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ABSTRACT

POWER TRAIN is a hybrid computer simulation of the normal and transient power

operation of Babcock & Wilcox nuclear power plants. The simulation runs in

real time and employs three digital computers and two analog computer consoles.

POWER TRAIN includes models of all major components in both the primary and
secondary loops of the plant from the reactor core to the turbine generator,
including the pressurizer, steam generators, feedwater heaters, feedwater

pumps, control valves, safety and relief valves, and the integrated control

system.

Parameters describing plant components are input to the simulation in card
image format. Pushbuttons on a "mini" control panel allow real-time operation

of the simulation. Strip chart recorders are the principal output devices.

This report describes the computer facilities and the mathematical models used
by POWER TRAIN. The description of the mathematical models includes modeling
assumptions, equations, solution methods, limitations of the simulation, and

a summary of the input requirements and output capabilities.
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1. INTRODUCTION

POWER TRAIN is a real-time, on-line hybrid _.omputer simulation of power opera-
tion for Babcock & Wilcox nuclear power plants (177-, 205-, and 145-fuel assem-
bly plants). The code is used to predict the performance and behavior of the
major components in the nuclear steam system (NSS) for o wide range of plant
conditions and operation. POWER "RAIN is designed to model as much of the
power plant as is feasible, especially those components whose behavior is in-
terrclated with that of others. This report describes the scope of the simula-
tion, the modeling assumptions, and the modeling equations. Also given is an
overview of the method of implementation, the input requirements, and the out-

put capabilities.
The objectives of the simulation are listed below:

l. Two-loop simulation.
2. Automatic setup and checkout capability.

3. Flexibility to change system parameters, especially control system
gains and setpoints.

4., Operation of the simulation (as nearly as possible) by actuating
pushbuttons on or off.

The scope of the zimulation, together with the automatic setup and checkout
requirement, necessitated implementation techniques employing digital and hy-
brid (dipital-analog) methods. The simulation required the resources of the
two digital computers (CDC 1700 and F.i-0+0) and the two solid-state aualog
computers (EIA-680) that are part of the hybrid computation facility at the
Nuclear Power Generation Division (NPGD) in Lynchburg, Virginia.

Calculational speed requirements and consideration of future machine require-
ments resulted in the use of a hardware floating point array processor
(AP-120B) that performs calculations for the CDC-1700, and therepy greatly in-
creases the amount of the simulation that can be programmed on the digital

computers.
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The requirement for flexibility in the simulation of the control system result-
ed in the application of Interactive Simulation Language', whkich allows a digi~
tal computer to be programmed like an analog computer and allows convenient

modification of control system parameters.

The desire for basical'y "hands-off" operation resulted in the specification
of a "mini" control panel that allows automatic plant simulation but also al-
lows the user interactive capability for controlling those portions of the
simulation that are similar to a reactor opera‘or's role of controlling an
actual plant in the manual mode. In addition, this control panel allows the
user to initiate many operational transients. The mini control panel was
physically constructed on one of the analog computers and consists of on-off
and momentary lighted pushbuttons. The status of all the pushbuttons is
scanned by the EAI-640 computer; certain sigynals are then forwarded to the
analog computers, while others are sent to the CDC-1700 via a digital data
link between the digital computers.

Figures 1-1 and 1-2 are schematic diagrams of the power plant. With respect
to these diagrams, the implementation of the major components on the various
computers is as follows:
1. CDC-1700, AP-120B — Reactor, control rod drive, pressurizer,
primary system flows and temperatures, condensate system flows,

feedwater and condensate system energy balance, and turbine
extraction flows.

N
.

EAI-640 — Control system (ICS), protection system, atmospheric
dump valves, bypass valves, and steam relief valves.

3. EAI-680, Console 1 — Steam generators and portion of steam line.

4. EAI-680, Console 2 — Feedwater system flows, remainder of steam
lines, feedwater control valves, feedwater pumps, and turbine-
generator.

The analog computer portions of the simulation are set up and checked out auto-~
matically using COMANCHE, a program developed by Control Data Corporation for
the CDC 1700 computer, COMANCHE is a system routine (resident on the CDC 1700)
which sets poteutiometers on the inalog consoles and then performs a "static
check" of the patchboards and anslog components before performing vroduction
runs. All digital compucer routines are either resident in the computer system

or are read in from binary paper tapes.
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2. MATHEMATICAL MODEL

This section summarizes the equations emploved by the POWER TRAIN simulation.
Modeling assumptions are stated and the equations are presented with minimal
discussion of the details of implementation. Sclution methods are ideatified
and pertinent derivatinons are given. Models are discussed on a component by
component basis starting with components in the primary, continuing with the
steam generator, and concluding with secondary components. The nomenclature
for each subsection corresponds to the variable names used by the computer
coding and are defined at the end of each section. This section concludes

with a summary of the limitations of the simulation.

2.1. Scope of Nuclear Power Plant Simulation

The primary system of the nuclear power plant simulated in POWER TRAIN is dia-
grammed in Figure l-1. The primary system model, when provided with appropri-
ate input data, can be applied to any Babcock & Wilcox nuclear power plant
(177-, 205=, or 145-fuel assembly). It comprises the reactor vessel, two steam
generators, hot and cold leg piping, primary coolant pumps, the control and
safety rod sys.ems, and the pressurizer. The reactor vess2l consists of inlet
and outlet plenums and a reactor core with a bypass channel. Point reactor
kinetics is used to model the dynamics of core power generation. The primary
side of the steam generators consists of inlet and outlet plenums and a tube
bundle in which the heat transfer process takes place. The pressurizer is
modeled as ¢ non-homogeneous thermodynamic system including the effects of
heaters, sprays, wall condensation, #nd relief valves. Primary flow is mod-
eled as a constant until on-off pushbuttons are actuated to simulate primary
coolant pump failures. In those cases, primary flow is determined by flow
versus time coastdown curves. All models, including the steam generators,

can account for the effects of both forward and reverse flows. Reverse flow

mig'it occur if two primary pumps in one loop failed. All primary fluid is
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assumed to be single-phase subcooled water except in the pressurizer. Instan-
taneous thermal mixing is assumed to occur in all plenums. Thermal transport

in the piping is modeled with a variable transport delay.

The secondary system simulation {s diagrammed in Figure 1-2. Included in the
steam side of the secondary system are the steam lines connecting the steam
generator to the turbine, turbine throttle, bypass and dump valves, and the
turbine~generator. The ‘eedwater and condensate side of the secondary system
includes the condenser, hotwell, condensate, and feedwater pumps, three low-
pressure heaters with a drain tank, three high-pressure heaters with a drain
tank, and feedwater control valves for each steam generator. The feedwater
system model uses a single feedwater train to represent two cross-coupled par-
allel trains of heaters and pumps. The arrangement of components in the feed-
water system differs widely from plant to plant. The arrangement modeled by
POWER TRAIN and shown in Figure 1-2 is based on the Tennessee Valley Authority
(TVA) Bellefonte nuclear power plant. In addition, POWER TRAIN provides (as
an option) the capability to select a variation of the feedwater system based

on the Sacramento Municipal Utility District (SMUD) Rancho Seco nuclear power

plant.

Fhe steam in the steam lines is assumed to be of constant enthaipy. Conserva-
tion of mass and momentum equations are used to determine the flow and pres-

sure responses in the steam lines.

‘he main feedwater flow is found by solving a momentum equation assuming con-

stant density for the various sections of the feedwater piping.

Ihe turbine extraction and feedwater heater drain mass flows are functions of
throttle flow based on the steady-state plant heat balance information provided
in the input data. The enthalpy of all extraction and feedwater heater outlet
flows is also a function of throttle flow based on heat balance data. The dy-
namic behavior of these flows and enthalpies is modeled using a single time
constant in a first-order differential equation. That is, when the throttle
fiow changes, these quantities will apporach their new values asymptotically
according to the time constant associated with each extraction flow and feed-

water heater.

POWER TRAIN provides the option to model either a once-~through steam generator

(OTSG) or an integral economizer once~through steam generator (IEOTSG). The
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and

—= === n = A,C,. 2-2
at ~ = T MY ke

Reactivity feedback for fuel and moderator temperature changes are calculated

usin¢, average feedback coefficients:
‘kmp = aplT, = T (0)], (2-3)

;kmﬁd v Jm[Tw - Tw(o)]' (2-4)

The effect of boron addition or dilution is modeled as a positive or negative

rate of reactivity change:

i Rbor
at % bor = 600 X’ \3=3)
Kb =0 hold
+1 borate (2-F)

-] deborate.

Control and safety rod reactivities are obtained from the control and safety

rod x'mdcls .

The total reactivity is the sum of all these contributions. A shim reactivity

is calculated by the simulation to obtain zero initial total reactivity:
k

= Ak : -8 -8 - & -6 . 2-7)
T Dop X kmod kbor kr ksr kshim ( .

Y

Nomenclature

i

L% Mean effective prompt neutron lifetime, s

n Neutron density, nen*rons/cm’

Rbor Boron reactivity addition (4) rate or dilution (=) rate, &k/h
Tf Average fuel temperature, F

Tf(O) Initial value of Tf. F

'r“7 Average temperature of water in core, F

Tw(O) Initial value of Tw’ F

A Doppler coefficient, &k/F

2-4 Babcock & Wincox
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Modr rat« coefficient, &k/F

Frac ) fission neutrons which are delayed

Fractic ( fission neutrons which are

Negativ activity due to boron addition,

Reactivity feedback due to fuel temperature,

Reactivity feedback due to moderator temperature,
.

