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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 rums 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 computer 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 componer’.s in the nuclear steam system (NSS) for a wide range of plant
conditions and uperation. POWER TRAIN jis designed to model as much of the
power plant ..s is feasible, especially those components whose behavior is in-
terre’=2lcu with that of others. This report describes the scope of the simula-
tion, the modeling assumpticns, 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:

1. 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
pushbutior - on or off.

The scope of the simulation, together with the automatic setup and checkout
requirement, necessitated implementation techniques employing digital and hy-
brid (digital-analog) methods. The simulation required the resources of the
two digital computers (CDC 1700 and EAI-640) and the two solid-state analog
computers (EIA-680) that are part of the hybrid computation facility at the
Nuclear Pow=r Generation Division (NPGD) in Lynchburg, Virginia.

Calculational speed requirements and consideration of future machine require-
ments resulted in the use of a hardware rloating point array processor
(AP-120B) that performs calculations for the CDC-1700, and thereby 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', which allows a digi-
tal computer to be programmed like an analog computer and allows convenient

modification of control system parameters.

The desire for basically "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 operator'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 pine! was
physically constructed on one of the analog computers and consists ~f on-off
and momentary lighted pushbuttons. The status of all the pushbuttons is
scanned by the EAI-640 computer; certain signals 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.

o
.

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

3. EAI-680, Console | — 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 potentiomete.s on the analog consoles and then performs a "static
check” of the patchboards and analog components before performing production
runs. All digital computer routines are either resident in the computer system

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

This section summarizes the equations employed by the POCWER TRAIN simulation.
Modeling assumptions are stated and the equations are presented with minimal
discussion of the details of implementacion. Solution methods are identified
and pertinent derivations 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 _he nuclear power plant simulated in POWER TRAIN is dia-
grammed in Figure 1-1. 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 ~ontrol and
safety rod systems, and the pressurizer. The reactor vessel 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 a non-homogeneous thermodynamic system including the effects of
heaters, sprays, wall condensation, and 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

might occur if twe 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 modele? with a variable transport delay.

The secondary system simulation is diagrammed in Figure 1-2. Included in the
steam side of the s2coidary system are the steam lines connectirg the steam
generator to the turbine, turbine throttle, bypass and dump valves, and the
turbine-generator. The feedwater 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.

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

sure responses in the steam lines.

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

stant density for the various sections of the feedwater piping.

The 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 alsc 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
flow 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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OTSC requires modeling of a downcomer, a chamber in which incoming feedwater
is preheatad to saturation by recirculated steam before introduction to the

tube bundle.

The integrated control system (ICS) is modeled extensively, including the unit
load demand development subsystem, the integrated master control subsystem,
the steam generator feedwater controil subsystem, and the reactor control sub-
system, In addition, the operator of the simulation may select, via the mini
panel, either manual or automatic control of the following controllers and

final control elements:

* Turbine bypass valves.

* Turbine throttle valves.

* Reactor-steam generator demand.
* Feedwater pump speed.

* Feed valve demand (A or B).

* Feed valve position (A or B).

* Reactor demand.

* Control rod position.

* Unit load demand.

Trips and abnormal conditions that may be initiated from the mini panel in-

clude the following:

* Manual reactor trip.

* Reactor coolant (RC) pump trips.

* Feedwater pump trips.

* Turbine trip.

* Loss of electrical load.

* Pressurizer heater failure.

* Enable/disable flux/flow trip of reactor.

« Enable/disable high primary pressure trip of reactor.

* Manual failure of drain and condensate pumps in feedwater train.

2.2. Reactor Kinetics and Reactivity Feedback

The point reactor kinetics equations with six groups of delayed neutrons are

solved using the prompt jump approximation.

g * $

n= ?rf:—?;; 121 "1C1 (2-1)

2-3 Babcock & Wilcox



and
dC , 8
s i
dt v B T i°i o

Reactivity feedback for fue! and moderator temmerature changes are calculated
! ' ¥

using average feedback coefficients:

knop 1 (Te = T(0)], (2-3)
k =a [T = T.(0)] (2-4)
mod mw

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

rate of reactivity change:

"

d . bor
= N - (2=
3t “por ~ 3600 %p° é=3)

K, =0 hold
+1 borate (2-6)
-1 deborate.

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

rod models,

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, = &} + &k - £ - 6k_ - &k - 6k .. . (2-7)
I Kﬁop mod k‘bor r ST shim

Nomenclature

C, Precursor concentration of delayed neutrons in group i, neutrons/cm”
P % Mean effective prompt neutron lifetime, s
n Neutron density, neutroms/cm’
Rbcr Boron reactivity addition (+) rate or dilution (-) rate, dk/h
Tf Average fuel temperature, F
Tf(O) Initial value of Tf, F
Tw Average temperature of water in core, F
TV(O) Initial value of Tw, F
1 Doppler coefficient, &k/F
2-4 Babcock & Wilcox



a Moderator coefficient, &k/F

g Fraction of fissior neutrons which are delayed

Ei Fraction of fission neutrons which ave in delay group i

;kbor Negative reactivity due to boron additivn, -8k

:kbop Reactivity feedback due to fuel temperature, &k

‘kmnd Reactivity feedback due to moderator temperature, &k

'kr Negative reactivity due to rod insertion, -&k

(kshir Negative reactivity offset to pgive initial total reactivity of

zero, =8k
'k Negative reactivity due to safety rod insertion, -8k
) . Total reactivity, &k

Decay constant for delayed neutron group i, s

2.3. Contreol 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 veleocity and rod position.

= (KV* -V )/, (2-8)
rr .

l' . (2_9)
Control 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 r 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
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Nomenclature

Fr Table of percent rod reactivity versus Zxr, %
F Table of percent safety rcd insertion versus t o
sSr trip
Kr 1 for rod insertion,
0 for hold,
-1 for r>d withdrawal
Rrw Maximum total worth of control rinds, =8k
Rsrm Maximum total worth of safety rods, -dk
ttrtp Time after signal to trip reactor, s
Vr Rod velocity, in./s
V: Maximua normal rod speed, in./s
Kr Length of rod inserted, in.
er Percent of rod inserted, %
‘kr Negative reactivity due to coutrol rod insertion, -dk
.k*r Negative reactivity due to safety rod insertion, -d&k
>
T Rod drive time constant, s

2.4. Core Power

The 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:

iOf = n(POWERI) for ZQf > POWMIN. (2-12)

Below this value fission product decay is assumed to heat the fuel according
to the following model. The power from the fuel decays exponentially with a

