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LIST OF SYMBOLS

Nomenclature
A a constant
Ag cross—sectional flow area
Cp specific heat
gc gravitational constant
specific enthalpy
isentropic exponent
Kex shape-loss constant for extraction flow
M mass
pressure
T temperature
UA  overall heat transfer coefficient multiplied by heat transfer area
velocity
v volume
W flow
Wex extraction steam flow
v - specific volume
p density
AP pressure drop

Subscripts used in feedwater heater modeling (Eqs. 9 through 34)

A

DC

fg
FC
FW
FE

halfway

condensing

drain cooler

flash

flash from liquid to vapor
feedwater in drain-cooler section
feedwater

feedwater in vapor section
feedwater heater inlet

outlet

extraction flow



sat

SH

vi

saturation conditions
superheat

vapor

liquid

feedwater heater outlet




OBTURB: A DIGITAL COMPUTER CODE TO DETERMINE
THE DYNAMIC RESPONSE OF THE FORT ST. VRAIN
REACTOR STEAM TURBINES

J. C. Conklin

ABSTRACT

ORTURB is a computer code written specifically to calcu-
late the dynamic behavior of the Fort St. Vrain (FSV) High-
Temperature Gas—Cooled Reactor (HTGR) steam turbines. The
ORTURB program can be independently exercised but is intended
to be used in the overall FSV plant simulator code ORTAP cur—
rently under development at Oak Ridge National Laboratory.

ORTURB uses a relationship derived for ideal gas flow in
an iterative fashion that minimizes computational time to de-
termine the pressure and flow in the FSV steam turbines as a
function of plant transient operating conditions. An impor-
tant computer modeling characteristic, unique to FSV, is that
the high-pressure turbine exhaust steam is used to drive the
reactor core coolant circulators prior to entering the re-
heater.

A feedwater heater dynamic simulation model utilizing
seven state variables for each of the five heaters completes
the ORTURB computer simulation of the regenerative Rankine
cycle steam turbines.

1. INTRODUCTION

The Nuclear Regulatory Commission (NRC) Division of Reactor Safety
Research has funded a research program at Oak Ridge National Laboratory
(ORNL) since July 1974 to analyze the response of the Fort St. Vrain
High-Temperature Gas=-Cooled Reactor (HTGR) plant to transient conditions
(Fig. 1). Owned and operated by Public Service Company of Colorado, this
demonstration reactor is the nation's only HTGR and was designed and built
by the General Atomic Company of San Diego, California, with financial as-
sistance from the U.S. Atomic Energy Commission.

The ORTAP code! was developed under sponsorship from this research
program. Individual plant component simulators (i.e., steam generator,
reactor core, etc.) were written by different individuals as separate
éomputational "modules.” The steam turbines with feedwater heaters were

identified as the simulator module requiring the most computational time.
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Fig. 1. Flow diagram of the Fort St. Vrain Reactor.



The computer simulation for dynamic behavior of steam turbine compo-
nents was revised with the objective of maintaining sufficient accuracy
while reducing computation time. This present ORTURB simulation uses
equations similar to those presented for the steam turbine modell! but
uses a modeling and iteration scheme that reduces computer time by mini-
mizing floating point exponentiation. ORTURB was developed and debugged
independently of ORTAP and hence required inclusion of FORTRAN statements
in a main driver subroutine to provide the necessary transient input pa-
rameters. In ORTAP, these parameters are supplied by appropriate plant
component simulations.

The ORTURB program is divided into three main parts: the driver sub-
routine; turbine subroutines to calculate the pressure-flow balance of the
high—-, intermediate—, and low-pressure turbines; and feedwater heater sub-
routines. This feedwater heater model is substantially modified from the

2 Necessary

original ORTAP feedwater heater model asvdeveloped by Delene.
steam property subroutines, obtained from Ref. 3, were also taken from
this same report.

The ORTURB program has two important limitations: (1) the turbine
shaft is assumed to rotate at a constant (rated) speed of 3600 rpm; and
(2) energy and mass storage of steam in the high—, intermediate—, and low-
pressure turbines is assumed to be negligible. These limitations, which
were also true of the original ORTAP turbine plant model, exclude the use
of ORTURB during a turbine transient such as startup from zero power or

very low turbine flows. The ORTURB program may be obtained on request

from the author.






2. HIGH-PRESSURE TURBINE SIMULATION
/

The basic governing equation for pressure and flow balance of high-

pressure turbines (HPT) is the ideal gas flow law:

' 2 kL
ol (n) <?_z>“_<fg>“ : 0
k—1\v; P, P,
where
k = isentropic exponent,
P = pressure,
v = gpecific volume,
A = represents a flow constant, and
W = flow.

The subscript 1 refers to an upstream value, and the subscript 2 refers to
a downstream value.

Use of this equation allows the effect of a downstream pressure vari-
ation to be reflected upstream when the pressure ratio (downstream to up-
stream pressure) is greater than critical. This is an important consid-
eration in predicting the transient performance of the high—pressure tur-
bine whose exhaust pressure will be affected by steam turbines driving
the four helium circulators (Fig. 2).