Negative reactivity due to rod insertion, =&k

Negative ractivity offset to give initial total reactivity «

Zero,

Negativ ractivity safety rod insertion, =&k
Total 2activity,

Decay constant for delayed neutron grcup i, s°

321;4 Contrecl and Safety Rods

The control system transmits a signal to withdraw, hold, or insert control
rods. The rod drive motor is simulated by two first-order differential equa-

tions for rod velocity and rod position.

1y
—= = (KV* -V )/1, 2-8
dt ol r m ( )
d:‘lr

- yr' \2-9)

Contrel rod reactivity is calculated from linear interpolation of a rod worth

versus rod position table included as part of the input data to the simulation:

£

k. = R__F (%X _)/100. (2-10)
r rm T r

Safety rod reactivity is obtained from linear interpolation over a table of a
safety rod worth versus time after trip. The trip signal is initiated by the

reactor protection system model. The table is included in the input data.

k =R _F (t__,)/100 (2-11)
ST srm sr trip

ro
I
w
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Nomenc lat ure

F Table of pcrcent rod reactivity versus ZXr. %
4

[able of percent safety rod inscrtion versus [Lrip'

| for rod insertion,
0 for hold,
-1

for rod withdrewal

Maximum total worth of control rods, -8k

Maximum total worth of safety rods, =&k

Time after signal to trip reactor, s

Rod velocity, in./s

Maximum normal rod speed, in./s

Lengt'. of rod inserted, in.

Percent of rod inserted, %

Negative reactivity due to control rod insertion, -4k
k. Negative reactivity due to safety rod insertion, -4k
Rod drive time constant, s
<.4. Core Power
[he core power is assumed to be directly proportional to the neutron density

(section 2.2), provided that some minimum power value (POWMIN) specified in

the input data is exceeded:

{ = n POWERI) for fuf » POWMIN. (2-12)

o
i

Below this value fission product decay is assumed to heat th- fuel according
to the following model. The power from tb:z fuel decays exponentially witl a

single time constant (‘dk) toward a non-zero asymptotic power level (DECAY).

d(%ZQ.)
i - _ . . _
e '("’Qf DECAY)/‘dk for Z:Qf < POWMIN (2-13)

Nomenclature

DECAY Asymptotic value of power for decay heat model, %Z of rated power
n Neutron density expressed as a fraction of initial neutror density,
dimensionless
e Babcock & Wilcox




f core power, % of rated power

ue of POWER below which the decay
rated power

generated in core expressed as a percentage of

rated power

constant, s

verage temperature
from considerat

e ;\l«lt ions

endent

rate may be specified via input to establ

re flow as a fraction of total primary system flow
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Nomenclature

Specific heat of water, Btu/lbm-°F

Mass of water in the core, lbm

Cladding mass times specific heat, Btu/°F
Fuel mass times specific heat, Btu/°F

Primary sys.>m pressure measured at pressure tap at surge line
irlet, psia

Power being generated in core expressed as a percentage of rated
power, % of rated power

Average cladding temperature, F

Average fuel temperature, F

Average water temperature, F

Core inlet temperature, F

Core outlet temperature, F

C1: ng-to-water heat transfer rate, % of rated power/°F
Initial cladding-to-water heat transfer rate, % of rated power/°F
Fuel-to-cladding heat transfer rate, X of rated power/°F
Initial core bypass flow rate, lbm/s

Flow rate through core, lbm/s

Initial value of wq, 1bm/s

Primary flow rate through loop A, 1bm/s
Initial value of wpq, 1bm/s
Primary flow rate through loop B, lbm/s

Initial value of W 1bm/s

pb’

2.6. Primary System Flow Rates

The primary flow system is simulated as two loops connecting the reactor ves-

sel with two steam generators (see Figure 1-1). In an actual B&W NSS there

are two cold legs, each with its own RC pump. POWER TRAIN models these two
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The dynamic mod~ls used for the reactor core and steam generators are described

in sections 2.5 and 2.16, respectively.

Nomenclature

ri Temperature of fluid at inlet to plenum or section of piping, F
TO Temperature of fluid at outlet of plenum or section of piping, F
L4 Volume of plenum or section of piping, ft'

Wi Mavs flow rate at inlet of plenum or section of piping, lbm/s

W Mass flow rate at outlet of plenum, lbm/s

Density for each plenum or section of piping, input as a constant,
1bm/ft’

Delay time, s

. Average Temperature Calculation for ICS

The integrated control system (ICS) requires average temperature for the pri-
nary system. This is computed from the hot and cold leg temperatures at the
inlet and outlet of the steam generators. The control system selects either
loop, and the measured average temperature is then calculated from the follow=

ing differential equation which approximates the temperature measuring device

characteristic:

17
{

_avgm _ 1 .

dt Y m Tuvgm)' e
ts
;; ' % (Ih4 + :«J) if loop A is selected, (2-25)
% (Thh + ch) if loop B is selected. (2-26)
Nomenclature
T”vxm Measured value of primary average temperature, F
Tca Temperature of loop A cold leg, F
Tch Temperature of loop B cold le,, F
Tha Temperature of loop A hot leg, F
Thb Temperature of loop B hot leg, F
2-10 Babcock & Wilcox
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P =P +AP _+K W W . (2-28)
re P es’ fsk su' su
Nomenclature
Kfq” Equivalent dynamic AP coeffi ient in surge line, psi/(1bm/s)?
.Pvg El'watior P for height difference between surge line connection
] and pressurizer, psi
Pp Pressurizer pressure, psia
prc Primary system pressure measured at pressure tap at surge line inlet,

psia

Surge flow rate into pressurizer, lbm/s

2.11.__Prussurizer

The pressurizer is modeled with a lower liquid region, an upper liquid region,
and a vapor region. Each region may have a different temperature, but all are
characterized by the same pressure. The pressure is dotermined by the density

and enthalpy of the vapor region.

[he pressurizer model includes the effects of sprays, heaters, surge flows,
pilot valves, relief valves, and the makeup system, whose flow is regulated

by the calculated liquid 'cvel in the pressurizer.
The mass and energy transfer effects modeled include

* Mixing of upper and lower liquid regions

* Evaporation and boiling of upper region liquid to vapor
* Condensation of vapor on upper liquid region surface

* Condensation of vapor on walls

* Condensation of vapor on sprav
All these effects are modeled as surface phenomena.

2.11.1. Mass Balapn~e

During steady-state operation ti-re is only one2 liquid region in the pressur-
izer. This liquid makes up what is -. (led the upper region. It ir assumed
that during an insurge the incoming fiuid will not mix instantly wi:h the fluid
already in the pressurizer. A new region, called the lower regior, is created
at this time. The mass of the lower region will decay exponentially us it

mixes w'* _he liquid in the upper region. Therefore, for a single insu-ge,

2-12 Babcock & Wilcox
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two mass balances evolve that will decay into a single region as steady state
is approached. An outsurge will drain the lower region before the upper re-

f oOn

gion mass is affected.

Whenever there is an insurge o:- whenever the mass of the lower liquid region
has not yet decayed to zero, the mass ba'ance for the lower liquid region is

given by

=W - A M . (2-29)
Mass flow from sprays, condensation on the wall, and condensation on the sprays
i

are all assumed to go directly to the upper liquid region. Therefore, the

ass balance for the upper region is given by

An
—ree. - M +W B B +W_ +W_ +W -W +W . (2-30)
dt pwi pw Su 139 140 Ch C Cé b sSp

iM

-A‘D 1.1 1 1 1 1.7 Ty

._‘Lr = W, - “,‘ - W - ‘A. - W - W ’ (2‘3])
dt b Cs (A3 CE r pr

S blads ﬂnvrgv Balance

The conservation of energy equation can be written for each of the three re-

gions in the pressurizer. It is assumed that there is no heat transfer with
walls or across interfaces in the lower liquid region. For an insurge the
flow enters at the hot leg enthalpy, and for an outsurge the flow exits at
the bulk average enthalpy of the lower liquid region. When fluid from the

lower liquid region mixes with that from the upper liquid region, its enthalpy

is assumed to be equal to the bulk average enthalpy of the lower liquid region.

dh r
—P = (h,B . +h_B )W _ -M_ i h
dt HL 1368 pwl 133" su pWl pwl pwl

Heat is added by the pressurizer heaters in the upper liquid region. Liquid
is boiled off at the specific enthalpy of saturated vapor. Spray flow is as-
sumed to be hcated to saturation by the vapor and is added directly to the

upper liquid region along with the condensate on the spray, all at the specific
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enthalpy of saturated liquid. Condensation on the vapor-liquid interface adds
not only condensate but also the heat of vaporization to the upper liquid re-
gion. Condensation on the walls adds liquid to the upper liquid region at the
specific enthalpy of saturated liquid. The heat of vaporization from conden-
sation on the walls is assumed to be taken up by the wall and lost. An out-
surge affects the upper liquid region only when there is no mass in the lower
liquid region, in which case the outsurge occurs at the bulk average enthalpy
of the upper liquid region. The insurge will be added to the lower liquid

region and mix with the upper liquid region according to a mixing factor:

dh r
pw2 _ |, N !
dt thmr wbhg - (wc~ * wsp)hf " wcshs o kcehf
deq!
+ W B B +X M o -h —EEiy
SU PW2 139 140 pwl pwl pw! pwz dt | pw2
(2-33)

Specific enthalpy in the vapor region is increased when there is boiling of

the upper liquid region and is decreased through condensation on walls, sprays,

and the surface of the upper liquid region, Energy is lost when mass is vented

through the pilot and relief valves.