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

fi%gil = —(ZQf - DECAY)/rdk for ZQf < T "WMIN (2-13)
Nomenclature
DECAY Asymptotic value of power for decay heat model, % of rated power
n Neutron density expressed as a fraction of initial neutron density,
dimensionless
e Babcock & Wilcox
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POWERI Initial value of core power, ” of rated power

POWHIN Threshold valuc of POWER below which the decay heat model is assumed
to operate, ¥ of rated power

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

power, %X of rated power

Decay heat time constant, s

25 Core Heat Transfer

POWER TRAIN assumes that the average temperatures of the fuel, cladding, and
cooling water may be determined from consideration of a single reactor control
volume. Conservation of energy equations are written for the fuel, cladding,

and coolant, where each region is modeled as a single node:

d oy ,

| T — = Z2() - ] - -

(L.p)f ac Tf Q¢ (LA)fc(Tf Tc)' (2-14)
d : ’

M —_ = (U - - J - % 2=
(..Cp)C = ( A)fc(Tf Tc) (LA)C"_(Tc T,) (2-15)
MC £ T =(UA) (T -T) -C_W(T o T . X (2-16)

wpw dt w cw ¢ w pw p WO wi

Bender's method is used to calculate core outlet temperature, given the aver-

age water temperature®

d 5% 2 ¥ = 2
M‘pr - Twc (LA)CW(TC Tw) Lprkp(TwO Tw)' (2-17)

The heat transfer rate between cladding and coolant is assumed to be propor-

tional to the 0.8 power of core coolant flow,

1A = (1 0,8 b
(W), = (UA) W W) ", (2-18)

The specific he.at capacity of the core coolant is a polynomial fit with PrC

and Tw as independent variables:

C - f(P__,T). (2-19)
pw re’’w

An initial core bypass flow rate may be specified via input to establish a

ratio used to calculate core flow as a fraction of total primary system flow:

W ]
cbp* |
W + W (2~30)

W = (W +W )il -
| pa* = "pb#]

p pa pb
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Nomenclature

pr Specific heat of water, Btu/lbm-°F

Hw Mass of water in the core, lbm

(MCp)C Cladding mass times specific heat, Btu/°F

(MCP)f Fuel mass times specific heat, Btu/°F

Prc Primary system pressure measured at pressure tap at surge line

inlet, psis

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

r ) Average cladding temperature, F

[

T, Average fuel temperature, F

Tw Average water temperature, F

Twi Core inlet temperature, F

T Core outlet temperature, F

WO

(L’A)Cw Cladding-to-water heat transfer rate, % of rated power/°F
(UA)'W* initial cladding~to-water heat transfer rate, % of rated power/°F

C
(UA)fA Fuel-to-cladding heat transfer rate, % of rated power/°F
C

. o Initial core bypass flow rate, lbm/s

4~up
Kp Flow rate through core, lbm/s
_ Initial value of W , lbm/s

P P
Wp'i ?rimary flow rate through loop A, lbm/s
S Initial value of W , 1lbm/s

pa pa
th Primary flow rate through loop B, lbm/s
pr* Initial value of pr, lbm/s

2.6. Primary System Flow Rates
The primary flow system is simulate”d ? oc 8 connecting the reactor ves-
sel with two steam generators (see P j+ In an actual B&W NSS there

are two cold legs, each with its owu RC pump. POWER TRAIN models these two

2-8 Babcock & Wilcox
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P - Pp +AP_ L, tKe, stuiwsu. (2-28)
Nomenclature
Kfsi Equivalent dynamic AP coefficient in surge line, psi/(lbm/s)?
;Pesi Elevation .P for height difference between surge line connection
and pressurizer, psi
Pp Pressurizer pressure, psia
Prc Pr?mary system pressure measured at pressure tap at surge line inlet,
pria
wsu Surge flow rate into pressurizer, lbm/s

2.11. Pressurizer

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 determined by the density

and enthalpy of the vapor region.

The 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 level 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 liguid region surface

* Condensation of vapor on walls

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

2.11.1. Mass Balance

During steady-state operation there is only cne liquid region in the pressur-
izer. This liquid makes up what is called the upper region. It is assumed
that during an insurge the incoming fluid will not mix instantly with the fluid
already in the pressurizer. A new region, called the lower region, is created
at this time. The mass of the lower region will decay exponentially as it

mixes with the liquid in the upper region. Therefore, for a single insurge,
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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 wnen there is no mass in the lower
liquid region, in which case the outsurge occurs at the bulk average enthalpy
of the vpper liquid region. The insurge will be added to the lower liquid
region and mix with the upper liquid region according to a mixing factor:

¢h r
it » | &
dt L?htr wbhg s (HCu . wsp)hf v wcshs * wcshf
)
—_ dMszT
+ + - »
w3uhpwz81398150 prlupwlhpwl hpwz dt /prz

-

(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.

dh

S . .
- - [wbhg - e+ Wop # W + W + Hps)hs + vpsP]mps' (2-34)

By 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:

dhs ub(hg;f hs)

ac <

Z}OC
o
e

+
ps ps

. (2-35)

2.11.3. Mass and Energy Transfer Processes

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

s'.'e becomes a function of only the hot leg temperature.

Upner 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 fits to the ASME Steam Tables.

Tsat - f201(hf) (2-43)
h, =f (P) (2-44)
f 202

h =f (P) (2-45)
g 203

p, = § (P) (2-46)
f 206

he = £ (T) (2-47)

T=f¢ (v,h) (2-48)

208
Pef  (v,h) (2-49)

Nomenclature

Symbols beginning with B are logical variables, which have a value of either
| or O to correspond with true or false. In equations, a vinculum is used over

logical variables to represent the logical inverse.

B =1 when Wg,, > 0,
o = 0 otherwise
B = 1 when Wg, < 0,
b = 0 otherwise
B _ = ] when M wi > 0,
e = 0 otherwise
B = 1 when hpy, > hf.
- = 0 otherwise
B*ui = ] when Tgs > Tme’
. = 0 otherwise
= Specific internal energy, Btu/lbm
h Specific enthalpy, Btu/lbm
hCL Specific enthalpy of water in cold leg, Btu/lbm
hf Specific enthalpy of liquid at saturation, Btu/ m
hg Specific enthalpy of vapor at saturation, Btu/lbm
hHL Specific enthalpy of water in hot leg, Btu/lbm

Babcock & Wilcox



pwl

pw2

pwl

htr
ps

pwi
pw2

(UA)

ps

(UA)
pm:

Specific enthalpy of water in lower liquid region of pressurizer,
Btu/lbm

Specific enthalpy of water in upper liquid region of pressurizer,
Btu/1bm

Specific enthalpy of vapor in the steam region of pressurizer,
Btu/1bm

Total pressurizer volume, fr?

