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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 ORTURR 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. 
1 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 

computational "modules." 

identified as the simulator module requiring the most computational time. 

The steam turbines with feedwater heaters were 
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The computer s i m u l a t i o n  f o r  dynamic behav io r  of steam t u r b i n e  compo- 

n e n t s  was r e v i s e d  wi th  t h e  o b j e c t i v e  of m a i n t a i n i n g  s u F f i c i e n t  accu racy  

wh i l e  r educ ing  computa t ion  time. T h i s  p r e s e n t  ORTURB s i m u l a t i o n  u s e s  

e q u a t i o n s  similar t o  t h o s e  p r e s e n t e d  € o r  t h e  s team t u r b i n e  modell  bu t  

u s e s  a modeling and i t e r a t i o n  scheme t h a t  r educes  computer t i m e  by mini- 

mizing f l o a t i n g  p o i n t  e x p o n e n t i a t i o n .  ORTURR w a s  developed and debugged 

independen t ly  of ORTAP and hence r e q u i r e d  i n c l u s i o n  of FORTRAN s t a t e m e n t s  

i n  a main d r i v e r  s u b r o u t i n e  t o  p rov ide  t h e  necessa ry  t r a n s i e n t  i n p u t  pa-  

rameters. I n  ORTAF', t h e s e  pa rame te r s  are s u p p l i e d  by a p p r o p r i a t e  p l a n t  

component s i m u l a t i o n s .  

The ORTURB program i s  d i v i d e d  i n t o  t h r e e  main parts:  t h e  d r i v e r  sub- 

r o u t i n e ;  t u r b i n e  s u b r o u t i n e s  t o  c a l c u l a t e  t h e  p re s su re - f low ba lance  of t h e  

high- ,  i n t e rmed ia t e - ,  and  low-pressure t u r b i n e s ;  and f eedwa te r  h e a t e r  sub- 

r o u t i n e s .  Th i s  f eedwa te r  h e a t e r  model i s  s u b s t a n t i a l l y  modi f ied  from t h e  

o r i g i n a l  ORTAP feedwa te r  h e a t e r  model as developed by Delene.2 Necessary 

steam p r o p e r t y  s u b r o u t i n e s ,  o b t a i n e d  from Ref. 3 ,  were a l s o  t a k e n  from 

t h i s  same r e p o r t .  

The ORTURB program h a s  two impor t an t  l i m i t a t i o n s :  (1) t h e  t u r b i n e  

s h a f t  i s  assumed t o  r o t a t e  a t  a c o n s t a n t  ( r a t e d )  speed of  3600 rpm; and 

( 2 )  energy  and mass s t o r a g e  of steam i n  t h e  high- ,  i n t e rmed ia t e - ,  and low- 

p r e s s u r e  t u r b i n e s  i s  assumed t o  be n e g l i g i b l e .  These l i m i t a t i o n s ,  which 

were a l s o  t r u e  of t h e  o r i g i n a l  ORTAP t u r b i n e  p l a n t  model, exc lude  t h e  u s e  

of ORTURB d u r i n g  a t u r b i n e  t r a n s i e n t  such  a s  s t a r t u p  from z e r o  power o r  

v e r y  low t u r b i n e  f lows .  

from t h e  a u t h o r .  

The ORTURB program may be o b t a i n e d  on r e q u e s t  
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2. HIGH-PRESSURE TURBINE SIMULATION 

1 
The b a s i c  gove rn ing  e q u a t i o n  € O K  p r e s s u r e  and f low b a l a n c e  oE high- 

p r e s s u r e  t u r b i n e s  (HPT) i s  t h e  i d e a l  gas  f low l a w :  

where 

k = i s e n t r o p i c  exponent ,  

P = p r e s s u r e ,  

v = s p e c i f i c  volume, 

A = r e p r e s e n t s  a f low c o n s t a n t ,  and 

w = flow. 

The s u b s c r i p t  1 r e f e r s  t o  a n  upstream v a l u e ,  and t h e  s u b s c r i p t  2 r e f e r s  t o  

a downstream v a l u e .  

Use of t h i s  e q u a t i o n  a l l o w s  t h e  e f f e c t  of  a downstream p r e s s u r e  v a r i -  

a t i o n  t o  be r e f l e c t e d  upstream when t h e  p r e s s u r e  r a t i o  (downstream t o  up- 

stream p r e s s u r e )  i s  g r e a t e r  t h a n  c r i t i c a l .  

e r a t i o n  i n  p r e d i c t i n g  the t r a n s i e n t  performance of t h e  h igh -p res su re  t u r -  

b i n e  whose e x h a u s t  p r e s s u r e  w i l l  be a f f e c t e d  by steam t u r b i n e s  d r i v i n g  

t h e  f o u r  he l ium c i r c u l a t o r s  (F ig .  2 ) .  

T h i s  i s  a n  impor t an t  consid-  

The h igh -p res su re  t u r b i n e  h a s  been d i v i d e d  i n t o  t h r e e  s t a g e  groups:  

the gove rn ing  s t a g e ,  i n c l u d i n g  t h e  f low c o n t r o l  v a l v e ,  and two r e a c t i o n  

s t a g e  groups (Fig.  2 ) .  I t  w a s  n e c e s s a r y  t o  u s e  t h i s  d e t a i l  and s u f f e r  

t h e  computa t iona l  expense t o  p r o p e r l y  c a l c u l a t e  governing-stage s h e l l  

p r e s s u r e .  T h i s  s h e l l  p r e s s u r e  i s  a feed-forward s i g n a l  € o r  t h e  p l a n t  

f eedwa te r  f low c o n t r o l l e r  and i s  p r i m a r i l y  determined by t h e  f low-passing 

a b i l i t y  of t h e  f o l l o w i n g  r e a c t i o n  s t a g e s .  
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Shell pressure of the governing stage at l O O X  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 (Pexit/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 100% power and corrected for off-normal conditions by the methods 
presented in Ref. 6. Two important design factors, the governing-stage 

pitch diameter (762 mm) and the number of rows of moving buckets o€  the 

governing stage (11, were obtained by applying the methods and informa- 
tion from Ref. 6 to published heat balances5 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 €lows 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. 

While 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. T h i s  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 

8 

Assumptions and approx ima t ions  were a l s o  made t o  s i m p l i f y  t h e  ca l cu -  

l a t i o n  of t r a n s i e n t  performance of t h e  i n t e r m e d i a t e -  and low-pressure t u r -  

b i n e s  (ILPT). 

F i g u r e  2 ,  a schemat i c  of i n t e r m e d i a t e -  and low-pressure t u r b i n e s ,  

shows steam e x t r a c t i o n  p o i n t s  from the t u r b i n e s  and c o n n e c t i o n s  t o  t h e  

Eeedwater h e a t e r s .  Dynamics of c r o s s o v e r  p i p i n g  c o n n e c t i n g  t h e  i n t e r -  

mediate  t u r b i n e  exhaus t  w i th  t h e  low-pressure t u r b i n e  i n l e t  are  ignored.  

