calculations.
.i

C00L6T

This transient module is the driver for the transient coolant calcula-'

'

tions. It provides initial conditions; detennines step size; and then employs

several. sub-modules to calculate temperature, pressure, enthalpy, and mass

flow rate of the coolant in all axial nodes of all channels. It then stores

h values for fuel calculations. -

CORE 6S

This steady-state module is the core coolant driver. It calculates axial

temperatures, enthalpy gradients, friction factors, heat transfer coefficients,

and pressures at each node in each channel.

CRDR9R.

This reader module is the primary controller for the processing of ini-;

; tialization data. It calls the free-fonnat reader routines.
;

i

$
i

O7
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CRDR9T |

This transient module is the driver for the transient input processor.

CRKR3T

This transient module solves the segment matrix equation for the segment

response matrix. It uses a close-packed form of Gaussian elimination.

CRKR9U

This utility module solves a system of linear equations.

CVAllS

This steady-state module computes the steady-state pressure drop across

the check valve.

O
CVALIT

This transient module computes the pressure drop across the check valve.

O
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DEFNIT---

This transient module defines pipe flow rates, as well as input and out-

;put pump flow ra'tes for the primary loop (s).

DEFN2T

This transient module defines pipe flow rates, as well as input and out-

put pump flow rates for the intermediate loop (s).

DMOD3R

This reader module decodes the steam generator input data.

00PPST

This transient module calculates the reactivity feedback due to the

Doppler effect.

DPSV3C

This material property module calculates the pressure difference between

-junction and volume average.

|

|

O
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DP3C

This correlation module calculates steam generator nodal pressure losses.

DRIVIT

This transient module is the driver for heat transport system transient

hydraulics.

DRIV 9T

This transient module is the driver routine for the time integration dur-

ing the transient calculations. It also handles the overall timestep control.

DT9S

This steady-state module solves the log mean temperature difference equa-

tion.

END1S

This steady-state module calculates the temperature boundary conditions

for the sub-pipe in the primary loop and, in doing so, accounts for the tem-

perature rise across the pump, as well as the IHX plena temperatures at the

proper locations.

ENDIT

This transient module sets transient thennal boundary conditions from one

pipe to the next in the primary loop (s).

1

1

1

O
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t-

:END2S

This steady-state module sets the inlet temperature and mass flow rate

boundary conditions for pipe (J+1) in the intermediate coolant loop (s). Addi-

tionally, it accounts for temperature rise across the pump and mass flow rate

j divisior dae to branch lines for coolant flow at the steam generator.

ENC 2T

This transient module sets the transient thermal boundary conditions from

one pipe to the next in the intermediate loop (s).
1

END9U

This utility module performs the case wrap-up.

() ENET3S~

This steady-state module performs global energy balance calculations for

current mass flow rates and pressures. Principal variables calculated include

volume enthalpies, segment inlet and outlet enthalpies, segment heat transfer

rates, subsystem heat transfer rates and heat exchanger heat transfer rates.
.I

'

f

:
4

O
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ENTH3C

This fluid property module calculates steam generator enthalpies cor-

responding to temperature or quality and pressure.

EQIVIT

This transient module equivalences the names of primary loop variables

and their time derivatives in tems of names used in the integrating sub-

routine.

EQIV2T

This transient module equivalences the names of intemediate loop vari-

ables and their time derivatives in terms of names used in the integrating

sub routine.

O
ERR 9R

This reader module is the input processor abort routine.

O
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['T ESWT3S
(/

This steady-state module calculates water / steam side enthalpy at the end

of the current heat transfer regime. For'subcooled convection this enthalpy

corresponds to a tube wall temperature equal to the fluid saturation tempera-

ture. The saturated liquid enthalpy teminates the subcooled nucleate boiling

region. For the forced canvection vaporization region, the enthalpy required

for critical heat flux is calculated. The film boiling region ends at the

saturated vapor enthalpy.

ESWT3T

This transient module detemines the switch enthalpy for heat transfer

mode in transient. It requires the current heat transfer mode as an input.

ETST3R

This reader module tests the steam generator input data for errors.

EVLV3S

This steady-state module calculates the accumulator average enthalpy from

level, saturation conditions, and accumulator shape.

O
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EXIT.9U

This utility module is the SSC abnomal termination subroutine.

EXTR8C

This correlation module cal ulates the initial steady-state external

rheostat electrode position.

Fr0N8T

This transient module simulates the sodium flow-speed control and the

pump drive mechanism.

FLIN8T

This transient module is called by INT 8T for the primary and intemediate

flow control systems.