Equivalent coefficient for boil-off in pressurizer, 1b/s-°F
Total mass in a control volume, lbm

Total mass in steam region of pressurizer, lbm

Total mass in lower liquid region of pressurizer, 1bm
Total mass in upper liquid region of pressurizer, lbm
Pressure, psia

Heater power, Btu/s

Temperature of steam region of pressurizer, F

Temperature of lower liquid region of pressurizer, F
Temperature of upper liquid region of pressurizer, F
Steam-to-liquid condensation heat transfer rate, Btu/s-°F
Steam-to-wall condensation heat transfer rate, Btu/s-"F
Specific volume, ft’/lbm

Volume of steam region in the pressurizer, fr?

3

Volume of both liquid regions in the pressurizer, ft

Rate of boil-off from upper liquid region to steam region of pres-
surizer, lbm/s

Rate of condensation of vapor onto spray droplets in pressurizer,
ibm/s

Rate of condensation of steam on liquid surface in pressurizer,
1bu /s

Rate of condensation of steam on pressurizer wall, lbm/s

Flow rate throcugh power-operated relief valve, lbm/s
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wr Flow rate through Code Safety valve, lbm/s
wsp Spray flow rate, lbm/s
wsu Surge flow rate, lbm/s
A Mixing factor for lower and upper liquid regions of the pressur-
pwi -
izer, s
cps Density of steam in the steam region of pressurizer, lbm/ft’

2.12. Pressurizer Heaters

Four banks of heaters are modeled; their total energy output is the suwm of the
contributions from each one. The first bank is operated proportionally, the
remaining three are on-off controlled with different cut-on and cut-off tem-
peratures and power capabilities. A 30-second time constant is associated
with eacrh heater to account for heat storage in the heater. In addition, ail
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 serpoints and the velocity are cornstants specified by the input data.
Spray flow is given by the following equation, where f(NGC) is a function of

the number of reactor coolant pumps in operation:

W = K X f(N ) /100 (2-50)
sp 2.33 8p rcep
K if P 2 K
lz.l p 2,34
dX |
._32.340 if K <P <K (2-51)
dt 2,35 P 2,36
~K if P <K
i 2,42 P 2,35
Nomenclature
f£(N_ ) Function of number of reactor coolant pumps in operation, dimen-
4 sionless
K Maximum spray flow rate, lbm/s
2,33
K Spray cut-on pressure, psia
2,34
K Spray cut-off pressure, psia
2,35
2-18 Babcock & Wi'  x



K:.“z Pressurizer spray valve velocity, Z stroke/s

Pp Pressurizer pressure, psia

wsp Spray flow rate, lbm/s

xsp Spray valve position limited to value between 0 and 100%, % stroke

2.14., Pressurizer Code Safety and Power-

Operated Relief Valves

The Code Safety valve opens and closes immediately upon actuation. The power-
operated relief valve ramps open and closed at a rate of 200% per second. The
opening and closing pressures and the flow capacity of each valve are speci®ied

by the input data.

2.15. Makeup System

A level is calculated in the pressurizer according to the following equation:

L =K ¥V +RK . (2-52)
p 2.3 pw 2.4

A proportional-" :gral controller monitors this pressurizer level and con-

trols the makeup flcw demand. The flow follows the demand with a first-order

lag response. Flow is constrained to be less than an input constant, K2 -
dwmu (kmu)D . umu
dt : (2-53)
mu
(umu)D b S TR S I & j& . - L jde] (2-54)

Nomenclature

K Level to volume equivalent in cylindrical section of pressurizer,
o L in./ft’
K Level equivalent of pressurizer volume below lower level sensing
Sy tap, in.
Kz -3 Conversion factor, level error to makeup flow demand, lbm/s-in.
Kj L Proportioral gain, level eiror, dimensionless
K7 - Pressurizer level setpoint, in.
K - Integral gain, level error, s=!
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Kz . Maximum makeup flow rate, lbm/s
Lp Pressurizer level, in.
W Volume of both liquid regions in the pressurizer, ft’
wmu Makeup flow rate, lbm/s
(W_) Makeup flow demand, lbm/s
nu’
Nl Makeup flow time constant, s

2.16. Steam Generator

Two steam generators provide the interface between the priwmary and secondary
flow loops of the poewer plant by transferring heat from the primary to the
secondary side. Primary water flows from the reactor into the upper plenum of
the steam generators and is cooled as it flows through the steam generator
tubes to the lower plenum and is pumped back to the reactor. Secondary fluid
is pumped from the feedwater train into the bottom of the tube bundle and is
successively heated, boiled, and superheated as it flows around the tubes un-
til it exits the top of the tube bundle through an annulus into the steam

lines.

POWER TRAIN provides the option to model either an CTSG or an IEOTSG. The

term integral economizer refers to the fact that the feedwater enters the

tube bundle in a subcooled state and is heated to saturation in the economizer
section of the steam generator (typically, thie first 8 feet of the tube bundle).
The designation OTSG is used here to refer to a once~through steam generator

in which feedwater is preheated to saturation by recirculated steam in the

downcomer before being introduced into the tube bundle.

The model for the steam generators is described by nonlinear partial differen-
tial equations (PDE) involving both time and one spatial dimensicn. The boun-

dary conditions required by the model are as follows:

l. Primary flow rate.

« Temperature of fluid at primary inlet.

2

3. Secondary inlet flow rate.

4. Temperature of fluid at secondary inlet.
5

Pressure at secondary outlet.
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The following modeling assumptions are made:

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

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

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

4. The secondary fluid state may be evaluated as a function of local
enthalpy at an average pressure during a time step.

5. The overall dynamic behavior of the IEOTSG can 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:

l. Primary side flow rate.

2 Stute of fluid on primary side.
3. Temperature of tube metal.

4, Secondary side flow rate.

