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ABSTRACT 

A model was developed t o  f i n d  a  v i a b l e  s o l u t i o n  
t o  the  problem of s e l e c t i n g  t h e  opt imal  sequence 
of r e f r i g e r a t i o n  equipment ( c h i l l e r s ,  c o o l i n g  
towers ,  pumps) t o  o p e r a t e  i n  a  C e n t r a l  U t i l i t y  P l a n t .  
The op t ima l  equipment sequence is  t h a t  sequence which 
has  t h e  lowes t  energy c o s t  t o  o p e r a t e  a t  a  g iven  p l a n t  
c o o l i n g  load and o u t s i d e  a i r  wet bu lb  temperature .  
and s a t i s f i e s  a l l  t he  c o n s t r a i n t s  a s s o c i a t e d  wi th  t h e  
r e f r i g e r a t i o n  system. S e l e c t i o n  o f  t h e  op t ima l  equip- 
ment sequence i s  ve ry  d i f f i c u l t  g iven  t h e  complexi ty  
of t he  r e f r i g e r a t i o n  system and t h e  dynamic n a t u r e  
of  t h e  p l a n t  c o o l i n g  load .  A s  a  s o l u t i o n  a  computer 
program was developed t o  g e n e r a t e  op t ima l  equipment 
sequences  t o  o p e r a t e  f o r  combinat ions  of a  wide range 
of p l a n t  c o o l i n g  l o a d s  and o u t s i d e  a i r  wet b u l b  
temperatures .  

Ana lys i s  of t h e  s o l u t i o n  i d e n t i f i e d  the  need 
f o r  a  r e t r o f i t  p r o j e c t  t o  remove " v i t a l "  con- 
s t r a i n t s  i n  o r d e r  t o  improve t h e  r e f r i g e r a t i o n  
sys t em ' s  performance. The s o l u t i o n  t o  the  problem 
was then incorpora t ed  i n  t h e  o p e r a t i n g  procedures  
f o r  t h e  C e n t r a l  U t i l i t y  P l a n t .  

INTRODUCTION 
Fig .  1 S i t e  P l a n  

The Texas Ins t rumen t s  p l a n t  on F o r e s t  Lane i n  
Da l l a s ,  Texas,  is a  mixed-use f a c i l i t y  of approxi-  
mate ly  1.3 m i l l i o n  s q u a r e  f e e t .  t h e  p l a n t  e x p e r i -  
ences  a  ve ry  l a r g e  and dynamic c o o l i n g  load com- 
posed o f  comfor t  c o o l i n g ,  b. 75'F and 50% RH i n  
a r e a s  of t h e  p l a n t  occupied by pe r sonne l ,  and pro- 
c e s s  c o o l i n g ,  i.e. removal of  h e a t  gene ra t ed  by 
manufactur ing p rocesses  and equipment. The p l a n t  
c o o l i n g  load f l u c t u a t e s  accord ing  t o  a  v a r i e t y  of  
f a c t o r s  i n c l u d i n g  work s h i f t s ,  product ion l e v e l s ,  
and o u t s i d e  a i r  c o n d i t i o n s .  The p l a n t  was con- 
s t r u c t e d  i n  Four phases  between 1979 and 1985 
and is shown i n  F igure  1 .  Admin i s t r a t ion ,  en- 
g i n e e r i n g ,  s u p p o r t ,  and manufactur ing a c t i v i t i e s  
a r e  conducted a t  t h e  p l a n t .  Approximately 4400 
personnel  worked a t . t h e  p l a n t  a s  of May 1985 w i t h  
an  a d d i t i o n a l  1200 pe r sonne l  expected by December 
1986. The p l a n t  was des igned and c o n s t r u c t e d  i n  
a  d i s t r i b u t e d  manner w i t h  c e n t r a l i z e d  s u p p o r t  a r e a s ,  
i . e .  u t i l i t y  p l a n t ,  warehouse,  c a f e t e r i a ,  e t c . ,  
and modular work a r e a s ,  i . e .  modules, l i n k e d  by 
major c o r r i d o r s .  