¢h

S - -
—_ = W - + + + + W+ + ’ -34
dt [kbhg (wcu wr wpr wcs "es Mps)hs vpsP]/Mps (2-34)
J)y solving the conservation of mass for the vapor region mass, Wb, and sub-
stituting the result in the energy equation, a substantially simplified energy

equation is obtained:

dhq ‘»\'b(h - h‘;) ‘:P_‘i_

5 . 0 B S . P8 3 K

dt M * M & (335
ps ps

2.11.3. Mass and Energy Transfer Processes

The pressurizer pressure is a function of the local density and enthalpy foi
a positive level in the pressurizer. Should the pressurizer empty, the pres-

sure becomes a function of only the hot leg temperature.

Upper liquid region boiling occurs when the liquid enthalpy exceeds the satura-
tion enthalpy corresponding to the pressurizer pressure. It is assumed that
the boiling rate is a linear function of the difference between the local and

saturation enthalpies.
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The water properties needed by the pressurizer model are expressed as poly-

nomial

hf

P

sat

Nomenclature

Symbols

r O ¢t

logical

B

h

= 1
=0

Specific
Specific
Specific
Specific
Specific

Specific

= f t
.;1(‘f)

£ (P)

f (P)

203

fM (P)
(T)
(v,h)
(v,h)

'w'hcn ";SU O.

otherwise

when Wey s 0,
otherwise

when ”pw; > 0,
otherwise

when hpy, > hf.

otherwise

W :
hen Tps '

. pm2
ot her se

fits to the ASME Steam Tables.

correspond with true or false.

enthalpy, Btu/lbm

2-16

beginning with B are logical variables, which have a value of either

In equations, a vinculum is used over

variables to represent the logical inverse.

internal energy, Btu/lbm

enthalpy of water in cold leg, Btu/lbm
enthalpy of liquid at saturation, Btu/lbm
enthalpy of vapor at saturation, Btu/lbm

enthalpy of water in hot leg, Btu/lbm
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wr Flow rate through Code Safety valve, lbm/s
wsp Spray flow rate, lbm/s
W Surge flow rate, lbm/s
su
. Mixing factor for lower and upper liquid regions of the pressur-
pw1 -1
izer, s
Poe Density of steam in the steam region of pressurizer, lbm/ft’
2.12. Pressurizer Heaters
Four banks of ! _cers are modeled; their total energy output is the sum of the

contributions from each one. The first bank is operated proportionally, the
remaining three are on-off controlled witn different cut-on and cut-off tem-
peratures and power capabilities. A 30-second time constant is associuted

with each heater to account for heat storage in the heater. In addition, all

heaters are cut off should pressurizer level fall below the level specified

by the input data.

2.13. Pressurizer Sprays

The spray valve opens and closes at a fixed velocity. The opening and closing
pressure setpoints and the velocity are constants specified by the input data.
Spray flow is given by the following equation, where f(Nrcp) is a function of

the number of reactor coolant pumps in operation:

W =K X f(N_ )/100 (2-59)
8p 2.33 Sp rep
K if P 2 K
| p -3“
1X |
Sp )
asdinen - ( i < < -
3 7) if K“.‘(: Pp Kz.“ (2-51)
|-K if P <K
\ [N P 2,35

Nomenclature

f(NrCP) Function of number of reactrr coolant pumps in operation, dimen-
sionless
K - Maximum spray flow rate, lbm/s
Kq " Spray cut-on pressure, psia
K s Spray cut-off pressure, psia
2-18 Babcock & Wilcox
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The following modeling assumptions are made:

1. The flow areas on both primary and secondary sides are constant.

The primary fluid can be considered to be incompressible; hence,
there is no flow variation in the channel.

a0
.

Axial heat conduction in the tube metal is negligible when com-
pared to _nat in the radial direction.

4. The secondary fluid state may be evaluated as a functior of local
ent’ lpy at an average pressure during a time step.

2. The overall dynamic behavior of the IEOTS. caa be represented by
an average channel.

A complete solution of the equations modeling steam generator dynamics con-

sists of calculating the following variables as a function of time and the

one spatial dimension modeled:

Primary side flow rate.

2. State of fluid on primary side.
3. Temperature of t-be metal.
4., Secondary side flow rate.

5. State of fluid on secondary side.

The primary and secondary energy balances are coupled via the tube metal tem-
perature distribution. The primary fluid temperature is determined as an
intial value problem from flow inlet to outlet for each time step. Then the
secondary fluid temperature is calculated and the metal temperature is updated.
The steam generator equations are solved using the continuous space discrete
ime (CSDT) method, where finite differencing is used for the time derivatives

a'd continuous integration is used for the spatial derivatives.

2.16.1., Primary Side Model

By assumption 2 above, the flow rate on the primary side of the steam genera-
tor is constant in space. This flow rate, which is calcularad by the primary
system flow model (see section 3.6), may be in either the normal or reverse

direction. The steam generator model can accommodate either case.

The primary side fluid is assumed to always be subcooled single-phase liquid.
In general, the state of the fluid can be specified by s; cifying its pressure
and temperature. Tuerefore, the conservation of enmergy equation for the pri-

mary fluid gives us the following PDE for the primary temperature:

2
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LS
+ . & - — - 5 2=55
at gpAp ax Tp p A C (Tm Tp) ( )

2.16.2, Tube Metal Model

The effect of metal conductivity is included in the values of Upm and psm' By

assumpt fon 3 above, we neglect axial heat conduction along the tubes and write
the following energy equation for the tube metal:
;Tm PQUEm psUsm
v 43 - - ——— - 2=
C A (‘p Tm) + (T Tm). (2-56)

it £ o CA ~
mmm mmm

2.16.3. Secondary Side Model

The modeling of the secondary side is complicated by the fact that the fluid
changes state from subcooled liquid to a boiling mixture and finally to super-
heated steam as it flows from the bottom to the top of the tube bundle. By
assumption 5 we will assume (for the purposes of evaluating state properties)
that the pressure, P_ , is the same for the entire length of the tube bundle

SF

and is equal to the pressure at the secondary outlet:

P =P > (2-57)
sg SgO

p<po is calculated bv the steam line model (see section 2.18) and is provided
as a boundary condition to the steam generator model. This assumption of con-
stant pressure along the length of the channel implies that the state of the

fluid is specified when enthalpy along the channel is specified.

With respect to calculating flow and density, the secondary side of the steam
generator can be divided into three regions according to the state of the sec-
ondary fluid: the subcooled region, the beiling region, and the superheated

region. The boundaries of these regions may change from one time step to the

next. The boundary between the subcooled and boiling rec’' =s occurs at the

height where

hS = hf(Psg) at 2z = z . (2-58)

The boundary between the boiling mixture and superheated vapor occurs at the

height where

b

N

h =h (P ) at z = z_. (2-59)
s g 82
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Combine equation 2-65 with the conservation of mass equation 2-63 to obtain

the form of the energy equation used to calculate the enthalpy along the chan-

nel:

p.o=h +=2L n =g, 3o
" - hb % h Q (2-66)

2,16.4. Heat Transfer Relations

Heat transfer relations are needed by the energy equation for the primary side,
the tube metal, and the secondary side of the steam generator. Half of the
thermal resistivity of the tube metal is combined with the primary film heat

transter coefficient, and the other half is combined with the secondary film

heat transfer coefficient.

The metal-to-primary heat transfer ic modeled with a single constant overall
heat transfer coefficient (Upm provided as input data):

P
Q ==L U [T (2,t) - T (z,t)]. (2-67)
m p

p A pm
t)

[he model for the metal-to-secondary heat transfer is more complex. The heat

transfer equation is the same, but the form of the heat transfer coefficient
is more complicated:
P
q
0 W sewm I1 3 z: - " 2-68)
2 Aq lﬁmlim(z t) Ts(z,t)] (

Modeling the metal-to-secondary heat transfer requires division of the second-
ary side into three regions to represent three different heat transfer processes
that occur in each region: subcooled, nucleate boiling, and superheat. The
boundary between these regions will change from one time step to the next. The

boundary between subcooled and nucleate boiling is at the height where

h =h (P ). (2-69)
s g Sg

The boundary between nucleate boiling and superheat is at the height where

X, 2 DNBX. (2-70)

DNBX is an input constant representing that quality value above which film

boiling is expected to occur.
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The evaluation of deusity for the boiling region is based on the "drift flux"

two-phase void fraction correlation proposed by N. Zuber."

tions are solved for
s

in the boiling region:

" = e :(uf - 'SZ)
. X
( (¢ aanly \ A 8 G M
(\_B*._f__ﬂx‘ +_b_wu.1
. 4 £ ) f
h - h
f
O
hg - hf
( = 1.0
AX ) "_, "'; = 'V )1\1/.‘
v - - (1,41 |—BEE = B |
2] l - \‘I | o |
‘ C) L f |
- for X X
{ i
0 for X .
| C
Lg
W =W - & JL | (o $ n )d
" fw s dt J i Pec’ 9%

Derivatives of density with respect to pressure

ve the corservation of mass equation (2-64).

uperheated steam regions these derivatives are approximated as constants cal-

culated from input data.