FLOW 1T

This transient module sets the proper calling sequence to primary loop

hydraulic computational submodules.

|
,

O
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f' FLOW 2T

a - (S/.
This transient module sets the proper calling sequence to intermediate

loop hydraulic cunputational submodules.
,

FLOW 6T-

This transient module simulates the flow redistribution model. It calcu-

lates the mass flow rate time derivative in each channel and bypass channel .

FLV3T

This transient module advances the liquid level in accumulator modules,

given advanced enthalpy and pressure. If the accumulator is a horizontal cyl-
i inder, an iterative process is required.

!

FPUM8T *;

This transient module simulates the steam generator feedwater pump flow-
~

speed control and the p0mp drive mechanism.
!

I

FRAD5S
1

This steady-state module calculates the average power generation for all

radial nodes in any rod slice.

|
1

<

'o-
i V.
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FRAD5T

OThis trar,sient module calculates the average power for all radial nodes

in any rod slice. It also calculates the power generation multiplier to be

used later in calculating the transient volumetric power generation.

FUEL 5S

This steady-state' module is the driver for fuel heat conduction calcula-

tions. It treats a fuel slice as the basic computational element, calls all

major fuel computational modules, and controls convergence.

FUEL 5T

This transient module is the driver for the fuel rod and structure calcu-

lations. By calling series of modules in succession, it calculates quantities

such as temperature and radii of the fuel, cladding, and structure nodes.

FUNC1T

This transient module calculates the time derivatives of differential

equations (other than pump and reservoir) for the primary loop hydraulics.

O
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|
|

(} FUNC2T

This transient module calculates the time derivatives of differential

equations'(other than pump and reservoir) for the intennediate loop hydrau-

lics.
4

'
GAMASS

This steady-state module calculates the thermal conductivity for fuel and
-

clad nodes for the slice and heat transfer coefficients for the interfacer..
.

GAMAST

This transient module calculates the thermal conductivity and ' emissivity

for fuel and clad nodes and also computes the heat transfer coefficient for

gaseous mixtures in the gap.
'

GENRD

This is a general purpose reader routine as developed by the los Alamos
,

National Laboratory and modified for usage in SSC.

GETA9U

This steady-state utility module gets a data entry value from an array.

.

E

J

O-

:
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GETM90 0This transient utility module gets a data entry value from an array.

GFSK3C

This correlation module calculates the Fauske choke flow rate.

GMDY3C

This correlation module calculates a Moody choke flow rate.

GROW 5T

This transient module calculates the reactivity feedback due to axial ex-

pansion.

GROSS

This steady-state module sets pointers for restructuring in the rod

slice.

GVSL1T

This transient module cmputes the coolant level in the guard vessel,

pressure external to a break and the time derivative for any accumulated

volume of coolant in the guard vessel.

i

O
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-n HBAL3S

This steady-state module takes intermediate loop temperatures, mass flow

rates, and pressures and loads infomation into appropriate boundary module

arrays for enthalpy, mass flow rate, and pressure. It also calculates total

energy being transferred to the intemediate side of the system.

HEAD 1T

This transient module computes the head (s) of the primary pump (s) and

defines its operational region.

HEAD 2T

This transient module computes the head (s) of the intermediate pump (s)

and defines its operational region.

O
HH0T3C

This correlation module calculates the heat transfer coefficient from the

hot side to the (cold side) tube wall.

.

O
'
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HNAF3C

This ccrrelation module calculates the sodium heat transfer coefficient

using the Israber-Reiger correlation.

HWFB3C

This correlation module calculates the film boiling heat transfer coef-

ficient using the Bishop correlation.

HWFC3C

This correlation module calculates the forced convection heat transfer

coefficient using the Dittus-Boelter correlation.

HWNB3C

This correlation module calculates the nucleate boiling heat transfer

coefficient using the Chen correlation.

HWSC3C

This correlation module calculates the heat transfer coefficient to

superheated steam using the Heineman correlation.

|

|

-
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jn
fy) HWS3C

This correlation module determines which heat transfer correlation is

appropriate for the present water / steam conditions.

HXHT3S

This steady-state module marches through the heat exchanger nodes on the

intennediate side. Because the enthalpy distribution is detemined while the

water / steam side was being calculated in HX3S, only pressure drops are calcu-

lated in HXHT3S.

HXHT3T

This transient module calculates the heat transfer rates and derivatives

of heat transfer rates on the hot side of the heat exchangers during transient

calculations. It loops over all nodes, calculating parameters needed to load'

the segment matrix equations.
,

HXND35

This steady-state module performs the nodal energy balance for a heat ex-

changer node. If the node being analyzed (in HX3S) contains two heat transfer

regimes, HXND3S will be called twice to analyze each part separately.