5. 3tate 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
time (CSDT) method, where finite differencing is used for the time derivatives

and 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 calculated by the primary
system 1low 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 specifying its pressure
and temperature. Therefore, the conservation of energy equation for the pri-

mary fluid gives us the following PDE for the primary temperature:
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el & s 2 B Bl ” 2-
3t oPAP ax Tp opApCp (Tm Tp)' (2-35)

2.16.2. Tube Metal Model

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

assumption 3 above, we neglect axial heat conduction along the tubes and write

the following energy equation for the tube metal:

3Tm ppUpm psUsm
't o CA (Tp N Tm) " o CA_ (Ts = Tm)' (2-56)
mmm nmmm

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, Psg’ is the same for the entire length of the tube bundle

and is equal to the pressure at the secondary outlet:

.g = Psgo' (2-57)

Psgo is calculated by 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 boiling 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 regions occurs at the

height where

= = o -58
h8 hf(Psg) at z zSC (2-58)

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

height where

hS = hg(Psg) at z = z,. (2-59)
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The pressure drop across the steam generator is calculated using a pressure

be lance. Kinetic energy and inertial terms are assumed to be negligible. The
pressure at the inlet of each steam generator is calculated for use by the
feedwater system model and is not used by any other equation in the steam gen-

erator model, i.e.,

- A AP .. -
Psgi P880 - Pg - Pf (2-60)

The gravity head is the spatial integral of density,

AP =B | o -
UPg lbbgc | ,sdz. (2-61)
o

The shock and friction losses associated with each region are modeled using a
nominal pressure gradient for a reference value of flow. The pressure gradi-
ent is modeled as being proportional to the square of the actual flow. The

integral of the pressure gradient is evaluated as follows:

] |W FA W ! | L J |
5 ’ f
Zscy P ks ws ["b [aP) 5'ws‘ fap) hs‘us‘
\F, - — stv . P | [=={ === ds + | o e———
f {Ak) W< J \AR) W lvl—j W
- T o \ b o g - sh o
o z z
sc b

(2-62)

The flow on the secondary side is found by integrating the continuity equation,

which is usually written in the following form:

il s« (2-63)

3
| 3¢ Pea® (2-64)

The derivatives of density, pressure, and enthalpy are given by the state re-
lations, the boundary conditions, and the conservation of energy equation, re-
spectively. With the assumption that aPsg/Et is small in comparison with Qs,

the energy equation becomes

3_ 1 3 _ - g
3t ~shs * AB a9z wshs Qs 0. (2-63)
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Combine equation 2-65 wiih the conservation of mass equation 2-63 to obtain
the form of the energy equation used to calculate the enthalpy along the chan-

nel:
o) = h +=2L p . (2-66)
s at s A 3z s Qs'

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 gererator. Half of the
thermal resistivity of the tube metal is combined with the primary film heat
transfer coefficient, and the other half is combinad with the secondary film

heat transfer coefficient.

The metal-to-primary heat transfer is modeled with a single constant overall

heat transfer coefficient (Epm provided as input data):

L
f
v>¢au

Upm[Tm(z.t) - Tp(z,t)]. (2-67)

The 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:

©
&}

Qs - e Usm[Tm(z,t) - Ts(z,t)i. (2-68)

|

Mode7ing 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 suoscooled and nucleate boiling is at the height where

hs = hg(Psg)' (2-69)

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

Xs 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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For the subcooled region the heat transfer coefficient is a weighted sum of a

torced convection term and the nucleate boiling coefficient

] = 4 4 + . 2-
Lsm Kscks\z,t) 0.5 U (2-71)

b*
The nucleate boiling coefficient is based on the model developed by Thom® and

is expressed =s

U, = Uy (2-72)
Ub = K1¢/(Tm - TS) (2-73)
Ty éi (Tm - Tsat N :Tsat) (2-74)
C, =D in[2 D /(D +D,)]/2 (2-75)

4.32 $°+°

sat eP/zze: : (2-76)

The forced convection coefficient for the superheated region is expressed as

B ™ kshks(z,t). (2-77)

2.16.5. State Relations

The following state relations are approximated by polyromials whose coeffi-

cients are built into the simulation:

h, = f(PSg) (2-78)
h, = f(Psg) (2-79)
T, = f(h) (2-80)
T, *® f(Psg.hS) (2-81)
f(Psg) (2-82)
Pp = f(Psg) (2-83)
oy " f(Psg) (2-84)
O = F(T ) (2-85)
oh = £(T.) (2-86)
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The evaluation of density for the boiling region is based cn the "drift flux"

-

two-phase void fraction correlation proposed by N. Zuber. The following equa-

tions are solved for ¢
s

in the boiling region:

p =p_ = alp,. - p )

" (2-87)
£ '8

. - — | (2-88)

o P = § A Vv .
2 f 8 2
C ._E - ___.E X - 4
oD, O. -
& 'S *
h - h,
B { o
X = E (2-89)
B
C =1.0 (2-50)
. c (o, =0 )"
& . X gge " f g "
;=] - i .61 — - (2-91)
5 - \.‘ »f
- . i for X 2 X
R -
X = « (2-92)
0 for X X
pA—SC
A d A ) o
"~ = W - A _ * 0 )uz ( "’3)
t T s dt 4 SC

Derivatives of density with respect to pressure and enthalpy are required to

superheated steam regions these derivatives are approximate

the conservation of mass equation (2-64).

v
4

n the subcooled liquid and

(&%

as constants cal-

s } ,
- - v (2-94)
«r‘
Sg
3“\_
s i
P = DRHODP (2~95)
Sg
" Sh
"8 Rl - R2 :
. — (2-96)
h HlI - F2
s
SC
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{3°s? _ R4 - RS

LBhs)Sh G2 - H4
Nomenclature
DRHODP 3p/3P at enthalpy of 1234.7, lbm/ft’-psi
Rl Subcooled density at FWl and P2, lbm/ft’
R2 Saturated fluid density at T2 and P2, lbm/ft’
F2 Saturated fluid enthalpy at P2, Btu/lbm
Hl Subcooled enthalpy at FWl and P2, Btu/lbm
R4 Saturated gas density at T2 and P2, lbm/ft’
R5 Superheated density at T4 and P2, lbm/ft’®
H4 Surerheated enthalpy at T4 and P2, Btu/lbm
G2 Saturated gas enthalpy at P2, Btu/lbm
Fwl Minimum feedwater temperature, F
P2 Expected normal pressure, psia
T2 Saturation temperature at P2, psia
T4 Expected full power steam temperature, F

(2-97)

The calculation of the density derivatives is more involved in the boiling

region.

The expressions for each derivative can be derived by differentiat-

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

3p/3h for the boiling region is calculated by the following set of equations:

}/ 30 | (30)
‘TL = =-(p, = p.) =
“h’P 4 g \ah)p

(3a) 1;- Df—‘“\i'
=2 = =V = C_X|——=~_
) Vel o | P

& 4 { { £ )

—~

(2x)
(38)

(&
Qo

B esinanliiis

2-27

(2-98)

(2-99)

(2-100)

(2-101)
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The 30/3P for the boiling regior is calculated by the following set of equa-

tions:

(3p) _ %¢ g 3c)
'\ap)h 3 " ° Fi3 (Df - 08) - (Of - 08) ;‘P}n (2-102)
(3a) _ 1[fax (3v
mp}h V’{’\a I . xi\;p ol (2-103)
]
(3x) '3 I- - -
;\B—)Ih = -'kh = hf}‘x 3+ -0z (2-104)
(. [e] o, - -0 1 oA faV))
fan) (p_| p P o o o _A_[aV
Y] . |4l +_f_3(9_§I sx L £ gl , g8" &l (5 ins)
| 3P) o|dPip_| 0 (3P dP P | w aP
h 15 P¢) £ h £ £ h

Nomenclature

A

Cross-sectional area, ft?