The F o r e s t  Lane  p l a n t  is  e q u i p p e d  w i t h  a  
v a r i e t y  o f  l a r g e  c a p a c i t y  r e f r i g e r a t i o n  equipment. 
The  p r i m a r y  c o o l i n g  medium u s e d  t h r o u g h o u t  t h e  
p l a n t  is 4 2 ' ~  c h i l l e d  water. It i s  p r o d u c e d  by  
f o u r  c h i l l e r s  t o t a l i n g  4200 t o n s  o f  r e f r i g e r a t i o n .  
The c h i l l e d  w a t e r  is  pumped through t h e  c h i l l e r s  
and then  th rough  t h e  p l a n t ' s  c h i l l e d  w a t e r  s u p p l y  
and r e t u r n  l i n e s  by  f i v e  c h i l l e d  w a t e r  p r i m a r y  
pumps t o t a l i n g  625 h o r s e p o w e r  and  t w o  o h i l l e d  
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water booster pumps t o t a l i n g  200 horsepower. Heat 
l i b e r a t e d  by t h e  c h i l l e r s '  vapor  compress ion  
c y c l e s  is  r e j e c t e d  t o  t h e  a tmosphere  by f i v e  
c o o l i n g  t o w e r s  t o t a l i n g  4335 t o n s  o f  
re f r igera t ion .  Condenser water is  pumped between 
t h e  c h i l l e r s  and t h e  c o o l i n g  t o w e r s  by f o u r  
condenser water pumps t o t a l i n g  400 horsepower. 

EXISTING PROCEDURE 

The C e n t r a l  U t i l i t y  P l a n t  O p e r a t o r  i s  
r e s p o n s i b l e  f o r  s e l e c t i n g  and o p e r a t i n g  t h e  
n e c e s s a r y  s e q u e n c e s  o r  c o m b i n a t i o n s  o f  
r e f r i g e r a t i o n  equipment t o  s a t i s f y  any p a r t i c u l a r  
plant  cooling load. Equipment s e l e c t i o n  is based 
upon a  b i - h o u r l y  c a l c u l a t i o n  o f  t h e  p l a n t ' s  
i n s t a n t a n e o u s  c o o l i n g  l o a d ,  measurement o f  t h e  
ou ts ide  a i r  wet bulb temperature, and instrument  
readings of  cur ren t  equipment parameters i.e. flow 
r a t e s ,  temperatures, p r e s s u r e s ,  e t c .  Knowledge, 
e x p e r i e n c e ,  and judgment i s  t h e n  a p p l i e d  t o  
s e l e o t  t h e  o p t i m a l  sequence  o f  r e f r i g e r a t i o n  
equipment which w i l l  s a t i s f y  t h e  plant 's  cool ing 
load  w i t h  t h e  l o w e s t  p o s s i b l e  energy c o s t .  The 
s i z e  and complexity of  t h e  plant 's  r e f r i g e r a t i o n  
system, t h e  dynamic plant  oooling load and ou ts ide  
a i r  wet bulb temperature, and t h e  judgment of  t h e  
opera tors  reduce t h e  p o s s i b i l i t y  of  s e l e c t i n g  an 
o p t i m a l  sequence  o f  r e f r i g e r a t i o n  equipment .  
Schematics of t h e  c h i l l i n g  and condensing systems 
a r e  shown i n  Figures 2 and 3. 

OPTIMIZATION PROJECT 

A p r o j e c t  was u n d e r t a k e n  t o  f i n d  a  v i a b l e  
s o l u t i o n  t o  t h e  common problem o f  s e l e c t i n g  a n  
opt imal  sequence of  r e f r i g e r a t i o n  equipment. This  
s e q u e n c e  was d e f i n e d  a s  t h e  s e q u e n c e  o f  
r e f r i g e r a t i o n  equipment which s a t i s f i e s  t h e  p lan t  
cooling load with t h e  lowest  poss ib le  energy c o s t  
and w i t h o u t  v i o l a t i n g  any c o n s t r a i n t s  assoc ia ted  
with t h e  r e f r i g e r a t i o n  system. The p r o j e c t  was an 
opt imizat ion problem t o  be  solved by cons t ruc t ing  
a  mathematical model of t h e  r e f r i g e r a t i o n  system 
and d e r i v i n g  t h e  s o l u t i o n  t o  t h e  problem. The 
model  i n c o r p o r a t e d  t h o s e  f e a t u r e s  o f  t h e  
r e f r i g e r a t i o n  s y s t e m  which have a  s i g n i f i c a n t  
e f f e c t  on t h e  sys tem's  per formance  and i g n o r e d  
those f e a t u r e s  which have only n e g l i g i b l e  e f f e c t .  
The opt imal  equipment sequence must be se lec ted  
from a s e t  o f  a p p r o x i m a t e l y  10,000 a l t e r n a t i v e  
sequences of  r e f r i g e r a t i o n  equipment. 