The high-pressure turbine has been divided into three stage groups:
the governing stage, including the flow control valve, and two reaction
stage groups (Fig. 2). It was necessary to use this detail and suffer
the computational expense to properly calculate governing-stage shell
pressure. This shell pressure is a feed-forward signal for the plant
feedwater flow controller and is primarily determined by the flow—passing

ability of the following reaction stages.
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Shell pressure of the governing stage at 100% power is determined
from initial conditions, assuming that the governing stage is designed
according to Chap. 8, article 2 of Ref. 4. The most significant part
of this assumption is that the ratio of governing-stage wheel speed to
theoretical steam velocity is 0.5 for a one-row wheel at design load.

The ratio of published exit pressure5 to this determined governing-
stage shell pressure was found to be less than the critical pressure ra-
tio. The following reaction stages were then modeled as two stage groups
so that the stage-group pressure ratios (Peyxit/Pinlet) of each would be
greater than critical. This allows downstream exit pressure variations,
which affect the flow-passing ability of the reaction stages, to be re-
flected upstream to the governing-stage shell pressure.

High-pressure turbine thermal efficiency is calculated from input
data at 1007 power and corrected for off-normal conditions by the methods
presented in Ref. 6. Two impdrtant design factors, the governing-stage
pitch diameter (762 mm) and the number of rows of moving buckets of the
governing stage (1), were obtained by applying the methods and informa-
tion from Ref. 6 to published heat balances® at 100 and 25% power.

High-pressure turbine flow constants are determined from input data
at design load conditions and are assumed to be constant throughout the
simulation. The flow control valve is simulated by varying the governing-
stage flow constant during a calculation to control the flow through the
turbine.

After initialization calculations, turbine flows are calculated from
pressure distribution. Then, mass flows are checked at stage-group
boundary points to ensure that flows are balanced within a specified
tolerance. If flows are unbalanced at one point, pressure at that point
is appropriately modified, and a resultant mass flow rate is calculated
from one stage group upstream to one stage group downstream of the point
in question using Eq. (1). Turbine stage-group flows are again checked,
and if all are balanced within tolerance, the turbine iterations are com-
pleted. If flows are again unbalanced at any point, pressure is changed
and the two-stage group flow calculation is again performed. Use of this

two-stage group technique, instead of recalculation of the entire turbine,



minimizes the floating point exponentiation made necessary by the ideal
gas flow equation.

Whiie most minor flows in the turbine were neglected, the packing
gland flow from the high-pressure turbine exit to the shell of feedwater
heater 5 was not ignored because a relatively large amount of energy is
carried by the flow. This flow is determined throughout a transient simu-
lation by assuming that pressure drop from the turbine exhaust to the
shell of feedwater heater 5 is due to a shape loss, with the proportion-—
ality constant determined from input data at design load. This flow is
calculated after high-pressure turbine iterations are complete, and it

is subtracted from the exit flow of the high-pressure turbine.
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3. REGENERATIVE INTERMEDIATE- AND LOW-PRESSURE
TURBINE SIMULATIONS

Assumptions and approximations were also made to simplify the calcu-
lation of transient performance of the intermediate- and low-pressure tur-—
bines (ILPT).

Figure 2, a schematic of intermediate- and low-pressure turbines,
shows steam extraction points from the turbines and connections to the
feedwater heaters. Dynamics of crossover piping connecting the inter-—
mediate turbine exhaust with the low—pressure turbine inlet are ignored.
Volume and mass inventory inside this pipe are quite small compared with
the main steam piping or the deaerator, so dynamic response of the cross-
over piping would be essentially instantaneous as compared with the re-
sponse of other components. Therefore, the ILPT is considered a single
entity. '

This analysis assumes that the external conditions experienced by
the individual components do not change during a timestep. Each of five
feedwater heaters and the deaerator are considered separate components, as
are the feed-pump turbine and the ILPT.

The ILPT is divided into sevén stage groups separated by points rep-
resenting the turbine inlet, six steam extraction points, and the con-
denser. During initialization calculations, the stage-group flow con-
stant for the ideal gas flow equation and the stage—group thermal effi-
ciency are calculated for each stage group. The stage-group flow con-
stant remains unchanged throughout a simulated transient, whereas the
stage—group thermal efficiency is corrected for turhine inlet ;olume
flow.’ ,

This stage-group thermal efficiency correction is necessary because
fixed stage losses, such as root and tip interference losses and rotation
losses, have less effect on overall stage-group efficiency as the steam
volumetric flow increases. The correction curve should have a hyperbolic
shape but has been linearized for simplicity. This assumption is reason-
ably accurate for high volume flows but would overestimate stage group
thermal efficiency at very low flows.

To accurately model ILPT reaction stages, the pressure ratio across

each computational grouping of reaction stages should be greater than
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critical, with the exception of the last stage which (for condensing tur-
bines) has critical flow at design conditions. Perturbations of the flow-
passing ability of a stage group because of downstream pressure fluctua-
tions such as feedwater heater transients can be accounted for with the
ideal gas flow equation if the pressure ratio is greater.than critical.
The pressure ratios across stage groups for the design power condition
are generally slightly less than critical. This condition means that a
downstream pressure increase, such as that caused by stopping extraction
flow to a feedwater heater, would have to increase the stage-group pres-—
sure ratio above critical before stage—group flow is affected by a down-
stream pressure rise. '

The ILPT modeling could be made more accurate by an increase in the
number of computational stage groups and an assurance that the pressure
ratio across each group (except for the last) is greater than critical.
These changes, however, would entail an increased computation cost due to
the increased amount of floating point exponentiation required to repre-
sent the ideal gas flow equation. Present ILPT modeling is sufficiently
accurate for use in an overall steam plant dynémic simulation, considering
the accuracy of existing turbine design data available.