Specific heat, Btu/lbm-°F

Distribution parameter, dimensicnless

Equivalent diameter, ft

Tube inside diameter, ft

Tube outside diameter, ft

Quality at which DNB occurs, dimensionless

Gravitational acceleration, ft/s’

Gravitational conversion constant, lbm-ft/l1bf-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

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
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{ sgi

sgo

AP/AR

HE - - - . .
I <« >
3

8C

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 generatcr, Btu/s
Temperature, F

Secondary fluid saturation temperature, F

Temperature differential, tube wall to secondary fluid, F

Metal-to-secondary heat transfer coefficient in boiling region,
Btu;’s-ft‘-°?

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, lbm/s
References mass flow rate for secondary, lbm/s

Distance measured from primary fluid inlet, ft

Difference between Xs and xc. 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 boiling and
superheat region, ft

Void fraction, dimensionless
Density, lbm/ft’

Density of saturated 1iquid, lbm/ft’
Density of saturated vapor, lbm/ft’
Surface tension, 1bf/ft

Heat flux, Btu/s-ft’

Subscrigts

b

m

sC

sh

2,17,

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

preheating feedwater chamber. This downcomer preheats 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:

1.

2a

3.

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

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

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

The equations that describe the dynamics of the downcomer follow.
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where b, - o h
R, & il (2-i11)

2.17.3. Conservation of Momentum

The flow rate of saturated fluid (wf) which leaves the downcomer and enters
the tube bundle is found by considering the pressure differentials that exist
in the tube region and downcomer. Since the downcomer is open to the tube re-
gion at the bottom (inlet orifice) and at the top (aspiration port), the sum

of the following pressure differentials must be zero:

AP + AP - AP - AP

deg fwn orf =8 (3=112)

- AP
otsg asp

where

A

= pressure differential due to fluid and vapor mass in

deg downcomer, psi,
Lwan = pressure differential due to feedwater momentum force from
inlet nozzle, psi,
lporf = pressure differential due to orifice flow rate, psi,
ipots = pressure differential due to flow rate and mass in tube
g region, psi,
:Pasp = pressure differential due to aspiration flow rate, psi.

Neglecting spatial momentum and transient fluid acceleration effects (assump-

tion 3),

A o il i "t o

"Pdcg IAAQC [’fLi + og(de LE)]' (2-113)
[w_|w.)

A = —f_.._f -

”porf Rorff P i' (2-114)
( was 'was ?

hpasp - aspf~ P | (2-115)
\ g |
(w2 7
L fw

AP R |—l, (2-116)

fwn fdc OfUJ

The tube region pressure <rop (APo 88) is discussed in section 2.16.3 (equa-

t
tions 2-61 and 2-62). It is calculated from the lower tubesheet to the aspira-

tion port and input to the downcomer model; R s R » and R above are
orf’ “asp

fdc
equivalent friction, shock, and momentum coefficients determined from steady-

state considerations.
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of state is used:

? 1 3
Y B - — = *
P *ta v

®dp 13 .
dxad TAanRx""0

The conservation of mass equation takes the following form when this equation

(2-119)

Since steam enthalpy is assumed constant, p = f(P), and we may write

(2-120)

The conservation of mass equations for all nodes are as follows (see Figure

2-1):

d (1]} ,

de Psgoa - (KEE;Jla(wsgoa - ws&\a) (e=120)

d (1)

dt Psgob tALC;);b(wsgob "uixb) V=

L el W, o -wlaw -w,) (2-123)

dt si:a (ALC; J24  sila ra sada stza

d

— P LY

d¢ “slip = (ALCzjzb\ stib wrb i wsadb - wsﬂzb) (2-124)

N e (2-125)

dt "sftza |ALC;):a" slza mada siia

dt "sizb = f——L—J (W - W - W ) (2-126)
l‘ALC:'] 3sbh si2a madb sl3b

4p o[t *U, =W =W =W, =W) (2-127)

dt 't (ALCz ¢  sl3a siib - bp rh2 PE .

Neglecting the effect of kinetic energy change, the momentum equation is writ-

ten for every junction between nodes as follows:

( .
4, i II&AgCAI . )
dt sftia | L ji1a sgoa slia
)
ET RO
sl L J1p 8RO So1b
d . (1443 A
dt "siza { L )2a slia alza)
-g_‘q = (lﬁif_i! (P - P )
dt sf2b | L jzp sf1b sl2b’

- foawsl1aiwszla% (2-128)
Ke b¥s21b!sip! (2-129)

- Kfzawsizalwsiza! (2-130)
= K p¥e020¥n2p! (2-131)
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Fgr = Fgrn + BfupAFgr - denu gt (2-181)

Nomenc lature

Fg Generator frequency, Hz

Fgr Grid fregquency, Hz

iFhr Grid frequency step, Hz

Fgrn Normal grid frequency, Hz

thx Turbire-generator speed change rate at 100% torque, Hz/s

thz Normal house load as a fraction of total load, %/'00%
tes Turbine-generator torque change per ivcad angle change, %/deg

th“ Turbine-generator damping constant, %/Hz

thq Turbine-generator frictica and windage torque, %/Hz

Md Electrical damping torque, %/100%

Ne Electrical load torque, 2/100%

M, Friction and windage torque, %/100%

Mg Net torque, %Z/100%

HS Mechanical steam torque, %/100%

Logical Variables

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

Edown frequency

Ffup = 1 when pushbutton is depressed to step up grid fre- (2-183)
quency
Bt = 0 when turbine is tripped (2-184)
Bth = 0 when grid breakers are open (loss nf load) (2-185)
Tables

F:(W7) = High-pressure turbine steam torque Vs W, (2-186)
F,(W,) = Low-pressure turbine steam torque Vs W, (2-187)
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d 1,
 7et? Bt LR PR Y (2-278)

ipi

2.27.9. Low-Pressure Heater Drain Tank

= %
hfptc F7(wt) (2-279)
4 .ot 0 - W) (2-28¢,
dt fpt Tfpt &b fpt
: wxdhxd o k(pthfptc "
hdi - W, +W (4-381)
P 1d fpt

d 1

ol PN B Lo T (2-282)
dt dip “dep dip dip

ncx - (wdiphdlp * wc:hipx)/wc? (2-283)