The f i r s t  s t e p  was t o  determine t h e  re levan t  
p a r a m e t e r s  t o  be i n c l u d e d  i n  t h e  model. The 
input/output diagram shown i n  Figure 4 i d e n t i f i e s  
t h e  p l a n t  c o o l i n g  l o a d  and o u t s i d e  a i r  wet b u l b  
temperature as t h e  input  v a r i a b l e s  f o r  t h e  model. 
The output var iab les  f o r  t h e  model a r e  t h e  number 
and s i z e  o f  c h i l l e r s  t o  o p e r a t e ,  t h e  number and 
type of c h i l l e d  water pumps t o  operate ,  t h e  number 
and s i z e  o f  c o o l i n g  t o w e r s  t o  o p e r a t e ,  and t h e  
number o f  oondenser  w a t e r  pumps t o  o p e r a t e .  It 
should be noted t h a t  although t h e  output  v a r i a b l e s  
a r e  d i s c r e t e ,  p a r t i a l  l o a d i n g  c o n d i t i o n s  may 
e x i s t .  P a r t i a l  l o a d i n g  is  an i m p o r t a n t  c o n c e p t  
because  some t y p e s  o f  r e f r i g e r a t i o n  equipment ,  
p a r t  i o u l a r l y  c h i l l e r s ,  opera te  n o s t  economically 
when p a r t i a l l y  loaded. The ob jec t ive  funot ion is 
t h e  sum o f  s e v e r a l  s i n g l e - v a r i a b l e  o b j e c t i v e  

Fig. 2 Schematic of  Chil led Water 

Fig.  3 Schematic of C h i l l e r s  
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Fig.  4 Input /Output  Model 

f u n c t i o n s  t h a t  e x p r e s s  t h e  h o u r l y  e n e r g y  c o s t  t o  
o p e r a t e  t h e  r e f r i g e r a t i o n  s y s t e m .  T h e  
c o n s t r a i n t s  i n c l u d e d  i n  t h e  mode l  c o n s i s t  o f  
p a r t i c u l a r  l i m i t a t i o n s ,  i.e. maximum and minimum 
f l o w  r a t e s ,  t e m p e r a t u r e s ,  p r e s s u r e s ,  e t c . ,  
a s s o c i a t e d  w i t h  t h e  r e f r i g e r a t i o n  e q u i p m e n t  and  
system. 

DYNAMIC PROGRAMMING APPROACH 

The second s t e p  was t o  s e l e c t  an  o p t i m i z a t i o n  
t echn ique  capab le  o f  s o l v i n g  t h e  model. Given t h e  
Markovian n a t u r e  o f  t h e  r e f r i g e r a t i o n  sys tem,  i.e. 
t h e  sequence o f  i n t e r r e l a t e d  d e c i s i o n  stages and a  
f i n i t e  number  o f  s t a t e s  a s s o c i a t e d  w i t h  e a c h  
d e c i s i o n  s t a g e ,  a d y n a m i c  p r o g r a m m i n g  t e c h n i q u e  
was  s e l e c t e d .  T h i s  t e c h n i q u e  t r a n s l a t e s  t h i s  
complex problem w i t h  seven d e c i s i o n  v a r i a b l e s  i n t o  
seven sub-problems each w i t h  one  v a r i a b l e .  These 
sub-problems can then  b e  so lved  one  a t  a  t ime.  

The key  e l emen t s  o f  dynamic programming a r e  
s t a g e s ,  s t a t e s ,  d e c i s i o n s ,  p o l i c i e s ,  and  s u b -  
p o l i c i e s .  T h e  c o n o e p t  o f  a  s t a g e  a l l o w s  a  
sequence o f  i n t e r r e l a t e d  d e c i s i o n s  t o  be  ordered.  
An index v a r i a b l e  n  is a s s o c i a t e d  w i t h  each  stage 
o f  t h e  r e f r i g e r a t i o n  s y s t e m .  The  s t a g e s  a r e  
l i s t e d  i n  T a b l e  1. The s t a t e  v a r i a b l e s  t h e n  
d e s o r i b e  t h e  p o s s i b l e  c o n d i t i o n s  i n  w h i c h  t h e  
s y s t e m  m i g h t  b e  i n  a  g i v e n  s t a g e  o f  t h e  p r o b l e m ;  
t h e s e  a r e  a l s o  l i s t e d  i n  T a b l e  1. An i n d e x  
v a r i a b l e  s i s  a s s o c i a t e d  w i t h  e a c h  s t a t e  o f  t h e  
r e f r i g e r a t i o n  s y s t e m .  A d e c i s i o n  x n ( s n )  i s  a  

cho ice  made i n  s t a t e  s a t  s t a g e  n  t h a t  t r a n s f o r m s  
t h e  sys tem t o  a n o t h e r  s t a t e  s1 i n  s t a g e  n  + 1. 