‘3;' = ()

S VS('
—2_| = DRHODP
l Sg)sh
._s' Rl - R2
h HI - F2
| S

“8C

2-26

(2-87)

(2-88)

(2-89)

(2-90)

(2-91)

(2-93)

and enthalpy are required to

In the subcooled liquid and

(2-94)

(2-95)

(2-96)

Babcock & Wilcox
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Nome nc 1.,!_[ ure

DRHODP ip/3P at enthalpy of 1234.7, lbm/ft ' -psi

R1 Subcooled density at FW1 and P2, lbm/ft°’

R2 Saturated fluid density at T2 and P2, lbm/ft’
o

Saturated fluid enthalpy at P2, Btu/lbm

HI Subcooled enthalpy at FWl and P2, Btu/lbm
R4 Saturated gas density at T2 and P2, lbm/ft'
RS Superheated density at T4 and P2, 1bm/ft’
H4 Superheated enthalpy at T4 and P2, Btu/lbm
G2 Saturated gas enthalpy at P2, Btu/lbm

Wl Minimum feedwater temperature, F

P2 Expected normal pressure, psia

T2 Saturation temperature at P2, psia

T4 Expected full power steam temperature, F

The calculation of the density derivatives is more involved in the boi’ing
region. The expressions for each derivative can be derived by differentiat-

ing the expression for deusity given by equations 2-87 through 2-93. The

o /3h for the boiling region alculated by the following set of equations:
= = ~( - )V-i—"liP (2-98)
\ ‘h\p Ll “g  tah o r
M [De = § I fax)
\.ti = \_Ig_ oo C‘X o — (:—‘h; (2-99)
Up i O N e -
1 aX 1
b - e (2-100)
\ 'p g f
(o _ ¢ = p ‘ ."\q, Vv :
V= ._.E + _.__.8 X “+ _‘-._&.g.-l. \2-101)
Ol ( W
4 f ) f
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The 30/3P for the boiling region is calculated by the following set of equa-

tions:

3 £ (3a)
| 3P} dp"d_ﬁ*f'O)'("t"’)L?F}
h h

3a) 1 [Tax) fav] 7
(3pl "vrllsel V - X:-.,—J |

P”h v LH I (3P h_"
[3X) [ 1 ) dn, dhﬂi
| = - ! 1 e— ——.3
(38}, = IR - hf)"_x @ *4-0F
- . (o) D, = 5 Pe = 0 | p_A
WL |dl sl £ _"ax) L 4 %8 fgl Pl
P o|d®Plp o | 2P) dP P ! w

Nomenc lature

A

h{

h

SC

sh
K

Cross-sectional area, ft?

Specific heat, Btu/lbm-°F

Distribution parameter, dimensionless
Equivalent diameter, ft

Tube inside diameter, ft

Tube outside diameter, ft

Quality at which DNB occurs, dimensionless
Gravitationzl acceleration, ft/s’
Gravitational conversion constant, lbm-ft/ibf-s’
Specific enthalpy, Btu/lbm

Specific enthalpy of saturated liquid, Btu/lbm
Specific enthalpy of saturated vapor, Btu/lbm

Thermal conductivity of tube metal, Btu/s-ft-°F

(2-102)

(2-103)

(2-104)

(2-105)

Subcooled region forced convection heat transfer factor, Btu/lbm-°F

Superheated region forced convection heat transfer factor, Btu/lbm-°F

Multiplier on Thom's correlation, dimensionless

Length of steam generator tube bundle, ft

2-28
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SC

Perimeter, ft

Pressure, psia

Gravity head, psi

Shock and friction pressure drop, psi

Steam generator pressure for state property evaluation, psia
Steam generator pressure at feedwater inlet of steam generator, psia
Steam generator pressure at steam outlet of steam generator, psia
Unrecoverable pressure losses per unit length, psi/ft

Rate of heat addition to primary side of steam generator, Btu/s
Rate of heat addition to secondary side of steam generator, Btu/s
Temperature, F

Secondary fluid saturation temperature, F

Temperature differential, tube wali to secondary fluid, F

Metal-to-secondary heat transfer coefficient in boiling region,
Btu/s-ft“-°F

Primary-to-metal heat transfer coefficient, Btu/s-ft’-°F
Secondary-to-metal heat transfer coefficient, Btu/s-ft’-°F
Intermediate term in drift-flux model, dimensionless

Drift velocity of vapor, ft/s

Mass flow rate, lbm/s

Equivalent flow rate from subcooled to boiling region, 1bm/s
References mass flow rate for secondary, lhm/s

Distance measured from prinary fluid inlet, ft

Difference between XS and Kc, dimensionless

Threshold quality defined to smooth transition from boiling region
to superheated region, dimensionless

Distance measured from bottom of tube bundle, ft

Height above bottom tubesheet of interface between subcooled and
boiling region, ft
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Height above bottom tubesheet of interface between beiling and
superheat region, ft

Void fraction, dimensionless
Density, lbm/ft’

Density of saturated liquid, 1bm/ft?
Density of saturated vapor, lbm/ft’
Surface tension, 1bf/ft

Heat flux, Btu/s-ft?2

Subscgﬁgts

b

SC

sh

Zelis

Boiling region
Tube metal
Primary side
Secondary side
Subcooled region

Superheated region

Downcomer Model

An option is available in POWER TRAIN to simulate the steam generator with a

predgeating feedwater chamber. This downcomer prehcats the feedwater to sat-

urated conditions (using recirculated superheated steam) before it enters the

tube bundle. Therefore, when using this option, the subcooled region is elim-

inated from the simulation and the following model is substituted. The fol-

lowing assumptions are made in deriving this model:

ls

The aspiration steam maintains the downcomer at saturated conditions.
There is a distinct saturated fluid level.

Spatial momentum and transient fluid acceleration pressure differen-
tials are negligible.

The time rate of change of the saturated liquid and vapor properties
(specifically dersity and enthalpy) are negligible.

The equations that describe the dynamics of the downcomer follow.

2-30 Babcock & Wilcox
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2.17.1. Conservation of Mass

Ay d% g(lge = L) +ogl] =We +W_ =V (2-106)
where Ad( = downcomer area, constant, ft°,
de = downcomer height, constant, ft,
L’ = gaturated fluid level, ft,
- saturated vapor density, lbm/ft”,
;" saturated fluid density, lbm/ft°,
kfw = feedwater flow rate entering downcomer, lbm/s,
’Jsp = vapor aspiration flow rate, lbm/s,
Kr = saturated fluid flow rate leaving downcomer, lbm/s.

The continuity equation is now solved for the time rate of change of the fluid
3 i B

level by utilizing assumption 4 above:

W, + W - W
d ) e |t asp f (2-107)
dt ’ A, Bs =
dc § g2 |
2.17.2. Conservation of Energy
d ) ’

. o { } i - + ( ~ L 1} = Y‘ + 7 p— V_ e
\dc dt [ g1g(ld‘ ll) thfli‘ krwhfw hnsphasp kthf (2~108)

where (in addition to previously defined quantities)

hg = saturated vapor encthaloy, Btu/lbm,

hf = gaturated fluid entha Btu/1lbm,
hfw = feedwater enthalpy, Btu/lbm,
haqp = aspiration flow enthalpy, Btu/lbm.

This equation is now solved for the time rate of change of the fluid level by
once again using assumption 4 above:
(w + W - W.h,|
S L) = 1 ;hfwhfw a§phasg> wfhfl
d i A p.h. - p h "
; de | f f g8 }

(2-1C9)

Now the aspiration flow rate required to keep the downcomer at saturated con-

ditions can be found by equating 2-107 and 2-109 and solving for waqp:

W(h, =K ) -W_(h. =K)
B gt - 1 fw' fw 1 (2-110)

2-31 Babcock & Wilcox



m
F;
£
z




Combining equations 2-112 and 2-114 and solving for the orifice 7 low rate
(and requiring that W, - 0),
- -
b p
W = e (AP + 'p - AP - AP . (2=117)
f R deg fwn otsg asp

I'he equations above are implemented on the digital portion of the hybrid com-
puter. [he time rate of change of fluid level ‘ calculated using Euler inte-

gration. l'he remaining e, .ations are algebraic.

18. Steam Lines

Steam from the two steam generators flows into the steam line¢ and is combined
in the turbine header before flowing onward through the turbine control valves
to the turbine. Only one steam line is modeled per steam generator. The par-
tial differentiai equations describing the flow of steam are solved using the
discrete space continuous time method. The nodalization scheme is shown in

Figure 2-1.

The steam line model requires that the following boundary conditions be pro-

vided:

l. Flow out of each steam generator.