Volume and mass i n v e n t o r y  i n s i d e  t h i s  p i p e  are q u i t e  small compared w i t h  

t h e  main steam p i p i n g  o r  t h e  d e a e r a t o r ,  so  dynamic r e sponse  of t h e  c r o s s -  

o v e r  p i p i n g  would be e s s e n t i a l l y  i n s t a n t a n e o u s  as compared w i t h  t h e  re- 

sponse o€ o t h e r  components. T h e r e f o r e ,  t h e  ILPT i s  c o n s i d e r e d  a s i n g l e  

e n t i t y .  \ 

T h i s  a n a l y s i s  assumes t h a t  t h e  e x t e r n a l  c o n d i t i o n s  expe r i enced  by 

t h e  i n d i v i d u a l  components do n o t  change d u r i n g  a t imes tep .  Each of f i v e  

f eedwa te r  h e a t e r s  and t h e  d e a e r a t o r  are c o n s i d e r e d  s e p a r a t e  components, as 

are t h e  feed-pump t u r b i n e  and t h e  ILPT. 

The ILPT i s  d i v i d e d  i n t o  seven  s t a g e  groups s e p a r a t e d  by p o i n t s  rep- 

r e s e n t i n g  t h e  t u r b i n e  i n l e t ,  s i x  steam e x t r a c t i o n  p o i n t s ,  and t h e  con- 

dense r .  During i n i t i a l i z a t i o n  c a l c u l a t i o n s ,  t h e  s tage-group f low con- 

s t a n t  f o r  t h e  i d e a l  g a s  f low e q u a t i o n  and t h e  s tage-group the rma l  e f f i -  

c i e n c y  are  c a l c u l a t e d  f o r  each  s t a g e  group. The s tage-group f low con- 

s t a n t  remains unchanged throughout  a s i m u l a t e d  t r a n s i e n t ,  whereas t h e  

s tage-group the rma l  e f f i c i e n c y  i s  c o r r e c t e d  f o r  t u r b i n e  inlet volume 

flow. 

- 

7 

T h i s  stage-group the rma l  e f f i c i e n c y  c o r r e c t i o n  i s  n e c e s s a r y  because 

f i x e d  s t a g e  l o s s e s ,  such  a s  r o o t  and t i p  i n t e r f e r e n c e  l o s s e s  and r o t a t i o n  

l o s s e s ,  have less e f f e c t  on o v e r a l l  s tage-group e f f i c i e n c y  as t h e  steam 

v o l u m e t r i c  f low i n c r e a s e s .  The c o r r e c t i o n  c u r v e  shou ld  have a h y p e r b o l i c  

shape  b u t  h a s  been l i n e a r i z e d  f o r  s i m p l i c i t y .  T h i s  assumption i s  reason-  

a b l y  accurate f o r  h i g h  volume f lows  b u t  would o v e r e s t i m a t e  s t a g e  group 

the rma l  e f f i c i e n c y  a t  v e r y  low flows. 

To a c c u r a t e l y  model ILPT r e a c t i o n  s t a g e s ,  t h e  p r e s s u r e  r a t i o  a c r o s s  

each  computa t iona l  grouping o€ r e a c t i o n  s t a g e s  shou ld  be  g r e a t e r  t h a n  
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c r i t i c a l ,  w i t h  t h e  e x c e p t i o n  of t h e  las t  s t a g e  which ( f o r  condens ing  t u r -  

b i n e s )  h a s  c r i t i c a l  f low a t  d e s i g n  c o n d i t i o n s .  

p a s s i n g  a b i l i t y  of  a s t a g e  group because  of  downstream p r e s s u r e  f l u c t u a -  

t i o n s  such  as f eedwa te r  h e a t e r  t r a n s i e n t s  can  be  accounted  f o r  w i t h  t h e  

i d e a l  g a s  f low e q u a t i o n  i f  t h e  p r e s s u r e  r a t i o  i s  g r e a t e r  t h a n  c r i t i c a l .  

The p r e s s u r e  r a t i o s  a c r o s s  s t a g e  groups  f o r  t h e  d e s i g n  power c o n d i t i o n  

are  g e n e r a l l y  s l i g h t l y  less t h a n  c r i t i c a l .  T h i s  c o n d i t i o n  means t h a t  a 

downstream p r e s s u r e  i n c r e a s e ,  such  as  t h a t  caused  by s t o p p i n g  e x t r a c t i o n  

f low t o  a f eedwa te r  h e a t e r ,  would have t o  i n c r e a s e  t h e  s tage-group pres-  

s u r e  r a t i o  above c r i t i c a l  b e f o r e  s tage-group f low i s  a f f e c t e d  by a down- 

stream p r e s s u r e  rise. 

P e r t u r b a t i o n s  of t h e  flow- 

The ILPT model ing cou ld  b e  made more a c c u r a t e  by a n  i n c r e a s e  i n  t h e  

number of computa t iona l  s t a g e  groups  and a n  a s s u r a n c e  t h a t  t h e  p r e s s u r e  

r a t i o  a c r o s s  e a c h  group ( excep t  f o r  t h e  l a s t )  i s  g r e a t e r  t h a n  c r i t i c a l .  

These changes,  however,  would e n t a i l  an  i n c r e a s e d  computa t ion  c o s t  due t o  

t h e  i n c r e a s e d  amount of f l o a t i n g  p o i n t  e x p o n e n t i a t i o n  r e q u i r e d  t o  r e p r e -  

s e n t  t h e  i d e a l  g a s  f low equa t ion .  P r e s e n t  ILPT modeling i s  s u f f i c i e n t l y  

a c c u r a t e  f o r  u s e  i n  a n  o v e r a l l  steam p l a n t  dynamic s i m u l a t i o n ,  c o n s i d e r i n g  

t h e  accu racy  of e x i s t i n g  t u r b i n e  d e s i g n  d a t a  a v a i l a b l e .  

P r e s s u r e  a t  a n  e x t r a c t i o n  p o i n t  de t e rmines  e x t r a c t i o n  f low t o  t h e  

s h e l l - s i d e  of a f eedwa te r  h e a t e r .  

assumed t o  be  a shape ,  o r  form, l o s s  as expres sed  by 

P r e s s u r e  l o s s  i n  t h e  e x t r a c t i o n  p i p e  i s  

M u l t i p l y i n g  b o t h  s i d e s  by t h e  s q u a r e  of t h e  d e n s i t y ,  and t h e  r igh t -hand  

s i d e  (RHS) by (Af /Af) ,  2 2  

. 

and t h e  mass f low We, i s  

. 
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S u b s t i t u t i n g  Eq. ( 4 )  i n t o  Eq. ( 3 ) ,  c o l l e c t i n g  c o n s t a n t s ,  and r e a r r a n g i n g :  

Wex 

where 

. , piAPi 

Vex, i 
Kex = .- 2 

and i r e p r e s e n t s  i n i t i a l  c o n d i t i o n s  a t  t h e  e x t r a c t i o n  p o i n t .  

Eq. ( 6 )  i n t o  Eq. ( 5 )  

S u b s t i t u t i n g  

o r  

S i n c e  steam p r o p e r t y  s u b r o u t i n e s  used i n  ORTURR c a l c u l a t e  s p e c i E i c  

Equa t ion  ( 1 )  c a n  be shown volume r a t h e r  t h a n  d e n s i t y ,  Eq. ( 8 )  i s  used. 

t o  r educe  t o  Eq. (8) f o r  small p r e s s u r e  d rops .  

During t u r b i n e  i t e r a t i o n s ,  i f  f e e d h e a t e r  s h e l l  p r e s s u r e  i s  g r e a t e r  

t h a n  e x t r a c t i o n  p o i n t  p r e s s u r e ,  e x t r a c t i o n  f low i s  set  t o  z e r o  (no r e v e r s e  

f low)  u n t i l  t h e  e x t r a c t i o n  p r e s s u r e  is  a g a i n  g r e a t e r  t h a n  s h e l l  p r e s s u r e .  