Pressure at an extraction point determines extraction flow to the
shell-side of a feedwater heater. Pressure loss in the extraction pipe is

assumed to be a shape, or form, loss as expressed by

APex v2

—p = Kex ——zgc . ’ . (2)

Multiplying both sides by the square of the density, and the right-hand
side (RHS) by (A%/A%),

K (pA¢ev)?
pap = X L7 3)

A% 28c

and the mass flow Weyx is

Wex = PAFV . (4)
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Substituting Eq. (4) into Eq. (3), collecting constants, and rearranging:
- ,pAP' -
Wex K’ : (5)

: iAP1
Kéx = S5 6)
Wex,i

where

and i represents initial conditions at the extraction point. Substituting

Eq. (6) into Eq. (5)

. _ pAP
Wex = wex,i B;Kﬁ; ) (7)
or
vi Ap
Wex = Wex,i V3~ ° Ap. ° (8)

1.

Since steam property subroutines used in ORTURB calculate specific
volume rather than density, Eq. (8) is used. Equation (1) can be shown
to reduce to Eq. (8) for small pressure drops.

During turbine iterations, if feedheater shell pressure is greater
than extraction point pressure, extraction flow is set to zero (no reverse
-flow) until the extraction pressure is again greater than shell pressure.

The feed-pump system for Fort St. Vrain consists of three pumps, two
driven by steam turbines and one by an electric motor. The steam enthalpy
drop across the feed-pump turbines is added to the enthalpy of feedwater
flowing through the pumps. Energy imparted to the feedwater by electric
feed pump is ignored. This, in effect, assumes that feed-pump thermal
efficiency is 66.7%. These results agree well with published heat bal-
ances.> For simplicity, the feed-pump system for the steam—side is mod-
eled as one steam turbine—driven pump. Feedwater flow through the pump
is determined by the plant controller simulator and not turbine steam con-
ditions. This simplification could be modified by substituting a feed-
water pump computer simulation.

The feed—pump turbine has been modeled as one stage group, meaning

that entrance and exit pressures are used as upstream and downstream
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pressures in the ideal gas flow equation. Inlet pressure is set equal to
pressure at the second ILPT extraction point (point 3 of Fig. 2), and exit
pressure 1Is set equal to main condenser pressure. No flow control device
is modeled for the feed-pump turbine, which means that the flow is depen-
dent on inlet steam conditions and outlet steam pressure 1f flow is less
than critical. A steam—flow control device could easily be added if
necessary.

Turbine flows resulﬁing from the previous—time pressure distribution
are all calculated initially for a timestep. The turbine flow upstream
from an extraction point is then compared with the turbine flow downstream
and the extraction flow. If the flows do not balance, extraction pressure
is modified accordingly, and the two—stage group flow calculation is re-
peated (as described for the HPT) until convergence is obtained. Test
cases were run in which the entire turbine flow distribution was recalcu-
lated when only one pressure changed during the iteration process. No
significant differences in converged flows from the two—point case were
noticed, but computer time was greatly increased.

Low-pressure turbine exhaust loss is calculated according to the pro-
cedure in Ref. 6. This loss is a unique function of steam velocity at the
discharge of the last-stage bucket. Empirical data are used for this pro-
cedure and were developed from known dimensions (851-mm active length on
the last—-stage bucket) and published exhaust losses® at 100 and 25% power.

As the pressure—flow iteration advances through the turbine, required
steam properties of temperature and specific volume are obtained from
steam property subroutines originally written for the ORCENT coded rather
than the ASME 1967 steam table equations.8 The ORCENT subroutines have
fewer iterative loops, thus consuming less computer time than ASME equa-
tions, and are of sufficient accuracy for transient analysis of steam

turbines.
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4. FEEDWATER HEATER SIMULATION

The feedwater heater model used in the simulator is shown in Fig. 3.
There are five such feedheaters in the simulated turbine plant, located as
shown in Figs. 1 and 2.‘

. Steam from the turbines enters the shell of the feedwater heater. If
this steam is superheated, the assumption is that it will first lose this
superheat to the feedwater by means of a simple heat balance. If the
steam is wet, it is divided into a saturated steam part and a saturated
liquid part. The liquid falls into a liquid stream on a tray or partition
within the feedwater heater. Liquid from a previous feedwater heater may
also enter this stream. Because its temperature is usually hotter than
the saturated vapor temperature, part of it flashes; this vapor goes into
the vapof space. Steam in the vapor space condenses on the tubes con-~
taining the feedwater and falls into the liquid stream. This liquid
eventﬁally flows into the drain-cooler section of the feedwater heater
and loses additional heat to the feedwater as it flows through the drain

cooler.

ORNL-DWG 72—-12011
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Fig. 3. Feedwater heater.
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Feedwater enters the feedwater heater tube bundles and flows counter
to the direction of the drain coolant flow. After leaving the drain
cooler, feedwater enters tube bundles in the vapor space where it gains
additional heat as steam is condensed. Before leaving the heater, feed-
water in the tube bundle passes through a 5upefheat section where any
superheat in the turbine extraction steam is removed.