2. Positions of all dump, bypass, and control valves.
[he following assumptions are made in the model:

l. No heat is lost or gained through the walls.
2. The steam is always superheated.
3 The steam enthalpy is constant.
The steam line model consists of the solutions of equations to calculate the
following variables as a function of time:
il. Pressure in every node.
2. Flows into and out of every node.
Assumptions |1 and 3 eliminate the need for an energy equation. Assumpiions 2

and 3 allow the equation of state to be approximated as
(x,t) = C; + CaP(x,t) (2-118)

where C; and C; are constants derived from input data.

N
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Whp Bypass valve flow rate, lbm/s
Hpg Pegging steam flow rate, lbm/s
L Reheater flow rate, lbm/s

X Valve position, %2/100%

P Density, lbm/ft’

Subscripts

mada, madb Main atmospheric dump valves (on/off)

ra, rb Relief valves

sada, sadb Small atmospheric dump valves (modulating)
sgia, sgib Steamr generator inlet

sgoa, sgob Steam generator outlet

sk Steam line node

la,1b,2a,2b Steam line node designations

3a,3b,t

J.IQ;W\?HVES on Steam Lines

The response of the turbine throttle valve to the control signal supplied by

the ICS is modeled according to equation 2-142:

d.‘(t .
— = (X - X )/, (2-142)
dt D t

The value of the derivative is limited to 10%Z/s opening velocity and 100%/s
closing velocity. The throttle valve model is also used to model the turbine

stop valves.

The main steam relief (safety) valves on each steam line are modeled as two
banks, each bank with its own opening and closing pressure. For the purposes

of simulation, all valves in a bank are combined; therefore, a total of yrour
valves are simulated. Each valve steps fully open when the opening setpoint
pressure is exceeded and steps fully closed when pressure drops below the clos-
ing setpoint pressure. The atmospheric dump valves comprise on-off and modulat-

ing valves. There is one modulating valve per steam line. The valve opens
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when

) when

when

when

when

intercept valves are closed

heater |1 is

heater 2 1is

heater 3 is

heater 4 is

failed

failed

failed

failed

2-38

(2-146)

(2-148)

(2-149)

(2=150)

(2-156)

(2-159)
(2-160)
(2-161)
(2-162)

(2-163)
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Fgr : Fgrn M Btup'.'Fgr B denLFgr kEniias
Nomenclature
FX Cenerator frequency, Hz
Fgr Grid frequency, Hz
iFgr Grid frequency step, Hz
Fgrn Normal grid frecuency, Hz
Kty. Turbine-generator speed change rate at 100% torque, Hz/s
th‘ Normal house load as a fraction of total load, %/100%
le‘ Turbine-generator torque change per load angle change, %/ eg
thu Turbine-generator damping constant, %/Hz
Ktp- Turbine-generator friction and windage torque, %/Hz
Hd Electrical damping torque, %Z/100%
M, Electrical load torque, %/100%
M, Friction and windage torque, %/100%
M Net torque, %Z/100%

, Mechanical steam toroue, %/100%
&

Logical Variab les

= 1 when pushbutton is depressed to step down grid fre- (2-182)

E. frequency

Ff“p = 1 when pushbutton is depressed to step up grid fre- (2-183)
quency
B, = 0 when turbine is tripped (2-184)
tge = 0 when grid breakers are open (lcss of load) (2-185)
Tables

F,(W)) = High-pressure turbine steam torque Vs W, (2-196)
F,(W,) = Low-pressure turbine steam torque Vs W, (2-187)
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The elevation pressure drop 1Pe is a constant, and the frictional drop APf is
calculated from the following expression (note that flow is in the positive di-

rection only; therefore |[W|W = wW?):

P, = K.We, (2-191)

The friction coefficient Kf is assumed to be constant and is determined from
the initial pressures and flows <o that the flow rate derivative equals zero.
In lines having control valves the frictional pressure drop across the valve
is a function of valve position (section 2.23). 1In lines with feedwater pumps
the driving pressure includes the pressure head developed by the pump (section
2.24). The following equations are used to calculate the feedwater flows to

each steam generator and the flow through the main feedwater pumps:

(144g A)
d W « o C | (P - P - AP - K W - AP ) (2-192)
dt fwa { L ) fw sgia ea fa fwa cva’’
fwa

4 (ladg A)
Y J = !———! - PR s 4 12 - 7.

dt fwb | L 'wa(wa Psgib Peb kfbkfwb “PC'.'b) » (~ 193)
W, =W C e
tw " Yewa ¥ Yeub (2-194)

lhe pressure (P w) at the common junction is found by solving the conservation

$
of momentum equation for the main feedwater line and by differentiating equa-

tion 2-194:

i
i Yee " 3 Yoe T I Wewb?® NS
> (1 ) 4 ;
pfw 3 Pc. * ‘pfp g ‘pefw a waw%w - -I_lo_lo—g-;_;_AJl dt wgw' (F298)
fw
Nomenclature
A Cross-sectional area, ft?
Dh Hydraulic diameter, ft
f Friction factor, dimensionless
g Gravitational acceleration, ft/s®
8. Cravitational conversion constant, iom-ft/l1bf-s
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Table 2: W > W
P

r
a/E Vs y/B* (2-208)
Note: a/f = W_/W , (2-209)
Note t'"p
y/B¢ = (pr/;Pr)/(wr/wp)‘ {(2-210)

Now, given pump speed and pump flow for any operating condition, compute a and
8. If a 2 8, use Table 1 to find (y/a’),. Then ap ) = (v/a®)ya®aP . 1f a < 8,
use Table 2 to find (v/8%);. Then APP = (y/ﬁy)zﬂthr.

The feedwater pump speed is calculated from a fit to manufacturer's data for
the pump controll.r and is modeled as a second-order system. The pump speed

(Np) in response to a . .eed demand signal (di) received from the control sys-

tem is delined by equation 2-211:

d’ 1 d
"% Np 1p di - Np - Tpl at Np. (2-211)
2

[f the suction pressure (Pc’) drops below the minimu suction pressure (NPSH),

the pump speed demand (Vpd) in the equation above is set equal to zero.
Nomenclature
N .Nr Actual and rated pump speed, rpm
Pump speed demand, rpm
\P AP Actual and rated pump head, psi
W W Actual and rated pump flow, 1lbm/s
t Normalized pump speed (dimensionless)
Normalized pump flow (dimensionless)
Y Normalized pump head (dimensionless)
 JOEY Pump controller time constants, s

P1 P2
2.25. Emergency Feedwater System

The emergency feedwater system provides for steam generator flow in the event
of feedwater or steam line isolation. This would occur if all main feed pumps
were tripped or if the steam line pressure fell below a setpoint pressure.

When isolation occurs, block valves in the feedwater and steam lines are closed
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If the low-pressure drain tank block valve closes,

£ ¥ & . -2
at Yaep = 00 Mgy = 0 (2-217)

Now all the system flow rates and their derivatives are defined, so it is
possible to solve the momentum equation for each line t~ determine the pres~-

sures. From equat’ons 2-212 and 2-213, it fo' iows that

d d d J
e B . e - =218
at "cz " 3t "fw " 3t Yanp pamahe)

and
iw”,iwy,_d_w” (2-219)

Therefore,

5 - A ’ _ A = 2
}cx s * ”Pcp * ‘Phwp ﬁpecx * “Phwﬂ Kfclwcx
(L ] 4
- | —-— =22
| 144g Al dt wCl' o "
L )
and
. AT 4
D - = = y & - Sl L S —_— 2_21
e pcx Pec: Kfczkcz {I&AgcAj dt "c2’ ke=331)
c2

The head developed by the condensate and hot well pumps depends or the number

of pumps running, the flow rate through the pumps, and the pump head capacity
curves:

P =F (W /N ), (2-222)

D <

' /N ). (2-223)
hwp

. (W
hwp' c1’ vp
The hot well level is determined from a mass balance on the condenser:

d ',l\‘ e
1) = el - -224
it Lh | ”J (W9 + wbp wcl)' (2-224)

The pressure due to the hot well level is found from the initial pressure and

level, which are input, and the level calculated from equation 2-224:
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As an example, the actual plant has parallel feedwater heaters. In this model

they are lumped into o heater. Further, it is assumed that the high-pressure

heaters (if thev are not failed) will provide feedwater at the prop~r tumpera-
ture, depending on load. To accomplish this, the necessary steam flow %o the
high-pressure heaters is calrulated based on the system energy balance. This
simulates the increased shell-side flow that would occur .ue to a lower shell-
side pressure (which would result from introduction of feedwater at a lower

temperature into the heater).

The basic method is to write steady-state mass and energy balances for each
heater and then to a:sume that the transient performance of each neater can

be approximated as a first-order system. The characteristic time constant of
the heat r is used for both the mass and energy balances. With refere to
Figure 1-Z2, the following equations are presented (beginning at the steam gen-

erators and working back to the condenser).