Nomenc lature

Symbols beginning with the letters P, W, h, and T correspond to pressures, mass

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

Apr Enthalpy rise across main feedwater pumps, Btu/lbm
wa! Liquid mass between feedwater heaters 1 and 2, 1bm
wa? Liquid mass between feedwater heaters 2 and 3, lbm
Mfw3 Liquid mass between feedwater heaters 3 and 4, lbm
Mfw. Liquid mass between feedwater heaters 4 and 5, lbm
Mfwx Liquid mass between feedwater heaters 5 and 6, lbm
Mfw Liquid mass between feedwater heater 6 and the common junc-
tion, 1bm
Mfwa Liquid mass between the common junction and OTSG-A, 1lbm
Mfwb Liquid mass between the common junction and OTSG-B, lbm
wpgsm’wpgem Maximum pegging steam flow rate, lbm/s
Tipx’tipz’ripa Low-pressure feedwater heater time constants, s
Thph.fhps High-pressure feedwater heater time constants, s
2-54 Babcock & Wilcox
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2.28. Secondary System Option

Nearly every nuclear power station has some differences in its secondary sys-
tem. The esystem 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 1

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 high-pressure heater 4 rather than directly to the high-pressure drain tank.
These minor differences result in the following changes to the equations pre-

sented in sections 2.26 and 2.27:
Equation 2~-213

W o=W_ (2-304)

Equation 2-214

d ., 1
o (whd - W

: ) (2-305)
dt dhp Tdhp

dhp

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

Equation 2-224

d (1) ..,
% Y * W, + Wop * Wia * Vepp - L (2-306)

hw
Equation 2-257

h

' =
h Bul(wc2h wsd sd

+ Wh +W h >
hpe “ oy ms ms

hpei

- wudhud)/wczl - thhwi (2-307)

Equation 2-259

g 1

e B -

dt ud

J - 2~
-y (H“ + &ms + wsd th) (2-308)
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The pressurizer cannot go solid or ccupletely empty. If either
condition occurs, the code results from that point are invalid.

Two-phase conditions in the primary sys.em are not modelad.

Operation of the secondary system which results in the introduction
of saturated fluid conditious in the steam lines is not valid.

The code is not capable of amalyzing system piping breaks in the pri-
mary system.

No emergency safety sysi.em features (such as high-pressure injection)
are included in the code capability.

It is not valid for analysis ot fast primary system reactivity ex-
cursions (e.g., rod ejections).
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3. INPUT/QUTPUT

3.1. Input Data

Input data are required by each computer involved in the POWER TRAIN simulation.
Input for POWER TRAIN consists of the following:

1. BLOCK DATA variables — Data for the portion of the simulation im-
plemented on the CDC 1700 are input via a BLOCK DATA subprogram.
All BLOCK DATA variables are defined in Table 3-1.

2, Tabular data — Tabular datz required by the simulation are loaded
onto the array processor via a program executed on the 1700. Tabular
data are defined in Table 3-2,

3. Potentiometer setting data — COMANCHE, a program executed on the
CC 1700, sets all potentiometers based on user-supplied parameters.
The parameters needed by COMANCHE are defined in Table 3-3.

4, 1ICS simulation — The ICS is simulated on the EAI-640 using the ISL

simulation language. The use of ISL is defined in reference 1.

3.2. Output Data

Non-real-time output, such as a dump of input data, is printed on the teletype;
real-time output is plotted on strip chart recorders. Table 3-4 lists the
simulation variables the user may specify to be plotted. In addition to those
variables, ary variable calculated on either analog computer may be plotted

by directly patching the variable to the strip chart recorder. Some commonly

usad analog variables are listed in Table 3-5.
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time, dimen-
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151
152
153
154
155
156
157

158
159
160
161

162
163
164
165
166
167
168
169

70
171
172
173
174
175
176
177

178

179

TAULPI
TAUDHP
TAUDLP
TAUFPT
H6

H6B
HPG6

HRH2D
H5
H5B
HPGS

Hé4
HRH1
HRH2
H8B
H3

H2

H1
DHFP
WPG6M
WPG5M
MFW1
MFW2
MFW3
MFW4
MFW5

MFWA

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 pump turbine flow, s

Enthalpy of
Enthalpy of

Enthalpy of
6

Enthalpy of
Enthalpy of
Enthalpy of

Enthalpy of
5, Btu/lbm

Enthalpy of
Enthalpy of
Enthalpy of
Enthalpy of
Enthalpy of
Enthalpy of
Enthalpy of

extraction flow 6, Btu/lbm
extraction flow 6B, Btu/lbm
"pegging' steam (WPG6) to HP feedwater, heater

reheater 2 drain flow (WRH2) Btu/lbm

steam to HP feedwater heater 5, Btu/lbm

HP turbine extraction flow W5B, Btu/lbm
"pegging" steam (WPG5) to HP feedwater heater

HP turbine extraction flow W4, Btu/lbm
reheater 1 flow WRH1, Btu/lbm

reheater 2 flow WRH2, Btu/lbm

feedwater pump turbine flow W8B, Btu/lbm
LP turbine extraction flow W3, Btu/lbm
LP turbine extraction flow W2, Btu/lbm
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 to 2, lbm

Nominal liquid mass from feedwater heater

Nominal liquid mass from feedwater heater

2
3

‘Mominal liquid mass from feedwater heater 4 to 5, lbm
Nominal liquid mass from feedwater heater 5
6

Nominal liquid mass from feedwater heater

to 3, lbm
to 4, 1bm

to 6, 1bm

to feedwater

junction A-B, lbm

Nominal liquid mass from feedwater junction A-B to OTSG-A,

1bm

Nominal liquid mass from feedwater junction A-B to OTSG-B,

1bm

3o Babcock & Wilcox
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l. Reactor coolant flow characteristics:

* System flow rates, flow ccastdown, and pump startup characteris-
tics from the PUMP aud SPLIT digital codes

* System pressure drops from the SAVER code

2. Steam and feedwater systems parameters:

* Flow rates and valve characteristics from design calculations and
manufacturers' data

3. Steam generator model:

* Heat transfer characteristics from Alliance Research Center (ARC)
test data and from digital codes PIEOTSG (145- and 205-FA NSS) and
POTSG (177-FA NSS).