In the simulation, the drain-cooler section of the feedwater heater
is treated as a counterflow heat exchanger. The feedwater heater section
in which feedwater tubes pass through the vapor space is treated as a
tube-in-shell heat exchanger with a uniform shell-side temperature. The

superheat section heat balance is
Wg 1 hsy = Wpy Shpy | | (9)

The steam flowing into the feedwater heater -shell divides into two

streams,

Wg = Wy + Wy , | (10)
such that

Wghg = Wyhy + Wghg o (11)

The liquid entering from a previous drain cooler divides into two

streams,

Wpc,i = ¥pc,f * Wpc,s » (12)
such that.

Wpc,i hpc,i = Wpc,f hfg + Wpc,q hne,s » (13)

where hgg and hpg,% are evaluated at the vapor temperature Ty.

The vapor condensing rate W, 1is calculated by

(UA)EV (UA)EV
We = '———hf (TV - TFE,¢) + —-—-—-—-—hf

(Ty —-TFE,A) . (14)
g 8 .

(UA)gy 1s the heat transfer coefficient multiplied by the area over one-
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half the evaporator length. (UA)DC is the heat transfer coefficient mul-
N tiplied by the area over one-half the drain-cooler length. These coeffi-
cients are assumed to be constant in the simulation.
¥ A lumped parameter model was constructed using seven differential
equations to describe the dynamics of a single feedwater heater unit
(Fig. 4). All seven differential equations are for temperature.
Feedwater temperatures in the drain cooler section are represented

by Eqs. (15) and (16), which were derived from a time-dependent energy

balance:
dTpc, ¢ _ 2Wpy 2(UA)pc
dt " Hpe CFC,a ~ TR, ®) + ooy oo (Toc,a — Tec,9) o (15)
dTpc,A - 2Wpy 2(UA)pg
@t " pe CFW,1 T TRC,A) ¥ ey (Toc, ¢ T Tre,a) - (16)

Equations (17) and (18) represent feedwater temperatures in the evapora-

tor, or vapor section:

dTrg, ¢ _ 2Wpy | 2(UA)gy
5,9 - _ LA\VAJEV _ ]
- ac " g CTPE,A T TRE, ) * Grooyr (Tv T TEE, ) (17)
- dTfg,A _ 2Wry 2(UA)gy
dt  Mpg (Tpc,$ — TrE,A) [CES (Ty — Tpg,A) - (18)

Temperature of the coolant in the drain cooler is represented by Egs.

(19) and (20):

dTpc, ¢ _ 2Wnc 2(UA)pg

de " Mpe (Toc,a T e, ®) * gy (Tre,a ~ Toc, o) (19)
dTpc,a _ 2Wpc 2(UA)pg

= T, — T + —— 2 (T — T . 20

de Mpc ( £ DC’A) _(MCP)DC ( FC,¢ DC,A) (20)

The seventh differential equation for T,, the saturation temperature

of vapor in the feedwater heater shell, depends on mass flow rate into and
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out of the shell in the following manner:

9&=£~ .E:_(_i}‘_ -if_’. -_l.oib.d.- (21)
dt dPlsat dt dP|sat dp Isat \Y t

The shell vapor mass rate of change dM/dt is the net flow into the
feedheater shell,

(ﬂd ' ~
a3 = Wv T ¥pc,f ~ We - (22)
Combining Eqs. (22) and (14) with Eq. (21), the seventh differential

equation 1is

ay _far| e .1]
dt dP|sat dp|sat V
' (UA)gy :
X Wy t WDC,f - [—l?g—— (2 TV - TFE’A - TFE,¢) . (23)

Saturation derivativés are reevaluated at the beginning of each time-
step using the previous timestep value bf pressure and density. Shell
pressure is determined from the saturation temperature, T,.

The value Ty in Eq. (20), representing the temperature of the liquid
going from the shell to the drain cooler, is obtained from an energy bal-
ance of shell liquid flow and enthalpy with condensation flow and energy
using the previous timestep values. Since flashing of this shell liquid
back to steam is not represented, the value of Ty should be mbnitored dur-
ing a simulated transient to ensure that it does not rise significantly
above the saturatlon temperature Ty.

Flow from the drain cooler Wpc 1is assumed to be constant during a

timest2p and is calculated at the beginning of each timestep by

Wpc = Wpc,e * Wg + wg . | (24)

The set of seven differential equations (15-20, 23) are solved each

timestep using the matrix exponential method,9 as discussed in Ref. 10,
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In initializing steady-state calculation, the various masses (Mpc,
Mpc, MFg) are calculated, using a holdup time supplied as an input. Dur-
ing a transient, these masses are corrected for changes in saturated water
density caused by temperature changes from initial conditions. Tempera-
ture input data include inlet and outlet feedwater temperatures (TFW,i and
Tgy,$) and drain cooler inlet and outlet temperatures (Tpc,1 and Tpc,¢)-
The saturated vapor temperature T, is determined from input shell vapor
pressure. Flow rate input data include steam flow rate Wy, feedwater flow
rate (Wpy), and the drain cooler flow rates Wpc and wDC,i- From this
data, two of the seven state variables for each feedwater heater (TFE,¢
and TDC,¢) are known. The temperature of feedwater leaving the drain

cooler region TFC,¢ may be calculated from the following heat balance:
Wpy (hpc, ¢ — hpw,1) = Wpc (hg — hpc,¢) - (25)

The feedwater temperature halfway through the evaporator, TFE,A is

determined as shown on the following schematic.