2.27.1. Feedwater Temperatures and Delays

v = T [ - Iy . \
Ifwa([) Lt t (yfwa'k.wa)] (=220
- ¢ = T o " 2&2
Feun (8] = Te Mt = (Mo M) ) (2-227)
H i e ; 2<22
T (t) = T} [t - (M M. )] (2-228)
M . =29
T{w f(hhp‘) (2-229)
2.27.2. High-Pressure Heater 6
= - - y o
hhp.i hhp»i(t) hhpn[t (was/wfw)] (2-230)
hoy = F (W) (2-231)
W e | - ! - - )
Hoes = MewlProe = Prpet? * Yeaba = Yaoler = YenaPrngal Mpge (2-232)
If W > W Z
pge pgem
W = Y s 2-333
p pgem ( )
" wpge Wb " Ve (2-234)
and
' = - -
hhoe = Bpogy + (he = W b DA, (2-235)
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[f W i '
PE PBSM
(W (Mg = Py he o) + W gh g =W b1k (2-249)
and
h! =BF (W) +B [h + A " (2-250 .
hp* B F,( t 8,1 hpsi hfpl ‘ s
If W 0, l
PE®
W = (2-251)
PR® l
and
W =W | . 2=-252
5b ' krh! ( - l
Finally, regardless of the value of W o»
h = ——— (h! - h ) (2-253) l
t hp - hp bps
and '
: = _!. (1 + 1 W ) (2-25¢
it h d - " "‘d d ! et
hp '
A I "_L'?,‘_',P.r_‘ff"fl"_r‘- Heater 4
y ® F (W ) (")’-‘,r):)) l
} = } ( = h [t = (M. / «=256
pui hpsi £ ' p3’ ( fk‘./k( )] ( 0) H
' - [ ( 1 - W R 2257
ho B | w l‘“ + k‘.h“ k“ h“d)/w ] + B“hh;\‘*i ( ) 7) l
h o sl (BE. =] ) (2-238)
it "hp Ty o hp « ‘hpu
| |
gy ok g (2-259)
dt &d 7 " ud ol
hpe l
’L‘JVZ._:_.__H}_&h—-Pres:;uru Heater Drain Tank
h = F (W) (2-260) '
ms 3
+ W .} + W
b > w5dhsd od ud mshms (2-261) '
+ + “ -
dhp w‘,d w..d wms
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d ., \
dv “1d 19,7 (wx * wzd N wld) (2-278)
2.27.9. Low=Pre'.sure Heater Drain Tank
hfptc = F7(wl) (2-279)
W, wden (W, = M) (2-280)
dt “fpt ‘gt 8b fpt
) . w1dh1d fpt fptc (2-281)
dip W, +W -
1d fpt
B b, e (B = Bl ) (2-282)
dt dip Tdip dip dip
hcl (wdfphdip ¢ cxhlpl)/wc? (2-283)

Nomenclatur e

ymbols beg nning with the letters P, W, h, and T correspond to pressures, mass

flow rates, enthalpies, and temperatures, respectively, as shown in Figure 1-2.

“H Enthalpy rise across main feedwater pumps, Btu/lbm

£ 4

fp
Mtw‘ Liquid mass between feedwater heaters | and 2, 1bm
Mt~ Liquid mass between feedwater heaters 2 and 3, 1bm
wa Liquid mass between feedwater heaters 3 and 4, lbm
Hfu Liquid mass between feedwater heaters 4 and 5, 1lbm
wa( Liquid mass between feedwater heaters 5 and 6, lbm
Mfw Liquid mass between feedwater hcater 6 and the common junc-
tion, lbm

Mfua Liquid mass between the common junction and OTSG-A, lbm
Mfwb Liquid mass between the common junction and OTSG-B, 1bm
'pgsm'wpgsm Maximum pegging steam flow rate, lbm/s l
Tep1®Tep2* T 1ps Low-pressure feedwater heater time constants, s .
1 » T High-pressure feedwater heater time constants, s
hpu«’ hps
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2,28, Secondary System Option

Nearly every nuclear power station has some differences in its secondary sys-
tem. The system described in sections 2.26 and 2.27 can be considered typical
and is based on the TVA Bellefonte design. A secondary system option is avail-
able which slightly modifies the system to represent the SMUD Rancho Seco sec-

ondary system.

The SMUD unit differs from TVA in that it does not have a low-pressure drain
tank; drain flows from the feedwater pump turbine and low-pressure heater |

are simply bypassed directly to the condenser. In addition to this, the drain
flow from high-pressure heater 5 and the moisture separator flows are directed
to nigh-pressure heater 4 rather than trectly to the high-pressure drzin tank.
These minor differences result in the fcliuving changes to the equations pre-

sented in sections 2.26 and 2.27:

Equation 2-213

W =W (2-304)
<3 I

Equation 2-214
g o s (M., = W (2-305)
dt "dhp Tanp ¢ = VYanp’ .

Equation 2-215 is eliminated and 2-217 applies all the time.
Equation 2-224

d (1}

L =l , - - 2-306
dt [hw {AD ) (ka * kbp * wxd . wfpt wcx) St
hw
Equation 2-257
. J - 7 \
hhp Bui(kc:hhpui ML LR Wed"sa
- wudh= )/UC2] + B“hhphi (2-307)
Equation 2-259
Ly, e W AW AW =W ) (2-308)
dt “«d 1 " ms sd wd
hpu
2-56 Babcock & Wilcox




-
)
=
<
el
x
2
w
@




ion and evaluation of new
1l system failure and system effects analvsis.
n system (trip) failures and syctem effects anal

'f warranteed plant maneuvering capability.

analysis and scoping studies for many anticipated transients,

Babcock & Wiicox




»
o
-
=
a2
x
3,
°©
Qo
L
©
@

-"llllll'll'l""'




The pressurizer cannot go solid or completely empty. If either
condition occurs, the code results from that point are invalid.

[wo-phase conditions in the primary system are not mcdeled.

Operation of the serondary system which results in the introduction

L

of satuvated fluid conditions in the steam lines is not val!d.

‘e he code is not capable of analyzing system piping breaks in the pri-

i

No emergency safety system features (such as high-pressure injection)
aire included in the code capability.

> 1t 1is not valid for analysis of fast primary system reactivity ex-
cursions (e.g., rod ejections).

Babcock & Wilcox
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BETA (1
BETA (2
BETA (3
BETA (&)
BETA(S

BETA (6

CLAM(1
CLAM(2)
CLAM(3)

CLAM(4)

RHOBUP

RHOCLA

RHOHLA
RHOHLB
RHOLP

RHOUJP

Moderacor

Delavye

Delaye

1V

luid
Fluid
Fluid
Fluia
Fluid

Fluid

*d neutron

1 neutron
neutron
neutror
neutron
neutron

ved n
constant,
constant,
constant

constant,

wat

wa

‘in‘ﬂ.’il‘l‘v'.
density,
dens i!y,
densi ty,
density,
density,
density,

nsity,

K DATA Variables

Description

fraction, group

fraction, group

fraction, group

fraction, group

fraction, group

fraction, group

eutron fraction

group
Jroup

group

group

clada specific heat, Btu/°F

er specific heat, Btu/°F

ter specific heat, Btu/

lower plenuw

uppe r ;“!t"fl.'“.
lower plenum,
upper plenum,

\‘\‘]d 10';1 :\, ]b,‘yf-f -

cold 1b/ft?
1b/ft°

hot leg B, 1b/ft?®

leg B,

hot leg A,

vessel upper plenum, 1b/ft°

vessel lower plenum, 1b/ft°

Maximum rod worth, Ak/k

Maximur. safety rod worth, Ak/k

Babcock & Wilcox
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64

Name

TAUDK
TAUM
TAUTS
TCIN
TFIN
‘WIN
TWIIN
VCORE
VCLA
VCLB
VHLA
VHLB
VLP
VUP
VSCGA
VSGB
VSGALP
VSGAUP
VSGBLP
VSGBUP

WCBP
WPA
WPB
XMAX
XRO
VRS
SGSIZE
K201

K202
K203

Tablc 3-2. (Cont'd)

Description

Decay heat time constant, s

Rod drive time constant, s

Avg temp thermal time constant, s
Initial cladding temperature F,
Initial fuel temperature, F
Initial coolant remperature, F
Initial core inlet temperature, F
Core coolant volume, ft?

Cold leg A volume, ft'

Cold leg B volume, fr’

Hot leg A volume, ft'

Hot leg B volume, ft°®

Vessel lcwer plenum volwie, ft’
Vessel upper plenum volume, ft°
SC A primary side volume, ft’
primary side volume, ft’
lower plenum volume, £’

B
A

SGC A upper plenum volume, ft’
B lower plenum volume, ft?
B

SG upper plenum volume, fe?

Not used

Core bypass flow rate, pps

Loop A flow rate, pps

Loop B flow rate, pps

Maximuw rod insertion, in.

Initial rod position, % withdrawn

Normal rod velecity, in./s

No. of sample points in steam generators

Rate of change of primary fluid density with pressure at
constant temperature, 1b/ft’-psia; use is optional

Not used

Level to volume equivalent in cylindrical section of pres-
2
surizer, in./ft’
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(Cont "d)

Descr iivl i

70 1 ume

ssurizer volume,

oefficient

.

4

D

Maximum RC makeup flow, pps
4 cut-off point, psia
Maximum spray f

Spray cut-on point, psia
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No.