4. Core physics characteristics:
* Decay heat from ANSI 5.1 x 1.0 (or appropriate multiplier)
* Rod worth from physics calculaticn codes (PDO and FLAME)

* Doppler/moderator coefficients from physics calculation codes
(PDQ and FLAME)

* Cladding and fuel temperatures from thermal-hydraulic calculation
code (CHATA)

Component volumes:

* Primary system components from B&W design documentation and draw-
ings

* Secondary system: steam, feedwater and condensate systems

* Turbine and condenser — from customer design documentation and
drawings

6. Secondary side parameters:

* Desi lata from customer and/or customer vendors' design documen-
tati . and drawings

4.3. Modeling Representations in POWER TRAIN

4,3.1. Valves

Ten different types ot valves are represented in POWER TRAIN, each of which
has its own characteristic response. The valves and their modeling character-

istics are described below.

4-5 Babcock & Wilcox
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4,3.4, Reactor Protection System

The POWER TRAIN model contains the major functions of the reactor protection
system (RPS):

* High RC pressure

* Low RC pressure

* High neutron flux

* Maximum allowable ratio of neutron flux to RC flow
*» High pressurizer level

* Low pressurizer level
Figure 4-4 shows the general implementaticn of the RPS trips in POWER TRAIN,

4.3.5. Fngineered Safety Features Actuation
System (ESFAS)

POWER TRAIN eimulates a partial ESFAS system. Figure 4-5 shows the PUWER TRAIN

ESFAS implementation. This ESFAS model includes the isclation of main steam
and main feedwater when pressure in one or both steam generators decreases to
a low setpoint. Forty seconds after the ESFA® signal, emergency feedwater is

initiated.

4.3.6, Sensors

PT models sensors that control or initiate ICS, RPS, and ESFAS action:

Reactor cold leg temperature in both loops (°F)

Reactor hot leg temperature in two loops (°F)
Reactor coolant pressure (psig)

Feedwater temperature (°F)

.

Steam generator pressure in both loops (psig)

Turbine header pressure (psig)
RC flow rate in both loops (1b/s)

Pressurizer level (in.)

Neutron flux (%)

O W @ N O U & W N e
. - -

—

Steam geuerator level (in. H;0)

The calculated pressure signals and neutron flux initiate a desired action
instantaneously. The temperature signals used for control or prediction are
processed through time constants and/or delays to initiate an action. The
level signals (pressurizer and steam generator) initiate action instantaneous-

ly after a setpoint 15 reached.

4-8 Babcock & Wilcox
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flow trip setpoint is reached in about 15 seconds, resulting in a reactor
trip. POWER TRAIN results for this event are also shown in Figures 4-6 and
‘.-70

4.4,1.3. With ICS Control — 205-FA NSS

Figure 4-8 shows a 205-FA NSS one-pump coastdown with ICS control. A case
without ICS wouid show the same relative differences as the 177-FA NSS com-

parison,

4.4,2. Turbine Trip From 100X Power — 177-FA NSS

A turbine trip initiates a 20%/minute ramp decrease in ULD (see A; on Figure
4=3). This causes the core power and feedwater flow to decrease at about 20%
per minute. However, because of variations in the core average coolant tem-
perature (Tavg) during the transient, the core power ramp rate varies somewhat
from the 20% per minute rate. This happens because the variation in Tavg from
its setpoint modifies the ULD signai to the control rods. The feedwater ramp
rate also experiences some changes during the runback, which are caused by
steam pressure variations. These variations occur when steam system valves

open and close.

The excess steam produced during the runback is relieved through the main steam
safety valves (MSSVs) until the production rate is less than the maximum at-
mospheric dump and condenser dump capacities. At this point, the MSSVs close,
and all further stea production 1s controlled by the turbine bypass system
(condenser dump and atmospheric vents). When the steam production decreases

to the capacity of the condenser dump, the steam pressure steadies out at the

modulating condenser dump setpoint with all steam bypassed to the condenser.

The runback terminates in about 5 minutes at about 15% power. Pertinent

results for this transient are shown in Figure 4-9.

Turbine Trip — 205-FA NSS — The 205-FA NSS responds much like the 177-FA NSS

during a turbine trip runback. The only major difference is the steam bypass
route. The atmospheric vents and condenser dumps can accommodate all the ex-
cess steam production during the rumback. Figure 4-10 shows the results

for this transient.

4=10 Babcock & Wilcox



4.4.3. Reactor Trip From 100X Power -~ 177-FA NSS

Upon initiation of a reactor trip signal, the control rods drop into the core
and core power decreases exponentially as shown in Figure 4-11. The ULD-to-
feedwater control starts to decrease feed flow at 20X per minute; however, the
Btu limits and cross limits on feedwater control quickly ramp main feedwater
to a low value consistent with maintaining a minimum level in the steam gen-
erators. The core hot leg temperature decrease is the primary factor that

decreases the Btu limits and reduces the feed flow rapidly.

Feedwater flow continues to decrease due to Btu limits until the steam genera-
tor liquid level reaches the low level setpoint. Beyond this time, the feed-
water flow varies to maintain the steam generator at a minimum level (see A;:
in Figure 4-3),

The turbine trips when the reactor trips. The steau production in the first 5
to 10 seconds of the transient increases steam pressure and may cause the MSSVs
to open. As the power (and consequently the steam production) decreases rapid-
ly, the steam bypasses through the modulating condenser dumps. This allows
steam pressure to steady out at the condenser dump setpoint. Figure 4-11 shows

results for this transient.

Reactor Trip — 205-FA NSS — The response of the 205-FA NSS during a reactor

trip is similar to that of the 177-FA NSS. The only major difference is the
steam bypass route. The atmospheric vents und condenser dump valves can ac-
commodate all the excess steam production during the trip transient, and the
MSSVs will not open. Figure 4-12 shows results for a reactor trip transient

(including a single stuck control rod).

4.5. Sensitivity Studies

Initial condition variations have been selected to show the sensitivity of
177- and 205-FA NSS POWER TRAIN transient results to these variations. The

following parameters and variations have been selected:

Parameter Variation from nominal
RC flow -5%
Pressurizer surge line AP +25%
Pressure level =50 inches
RC pressure =50 psi
4=11 Babcock & Wilcox



Parameter Variation from nominal
Core T +2F
avg
Turbine header pressure +25 psi

These parametric variations were applied to a one-RC pump tri» or reactor trip
transient on the 177- and 205-FA NSS POWER TRAIN models.

4.5.1. POWER TRAIN Sensitivity to
Primary System Inputs

4,5.1.1. Reactor Coolant Flow

Should RC flow input to POWER TRAIN vary 5% below the design value (or plant
measured data), the enthalpy rise across the core will increase 5%, the cold
leg temperatures will decrease slightly, and the hot leg temperature w.1l in-
crease slightly. This variation will have an insignificant effect on all

POWER TRAIN parameter responses during a typical transient,

8:9s il Surge Line AP

The effect of a 257 increase in surge line AP on a typical transient is in-
significant. For example, during a reactor trip, the increase in surge line
AP causes a slight lag in pressurizer level decrease/increase, This in turn
causes an RC pressure variation of about 10 psi (compared to nominal surge AP
during a trip). The responses of the other primary/secondary parameters do

not vary.