— TV

Trc, ¢
From a heat balance,
Wpyw ° Cp(TFE,¢ _'TFC,¢) = 2(UA)gy ATgm » (26)
where ATy, is the log mean temperature difference:
’ T, — T
v FC,¢
ATgn = |(Ty — T ) — (T, - T ) //2n _—0 27)
Lm (Ty FC,¢ v FE, ¢ } M I X
Substituting Eq. (27) into Eq. (26) and rearranging,
Ty — T
WAy 1, Tv—Trc,¢ (28)

WFpr 2 Ty — TFE,¢ '
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Analogous reasoning will yield the following expression for TFE,A:

(UA)EV
Trg,a = Tv — (Ty — Tpg,¢)exp ["WEEE;-

(29)

where all terms on the RHS are known.

In the drain-cooler section, TFC,A and TDC,A are chosen as the tem-
peratures halfway along the feedwater coolant pipe and the drain cooler,
respectively. Following the analysis presented by Giedt,11 which is the
classic NTU (number of transfer units) analysis for heat exchangers, these

temperatures are obtained by solving two simultaneous equations,
Tpc,a = Toc,i — En(Tnc,1 — TFC,A) » (30)

Tpc,¢ = Toc,a — En(Tpc,a — Trw,1) » (31)

where the heat exchanger heating effectiveness Ey is

(UA)pc (WCpL ) pC (WCp ) pe (UA)pc (WC,)p
Ep =1 —exp |- I - P 1 —~ P exp | — —_ l——p ¢ . (32)
(WCp)pe (NCpIFw (WCp, Dpy (WCp)pe (WCpH)Fy

The deaerator (feedwater heater 4) is treated as a large mixing tank.

Mass and enthalpy inventory calculations are performed at each timestep
and resulting equations are solved by Euler's method. The resulting

homogenous liquid is assumed to be at saturated conditionms.
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5. CONTROL

As ORTURB is intended to be used as a part of an overall Fort St.
Vrain plant simulator code (ORTAP), certain parameters must be supplied
to ORTURB to execute it independently. These time—dependent parameters
are desired turbine loading, high-pressure turbine inlet steam pressure
and enthalpy, intermediate turbine inlet pressure and enthalpy, and feed-
water flow through each feedheater and into the steam generator. These
parameters are supplied by the appropriate ORTAP simulator to the version
of ORTURB presently implemented in ORTAP. However, to execute ORTURB by
itself, these parameters are written into coding of its main program.
Coding modifications to the main driver subroutine must be made to repre-
sent any other transient.

Feedwater flows of the tube-side of heaters 5 and 6 and the outlet
flow of the deaerator are set to the desired steam generator flow rate.
Feedwater flow of the tube-side of feedheaters 1 through 3 is set so that
the deaerator has a constant fluid level. No attempt is made to balance
flow in the condenser.

The drain coolant flows (shell-side onlj) from feedheaters 1, 2, 3,
5, and 6 are controlled so that the flow into the drain cooler equals the

flow out (i.e., constant liquid level).
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6. RESULTS

A simulated turbine runback from 100 to 25% electrical power achieved

very good agreement in steady state with the 257% power heat balance?

(Appendix B and Fig. 5). The values in parentheses in Fig. 5 are calcu-
lated results from ORTURB. A small portion of the information presented
in the 25% power heat balance was used during turbine initialization
(low-pressure turbine leaving loss and high-pressure turbine exit steam
conditions needed to calculate thermal efficiencies). However, all tur-
bine flows, enthalpies, and pressures were in very good agreement with
the heat balance at 25% power (Fig. 5) when initialization was done with
the information representing 100% power (Fig. 6).

Transients representing loss-of-condenser, loss-of-feedwater heater,
and high-pressure turbine exit pressure fluctuations were also simulated.
The turbine model indicated appropriate responses for all simulated tran-
sients. Comparisons with actual plant data can easily be made when the
information becomes available.

During the modeling for the loss—of-condenser transient, convergence
difficulties were noted for the ILPT segments close to the condenser. The
subroutine ZEROl, a slightly modified version of the subroutine ZEROIN,12
was then used to bring the pressure-flow distribution into convergence.
The mass flow convergence tolerance also required modification during
simulation of this severe transient.

The ORTURB turbine model uses approximately 0.05 s of IBM Model
360/91 computer time for each computational timestep. This value is sub-
ject to the translent being modeled and will increase as the severity of
the transient increases. However, this reduced computer time is a sig-

nificant improvement as compared to the earlier turbine model in ORTAP. !
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Appendix A

INPUT REQUIREMENTS

Refer to Figs. 2 and 6.

Card

Card

Card

Card

Card

Cards No. 1 (FORMAT 20A4)

Two title cards

No. 2 (FORMAT I5)

NOSGS — number of steam generator modules feeding the high-pressure

turbine (for FSV set equal to 12),

No. 3 (FORMAT 2E10.3, I10)

TSTRT — starting time
DT — time step

NTMSP — desired number of time steps

No. 4 (FORMAT 2E10.3)

P — desired precision of the A-matrix for feedwater heater calcula-
tions. Experience with different values of this parameter will
be necessary to evaluate the trade-offs of computational accuracy
and computer time (recommend 10~® for IBM computers).