The feed-pump sys t em f o r  F o r t  S t .  Vra in  c o n s i s t s  of t h r e e  pumps, two 

d r i v e n  by steam t u r b i n e s  and one by a n  e l ec t r i c  motor. 

drop a c r o s s  t h e  feed-pump t u r b i n e s  i s  added t o  t h e  e n t h a l p y  of f eedwa te r  

f lowing  through the pumps. Energy imparted t o  t h e  f eedwa te r  by e l ec t r i c  

f e e d  pump i s  ignored.  T h i s ,  i n  e f f e c t ,  assumes t h a t  feed-pump thermal 

e f f i c i e n c y  i s  66.7%. 

a n c e ~ . ~  

e l e d  as one steam t u r b i n e - d r i v e n  pump. Feedwater f low th rough  t h e  pump 

i s  determined by t h e  p l a n t  c o n t r o l l e r  s i m u l a t o r  and n o t  t u r b i n e  steam con- 

d i t i o n s .  

water pump computer s i m u l a t i o n .  

The steam e n t h a l p y  

These r e s u l t s  a g r e e  w e l l  w i t h  p u b l i s h e d  h e a t  bal-  

Fo r  s i m p l i c i t y ,  t h e  feed-pump system f o r  the s team-side i s  mod- 

T h i s  s i m p l i f i c a t i o n  cou ld  be mod i f i ed  by s u b s t i t u t i n g  a feed-  

The feed-pump t u r b i n e  h a s  been modeled as one s t a g e  group,  meaning 

that  e n t r a n c e  and e x i t  p r e s s u r e s  are used as upstream and downstream 
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p r e s s u r e s  i n  t h e  i d e a l  gas  f low equa t ion .  I n l e t  p r e s s u r e  i s  set  e q u a l  t o  

p r e s s u r e  a t  t h e  second ILPT e x t r a c t i o n  p o i n t  ( p o i n t  3 of Fig.  2 1 ,  and ex i t  

p r e s s u r e  i s  set  e q u a l  t o  main condenser  p r e s s u r e .  N o  f l ow c o n t r o l  d e v i c e  

i s  modeled f o r  t h e  feed-pump t u r b i n e ,  which means t h a t  t h e  f low i s  depen- 

den t  on i n l e t  steam c o n d i t i o n s  and o u t l e t  steam p r e s s u r e  i f  f l ow i s  less 

t h a n  c r i t i c a l .  A steam-flow c o n t r o l  d e v i c e  c o u l d  e a s i l y  be added i f  

necessa ry .  

Turb ine  f lows  r e s u l t i n g  from t h e  prev ious- t ime p r e s s u r e  d i s t r i b u t i o n  

are  a l l  c a l c u l a t e d  i n i t i a l l y  f o r  a t imes tep .  The t u r b i n e  f low ups t ream 

from a n  e x t r a c t i o n  p o i n t  i s  t h e n  compared w i t h  t h e  t u r b i n e  f low downstream 

and t h e  e x t r a c t i o n  flow. I f  t h e  f lows  do n o t  ba lance ;  e x t r a c t i o n  p r e s s u r e  

i s  modi f ied  a c c o r d i n g l y ,  and t h e  two-stage group f low c a l c u l a t i o n  i s  re- 

p e a t e d  (as d e s c r i b e d  f o r  t h e  HPT) u n t i l  convergence i s  ob ta ined .  

cases were run  i n  which t h e  e n t i r e  t u r b i n e  f low d i s t r i b u t i o n  was reca l cu -  

l a t e d  when on ly  one p r e s s u r e  changed d u r i n g  t h e  i t e r a t i o n  p rocess .  N o  

s i g n i f i c a n t  d i f f e r e n c e s  i n  converged f lows  from t h e  two-point case were 

n o t i c e d ,  b u t  computer time was g r e a t l y  i n c r e a s e d .  

Test 

Low-pressure t u r b i n e  exhaus t  l o s s  i s  c a l c u l a t e d  a c c o r d i n g  t o  t h e  pro- 

cedure  i n  Ref. 6. T h i s  l o s s  i s  a unique  f u n c t i o n  of  steam v e l o c i t y  a t  t h e  

d i s c h a r g e  of t h e  l a s t - s t a g e  bucket .  Empi r i ca l  d a t a  a re  used  f o r  t h i s  pro- 

cedure  and were developed from known dimensions (851-mm a c t i v e  l e n g t h  on 

t h e  l a s t - s t a g e  bucke t )  and p u b l i s h e d  exhaus t  l o s s e s 5  a t  100 and  25% power. 

A s  t h e  pressure- f low i t e r a t i o n  advances  through t h e  t u r b i n e ,  r e q u i r e d  

steam p r o p e r t i e s  of t empera tu re  and s p e c i f i c  volume are o b t a i n e d  from 

steam p r o p e r t y  s u b r o u t i n e s  o r i g i n a l l y  w r i t t e n  f o r  t h e  ORCENT code3 r a t h e r  

t h a n  t h e  ASME 1967 steam t a b l e  e q u a t i o n s . 8  

fewer  i t e r a t i v e  loops ,  t h u s  consuming less computer t i m e  t h a n  ASME equa- 

t i o n s ,  and are of s u f f i c i e n t  accu racy  f o r  t r a n s i e n t  a n a l y s i s  of steam 

t u r b i n e s .  

The ORCENT s u b r o u t i n e s  have 
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4 .  FEEDWATER HEATER SIMULATION 

The f eedwa te r  h e a t e r  model used i n  t h e  s i m u l a t o r  i s  shown i n  F ig .  3. 

There  are f i v e  such  f e e d h e a t e r s  i n  t h e  s i m u l a t e d  t u r b i n e  p l a n t ,  l o c a t e d  a s  

shown i n  F igs .  1 and  2 .  

Steam from t h e  t u r b i n e s  e n t e r s  t h e  s h e l l  of t h e  f eedwa te r  h e a t e r .  I f  

t h i s  steam i s  supe rhea ted ,  t h e  assumpt ion  i s  t h a t  i t  w i l l  f i r s t  l o s e  t h i s  

s u p e r h e a t  t o  t h e  f eedwa te r  by means of a s imple  h e a t  ba lance .  I f  t h e  

steam i s  w e t ,  i t  i s  d i v i d e d  i n t o  a s a t u r a t e d  steam p a r t  and a s a t u r a t e d  

l i q u i d  p a r t .  The l i q u i d  f a l l s  i n t o  a l i q u i d  stream on a t r a y  o r  p a r t i t i o n  

w i t h i n  t h e  f eedwa te r  h e a t e r .  

a l s o  e n t e r  t h i s  stream. 

t h e  s a t u r a t e d  vapor  t empera tu re ,  p a r t  of i t  f l a s h e s ;  t h i s  vapor  goes  i n t o  

t h e  vapor  space .  Steam i n  t h e  vapor  space  condenses  on t h e  t u b e s  con- 

t a i n i n g  t h e  f eedwa te r  and f a l l s  i n t o  t h e  l i q u i d  stream. T h i s  l i q u i d  

e v e n t u a l l y  f lows  i n t o  t h e  d ra in -coo le r  s e c t i o n  of t h e  f eedwa te r  h e a t e r  

and l o s e s  a d d i t i o n a l  h e a t  t o  t h e  f eedwa te r  as i t  f lows  through t h e  d r a i n  

c o o l e r .  