4,5.1.3, Pressurizer Level

An initial pressurizer level of 50 inches less thar nominal influences two RC
parameters. The pressurizer level will be about 50 inches low throughout any
transient, and because there is less initial total energy in the pressurizer,
a lower RC pressure occurs during an outsurge transient. An initial level 50
inches low produces a maximum RC pressure that is approximately 50 psi lower

during a trip transient,

4,5.1.4., RC Pressure

A 50 psi variation in initial RC pressure does not change any other steady
state parameters significantly. During a reactor trip, the RC pressure varie:
continuously through the transient at about 50 psi low compared to the nominal

case. The other primary/secondary parameters will not vary significantiy.
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4.6.2. POWER TRAIN Benchmark Transients

This section describes comparisons of POWER TRAIN responses to data from .77-FA
operating plants. The validity of the modeling is established by evaluating
the similarities and differences between measured and calculated quantities.
Two transients are presented — a turbine trip with runback and a reactor cool-

ant pump trip. Each transient is discussed in two parts.

4,6.,2.1, Turbine Trip Transient

The turbine trip transient with runback was initiated on an operating 177-FA

NSS plant as a test of the ability of the unit to respond automatically to an
unexpected loss of load. The objective was to ramp power from 100 to 15% full
power at 20% per minute without reaching reactor protection system (RPS) set~-
points, The transient response was recorded by the B&W Reactimeter (data log-

ging device) and Brush recorders.

Figure 4-18 compares (plant data Vs POWER TRAIN) several variables for the
turbine trip transient including fluid temperatures, pressure, and flow. Since

the transient is symmetric, conditions are presented for only one loop.

In broad perspective, the comparison is quite good. The general trends and
sequence of events are reproduced quite well., Moreover, the comparison is
not "retouched." Neither the model nor the data were modified or adjusted

to imrprove the agreement.

The following paragraphs discuss differences between the plant and the model.
The discussion is organized by grouping together differences that are linked

to a common cause,

Initial conditions — Ideally, the plant and model start a benchmark transient

from exactly the same initial state. In this benchmark, the two differed
slightly., The most significant difference is in the reactor coolant inlet

and outlet temperatures. The plant was not at perfect steady-state conditions
at the beginning of the transient, while the POWER TRAIN model more closely

approximated perfect steady-state conditions at event initiation.

Steam Line Noding — The steam line model lumps the main steam line from the

safety relief valves to the turbine header into a single parameter — steam
volume, The lumped modeling follows the average behavior of the steam volume.

The plant safety and relief valves open following turbine trip when the first

4-14 Babcock & Wilcox
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Figure 4-3, ICS Model in POWER TRAIN
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Figure 4-8. One-RC~Pump Coastdown From 90% Power — 205~FA
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Figure 4-12. Reactor Trip From 100% Power — 205-FA NSS
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Figure 4-15.
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' Figure 4-16, Feedwater Step to Produce 100-0% Steam Flow and
Recovery (205-FA NSS, 1050 psi Steam, 3600 MWt)
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1. Introduction

A Midland (Consumer's Power Company) ¢SAR Chapter 15 event that was analyzed
using an earlier version of POWER TRAIN to provide input to CADD has been re-
peated with the current version of POWER TRAIN and CADD. The event is the re-
duction in main feedwater temperature at full power without control system

action prior to the reactor trip.

The results of this POWER TRAIN-CADD event cumparison indicates excellent
agreement during the pre-trip portion of the event (power increase), and shows
that the FSAR analysis is conservative with respect to reactor coolant tempera-

ture and pressure in the post-trip period.

2. Discussion

The event for which the comparison is made is an assumed reduction in main
feedwater temperature to both steam generators at full power. No control sys-
tem action (including feedwater control, reactor control, pressurizer heater,
spray, or PORV actuation, occurs in the pre~trip period. The main feedwater
temperature transient imposed is a reduction of 85F, assumed to occur over a
10-second period. The assumed feedwater temperature decrease causes (1) heat
removal from the steam generators to increase, (2) reactor average temperature
to decrease, and (3) reactor power to increase due to the assumed highly nega-
tive moderator reactivity feedback. The rate of change of reactor power is
approximately 0.3%/second, so that the high flux trip setpoint is reached some

30 seconds after the feedwater temperature reduction occurs.
The analysis procedure for the Midland FSAR case and this case is as follows:

1. POWER TRAIN is initialized at full power with all automatic controls
ir manual or disabled. Physical constants correspond to end-of-
cycle conditions.

2, A main feedwater temperature change of 85F is introduced by a manual
switch.

3. The event progresses as shown in Figure A-1 until the reactor trips
on high flux.

4. Upon reactor trip, the feedwater control and turbine bypass systems
are assumed to operate, The feedwater control actions are to reduce
main feedwater flow much more rapidly than normally expected to con-
servatively overpredict reactor coolant conditions, i.e., tempera-
tur2 and pressure.

A-2 Babcock & Wilcox



- 4] >
~n a v . | )
0 % -
£ 3 L X . b . < - L

P
o
=
<
B
- = x
o
o
o
8
©
@

n £ A ) s :
" o ¥
n & - o v & . :
'S )Y -~ E . -
e v A
g - Y » !
= - -
Y - - - .
o1} bt v 1 4
¥ B2 - V £ / .
C o 4 K ] — ( ) . .
o M = Lo +
+ : . o~ " 1
E v = J 5
) © “ B - - :
M @ - @ > J X "
—t - 4] & 4
m o ) £ X Y 4 3 )
. . - n >
F f - (o] b
B € p” i « & '
| S » [ e b . L& .
& E J () 1 ')
Ly} & . - (v e 3 L et
y s - A [ : B
' T 2 4
¢ . Y « - U
v (- ol - | . - ¢ Ly
- - < ‘ X s
" 9 v 4 - bt
Y ' Y 2 ) x 3
c 2 § - V S -
T E 4 4 (™ - o ' . 1 £
E @ D ! x f “ ) X
¥y @ ¢ R ®© s .
B - 4 o¥ f 4 e W N L
N w4 V . ) « v 1
Y 4 ) 4 £ b 4 U
T < < ) * ! A | N
= o QNS : 2 .
.l ¥
!
4 £ - W | , IS 5
) . Y v «

%



Babcock & Wilcox