ATOL — desired fractional change of each of the seven calculated
state variables of the feedwater heater calculation before up-
dating the A-matrix. Again, experience is necessary to evalu-
ate the trade-offs of computer accuracy and time (recommend
0.01).

No. 5 (16I5)

IND(I), I=1 through 16 set to zero except the following.

IND(3) — desired number of time steps between printouts.

IND(4) — set not equal to zero if A-matrix information is desired
output wherever updated (for debugging).

IND(5) — set not equal to zero if the forcing function vector is

desired during printouts (for debugging).

No. 6 (2E10.3)

ABSTOL — absolute tolerance (1bm)
RELTOL — relative tolerance (fraction)
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The actual tolerance used by ORTURB during the pressure—-flow itera-
tions for both the HPT and ILPT is of the form:
TOL = ASBTOL + Wypcpream * RELTOL
Card No. 7 (6EL0.,3)

WHP100 — inlet flow to high-pressure turbine (HTP) at 100%

power (lbm/s).

PHPTO — inlet pressure to HPT at 100% power (psia)

PHPEXQ0 — exhaust pressure from HPT at 100% power (psia)

HHP100 — inlet enthalpy to HPT at 100% power (Btu/lbm)

HHPEXO — exhaust enthalpy from HPT at 100% power (Btu/lbm)

WHPLKO — packing-gland leak flow rate from HPT exhaust to the

shell of feedwater heater 5 (lbm/s) ’
Card No. 8 (FORMAT E10.3)
HCON — condenser outlet enthalpy (Btu/lbm)
Card No. 9 (FORMAT 7E10.3)

WILP(I), I=1 through 7 — 100% power mass flow in each of the interme-
diate- and low-pressure turbine (ILPT) seg-
ments (1lbm/s)

Card No. 10 (FORMAT 8E10.3)

PILP(I), I=l through 8 — 100% power pressure at the beginning of tﬁe

ILPT segments (psia)
Card No. 11 (FORMAT 8E10.3) _
HILP(I), I=1 through 8 — 100% power enthalpy at the beginning of the
ILPT segments (Btu/lbm)
Card No. 12 (FORMAT 5E10.3)
PFPTIO — pressure at inlet to feedpump turbine (FT) at 100% power
(psia)

HFPTIO — enthalpy at inlet to FT at 100% power (Btu/lbm)

PFPTO — exhaust pressure of FT at 100% power (psia)

HFPTO — exhaust enthalpy of FT at 1007 power (Btu/lbm)

WFPTO — flow of FT at 100% power (1lbm/s)

Card No. 13 (FORMAT 6E10.3)
One card is required for each feedwater heater as numbered on Fig. 2

at 100% power. The deaerator is considered feedwater heater 4.
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WDC — drain coolant flow (1lbm/s)

) WFW — feedwater flow (1bm/s)

. TFWI — temperature of feedwater entering heater (°F)

Y TFWO — temperature of feedwater leaving heater (°F)
TDCO — temperature of liquid leaving drain cooler (°F)
PFHV — vapor pressure in feedheater shell (psia)

Card No. 14 (FORMAT 4E10.3)

One card is required for each feedwater heater at 1007 power.
HFWC — holdup time of feedwater in drain-cooler portion (s)
HDC — drain cooler holdup time (s)
HFWE — holdup time of feedwater in evaporator portion (s)

HVFH — steam holdup time on shell-side of feedwater heater (s)
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Appendix B

OUTPUT

Output from ORTURB is presented in Fig. B.1l for 100% power conditions
and in Fig. B.2 for 25% power conditions. An explanation of the informa-
tion that 1is not self-evident follows.

Desired load is a variable that must be specified in the driver rou-
tine to control electrical output of the turbine. Actual load is the

fraction of 100% power calculated by ORTURB. VLVH is that fraction of

TIME (SEC) = .0

HIGH PRESSURE TURBINE OUTPUT (MWE) = 69.138

LOW PRESSURE TURBINE ELECTRICAL OUTPUT (MWE) = 274.65

TOTAL GROSS ELECTRICAL OUTPUT (MWE) = 337.74

DESIRED LOAD = 1.0000 ACTUAL LOAD = 1.0000 VLVH = 1.0000
HIGH PRESSURE TURBINE EFFICIENCY .808051 /

HIGH PRESSURE TURBINE DATA

POINT FLOW TEMPERATURE ENTHALPY PRESSURE
1 637.46 1000.01 1461.30 2412,30
2 636.01 970.66 1449.74 2179.28
3 636.02 874.58 1411,69 1536.29
4 633.08 740.93 1358.50 893.30

INTERMEDIATE AND LOW PRESSURE TURBINE.DATA

POINT FLOW TEMPERATURE ENTHALPY PRESSURE
1 621.87 1000.09 1517.70 568.20
2 594.39 808.58 1426.40 268.80
3 554.16 681.64 1367.00 157.60
4 514.95 544.24 1302.70 83.20
5 496,11 335.43 1207.20 27.30
6 476.64 228,87 1159.00 13.90
7 451.11 171.41 1107.90 6.19
8 470.34 105.83 1029.97 1.13
EXHAUST LOSS (BTU/LBM) = 13.3724
FEEDPUMP FLOW (LBM/S) = 19.230 FEEDPUMP OUTLET ENTHALPY (BTU/LBM) = 1087.1