L i q u i d  from a p r e v i o u s  f eedwa te r  h e a t e r  may 

Because i t s  t empera tu re  i s  u s u a l l y  h o t t e r  t h a n  

ORNL-DWG 72-12011 

STEAM FROM 
TURBINE 

I 

FEEDWATER OUT - 
f 

VAPOR SPACE -- - FROM PREVIOUS 
DRAIN COOLER - 

\ -  - FEEDWATER IN I I 

Fig .  3. Feedwater h e a t e r .  
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Feedwater  e n t e r s  t h e  f eedwa te r  h e a t e r  t ube  bund les  and f lows  c o u n t e r  

t o  t h e  d i r e c t i o n  of t h e  d r a i n  c o o l a n t  f low. A f t e r  l e a v i n g  t h e  d r a i n  

c o o l e r ,  f eedwa te r  e n t e r s  t u b e  bund les  i n  t h e  vapor  space  where i t  g a i n s  

a d d i t i o n a l  h e a t  as steam i s  condensed. Before  l e a v i n g  t h e  h e a t e r ,  feed-  

water i n  t h e  t u b e  bundle  p a s s e s  through a s u p e r h e a t  s e c t i o n  where any 

s u p e r h e a t  I n  t h e  t u r b i n e  e x t r a c t i o n  steam i s  removed. 

I n  t h e  s i m u l a t i o n ,  t h e  d r a i n - c o o l e r  s e c t i o n  of t h e  f eedwa te r  h e a t e r  

i s  t r e a t e d  as a coun te r f low h e a t  exchanger .  The f eedwa te r  h e a t e r  s e c t i o n  

i n  which f eedwa te r  t u b e s  p a s s  through t h e  vapor  space  i s  t r e a t e d  as a 

tube - in - she l l  h e a t  exchanger  w i t h  a uni form s h e l l - s i d e  t empera tu re .  The 

s u p e r h e a t  s e c t i o n  h e a t  ba l ance  i s  

The steam f lowing  i n t o  t h e  f eedwa te r  h e a t e r  s h e l l  d i v i d e s  i n t o  'two 

streams, 

ws = wv + wg , (10) 

such  t h a t  

The l i q u i d  e n t e r i n g  from a p r e v i o u s  d r a i n  c o o l e r  d i v i d e s  i n t o  two 

streams, 

where h fg  and hDc,g a re  e v a l u a t e d  a t  t h e  vapor  t empera tu re  Tv. 

The vapor  condens ing  rate Wc i s  c a l c u l a t e d  by 

. 

(UA)EV i s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  m u l t i p l i e d  by t h e  area o v e r  one- 
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4 

i' 

h a l f  t h e  e v a p o r a t o r  l e n g t h .  (UA)DC i s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  mul- 

t i p l i e d  by t h e  area ove r  one-half  t h e  d r a i n - c o o l e r  l e n g t h .  These c o e f f i -  

c i e n t s  are assumed t o  be  c o n s t a n t  i n  t h e  s i m u l a t i o n .  

A lumped parameter  model was c o n s t r u c t e d  u s i n g  seven  d i f f e r e n t i a l  

e q u a t i o n s  t o  d e s c r i b e  t h e  dynamics of a s i n g l e  f eedwa te r  h e a t e r  u n i t  

(F ig .  4 ) .  A l l  seven  d i f f e r e n t i a l  e q u a t i o n s  are  f o r  tempera ture .  

Feedwater t empera tu res  i n  t h e  d r a i n  c o o l e r  s e c t i o n  are r e p r e s e n t e d  

by Eqs. (15)  and (161, which were d e r i v e d  from a time-dependent energy  

ba lance  : 

Equa t ions  (17 )  and (18) r e p r e s e n t  f eedwa te r  t empera tu res  i n  t h e  evapora-  

t o r ,  o r  vapor  s e c t i o n :  

d T F E , ~  = -  2wFW 
d t  MFE 

Temperature  of t h e  

(19 )  and (20):  

nTDC 0 2wDC 
d t  MDC 

-.1, = - 

The s e v e n t h  d i f f e r e n t i a l  e q u a t i o n  f o r  Tv, t h e  s a t u r a t i o n  t empera tu re  

of  vapor  i n  t h e  f eedwa te r  h e a t e r  s h e l l ,  depends on mass f low rate  i n t o  and 
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o u t  of t h e  s h e l l  i n  t h e  fo l lowing  manner: 

4 

W' 

dTv dT 1 dM 

The s h e l l  vapor  mass ra te  of change dM/dt i s  t h e  n e t  f low i n t o  t h e  

f e e d h e a t e r  s h e l l ,  

dM 
d t  wv + WDC,f - .- = "c 

Combining E q s .  ( 2 2 )  and  (14 )  w i t h  Eq. (21), t h e  s e v e n t h  d i f f e r e n t i a l  

e q u a t i o n  i s  

d t  

S a t u r a t i o n  d e r i v a t i v e s  are  r e e v a l u a t e d  a t  t h e  beginning  of each  t i m e -  

s t e p  us ing  t h e  p rev ious  t i m e s t e p  v a l u e  of pressure and d e n s i t y .  S h e l l  

p r e s s u r e  i s  de termined  from t h e  s a t u r a t i o n  t empera tu re ,  Tv. 

The v a l u e  TQ i n  Eq. (201, r e p r e s e n t i n g  t h e  t empera tu re  of t h e  l i q u i d  

going  from t h e  s h e l l  t o  t h e  d r a i n  c o o l e r ,  i s  ob ta ined  from a n  energy  ba l -  

ance  of s h e l l  l i q u i d  f low and e n t h a l p y  wi th  condensa t ion  f low and energy  

u s i n g  t h e  p rev ious  t i m e s t e p  v a l u e s .  S ince  f l a s h i n g  of t h i s  s h e l l  l i q u i d  

back t o  steam i s  n o t  r e p r e s e n t e d ,  t h e  v a l u e  of TQ shou ld  be monitored dur- 

i n g  a s imula t ed  t r a n s i e n t  t o  ensu re  t h a t  i t  does  n o t  r ise  s i g n i f i c a n t l y  

above t h e  s a t u r a t i o n  t empera tu re  Tv. 

Flow from t h e  d r a i n  c o o l e r  WDC i s  assumed t o  he  c o n s t a n t  d u r i n g  a 

t imes t ,?p  and i s  c a l c u l a t e d  a t  t h e  beginning  of each  t i m e s t e p  by 

The set of seven  d i f f e r e n t i a l  e q u a t i o n s  (15-20, 2 3 )  are s o l v e d  each  

t imestep u s i n g  t h e  m a t r i x  e x p o n e n t i a l  method,' as d i s c u s s e d  i n  Ref. 10. 
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I n  i n i t i a l i z i n g  s t e a d y - s t a t e  c a l c u l a t i o n ,  t h e  v a r i o u s  masses (MDc, 

MFC, MFE) are c a l c u l a t e d ,  u s i n g  a holdup time s u p p l i e d  as a n  i n p u t .  

i n g  a t r a n s i e n t ,  t h e s e  masses are c o r r e c t e d  f o r  changes i n  s a t u r a t e d  water 

d e n s i t y  caused  by t empera tu re  changes from i n i t i a l  c o n d i t i o n s .  Tempera- 

t u r e  i n p u t  d a t a  i n c l u d e  i n l e t  and o u t l e t  f eedwa te r  t empera tu res  ( T F w , ~  and 

TFW,$) and d r a i n  c o o l e r  i n l e t  and o u t l e t  t empera tu res  ( T D c , ~  and T D C , ~ ) .  