1 i
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HX3S

OThis steady-state module marches through the heat exchanger nodes, ad-

vancing enthalpies on hot and water / steam sides of the heat exchanger. It

iterates on the area correction factor, so as to find an area multiplier that

leads to the correct integral heat transfer rate. It calls DP3C for each

(converged) node and sums the nodal pressure losses.

HX3T

This transient module calculates heat transfer rates and derivatives of

heat transfer rates on the water / steam side of the heat exchangers during

transient calculations. It loops over all nodes calculating parameters needed

to load the segment natrix equations.

HYDR 1S

This steady-state module solves the steady-state hydraulics momentum

equations for both primary and secondary sides of the IHX.

HYDRIT

This transient module computes transient hydraulics in the IHX(s).

,

O
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IHX1S
' (3

(_,/ This steady-state module solves the steady-state energy equations for the

IHX. IHX1S and HYDR 1S are the only interface between the primary and inter-

- mediate loop modules.

IHX1T

This transient module solves the transient energy equations in the

IHX(s).

.

INA9U*

This utility module initializes the' array data abstraction.,

.

; INCM3T

This transient nodule converts incoming information from the intermediate,

loop (s) to the steam generator data arrays. It also interfaces information

; from the plant protection and control systems.
t
4

f

INIT1T

This transient module sets variables needed for the first call to the

primary loop hydraulic integration scheme.

A-21
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INIT2T

This transient module sets variables needed for the first call to the

secondary loop hydraulic integrating routine.

INIT3R

This reader module initializes certain steam generator constants.

INIT3S

This steady-state module loads initial guesses for systen pressures, mass

flow rates, enthalpies and heat transfer rates. Values for pressure and mass

are user-input. Initial en:halpies and heat transfer rates are zerced, as

ENET3S is called soon after INIT3S.

INIT5T

This transient module initializes variables used in the fuel and reactiv-

ity calculations.

INIT6T

This transient module initiates variables used by the in-vessel coolant

hydraulics modules.

O
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I

F

/~' INIT8TV),

This transient module initializes values used in the PPS/PCS subroutines.,

;. - <

' INIT9R
,

This reader module calls a series of intermediate data management

; Eroutines.

INIT9T

This transient module is the driver for the transient initialization
'

routines. ;

l

,INIT90-

This utility module reads the title card.

O
IhRD3R

P

This reader module initializes the steam generator input data reader.

. .

INSG3S '

This steady-state module sets segment inlet enthalpy and flow rate in

{ nodal arrays using values in segment arrays.

4

-

:.
1

O
.
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\
'

'
INTF3T

O"-

This transient module converts outgoing i.nformation from the steam gen-

crator data arrays to the intermediate loop.. It 'also interfaces information , ..

'

to the plant protection and control systems,
s

,

%

| I 'A

INTG1T 3

This transient module advances the hydraulic ey;uations using a predictoS
~

'
1 ,

corrector method of the Adams type. -

.

s s
-.

,

INTP90 .s
\.,

.

'This utility module is an interpolation subroutine. a 1

,

INT 8T

This transient module interfaces the PPS/Pb5 modules to the rest of SSC

by fetching the actual values of the desired process variables for cascade t

selection for reactor power control and normalizing them uWst their respec-
i

a,

tive 100% steady-state values. It also calls other subroutines to do siinilar

calculations for PPS, flow controllers and the steam generator controllers.
'

.

I1

.

v

0

.

1
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l

-("} 10SG3T_

This transient' module initiates and concludes the process of loading the

segment matrix equation. It loads the equations for the enthalpy of the flow

entering the segment (from either end) and some of the segment momentum equa-

tions(orchokelimit).

LEAK 5T

This transient module tests for cladding rupture due to fission gas pres-

sure for each axial fuel slice in the current channel. Cladding rupture con-

ditions exist if the difference between fission gas pressure and coolant pres-

sure exceeds a critical value defined by cladding dimensions and material |,

yield point for the calculated cladding temperature,
j

-

LEQ9U

!

This utility module solves a set of linear equations.
I..

LINK 3R
< \

| This reader module generates geometric links for the steam generator data '

modules.

,

.,

I

|

O
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LIST 1R - LIST 9R

These reader modules list the data processed by the corresponding READ

routines.

LIST 9T

This transient module lists the data processed by READ 9T.

LOAD 3T

This transient module loads the nodal mass and energy equations into the

segment matrix equations. It also loads a contribution to the momentum equa-

tion for each node.

LOOP 1R

This reader module verifies that the net summation of input heights

around each loop is zero.