FEEDHEATER STATE VARIABLES

STG TFCO TFCA TFEO TFEA TDCO TDCA TFHV
1 115,935 112,396 162.800 151.671 120.600 135.060 167.833
2 165.133 163,720 200.204 191.101 172.800 183.612 205.119
3 201,521 200.840 233.567 224,145 210.200 220.385 240,290
4 6.0 0.0 0.0 0.0 308.980 0.0 0.0
5 318.319 316.696 352,039 342.475 326.000 336.803 358,308
6 360.270 359.322 394.204 384.401 368.300 378.884 400.912
STG TFWO TDCO TFWI TFHI WFHC WDVI WFHV WFHL WDLI WFW wDC TFEI
1 162.800 120.600 110.600 167.833 '28.171 0.191 24.885 0.650 38.109 600.890 63.800 115.935
2 200.200 172.800 162.800 205.119 21.639 0.099 19.465 0.0 18.771 600.890 38.300 165.133
3 235,000 210.200 200.200 240.290 20.336 0.0 18.840 0.0 0.0 600.890 18.870 201.521
4 308.980 308.980 235.000 309.041 0.0 0.0 0.0 0.0 0.0 640.360 640.360 235.172
5 358.300 326.000 315.900 358,308 25.940 0.339 24.875 0.0 27.211 640.360 48.250 318.319
6 402,900 368.300 358.900 400.912 28.058 0.0 27.485 0.0 0.0 640.360 27.550 360.270
STG HFWI HFEI HFEO HFWO HDCI HDCO HFHV HFHS WFHS PFHV

T

1 78.549 83.560 130.690 130.690 135.728 88.529 1133.307 1107.900 25.535 5.700
2 130.690 132.758 167,829 168.191 173.138 140.701 1147.820 1159.000 19.465 12.800
3 168,191 169.146 201,817 203.277 208.631 178,251 1160.623 1207.200 18.840 25.100
4 203.277 0.0 0.0 278.605 296,507 278.605 1182.249 1302.700 39.396 76.537
5 286,016 288.569 323.664 330.382 330.390 296.507 1194,069 1365.505 24,875 149.800
6 331.016 332.520 368.454 378.125 375.975 341,023 1201.081 1426.400 27.485 249.900

Fig. B.l. ORTURB output printing for initial conditions at 100%
power.
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TIME (SEC)} = 200.00

HIGH PRESSURE TURBINE OUTPUT (MWE) = 24.294

LOW PRESSURE TURBINE ELECTRICAL OUTPUT (MWE) = 64.138

TOTAL GROSS ELECTRICAL OUTPUT (MWE) = 86.215 e
DESIRED LOAD = 0.2500 ACTUAL LOAD = 0.2553 VLVH = 0.1590

HIGH PRESSURE TURBINE EFFICIENCY ,545972

W
HIGH PRESSURE TURBINE DATA
POINT FLOW TEMPERATURE ENTHALPY PRESSURE
1 162,48 1000.01 1461.30 2412.30
2 163.39 709.04 1360.55 526.36
3 163.48 654,23 1339.11 376.31
4 160.25 600.18 1319.58 236.00
INTERMEDIATE AND LOW PRESSURE TURBINE DATA
POINT FLOW TEMPERATURE ENTHALPY PRESSURE
1 162.69 1000.02 1529.40 150.10
2 159.27 817.55 1438.76 73.09
3 152.66 696.86 1380.26 43.98
4 146.44 564,22 1316.97 24.03
5 144.33 353.98 1219.37 8.07
6 141,07 246.07 1170.34 4.19
7 139.19 135.62 1120.70 1.87
8 144.49 105.83 1130.09 1.13
EXHAUST LOSS (BTU/LBM) = 39.2681
FEEDPUMP FLOW (LBM/S) = 5.2975 FEEDPUMP OUTLET ENTHALPY (BTU/LBM)} = 1152.9
FEEDHEATER STATE VARIABLES
STG TFCO TFCA TFEO TFEA TDCO TDCA TFHV
1 112.413 111.839 123.548 122.511 111.933 113.229 123.552
2 127.765 125.027 153.300 150.587 126.171 131.654 153.560
3 158,480 155.855 181.438 178.442 157.265 162.494 181.893
4 0.0 0.0 0.0 0.0 236.073 0.0 0.0
5 246.124 243.914 271.937 268.700 244.913 250.002 272.463
6 279.839 277.702 303.673 300.632 278.555 283,221 304.144
STG TFWO TDCO TFWI TFHI WFHC WDVI WFHV WFHL WDLI WFW WDC TFEI
1 123.890 111.933 111.775 124.233 1.771 0.016 1.177 0.0 6.820 150.970  8.591 112.413
2 154.568 126.171 123.890 154.120 3.568 0.012 3.544 0.0 3.312 150.970 6.880 127.765
3 183,507 157.265 154.568 182.502 3.334 0.0 3.330 0.0 0.0 150.970 3.334 158.480
4 236.073 236.073 1B3.507 309.041 0.0 0.0 0.0 0.0 0.0 167.100 167.100 235.172
5 277.174 244.913 243,195 272.993 4.668 0.029 4.640 0.0 4.324 167.100 8.992 246.124
6 310.478 278,555 277.174 305.123 4.366 0.0 4.361 0.0 0.0 167.100 4.366 279.839
. ”
STG HFWI HFEI HFEO HFWO HDCI HDCO HFHV HFHS WFHS PFHV