The s a t u r a t e d  vapor  t empera tu re  Tv i s  de termined  from i n p u t  s h e l l  vapor  

p re s su re .  

r a t e  (WFW), and t h e  d r a i n  c o o l e r  f low rates WDC and W D C , ~ .  

d a t a ,  two of t h e  seven  s t a t e  v a r i a b l e s  f o r  each  f eedwa te r  h e a t e r  ( T F E , ~  

and TDC,$) are  known. 

c o o l e r  r e g i o n  T F C , ~  may b e  c a l c u l a t e d  from t h e  fo l lowing  h e a t  ba l ance :  

Dur- 

Flow rate  i n p u t  d a t a  i n c l u d e  steam f low rate  Ws, f eedwa te r  f low 

From t h i s  

The t empera tu re  of f eedwa te r  l e a v i n g  t h e  d r a i n  

The f eedwa te r  t empera tu re  ha l fway through t h e  e v a p o r a t o r ,  TFE,A i s  

determined as shown on t h e  f o l l o w i n g  schemat ic .  

TV 

TFC, 4 

where ATxm i s  t h e  l o g  mean t empera tu re  d i f f e r e n c e :  

S u b s t i t u t i n g  E q .  ( 2 7 )  i n t o  E q .  (26 )  and r e a r r a n g i n g ,  
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a$ 

U’ 

Analogous r e a s o n i n g  w i l l  y i e l d  t h e  fo l lowing  e x p r e s s i o n  f o r  TFE,A: 

where a l l  terms on t h e  RHS are known. 

I n  t h e  d r a i n - c o o l e r  s e c t i o n ,  TFc,A and TDC,A are  chosen  as t h e  t e m -  

p e r a t u r e s  halfway a long  t h e  f eedwa te r  c o o l a n t  p i p e  and t h e  d r a i n  c o o l e r ,  

r e s p e c t i v e l y .  Fol lowing t h e  a n a l y s i s  p r e s e n t e d  by G i e d t ,  l 1  which i s  t h e  

classic NTU (number of t r a n s f e r  u n i t s )  a n a l y s i s  f o r  h e a t  exchangers ,  t h e s e  

t empera tu res  are  o b t a i n e d  by s o l v i n g  two s imul t aneous  e q u a t i o n s ,  

TDC,A = T D C , i  - Eh(TDC,i - TFC,A) 3 

T D C , @  = TDC,A - Eh(TDC,A - TFW,i) s 

where t h e  h e a t  exchanger  h e a t i n g  e f f e c t i v e n e s s  Eh i s  

The d e a e r a t o r  ( f eedwa te r  h e a t e r  4 )  i s  t r e a t e d  as a l a r g e  mixing tank .  

Mass and e n t h a l p y  i n v e n t o r y  c a l c u l a t i o n s  are performed a t  each  t i m e s t e p  

and r e s u l t i n g  e q u a t i o n s  are s o l v e d  by E u l e r ’ s  method. 

homogenous l i q u i d  i s  assumed t o  be  a t  s a t u r a t e d  c o n d i t i o n s .  

The r e s u l t i n g  
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5. CONTROL 

0. 

u' 

A s  ORTURB i s  i n t e n d e d  t o  be used as a p a r t  of a n  o v e r a l l  F o r t  S t .  

Vra in  p l a n t  s i m u l a t o r  code (ORTAP), c e r t a i n  pa rame te r s  must be s u p p l i e d  

t o  ORTURB t o  e x e c u t e  i t  independent ly .  These t ime-dependent parameters 

are d e s i r e d  t u r b i n e  l o a d i n g ,  h igh -p res su re  t u r b i n e  i n l e t  steam p r e s s u r e  

and e n t h a l p y ,  i n t e r m e d i a t e  t u r b i n e  i n l e t  p r e s s u r e  and e n t h a l p y ,  and feed- 

water f low through each  f e e d h e a t e r  and i n t o  t h e  steam g e n e r a t o r .  These 

pa rame te r s  are s u p p l i e d  by t h e  a p p r o p r i a t e  ORTAP s i m u l a t o r  t o  t h e  v e r s i o n  

of ORTURB p r e s e n t l y  implemented i n  ORTAP. However, t o  e x e c u t e  ORTURR by 

i t s e l f ,  t h e s e  parameters are  w r i t t e n  i n t o  coding  of i t s  main program. 

Coding m o d i f i c a t i o n s  t o  t h e  main d r i v e r  s u b r o u t i n e  must be  made t o  r ep re -  

s e n t  any o t h e r  t r a n s i e n t .  

Feedwater f lows  of t h e  tube-s ide  of  h e a t e r s  5 and 6 and t h e  o u t l e t  

f low of t h e  d e a e r a t o r  are  set  t o  t h e  d e s i r e d  steam g e n e r a t o r  f low rate.  

Feedwater  f low of t h e  tube-s ide  o f  € e e d h e a t e r s  1 through 3 i s  set  s o  t h a t  

t h e  d e a e r a t o r  h a s  a c o n s t a n t  f l u i d  l e v e l .  No a t t e m p t  i s  made t o  ba l ance  

f low i n  t h e  condenser .  

The d r a i n  c o o l a n t  f lows  ( s h e l l - s i d e  o n l y )  from f e e d h e a t e r s  1,  2 ,  3 ,  

5,  and 6 are c o n t r o l l e d  so  t h a t  t h e  f low i n t o  t h e  d r a i n  c o o l e r  e q u a l s  t h e  

€low o u t  ( i . e . ,  c o n s t a n t  l i q u i d  l e v e l ) .  
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6.  RESULTS 

A s i m u l a t e d  t u r b i n e  runback from 100 t o  25% e lec t r ica l  power ach ieved  

v e r y  good agreement  i n  s t e a d y  s t a t e  w i t h  t h e  25% power h e a t  balance’ 

(Appendix B and  Fig.  5). The v a l u e s  i n  p a r e n t h e s e s  i n  F ig .  5 are  ca lcu-  

l a t e d  r e s u l t s  from ORTURB. A small p o r t i o n  of t h e  i n f o r m a t i o n  p resen ted  

i n  t h e  25% power h e a t  ba l ance  w a s  used d u r i n g  t u r b i n e  i n i t i a l i z a t i o n  

( low-pressure  t u r b i n e  l e a v i n g  l o s s  and h igh -p res su re  t u r b i n e  e x i t  s team 

c o n d i t i o n s  needed t o  c a l c u l a t e  thermal  e f f i c i e n c i e s ) .  However, a l l  t u r -  

b i n e  f lows ,  e n t h a l p i e s ,  and p r e s s u r e s  were i n  v e r y  good agreement w i t h  I 

t h e  h e a t  b a l a n c e  a t  25% power (F ig .  5 )  when i n i t i a l i z a t i o n  was done w i t h  

t h e  i n f o r m a t i o n  r e p r e s e n t i n g  100% power (F ig .  6 ) .  

T r a n s i e n t s  r e p r e s e n t i n g  loss -of -condenser ,  loss -of - feedwater  h e a t e r ,  

and h igh -p res su re  t u r b i n e  e x i t  p r e s s u r e  f l u c t u a t i o n s  were a l s o  s imula t ed .  