.

t

O
.
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?
'

,

:p.
LOOP 15-3 j

This steady-state module drives the primary loop steady-state calcula-

tion. In particular, it interprets the logical variables in order to select

the proper calling sequence to the various subroutines. . This routine also,

copies the results of the computations for loop 1 into the arrays for the rest,

i

of the loops.

LOOPIT

This transient module is the main driver for transient thermal computa-

tions in the primary loop (s).

.

LOOP 2S

This steady-state module drives the intermediate loop steady-state compu-

tations. The rest 'of the description is the same as for LOOP 15.

'

LOOP 2T
.

This transient module is the main driver for transient thermal computa-

tions in the intermediate loop (s)..

Y

t

,

r

o

.

LO
.

4
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LPLN65

This steady-state module calculates the coolant temperatures in the lower

plenum module. It initializes values of tenperature, enthalpy and pressure

for the first axial nodal interface of each channel. It calculates pressures

at the bottom of the core.

LPLN6T

This transient module perfonns the transient lower plenum calculations.

It extrapolates boundary conditions. It terminates its procedure by calculat-

ing coolant and metal temperatures and pressures at the bottom of the core.

MAIN 9R

This reader module is the main driver for the input-initialization seg-

ment. It calls the three input processor submodules (CRDR9R, CHEX9R and

INIT9R).

MAIN 9S

This steady-state module is the main driver for the steady-state calcula-

tions.

O
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.

() -MAIN 9T

This transient module is the overall. driver routine for the transient

f '' . c al cul ations. -

M00L3C>

This subroutine transfers data from global arrays into local scratch .

arrays and_ perfonns limited camputations of module geometric parameters.
,

, NET 3T:
,

This transient module performs the accumulator mass and energy balance to |_

detennine advanced time enthalpies and pressures. It references the segment

response matrices.

() NEWA9U

This utility module constructs a new update of the two dimensional array
'

data abstraction.
.

|

t

N0DE3C

This material property module drives the calculations.of nodal specific

I volume, quality, temperature, viscosity and their derivatives.

i

l

,

f

f

O
:
1
~
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OPTN6S

This steady-state module computes either the steady-state channel flow

rate distribution or pressure loss coefficients, depending on the user

specified option.

ORDR3R

This reader module generates a list defining the sequential module order

for steam generator geometric modules.

PBAL9S

This steady-state module perfoms the global themal balance for the

whole plant.

PCHK9R

This reader module checks for valid material property identifications.

PCON8T

This transient module simulates the reactor power control and the control

rod drive mechanisms. It also calculates the reactivity worth of the reactor

control rods.
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,

:

L PDFGIT-

This transient module sets the logic to compute pressure losses across'

different elements of the primary loop (s).

PDFG2T

This transient module _ sets the logic to compute pressure losses across

different elements of the intemediate loop (s). '

,

PINTIS

This steady-state module interfaces the in-vessel and primary loop pres-

sures.'

PIPE 15 '

This steady-state module solves the steady-state energy and momentum1

; equations for pipe J in the primary coolant loop. It is assumed that the pipe

diameter is constant, and the pipe wall is in the.rmal equilibrium with the'

t

coolant..'

S

1

|

|

: -i
|

1

,
<

i O
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[

PIPE 1T

This transient module solves the transient energy equations in the pri-

mary loop piping. .

PIPE 2S

This steady-state module solves the steady-state energy and momentum

equations for pipe J in the intermediate coolant loop.

2

PIPE 2T

This transient module solves the transient energy equations in the inter-

mediate loop piping.

PIPE 3S

This steady-state module marches through all pipe nodes, setting enthal-

pies and mass flow rates at nodal outlets to the values at the nodal inlets.

It calls DP3C for each node and sums the nodal pressure losses.

PIPE 3T

This transient module loops over all nodes, calculating parameters needed

to load the segment matrix equations.

O
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1

*

PIPWIT

This transient module computes the pressure losses in the pipe sections

in the primary loop (s).
.

PIPW2T

This transient module computes the pressure losses in the pipe sections

in the intermediate loop (s).

4
.

PLOSIT

This transient module computes the pressure losses in appropriate sec-

tions of the primary loop (s) from the losses in individual components.

i

PLOS2T

' '

This transient module computes the pressure losses in appropriate sec-
' tions of the intermediate loop (s) from the losses in individual components.

,

PMTR8T
1

This transient module ragulates the shutdown of all coolant pumps (pri-
' mary, secondary, recirculation and feedwater pumps) and the turbine trip.

I

1

!|
'

-r

3

|

1

i

i
!

O
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This transient module serves as the driver for the rod transient fission

power generation calculations.

POW 6T

This transient module calculates the power deposited in the reactor cool-

ant for use in C00L6T.