T

1 79.400 80.359 91.471 91.515 92.155 79.879 1115.231 1120.701 1.582 1.867

2 91.813 95.681 121.189 122.193 122.009 94.089 1127.556 1170.342 3.565 4.058

3 122,457 126.369 149.357 151.132 150.425 125.154 1138.881 1219.374 3.340 7.832 R
4 151.432 0.0 0.0 204,323 213.336 204.323 1195.254 1316.971 7.139 23.251 -
5 211.574 214.544 240.807 245.799 241.886 213.316 1171.381 1351.194 4.647 43.584

6 246.159 248.885 273.373 280.103 274.869 247.571 1180.892 1438.760 4.373 71.286

Fig. B.2. ORTURB output prihting for initial conditions at 25%
power,

the flow constant of the HPT governing-stage necessary to achieve the
actual load.
Points 1 through 4 of the high-pressure turbine data are shown on
Fig. B,2. Differences in flow for points 1 through 3 indicate how the
flow calculated using the ideal gas flow equation is converging for the
different segments. Flow at point 4 represents the value of flow at point
1 less the packing—-gland flow to the shell of feedwaﬁer heater 5. Pres- : ‘
sure at point 2 is shell pressure of the governing stage, an important

variable for control of the plant feedwater flow.



Points 1 through 8 of the ILPT data represent information at the
points shown on Fig. B.2. Exhaust loss is taken from the enthalpy at
point 8 before gross electrical output from the ILPT is calculated.

Feedheater state variables are explained as follows; temperatures
are in degrees Fahrenheit, enthalpies are in Btu/lbm, and flows are lbm/s.
Feedwater heater 4 is a deaerator and is modeled quite differently from
the other feedheaters. As such, certain variables are not applicable and

are zeroed.
Acronyms (Figs. B.l and B.2)

TFCO — temperature of feedwater at outlet drain-cooler section [TFC,¢ of
Eq. (15)].

TFCA — temperature of feedwater halfway along the drain-cooler section
[Trc,A of Eq. (16)].

TFEO — temperature of feedwater at the outlet of the evaporator section

[TFE, ¢ of Eq. (17)].

TFEA — temperature of feedwater halfway along evaporator section [TFE,A
of Eq. (18)].

TDCO — temperature of liquid at the drain-cooler outlet [TDC,¢ of
Eq. (19)]. |

TDCA — temperature of liquid halfway along drain-cooier section [TDC,A
of Eq. (20)].

TFHV — saturated vapor temperature in the feedwater heater shell [Tv of
Eq. (23)].

TFWO — temperature of feedwater at the outlet of the feedwater heater.
Differences between TFWO and TFEO represent amount of superheat in
the shell inlet vapor flow. -

TFWI — temperature of feedwater at the inlet of the feedheater..

- TFHI — temperature of liquid in the evaporator section [TZ of Eq. (20)].

As mentioned in the text, this variable should not rise signifi-
cantly above TFHV, If it does, flashing of this liquid into steam
is occurring and must be accounted for, which requires modifying
differential equations.

WFHC — vapor condensing rate in the feedheater shell [WC of Eq. (l4)].
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WDVI — vapor flashing rate of previous drain-cooler liquid [wDC,f of

WFHV — saturated vapor flow into the feedwater heater shell [W, of

Eq. (12)]. ' -~

LA

Eq. (10)].

WFHL — saturated liquid flow into the feedwater heater shell [WZ of

Eq. (10)].

WDLI — previous drain—-cooler liquid flow rate [WDC,Z of Eq. (12)].

WFW —
WDC —

feedwater flow rate out of feedheater.

total drain-cooler outlet flow rate.

TFEI — temperature of feedwater at the evaporator section inlet.

HFWI — enthalpy of feedwater at the feedwater inlet.

HFEI — enthalpy of feedwater at the evaporator section inlet.

HFEQO ~ enthalpy of feedwater at the evaporator section outlet.

HFWO — enthalpy of feedwater at the feedheater outlet.

HDCI — enthalpy of drain-cooler liquid at the drain-cooler section inlet

[hpc,1 of Eq. (13)].

HDCO — enthalpy of drain-cooler liquid at the drain-cooler section outlet.

HFHV — saturated vapor enthalpy at shell pressure [hy, of Eq. (11)].
HFHS — enthalpy of turbine extraction steam [hS of Eq. (11)]. -
WFHS — turbine extraction steam flow rate [Wg of Eq. (11)]. ' :
PFHV — saturation pressure of shell. -
User's note on stability: There is a timestep between the printed values

of WFHS and WFHV. At a given transient time, these values should be

approximately the same for dry extraction steam. If a significant

difference exists between the two printed values, a numerical oscil-

lation may be occurring. In such a case, either the timestep should

b

e reduced or vapor holdup time (HFVH) increased.

v
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