96
97
9
99
100
101
102
103
104
105
106
107
108

109

114
115
116
117
118
119
120

Name

K235
K236
K237
K238
K239
K240
K241
K242
PLAMBA

PTAUr
PUAPM2

PUAPS

MPW1
MPW2
HPWI
HPW2

VRC
POWMIN
DECAY
BOR

DCA
DCL
RASP

RORF

Table 3-'. (Cont'd)

Description

Spray cut-off point, psia

Letdowm flow ra e, pps

Heater 1 cutoff point, psia

Power-operated relief valve flow, pps
Power-operated relief cut-on point, psia
Power-operated relief cut-off point, psia
’ressurizer heater time constant, s
Pressurizer spray valve velocity, % stroke/s
Mixing factor for pressurizer lower liquid region, o-!
Not used

Not used

Makeup flow time constant, s

Steam-tc-wall condensation heat transfer coeff x area,
Btu/s-°F

Steamn-to-liquid condensation heat trarsfer coeff x area,
Btu/s~-°F

Initial mass in pressurizer lower liquid region, 1b
Initial mass in pressur.'zer upper liquid region, 1b
Initial enthalpy in pressurizer lower liquid region, Btu/lb

Initial enthalpy in pressurizer upper liquid region,
Btu/1b

Initial mass in pressurizer steam region, 1b

Initial eit'.ai, v in pressurizer steam region, Btu/lb
Total mass in RC system (excluding pressurizer), 1b
Total volume of RC system (excluding pressurizer), ft°
Initial power level after reactor trip, % of full power
Decay heat level, 7 of full power

Reactivity insertion change due to boration or deboration,
Ak/k/h

Maximum secondary flow for analog scaling purposes, pps
Equivalent cross sectional flow area for downcomer, ft’
Total height of downcomer, ft

Friction and shock loss multiplier for steam aspiration
port, psi/pps”

Friction and shock loss multiplier for inlet orifice,
psi/pps’

Babcock & Wilcox




(_(:\.\Ht ’l; )

Description

Feedwater inlet nozzle momentum multiplier,

Time step, s

ALPHA [ime scaling factor, computer time/problem time, dimen-
sionless

PNOM Nominal secondary pressure for analog
psia

PMAX Maximum deviation (+ or -) from nominal secondary pres-
sure, ;lSi

'NOM Nominal primary or secondary temperature for analog

scaling purposes, F

'MAX Maximum deviation (+ or -) from nominal temperature, I

g M
HNOM

enthalpy of secondary fluid for analog scaling
s, Btu/lbm

Maximum deviation or -) from nominal enthalpy, Btu/lbm

onstant for turbine extraction flow to heater

turbine extraction to heater

turbine extraction flow to heater

turbine extraction flow to reheater

turbine 7 to moisture sep

neater

turbine extraction

turbine extraction low to heater

constant * LP turbine exit flow to condenser, s
TAURKE] Time constant f¢ reheater 1 exit flow,
TAURH2 Time constant reheater 2 exit flow,
TAUHP6 Time constant HP feedwater heater
TAUHPS Time constant feedwater heater
TAUHP4 Time constant feedwater heater
TAULP3 Time constant feedwater heater

TAULP2 Time constant feedwater heater
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151
152
153
154
155
156
157

158
159
160
161

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

178

179

Name

TAULPI
TAUDHP
TAUDLP
TAUFPT
H6

H6B
HPG6

HRH2D
H5
H5B
HPGS

H4
HRH1
HRH2
H8B
H3

H2

HI
DHFP
WPGEM
WPG5M
MFWI1
MFW2
MFW3
MFW4
MFW5
MFW

MFWA

MFWB

Table 3-1. (Cont'd)
- Description
Time constant for LP feedwater heater 1, s

Time constant for HP drain tank flow, s

Time constant for LP drain tank flow, s

Time constant for feedwater
Enthalpy of extraction flow
Enthalpy of extraction flow
Enthalpy of "pegging' steam

6

pump turbine flow, s
6, Btu/lbm
6B, Btu/lbm
(WPG6) to HP feedwater, heater

Enthalpy of reheater 2 drain flow (WRH2) Btu/lbm

Enthalpy of steam to HP feedwater heater 5, Btu/lbm

Enthalpy of HP turbine extraction flow W5B, Btu/lbm

Znthalpy of "pegging'" steam (WPG5) to HP feedwater heater

5, Btu/lim

Enthalpy of HP turbine extraction flow W4, Btu/lbm
Enthalpy of reheater 1 flow WRH1, Btu/lbm
Enthalpy of reheater 2 flow WRH2, Btu/lbm

Enthalpy of feedwater pump turbine flow W8B, Btu/lbm

Enthalpy of LP turbine e: traction flow W3, Btu/lbm

Enthalpy of LP turbine extraction flow W2, Btu/lbm

Enthalpy of LP turbine extraction flow W1, Btu/lbm

Enthalpy rise across main feedwater pumps, Btu/lbm

Maximum "pegging' steam to HP feedwater heater 6, pps

Maximum "pegging" steam to HP feedwater heater 5, pps

Nominal liquid mass from feedwater heater 1

Nominal liquid mass
Nominal liquid mass
Nominal liquid mass
Nominal liquid mass

Nominal liquid mass
junction A-B, lbm

Nominal liquid mass
1bm

Nominal liguid mass
1bm

from
from
from
from

from

from

from

feedwater
feedwater
feedwater
feedwater

feedwater

feedwater

fo > dwater

heater

heater

2
3
heater 4
heater 5
6

heater
junction

junction

to 2, lbm
to 3, lbm
to 4, 1bm
to 5, 1bm
to 6, 1bm

to feedwater

A-B to OTSG-A,

A-B to OTSG-B,
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(Cont "'d)

condensate
Equivalent length/area ratio for condensate
'twell area times density, lbm/f
‘ressure at condenser, psia

1

ressure at junction of LP drain tank flow and heate
psilia

Pressure at junction of HP drain tank flow and

pressure differential between hctwell

n pressure differential between PC2
1 ] s Aiffe ial 11 y hotwe ]
] pressure differential due to hotwell
{inimum hotwell level allowed

ndancoer
yndenser

ction

C PpPSs l
ime ¢ sne hetween ndatee o . 4

me steps between uypdates ol eCco 3) |

1a1 .

delays (dimensionless)

am generator secondary press
scaling purposes

feedwater temperature offset

used
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10

11

13

14

15

16

17

Function

Table 3-2. Tabular Data

Description

/:u\r = Pr (Zxr)

ZRsr = Fsr(t)

wpb - F!b(t‘
wpa - F?a(t)
wpb - F7b(t)
wpa = Fia(t)
wpb - F3b(t)
wp{_ = F“a(t)
wpb = F“b(t)
Wy = Fy (W)
wsb L F?(wt)
W, = F,(W)

hhpe " Fu(kt)
s © Fs(wt)

W = Fy (W)

M =F (W)
87 2 7

Control rod worcth (%) Vs insertion (%)
Safety rod worth (%) Vs time after trip (s)

One-primary-pump trip, loop A flow rate (pps) Vs
time after trip (s)

One-primary-pump trip, loop B flow rate (pps) Vs
time after trip (s)

Four-primary-pump trip, loop A flow rate (pps)
Vs time after trip (s)

Four-primary-pump trip, loop B flow rate (pps)
Vs time after trip (s)

Two-primary-pump trip in same loop, loop A flow
rate (pps) Vs time after trip (s)

Two-primary-pump trip in same loop, loop B flow
rate (pps) Vs time after trip (s)

Two-primary-pump trip, 1/loop, loop A flow rate
(pps) Vs time after trip (s)

Two-primary-pump trip, l/loop, loop B flow rate
(pps) Vs time after trip (s)

Extraction flow Wg, (pps) to HP heater 6 Vs
turbine throttle flow Wy (pps)

Extraction flow Wsp (pps) to HP heater 5 Vs
turbine throttle flow wt (pps)

Extraction flow W, (pps) to HP heater 4 Vs
turbine throttle flow wt (pps)

Enthalpy hppg (Btu/1b) of FW leaving HP heater
6 Vs turbine throttle flow wt (pps)

Enthalpy hyp s (Btu/1b) of FW leaving HP heater
5 Vs turbine throttle flow W, (pps)

Moisture separator flow Wy to high pressure

drain tank (pps) Vs flow W, (pps) out of HP
turbine

Tciyue developed Mg, (%) by HP turbine Vs steam
flow W_ (pps) out of HP turbine
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1b)

Enthalpy (Btu
Vs flow W, (pps)

Extraction flow W,

flow Wg (ppr) irt

Extraction flow W; ps) out
flow V_ (pps) into LP turbine

Extraction flow W ppi) out
flow W, (pps) in i turbine
steam extraction flow Wep

(ppe) through rehe:

Feedwater pump turbine flow W,
W.. (pps) through rehe:

Extraction flow Weh:

reheater 1 Vs turbine

(Btu,/1b) heater 1 drain

flow W, pps) through reheate

- 1 .3
[eedwater he:

feedwater flow ‘ﬁ"

v h itu/l up §

Y N.d eedwater he:

drain flow W ( 3) Vs condensate flow W
Ba

Enthalpy higq (Btu/lb) of LP feedwater heate

drain flow W.4 (pps) Vs condensate flow '.{{
i

Enthalpy h;4 (Btu/lb) of LP feedwater heater
drain flow W,4 (pps) Vs condensate flow W