PPCS8T

This transient module is the main driver for the PPS/PCS transient calcu-

lations.

PPSH8T

This transient module is the subdriver for the primary shutdown system.
'

PPS8T

This transient module is the subdriver routine for the plant protection

system.

;

O
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G.

;

;g / PREP 3T
a

[ This transient module prepares the steam generator calculations for an-

other time step. It uses the minimum time constant calculated during the last>

- step to set a new one. It interpolates tables for any time dependent user-

: - input parameters, e.g., boundary conditions.

PRESIS

This steady-state module determines the pressures at pipe endpoints;

around the primary loop.
.i

i

PRESIT
1 -

This transient module sets inlet and outlet pressures of uniform mass

; flow rate sections in the primary loop (s).

: O
PRES 2S,

This steady-state module determines the pressures at' pipe endpoints

around the intermediate loop.
;

J

h

1

l
4

,

1

N

d

: O
,
!.
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. .

PRESU

This transient module sets inlet and outlet pressures of unifom mass

flow rate sections in the intermediate loop (s).

PRES 6S i

This steady-state module determines the nodal pressures in each reactor |

coolant channel .

|

|

PRETIT

This transient module initializes the primary and secondary loop vari-

ables for the themal calculations.

PREX5S

This steady-state module initializes nodal distances for either equal

radius increnents or equal area increments of the rod slice.

O
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-|.( PRESS

This steady-state module performs the initialization for FUEL 5S by ob-

taining data computed by other modules. Among others, it sets the proper rod

nodal temperature to T6C00L(J,K), places the heat transfer coefficient for the

slice in a. local variable HC00L, initializes tags for restructuring and calls

PREX5S to initialize nodal distances at temperature TSREF.

MEST *

This transient module transfers the temperature from storage ar-ays into

local scr atch arrays for the particular rod slice in question at tha start of

each tinestep.

PRFL35,

O) This steady-state module perfoms global pressure and mass flow rate bal-(
ance calculations for current enthalpies and heat transfer rates. Principal

variables calculated include s ment mass flow rates, inlet and outlet pres-

sures, volume pressures-and boundary module pressures and mass flows (if not,

user specified). -

!

!,

,

$

o
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P

PRMT5T

This transient module handles the advar; cement in time of the fission

power generation.

PRNTIT
,

This transient module prints out primary loop temperature variables.

PRNT3C

This module prints out steam generator network variables (steady-state or

transient).

PRNT5S

This steady-state module prints steady-state results for the fuel (rod)

calculations.

PRNT5T

This transient module prints out transient results for fuel (rod) vari-

ables.

!

|

9|
:
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i

!

-

D- PRNT6T.

i V
This transient module prints out transient in-vessel coolant variables.

,

F

; - PRNT9S

.

i- This steady-state module prints a plant-wide steady-state summary of re-
|

suits.
b
?

PRNT9T

~

This transient module is the main printing routine for the transient,

i
'

PROP 5T
.

. This transient module calculates all properties for the fuel (rod) heat
4

conduction calculations.<

!O
I, PROP 6T

I This transient module calculates all properties used in the in-vessel
!
| coolant energy and fluid dynamics subroutines.
t

!
a

:

i

I
,

1 1

!
!

!

: O
4
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PRTB3T

OThis transient module evaluates derivatives of heat transfer rate with

respect to enthalpy and mass flow rate. A perturbation technique is used.

PSIN8T

This transient module is called by INT 8T for PPS variables.

PSSH8T

This transient module is the subdriver for the secondary shutdown system.

PS018F

This function is the PPS High Flux subsystem.

'

PS028F

This function is the PPS Flux-to-Delayed-Flux subsystem.

PS038F

This function is the PPS Flux-to- v' Pressure subsystem.

PSO48F

This function is the PPS Primary-to-Intemediate Speed Ratio sthsystem.

O
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1

l
.

|
,

! PS058F

This function -is the PPS Pump Electrics subsystem. .
,

.
PS068F

L'
This function is the PPS Low Reactor vessel Level subsystem,

'

i
^

_PS_078F
'

This function is the PPS Steam-to-Feedwater Flow Ratio subsystem.

PS088F

j' This function is the PPS High IHX Primary Sodium Outlet Temperature sub-

{ system.

s

PS098F
,

This function is the PPS Power-to-Flow Ratio subsystem.<

.,i

i

I PS108F
!

| This function is the PPS Primary-to-intermediate Flow Ratio subsystem.

,

f

i

1

!

4

4

s

i

!O
4

1

^
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|

I

l
!

I
PS118F

'

This function is the PPS Steam Drum Level subsystem.

PS128F

This function is the PPS High Evaporator Outlet Sodium Temperature sub-

system.