The t u r b i n e  model i n d i c a t e d  a p p r o p r i a t e  r e sponses  f o r  a l l  s i m u l a t e d  t r an -  

s i e n t s .  

i n f o r m a t i o n  becomes a v a i l a b l e .  

Comparisons w i t h  a c t u a l  p l a n t  d a t a  can  e a s i l y  b e  made when t h e  

During t h e  modeling f o r  t h e  loss-of-condenser  t r a n s i e n t ,  convergence 

d i f f i c u l t i e s  were no ted  f o r  t h e  ILPT segments  c l o s e  t o  t h e  condenser .  The 

s u b r o u t i n e  ZERO1, a s l i g h t l y  modi f ied  v e r s i o n  of t h e  s u b r o u t i n e  Z E R O I N ,  l 2  

was t h e n  used  t o  b r i n g  t h e  p re s su re - f low d i s t r i b u t i o n  i n t o  convergence. 

The mass f low convergence t o l e r a n c e  a l s o  r e q u i r e d  m o d i f i c a t i o n  d u r i n g  

s i m u l a t i o n  of t h i s  s e v e r e  t r a n s i e n t .  

The ORTURB t u r b i n e  model u s e s  approximate ly  0.05 s of  IBM Model 

360/91 computer t i m e  f o r  each  computa t iona l  t imes tep .  T h i s  value i s  sub- 

ject  t o  t h e  t r a n s i e n t  be ing  modeled and w i l l  i n c r e a s e  as t h e  s e v e r i t y  oE 

t h e  t r a n s i e n t  i n c r e a s e s .  However, t h i s  reduced computer time i s  a s i g -  

n i f i c a n t  improvement as compared t o  t h e  ear l ie r  t u r b i n e  model i n  ORTAP. 
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Appendix A 

INPUT REQUIREMENTS 

Refe r  t o  F igs .  2 and 6.  

Cards No. 1 (FORMAT 20A4) 

Two t i t l e  c a r d s  

Card No. 2 (FORMAT 1 5 )  

NOSGS -number of steam g e n e r a t o r  modules f e e d i n g  t h e  h igh -p res su re  

t u r b i n e  ( f o r  FSV se t  e q u a l  t o  12 ) .  

Card No. 3 (FORMAT 2E10.3, 110) 

TSTRT - s t a r t i n g  t i m e  

DT - time s t e p  

NTMSP - d e s i r e d  number of  t i m e  s t e p s  

Card No. 4 (FORMAT 2E10.3) 

P - d e s i r e d  p r e c i s i o n  of t h e  A-matrix f o r  f eedwa te r  h e a t e r  c a l c u l a -  

t i o n s .  Experience w i t h  d i f f e r e n t  v a l u e s  of t h i s  parameter  w i l l  

be  n e c e s s a r y  t o  e v a l u a t e  t h e  t r a d e - o f f s  of computa t iona l  accu racy  

and computer time (recommend f o r  IBM computers) .  

ATOL - d e s i r e d  f r a c t i o n a l  change of each of t h e  seven  c a l c u l a t e d  

s t a t e  v a r i a b l e s  of t h e  f eedwa te r  h e a t e r  c a l c u l a t i o n  b e f o r e  up- 

d a t i n g  t h e  A-matrix. Again, e x p e r i e n c e  i s  n e c e s s a r y  t o  eva lu -  

a t e  t h e  t r a d e - o f f s  of computer accu racy  and t i m e  (recommend 

0.01). 

Card No. 5 (1615) 

IND(I), I=l th rough  16 set  t o  z e r o  excep t  t h e  fo l lowing .  

IND(3) - d e s i r e d  number of t i m e  s t e p s  between p r i n t o u t s .  

IND(4) - set  no t  e q u a l  t o  z e r o  i f  A-matrix i n f o r m a t i o n  i s  d e s i r e d  

o u t p u t  wherever updated ( f o r  debugging). 

IND(5) - set  n o t  e q u a l  t o  z e r o  i f  t h e  f o r c i n g  f u n c t i o n  v e c t o r  i s  

d e s i r e d  d u r i n g  p r i n t o u t s  ( f o r  debugging).  

Card No. 6 (2E10.3) 

ABSTOL - a b s o l u t e  t o l e r a n c e  (lbm) 

RELTOL - r e l a t i v e  t o l e r a n c e  ( f r a c t i o n )  
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The a c t u a l  t o l e r a n c e  used by ORTURB d u r i n g  t h e  p re s su re - f low i te ra -  

t i o n s  f o r  b o t h  t h e  HPT and I L P T  i s  of  t h e  form: 

TOL = ASBTOL + W u p s t r e a m  RELTOL 

Card No. 7 ( 6 E 1 0 . 3 )  

WHPlOO - i n l e t  f low t o  h igh -p res su re  t u r b i n e  (HTP) a t  100% 

power ( lbm/s ) .  

PHPTO - i n l e t  p r e s s u r e  t o  HPT a t  100% power ( p s i a )  

PHPEXO - exhaus t  p r e s s u r e  from HPT a t  100% power ( p s i a )  

HHPlOO - i n l e t  e n t h a l p y  t o  HPT a t  100% power (Btu/lbm) 

HHPEXO - exhaus t  e n t h a l p y  from HPT a t  100% power (Rtu/ lbm) 

WHPLKO - packing-gland l e a k  f low rate from HPT e x h a u s t  t o  the 

s h e l l  of f eedwa te r  h e a t e r  5 ( l b m / s )  

Card No. 8 (FORMAT E 1 0 . 3 )  

HCON - condenser  o u t l e t  e n t h a l p y  (Btu/lbm) 

Card No. 9 (FORMAT 7 E 1 0 . 3 )  

W I L P ( I ) ,  I=1 t h r o u g h  7 - 100% power mass f low i n  e a c h  of  t h e  interme- 

d i a t e -  and low-pressure t u r b i n e  ( I L P T )  seg- 

ments ( lbm/s )  

Card No. 10 (FORMAT 8 E 1 0 . 3 )  

P I L P ( T ) ,  1=1 th rough  8 

Card No. 11 (FORMAT 8 E 1 0 . 3 )  

H I L P ( I ) ,  I=1 th rough  8 

100% power p r e s s u r e  a t  the beg inn ing  of  t h e  

ILPT segments  ( p s i a )  

100% power e n t h a l p y  a t  t h e  beg inn ing  of t h e  

I L P T  segments (Btu/ lbm) 

Card No. 12 (FORMAT 5 E 1 0 . 3 )  

PFPTIO - p r e s s u r e  a t  i n l e t  t o  feedpump t u r b i n e  ( F T )  a t  100% power 

( p i a )  

HFPTIO - e n t h a l p y  a t  i n l e t  t o  FT a t  100% power (Btu/ lbm) 

PFPTO - e x h a u s t  p r e s s u r e  of  FT a t  100% power ( p s i a )  

HFPTO - exhaus t  e n t h a l p y  of FT a t  100% power (Btu/lbm) 

WFPTO - f low o f  FT a t  l b O %  power ( l b m / s )  

Card No. 13 (FORMAT 6 E 1 0 . 3 )  

One c a r d  i s  r e q u i r e d  f o r  e a c h  f eedwa te r  h e a t e r  as numbered on Fig.  2 

a t  100% power. The d e a e r a t o r  i s  c o n s i d e r e d  f eedwa te r  h e a t e r  4 .  