2 co
Enthalpy h, d (Btu/lb) of LP feedwater heater
drain flow W4 (pps) Vs condensate flow W

14 cl

Hotwell pump developed head (j
(pps) through pump

Condensate pump developed head |
W (pps) through pump
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LALB
LA2A
LA2B
LA3A
LA3B
LDPSAV
MMAX
NPUMPF
NPUMPI
NPJMPR
PBP
PC2
PC2REF
PDMAX
PESF
PMAD
PMAX

PNPSH
POWER
PP
PRC
PS
PSAD
PSGOA
PSGOE
PSL1A
PSL1B
PSL2A
PSL2B
PSV
PT

Pl

P2

P3

Table 3-3. (lont'd)

Steam line 1B length to area ratio, 1/ft

Steam line 2A length to area ratio, 1/ft

Steam line 2B length to area ratio, 1/ft

Steam line 3A length to area ratio, l/ft

Steam line 3B length to area ratio, 1/ft

Level in SG where total DP is sampled and saved, ft
Maximum steam dump to atmosphere per SG

Main feced pump final speed after trip, %

Main feed pump initial speed, %

Main feed pump rated speed, %

Bypass valve pressure at rated flow (WBP), psia
Normal feedpump suction pressure, psia

Feed pump suction pressure at which head was measured
Scaling parameter for PSL2A-PT and PSL2B-PT, psi
Low-pressure setpoint for containment isolation, psia
Main atmospheric dump valve rated pressure, psia

Scaling parameter for secondary pressure (range and midpoint),
psia

Main feed pump trip setpoint on NPSH, psia

Neutron power, %

Primary wetted perimeter, ft

Primary system pressure, psia, in pressurizer steam space
Secondary wetted perimeter, ft

Small atmospheric dump valve pressure, psia

Steam generator A outlet pressure, psia

Steam generator B outlet pressure, psia

Pressure at steam line node 1A, psia

Pressure at steam line node 1B, psia

Pressure at main atmospheric dump valve A, psia

Pressure at main atmospheric dump valve B, psia

Steam line safety valve rating pressure (103% accumulation), psia
Pressure at turbine valve, psia

Minimum expected pressure, psia

Expected normal pressure, psia

Max imum expected pressure, psia

13 Babcock & Wilcox
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transfer coe
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FREQ
FREQDN
FREQUP
KTG1
KTG2
KTG3
KTG4
KTG5

Table 3-3. (Cont'd)

Steam lire 2A volume, fr?
Steam line 2B volume, ft’
Steam line 3A volume, fr?
Steam line 3B volume, ft’

Volume of turbine line from bypass junction, ft’

Total condenser dump at 1050 psia (187 of 2*WFW), 1b/s
Emergency feedwater flow, loop A maximum, 1lb/s

Emergency feedwater flow, loop B maximum, 1b/s

Maximum feedwater flow into steam generator, 1lb/s

Main atmospheric dump valve rated flow at PMAD (per OTSG), 1lb/s
Maximum feedwater flow into steam generator, lb/s

Actual primary flow through steam generator, lb/s

Maximum primary flow rate, 1b/s

Main feed pump rated flow per pump, lb/s

Small atmospheric dump flow at PSAD and XSAD=100 psi

Steam line safety valve flow (112% of WFW), lb/s

Turbine throttle flow at 100%Z power

Feed valve A initial position, %

Feed valve B initial position, %

Quality for start of ramp C5 to zero

Turbine valve initial poition, %

Full power steam torque, %

Normal grid frequency, Hz

Negative change in grid frequency, Hz

Positive change in grid frequency, Hz

T-GC speed change rate, 50 Hz/9.95 s

Normal house load, %

T-G torque change per load angle change, 360/64.29
T-G damping constant, percent per delta frequency
T-G friction and windage toraue per Hz, %

Normal MW electric net to grid, 7%

Babcock & Wilcox



Variable

name

Loop A RC flow, ]

Loop b RC flow, 1b/s

Mass in pressurizer water re
pressurizer water
f rressurizer wate
rressurizer wate
surlizer
pressurizer
feedwarer at

feedwater

rature at reactor c«

rature at reactor core
Reactor core NI power,
Reactor core heat flux at clad surf
Reactor core fuel temperature, F

Reactor clad temperature, F

Reactor average water temperature

Babcock & Wilcox




Output
No.

W w
—

N

W
(oS

Variable

name

XR
DELKT
TSGOA
TSGOB
WP
WMU
WSP
WR

LP
Trwl
TPW2
KOPS
TPS
WC4
QHTR
PP

PRC

WB

WC5
WC6
Wwsu
DCLENA
DCLENB
WFWA

Table 3-4.

(Cont 'd)

Description

Reactor core
Reactor core
Loop A RC te
Same for lco
Tetal RC flo
RC makeup fl
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
Pressurizer
RC pressure
RC pressure
Pressurizer
Pressurizer

Pressurizer

contrel rod position, %
total reactivity, Ak/k
mperature at SG tcbesheet outlet, F
p B, F
w, 1b/s
ow, lb/s
spray flow, 1lb/s
safety valve flow, 1b/s
power actuated relief valve flow, 1lb/s
water level, in.
water region 1 temp, F
water region 2 temp, F
steam space density, 1b/ft’
steam space temp, F
spray condensation rate, 1b/s
total heat output to water, Btu/s
in pressurizer steam space, psia
at core outlet, psia
vaporization rate, lb/s
interface condensation rate, 1b/s

wall condensation rate, 1lb/s

RC flow through surge line, 1lb/s

Loop A SC downcomer leugth, ft

Loop B Si downcumer length, ft

Feedwater f1l

Feedwater f!

ow, loop A, lb/s
ow, loop B, 1b/s

Loop A SG aspiration flow rate, 1lb/s

Loop B SG acpiration flow rate, 1b/s

SC tubesheet inlet flow, loop A, 1lb/s

SG tubesheet inlet flow, loop B, 1lb/s

Pressure differential between 0 and 32 ft, SG-loop A,

psi

Pressure differential between U and 32 ft, SG-loop B,

vsi

Babcock & Wilcox
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lpy of oop A feedwater, Btu/lb
Enthalpy of loop B feedwater, Btu
utlet pressure, loop A, psia

utlet pressure ‘Luu;\ B, psia

aspiration
arpiration
RC temperature,

o

temperature,

1(‘&11!Lh,
length,
mary-to-secondary heat
Laarv-to-secondary heat

urbine extraction

Extraction flow, 1b/s
Heater drain flow, 1lb/s
Extraction flow, 1b/s
Heater drain flow, 1lb/s
Extraction flow, 1lb/s
Extraction €low, 1lb/s

Heater drain flow, 1lb/s

Babcenck & Wilcox




Qutput Variable
No. name
98 W6B
29 W7

100 w8

101 WEA
102 W8B
103 Ww8C

104 Ww8D
105 w9

106 WMS

107 WRH1
108 WRH2
109 WPG5
110 WPG6
111 WDLP
112 WDHP
113 WFPT
114 MS7

115 MS9
116 MS

117 HCI

118 HC2

119 HLP1
120 HLP2
121 HLP3
122 HHP4
123 HHP5
124 HHP6
125 HDLP
126 h_HP
127 H1D
128 H2D
129 H3D
130 H4D

Table 3-4. (Cont'd)

Extraction flow, 1lb/s

HP turbine outlet flow, 1lb/s

LP turbine inlet flow, lb/s

LP turbine ialet valve flow, 1lb/s
Feed pump extraction flow, 1lb/s
Reheater 2 outlet flow, lb/s
Reneater 1 outlet flow, 1b/s

LP turbine outlet flow, 1lb/s
Moisture separator drain flow, 1b/s
Extraction flow to reheater 1, 1lk/s
Reheater 2 drain flow, 1b/s

Pegging flow to feed heater 5, lb/s
Pegging flow to feed heater 6

Flow out of LP drain tar', 1./s

Flow out of HP drain tank, 1b/s

Flow through feed pump turbine, 1b/s
HP turb’une steam torque, 7%

LP turbine steam torque, %

Total turbine steam torque, Z
Feedwater enthalpy | heater exit, Btu/lb
Feedwater enthalpy MFP suction, Btu/lb

Feedwater enthalpy 1 heater exit, Btu/lb

N

Feedwater enthalpy 2 heater exit, Btu/lb

Feedwater enthalpy 3 heater exit, Btu/lb
Feedwater enthalpy 4 heater exit, Btu/lb
Feedwater enthalpy 5 heater exit, Btu/lb
Feedwater cnthalpy 6 heater exit, Btu/lb
Feedwater enthalipy LP drain tank exit, Btu/lb
Feedwater enthalpy HP drain tank exit, Btu/lb
Drain enthalpy, heater 1, Btu/lb

Drain enthalpy, heater 2, Btu/lb

Drain enthalpy, heater 3, Btu/lb

Drain enthalpy, heater 4, Btu/lb

Babcock & Wilcox
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n enthalpy, heater
in enthalpy, heater
Moisture separator enthalpy,
] drain enthalpy,
head, hotwell pump, ps
head, condensate pump,
s condenserl
sure
Feedwater :rature,
jwater temperature,

lwater nperature,

dwate

valve position or pressure drop
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4.

APPLICATIONS
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