PS138F

This function is the PPS High Reactor Outlet Nozzzle Sodium Temperature

subsystem.

PS148F

This function is the PPS Low Primary Loop Sodium Flow Rate subsystem.

PS158F

This function is the PPS Low Intermediate Loop Sodium Flow Rate sub-

system.

O
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_

i

I

p PPS168F.

, _
Spare PPS function. '

11 PPS178F

Spare PPS function.,.

!'
r

,

t..
, PPS188F'

.- Spare PPS function. ;
!
1

!.
'

PPS198F

I Spare PPS function.
;
<.

?

PPS208

|
Spare PPS function

;

'

. .

! PUMP 15
!

j This steady-state module determines the pump pressure rise by mathcing it

with the overall load in the primary circuit. It then sets up the polynomial,

equation for puinp head and calls R00T1U to calculate the pump operating speed.

!. !

4

i
i

$

l

i
:

i

i

:
4

i O
.

!
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PUMP 1T

This transient module computes primary pump variables and time derivative

for pump speed (s).

PUMP 25

This steady-state module determines the pump pressure rise by matching it

with overall load in the intermediate circuit. It then sets up the poly-

nomial equation for pump head and calls R00T1U to calculate the pump operating

speed.

1
1

iPUMP 2T

This transient module computes intermediate pump variables and time de-

rivative for pump speed (s).

PUMP 3S

This steady-state module initializes the steam generator pump at full

speed and calculates the head delivered under current conditions. It neglects

enthalpy rise, setting enthalpy and mass flow rate at the outlet to the cor-

responding inlet values.

O
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L-O]
PUMP 3T

This transient module calculates the advanced time pump speed (s) and

head (s) . ~ It calculates other parameters needed to load the segment matrix

equations.

PUTA90

This steady-state utility module puts a data entry into an array.

PUTM9U-

This transient utility module puts a data entry into an array.

.

PUT5S

This steady-state module moves the calculated steady-state values for the

rod slice into' storage locations.

PUTST

At the time this transient module is invoked, all fomal calculations of

the fuel and clad and structure have been completed for that timestep and for

the given axial node. This module then moves all temperatures and radii so

far calculated from local scratch variables into global storage arrays for

subsequent timesteps.

O
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REACST

OThis transient module initiates calls to other modules to obtain the var-

ious applied and feedback reactivity contributions.

READlR

This reader module processes free-format card-image input for the ini-

tialization of the primary and secondary loop modules.

READ 3R
-

This reader module processes free-format card-image input for the ini-

tiai' 7: lion of the steam generator modules. l.

READ 7R

This reader module processes free-format card-image input for the ini '

tialization of the in-vessel modules.

READ 8R

This reader module processes free-format card-image input for the ini-

tialization of the plant balance routine.

O
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..,

i, ':
-

{
-READ 9R

'

This reader module processes free-format card-image input for the ini-

tialization of the material property parameters.7
1

4-
,

READ 9T
.,
.

t' This transient module reads free-format card-image input for the ini-

; tialization of transient parameters.
i
;

I

! RELA 90
i

,

[ This utility module releases storage assigned to the array data abstrac-

tion.

. i
j

i REPT9R
1

This' reader module loads fuel (rod) slice-type dependent parameters.

:

i

( REST 9R
,

:
4

; This reader module reads a program generated file' for the re-
.

initialization of labeled common blocks in the event of a restart.
"

4

!

!

J ,

!
i

i ,

I
i

'

t ;

I
'

!
'

L

l

4

1O
:
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REST 9T

This transient module reads a transient restart file.

REST 90

This utility module calls the global retrieval subroutines.

RES15

This steady-state module computes the height of coolant in the primary

pump tank and the mass of cover gas above the coolant level.

RESIT

This transient module computes variables and time derivatives for level

in the primary pump reservoir (s).

RES2S,

This steady-state module computes the height of coolant in the inter-

mediate pump tank (s) and the mass of cover gas above the coolant level (s).

.

O
A-48

. l

i 1



,

!

O RES2T

U
This transient module computes variables and time derivatives for level

in the interinediate pump reservoir (s)
,

RITEls

.This steady-state module prints out the primary loop steady-state solu-

tion..
|

RITE 1T

Dummy subroutine.

RITE 2S

This steady-state module prints out the secondary loop steady-state solu-

tion.

.
t

'*

RSETIT

This transient module resets all logical variables and data for conpo-

nents and piping if a break is present in a primary loop.
,

i
!
i

[

|

O
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RSET2T

9IThis transient module resets all logical variables and data for compo-

nents and piping if a break is present in a secondary loop.