Y 

rir 
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4 

WDC - d r a i n  c o o l a n t  f low (lbm/s) 

WFW - f eedwa te r  f low (lbm/s) 

TFWI - t e m p e r a t u r e  of f eedwa te r  e t e r i n g  he t e r  (OF) 

TFWO - t e m p e r a t u r e  of f eedwa te r  l e a v i n g  h e a t e r  (OF) 

TOCO - t e m p e r a t u r e  of l i q u i d  l e a v i n g  d r a i n  c o o l e r  (OF) 

PFHV - vapor p r e s s u r e  i n  f e e d h e a t e r  s h e l l  ( p s i a )  

Card No. 14 (FORMAT 4E10.3)  

One c a r d  i s  r e q u i r e d  f o r  each feedwa te r  h e a t e r  a t  100% power. 

HFWC - h o l d u p  t i m e  of f eedwa te r  i n  d r a i n - c o o l e r  p o r t i o n  ( s )  

HDC - d r a i n  c o o l e r  holdup t i m e  ( s )  

HFWE - h o l d u p  time of  f eedwa te r  i n  e v a p o r a t o r  p o r t i o n  ( s )  

HVFH - steam holdup t i m e  on s h e l l - s i d e  of f eedwa te r  h e a t e r  (s )  



,- 

ad 
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Appendix B 

OUTPUT 

J Output from ORTURB is presented in Fig. R . l  for 100% power conditions 

and in Fig. 8.2 for 25% power conditions. An explanation of the informa- 

tion that is 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 

. . . .  
T I M E  ( S E C )  = .O 

HIGH P R E S S U R E  T U R B I N E  OUTPUT (MWE) = 69.138 
LOW P R E S S U R E  T U R B I N E  E L E C T R I C A L  OUTPUT (MWE) = 274.65 
T O T A L  GROSS E L E C T R I C A L  O U T P U T  (MWE) = 337.74 
D E S I R E D  LOAD = 1.0000 A C T U A L  LOAD = 1.0000 

HIGH P R E S S U R E  T U R B I N E  E F F I C I E N C Y  .808051 

HIGH P R E S S U R E  T U R B I N E  DATA 
P O I N T  FLOW TEMPERATURE ENTHALPY 

1 637.46 1000.01 1461.30 
2 636.01 970.66 1449.74 
3 636.02 874.58 1411.69 
4 633.08 740.93 1358.50 

I N T E R M E D I A T E  AND LOW P R E S S U R E  T U R B I N E  DATA 
P O I N T  FLOW TEMPERATURE ENTHALPY 

1 621.87 1000.09 1517.70 
2 594.39 808.58 1426.40 
3 554.16 681.64 1367.00 
4 514.95 544.24 1302.70 
5 496.11 335.43 1207.20 
6 476.64 228.87 1159.00 
7 451.11 171.41 1107.90 
8 470.34 105.83 1029.97 

1 

P R E S S U R E  
2412.30 
2179.28 
1536. 29 
893.30 

P R E S S U R E  
568.20 
268.80 
157.60 
83.20 
27.30 
13.90 
6.19 
1.13 

VLVH = 1.0000 

EXHAUST L O S S  ( B T U / L B M )  = 13.3724 

F E E D P U M P  FLOW ( L B M / S )  = 19.230 FEEOPUMP O U T L E T  ENTHALPY ( B T U / L B M )  = 1087.1 

FEEDHEATER S T A T E  

S T G  T F C O  
1 115.935 
2 165.133 
3 201.521 
4 0.0 
5 318.319 
6 360.270 

V A R I A B L E S  

T F C A  T F E O  T F E A  T K O  
1 1 2 . 3 9 6  162.800 151.671 120.600 
163.720 200.204 191.101 172.800 
200.840 233.567 224.145 210.200 

0.0 0.0 0.0 308.980 
316.696 352.039 342.475 326.000 
359.322 394.204 384.401 368.300 

WDVI 'EIFHV S T G  TFWO T K O  T F W I  T F H I  WFHC 
1 162.800 120.600 110.600 167.833 .28.171 0.191 24.885 
2 200.200 172.800 162.800 205.119 21.639 0.099 19.465 
3 235.000 210.200 200.200 240.290 20.336 0.0 18.840 
4 308.980 308.980 235.000 309.041 0.0 0.0 0.0 
5 358.300 326.000 315.900 358.308 25.940 0.339 24.875 
6 402.900 368.300 358.900 400.912 28.058 0.0 27.485 

T D C A  T F H V  
135.060 167.833 
183.612 205.119 
220.385 240.290 

0.0 0.0 
336.803 358.308 
378.884 400.912 

T F E I  WFW WDC WFHL W D L I  
0.650 38.109 600.890 63.800 115.935 
0.0 18.771 600.890 38.300 165.133 
n.n n.n 600.890 18.870 201.521 ... .. 
0.0 0.0 640.360 640.360 235.172 
0.0 27.211 640.360 48.250 318.319 
0.0 0.0 640.360 27.550 360.270 

S T G  HFWI H F E I  HFEO HFWO H L X I  HDCO HFHV H F H S  WFHS P F H V  
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. R.l. ORTURB output printing for initial conditions at 100% 
power. 
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T I M E  ( S E C )  = 200.00 

H I G H  P R E S S U R E  T U R B I N E  OUTPUT (MWE) = 24.294 
LOW P R E S S U R E  T U R B I N E  E L E C T R I C A L  O U T P U T  ( M E )  = 64.138 
T O T A L  GROSS E L E C T R I C A L  O U T P U T  (MWE) = 86.215 
D E S I R E D  LOAD = 0.2500 A C T U A L  LOAD = 0.2553 

HIGH P R E S S U R E  T U R B I N E  E F F I C I E N C Y  .545972 

HIGH P R E S S U R E  T U R B I N E  DATA 
P O I N T  FLOW TEMPERATURE ENTHALPY P R E S S U R E  

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 

VLVH = 0.1590 

I N T E R M E D I A T E  A N D  LOW P R E S S U R E  T U R B I N E  DATA 
P O I N T  FLOW TEMPERATURE ENTHALPY P R E S S U R E  

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 

E X H A U S T  L O S S  ( B T U / L B M )  = 39 .2681  

F E E D P U M P  FLOW (LBM/S)  = 5.2975 F E E D P U M P  O U T L E T  ENTHALPY ( B T U / L B M )  = 1152 .9  

FEEDHEATER S T A T E  V A R I A B L E S  

S T G  T F C O  T F C A  T F E O  T F E A  TCCO T D C A  T F H V  
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 

S T G  TFWO T K O  T F W I  T F H I  WFHC WDVI WFHV WFHL W D L I  WFW WDC T F E I  
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 
4 236.073 236.073 183.507 309.041 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 H F E O  HFWO HDCI HDCO H F H V  H F H S  WFHS P F H V  
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 
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 ou tpu t  p r l n t i n g  € o r  i n i t i a l  c o n d i t i o n s  a t  25% 
power. 

t h e  f low c o n s t a n t  of t h e  HPT govern ing-s tage  necessa ry  t o  a c h i e v e  t h e  

a c t u a l  load .  

P o i n t s  1 through 4 of  t h e  h igh -p res su re  t u r b i n e  d a t a  are shown on 

Fig .  B.2.  D i f f e r e n c e s  i n  f low f o r  p o i n t s  1 t h rough  3 i n d i c a t e  how t h e  

f low c a l c u l a t e d  u s i n g  t h e  i d e a l  g a s  f low e q u a t i o n  i s  converg ing  f o r  t h e  

d i f f e r e n t  segments. 