RUNG 9U

This utility module uses a fourth order Runge-Kutta algorithm to inte-

grate a system of ordinary differential equations.

SATP3C

This fluid property module loads saturation properties calculated at the

segment reference pressure.

SAVE9R

This reader module generates an ordered file for a re-initialization re-

start.

SAVE9S

This steady-state module creates an ordered file containing information
~

necessary to re-initialize all common blocks to computed steady-state values.

O
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fg SAVE9T

U This transient module creates _ an ordered file containing information ne-
!

cessary to re-initialize all cmmon blocks to a given transient solution. '

SAVE9U

This utility module calls the global storage routines.

SCRM8T

This transient module, common to both primary and secondary shutdown sys-.

tems, is the subdriver which calls the routines for the PPS trip equations to

check for possible scram signals.
.

SCRT8T

This transient module allocates all scratch arrays used in the PPS/PCS

calculations.

*

SENS8T

This transient module takes the actual sensed values from the controller

cascades and compensates them for the inherent time lags imposed by the mea-

suring devices.

O
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SFUN8T

This transient module is the subdriver for the PPS trip equations.

s

i

'
SGBC3T

This transient module factors the advynced time boundary conditions into

the segment response matrices. For a flow boundary condition, the pressvee

column is factored into the columns for enthalpy and pressure at the opposite

end, plus the constant column.
.

|
SGEN8T |s

This transient module calculates the load | dependent setpoints as governed
I Ig'.

6 ' '

by th2 supervisory controller, using the user pecified second-orcte 3o13--

nomial coefficients. -

' '
.

SGIN8T
'

This transient module, called by INT 8T, acts as the sensor and transmit-

ter by compensating the actual values of the process variables for the inher- ,

ent time lags to calculate their measured values.

,\ s
~

%

\ -

%

4

\ \ n
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f

.

('''i 'SGMAST
.. .

i This transient module calculates the volumetric heat source for the fuel

(rod) nodes, clad, coolant and structure in an axial slice.

50LV5T

This transient module solves the fuel (rod) matrix equation using Gaus-,

sian elimination with full pivoting.

f

!

SOLV 8T
*

This transient module uses the fourth-order Runge-Kutta algorithm to in-

) tegrate Equation (3.4-1). It assures numerical stability by cutting the

timestep by half in order to achieve timesteps less than or equal to the time
4

constant of the first order system. It also sets the measured value to the

() actual value in case of a zero time constant (instar,taneous response).
:
!

! SSC

Overall main driver for entire program.
+

;

STEM 5S

This steady-state module calculates the temperature of the fuel (rod),
;
1

i structure and fission gas plenum for steady-state.
.

4

O
'
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STGN35

This steady-state module is the driver for steam generator system calcu-

lations. Its principal function is to call other subroutines, but some high

level (system-wide or segment) calculations are performed within.

STGN3T

This transient module is the driver for steam generator system calcula-

tions. Its principal function is te call other subroutines, but some high

level (system-wide or segment) calculations are perfomed within.

STGN8T

This transient mo61 is the subdriver for steam generator controller

routines.

O
STOR1T

This transient module stores the previous and updated values of flow

rate (s) for subsequent interf ace boundary condition generation.

!

{

|

O
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.'/~'T SUBS 3Sy,

This steady-state module partitions systems into subsystems, each of

which must transfer a given amount of heat to remain in equilibrium. The

fraction of flow through each segment and accumulator contributing to each

: subsystem's energy balance is detennined.

TANK 2S

This steady-state module computes the pressure in the loop at the loca-

tion of the surge tank, and further, calculates the mass of gas in the surge

tank.

4

TANK 2T

This transient module canputes pressures and time derivative for level in

() the surge tank (s).

-
.

TEMP 3C

This fluid property module canputes fluid temperature given pressure,
a

enthalpy and fluid type.

,,

?

4
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TEMP 5S

This steady-state module calculates the steady-state radial temperature

distribution in the rod and cladding for any slice.

TORK1T

This transient module computes hydraulic and frictional torques for the

primary pump (s).

TORK2T

This transient module computes hydraulic and frictional torques for the

intennediate pump (s).

TORQ8T

This transient module calculates the sodium pump drive motor torque for

both squirrel cage and wound rotor induction motors.
.

TRAN9R

This reader module transfers arrays which are read via input into

storage.

,

9
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TSAV5S

This steady-state module determines the. average temperature in each rod
'

,

slice (except fission gas plenum slices).