1 less  t h e  packing-gland f low t o  t h e  s h e l l  of  f eedwa te r  h e a t e r  5. Pres-  

s u r e  a t  p o i n t  2 i s  s h e l l  p r e s s u r e  of t h e  govern ing  s t a g e ,  a n  impor t an t  

v a r i a b l e  f o r  c o n t r o l  of t h e  p l a n t  f eedwa te r  flow. 

Flow a t  p o i n t  4 r e p r e s e n t s  t h e  v a l u e  of f low a t  p o i n t  
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P o i n t s  1 th rough  8 of t h e  ILPT d a t a  r e p r e s e n t  i n f o r m a t i o n  a t  t h e  

p o i n t s  shown on Fig.  B.2. Exhaust l o s s  i s  t a k e n  from t h e  e n t h a l p y  a t  

p o i n t  8 b e f o r e  g r o s s  e lec t r ica l  o u t p u t  from t h e  I L P T  i s  c a l c u l a t e d .  

F e e d h e a t e r  s t a t e  v a r i a b l e s  are e x p l a i n e d  as f o l l o w s ;  t e m p e r a t u r e s  

are  i n  d e g r e e s  F a h r e n h e i t ,  e n t h a l p i e s  are i n  Rtu/lbm, and f lows are lbm/s.  

Feedwater h e a t e r  4 i s  a d e a e r a t o r  and i s  modeled q u i t e  d i f f e r e n t l y  from 

t h e  o t h e r  f e e d h e a t e r s .  A s  such ,  c e r t a i n  v a r i a b l e s  are n o t  a p p l i c a b l e  and 

are  zeroed.  

Acronyms ( F i g s .  B . l  and B.2) 

TFCO - t e m p e r a t u r e  of f eedwa te r  a t  o u t l e t  d r a i n - c o o l e r  s e c t i o n  [TFc,@ of 

Eq. ( 1 5 ) l .  

TFCA - t e m p e r a t u r e  of f eedwa te r  halfway a l o n g  t h e  d r a i n - c o o l e r  s e c t i o n  

[TFC,A of Eq. (16)1.  

[TFE,@ of Eq. ( 1 7 ) l .  

TFEO - t e m p e r a t u r e  of f eedwa te r  a t  t h e  o u t l e t  of  t h e  e v a p o r a t o r  s e c t i o n  

TFEA - t e m p e r a t u r e  of f eedwa te r  halfway a l o n g  e v a p o r a t o r  s e c t i o n  [TFE,A 

of Eq. (1811. 

TDCO - t e m p e r a t u r e  of l i q u i d  a t  t h e  d r a i n - c o o l e r  o u t l e t  [TDc,+ of 

Eq. (19>1.  

TDCA - t e m p e r a t u r e  of l i q u i d  halfway a l o n g  d r a i n - c o o l e r  s e c t i o n  [TDC,A 

of Eq. (2011. 

TFHV - s a t u r a t e d  vapor  t e m p e r a t u r e  i n  t h e  f eedwa te r  h e a t e r  s h e l l  [Tv of 

Eq. (2311. 
TFWO - t empera ture  of f eedwa te r  a t  the  o u t l e t  o€ the f eedwa te r  heater. 

D i f f e r e n c e s  between TFWO and TFEO r e p r e s e n t  amount of s u p e r h e a t  i n  

t h e  s h e l l  i n l e t  vapor  flow. 
, 

TFWI - t e m p e r a t u r e  of f eedwa te r  a t  t h e  i n l e t  of t h e  f e e d h e a t e r .  

TFHI - t e m p e r a t u r e  of l i q u i d  i n  t h e  e v a p o r a t o r  s e c t i o n  [TR of Eq. (20) ] .  

A s  mentioned i n  t h e  t ex t ,  t h i s  v a r i a b l e  should n o t  r ise s i g n i f i -  

c a n t l y  above TFHV. 

i s  o c c u r r i n g  and must be  accounted f o r ,  which r e q u i r e s  modifying 

d i f f e r e n t i a l  e q u a t i o n s .  

I f  i t  d o e s ,  f l a s h i n g  of t h i s  l i q u i d  i n t o  steam 

WFHC- vapor  condensing ra te  i n  t h e  f e e d h e a t e r  s h e l l  [Wc of Eq. ( 1 4 ) l .  
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WDVI - v a p o r  f l a s h i n g  rate of  p r e v i o u s  d r a i n - c o o l e r  l i q u i d  [ W D C , ~  o f  

Eq* (1211. 
WFHV - s a t u r a t e d  vapor  f low i n t o  t h e  f eedwa te r  h e a t e r  s h e l l  [Wv of 

Eq* ( lO>I* 
WFHL- s a t u r a t e d  l i q u i d  f low i n t o  t h e  f eedwa te r  h e a t e r  s h e l l  [Wa of  

Eq. (1011. 

WDLI - prev ious  d r a i n - c o o l e r  l i q u i d  f low rate [ W D C , ~  of  Eq. (1211. 

WFW - f eedwa te r  f low ra te  o u t  of f e e d h e a t e r .  

WDC - t o t a l  d r a i n - c o o l e r  o u t l e t  f low rate. 

TFEI  - t empera tu re  of f eedwa te r  a t  t h e  e v a p o r a t o r  s e c t i o n  i n l e t .  

HFWI - e n t h a l p y  OE f eedwa te r  a t  t h e  feedwater  i n l e t .  

HFEI - e n t h a l p y  of  f eedwa te r  a t  t h e  e v a p o r a t o r  s e c t i o n  i n l e t .  

HFEO - e n t h a l p y  of f eedwa te r  a t  t h e  e v a p o r a t o r  s e c t i o n  o u t l e t .  

HFWO - e n t h a l p y  of f eedwa te r  a t  t h e  f e e d h e a t e r  o u t l e t .  

H D C I  - e n t h a l p y  of d r a i n - c o o l e r  l i q u i d  a t  t h e  d r a i n - c o o l e r  s e c t i o n  i n l e t  

[hDc, i  of Eq. (1311. 

HDCO - e n t h a l p y  of  d r a i n - c o o l e r  l i q u i d  a t  t h e  d r a i n - c o o l e r  s e c t i o n  o u t l e t .  

HFHV - s a t u r a t e d  vapor  e n t h a l p y  a t  s h e l l  p r e s s u r e  [h, of Eq. (11110 

HFHS - e n t h a l p y  of t u r b i n e  e x t r a c t i o n  steam [hs  o f  Eq. (1111. 

WFHS - t u r b i n e  e x t r a c t i o n  steam f low ra te  [W, of Eq. (11>1. 

PFHV - s a t u r a t i o n  p r e s s u r e  of  s h e l l .  

User's n o t e  on s t a b i l i t y :  There  i s  a t i m e s t e p  between t h e  p r i n t e d  v a l u e s  

of WFHS and WFHV. A t  a g i v e n  t r a n s i e n t  t i m e ,  t h e s e  v a l u e s  should be  

approx ima te ly  t h e  same f o r  d r y  e x t r a c t i o n  steam. 

d i f f e r e n c e  ex is t s  between t h e  two p r i n t e d  v a l u e s ,  a numer i ca l  o s c i l -  

I f  a s i g n i f i c a n t  

l a t i o n  may be  o c c u r r i n g .  

be reduced o r  vapor  holdup t i m e  (HFVH) i n c r e a s e d .  

I n  such  a case, e i t h e r  t h e  t i m e s t e p  shou ld  

.c. 

rr 

c- 
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