TSAV5T

This transient module calculates certain fuel (rod) slice dependent quan-
I tities required in GROW 5T, D0PP5T, and VOIDST. |

,

TWAL3S
"

Given the temperatures on the hot and cold sides of the tube, this

i steady-state module solves iteratively for the tube wall temperatures and the

heat transfer coefficients on either side of the wall. An accelerated itera-'

tive scheme is tried first, with a more reliable (though slower) bisection

[ } scheme used if the first scheme fails to converge.
,

.,

1 TYPE 5R

1 .

This reader module loads channel-dependent parameters for use in the

slice-type dependent in-vessel modules.

,

4

1

i

4
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UPLN6S

This upper plenum coolant steady-state module calculates the upper plenum

temperatures, the exit enthalpy, outlet, and top of core pressures and finds

pressure loss factors for each channel.

UPLN6T

This transient module updates the time derivatives for: sodium level;

temperature of sodium in two mixing zones; temperature of cover gas; and tem-

pe.atures of the inner structure, thermal liner, and the vessel closure head".

It terminates by calculating the pressure at the vessel outlet.

VALV3S

This steady-state module initializes valve positions at user input quan-

tities. It neglects enthalpy rise, setting enthalpy and mass flod rate at the

outlet to the corresponding inlet valves.

VALV3T

This transient module calculates advanced time valve position (s) and cor-

responding form loss (es). It calculates other parameters needed to load the

segment matrix equations.

!

O
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VALV8T |

This transient module simulates the steam generator valve flow, level and

pressure control and the valve drive mechanism.

VARF8C

This correlation module calculates the initial steady-state frequency of

the power to the pump drive system.

VESL1T;

This transient module calculates certain algebraic relationships at the

vessel-loop (s) interface (s) and within the vessel which are used in the

hydraulic computations.
t

4

VJ1T1

This transient module detennines the velocity of the fluid jet out of a
I pipe break.

!

V0105T

This transient module calculates the reactivity feedback due to sodium

voiding.

l

|
A-59

.

en a.. - .n,, ,- , w-- , ,---,e~m-o, , , - - r m ,--m - ,e -, m v-e, ,n- ~ ~ - - - - w - ~ - - -p-- -- m ,



VOL3C

OThis material property module calculates volume temperature, density and

density derivatives.

VRFY1R - VRFY9R

These reader modules validate the data processed by the corresponding

READ routines against established criteria.

VRFY9T

This transient module validates the data processed by the READ 9T routine

against established criteria.

WGHT2T

This transient module computes the appropriate multiplication (weighting)

factors for parallel piping and components.

WRIT 1T

This transient module prints out primary loop coolant hydraulic results.

|

O
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'

WRIT 2T

This transient module prints out secondary loop coolant hydraulic re-
,

suits.4

WRIT 8T ,

This transient module prints out PPS/PCS results.
!

,

{ XDNB3C
;

This correlation module computes the quality at DNB using a correlation
;

developed at Atomics International .,j

1

!

XDRY3C

'
This correlation module calculates the critical heat flux using the

f MacBeth correlation.
!

i
;. -

XI1T'

i This transient module initializes the inertance in each primary loop flow

segment.
t

4

&

d
'

|
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This transient module initializes the inertance in each secondary loop

flow segment.

XPAN5S

This steady-state module adjusts radii due to themal expansion for each

node in the fuel (rod) slice.

XPANST

This transient module recalculates the radii of the fuel (rod) and clad-

ding, necessary because of the themal expansion of the radial nodes. Two

methods are employed in calculating radii; equal area increment or equal radii

increment.

.

4

1
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i ) The Super System Code (SSC) cficulatesthsresponseofnuclearreactorsys-
"

tems during operational, incidental and accidental transients, especially natural circulatior
events. Modules simulated and paramet'ers calculated include: core flow rates and tempera-
tures, loop flow rates and temperaturesh pum~p performance, and heat exchanger. operation.
Additionally, all plant protection systeds a'nd plant control systems are accounted for.
All calculations are done in SI units. h.,

N
SSC is a general system transient code.7;,Irgis highly flexible, with complete variable

dimensioning, allowing any number of user;,specified loops, pipes and nodes. Single phase
and two phase thermal hydraulics are use'd'in a multi-channel core representation. Inter-
assembly flow redistribution is accounted for; a' detailed fuel pin model is used. The heat
transport system geometry is user spec Oied. The ' code has both transient and steady state
options. Restart capability is provided. \

/ \
SSC is available in either a CDC UPDATE format or as FORTRAN source. The customary trans-

,

mittalpackagealsoincludestheinppt files for the thr,ee standard benchmark problems, as
well as 48x microfiche which contai;1 the SSC support documentation and sample output for
each of the benchmark problems. SSCris currently available as a draft release frcm
Brookhaven National Laboratory witd NRC consent. \

!> \
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