TABLE 1 

STATES 

Description 

0x100 HP C W Booster Pumps 
1x100 tIP C W Booster Pumps 
2x100 HP C W Booster Pumps 

0x125 HP C K Primary Pumps 
1x125 HP C W Primary Pumps 
2x125 HP C K Primary Pumps 
3x125 IIP C W Primary Pumps 
4x125 HP C W Primary Pumps 
5x125 MP C W Primary Pumps 

0x900 Ton Chillers 
1x900 Ton Chillers 
2x900 Ton Chillers 

0x1200 Ton Chillers 
1x1200 Ton Chillers 
2x1200 Ton Chillers 

0x100 HP Cond W Pumps 
1x100 HP Cond W Pumps 
2x100 HP Cond W Pumps 
3x100 HP Cond W Pumps 
4x100 HP Cond W Pumps 

0x750 Ton Cooling Towers 
1x750 Ton Cooling Towers 
2x750 Ton Cooling Towers 

0x945 Ton Cooling Towers 
1x945 Ton Cooling Towers 
2x945 Ton Cooling Towers 
3x945 Ton Cooling Towers 

M u l t i p l e  c h o i c e s  a r e  a v a i l a b l e  t o  p r o c e e d  
f r o m  a n y  g i v e n  s t a t e  a t  a n y  g i v e n  s t a g e  i n  t h e  
r e f r i g e r a t i o n  system. A p o l i c y  is t h e n  an o rde red  
s e t  o f  d e c i s i o n s ,  

t h e r e  b e i n g  o n e  d e c i s i o n  f o r  e a c h  s t a t e  a s  t h e  
s y s t e m  p r o g r e s s e s  f r o m  s t a g e  t o  s t a g e .  F i g u r e  5 
s h o w s  t h e  n e t w o r k  o f  d e c i s i o n s  w i t h  t h e  s y s t e m .  
The o p t i m a l  p o l i c y  i s  t h a t  p o l i c y  which min imizes  
t h e  o b j e c t i v e  f u n c t i o n  f n ( s , , x n )  w h i l e  
s a t i s f y i n g  a l l  c o n s t r a i n t s .  F i g u r e  6 shows t h i s  
r e l a t i o n s h i p .  The  p r i n c i p l e  o f  o p t i m a l i t y  is  
c e n t r a l  t o  dynamic programming and r e q u i r e s  t h a t  a 
o p t i m a l  p o l i c y  c o n s i s t  o n l y  o f  o p t i m a l  sub-  
p o l i c i e s .  

The  b a s i s  o f  t h e  s o l u t i o n  p r o c e d u r e  f o r  a  
d y n a m i c  p r o g r a m m i n g  p r o b l e m  is  t h a t ,  g i v e n  t h e  
c u r r e n t  s t a t e ,  t h e  o p t i m a l  p o l i c y  f o r  t h e  
remainin& s t a g e s  o f  t h e  sys t em is  independent  o f  
t h e  p o l i c y  a d o p t e d  i n  t h e  p r e v i o u s  s t a g e s .  T h e  
s o l u t i o n  p rocedure  b e g i n s  by f i n d i n g  t h e  o p t i m a l  
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MODEL TESTING AND VALIDATION --- 

Fig. 5  System Network 

n n n  * 
f (5 .H ) f ( 5  ) 

n n n  n + l  n+l 

* I 
f ( 6 )  = m 1 n  (c  (:: 1 s ) )  + f  (s I :  
n  n  n n n  n+l n+l  

Fig. 6  Recursive Equation 

sub-policy f o r  each s t a t e  of t h e  l a s t  stage. The 
s o l u t i o n  procedure  t h e n  moves backward s t a g e  by 
s t a g e  n  = (N,N-1, ... 1)  d e t e r m i n i n g  t h e  o p t i m a l  
sub-pol icy  f o r  each  s t a t e  u n t i l  i t  f i n d s  t h e  
opt imal  pol icy when s t a r t i n g  a t  t h e  i n i t i a l  s t a g e  
of  t h e  system. T h i s  is accomplished by u t i l i z i n g  
a  recurs ive  r e l a t i o n s h i p  t o  i d e n t i f y  t h e  opt imal  
sub-pol icy  f o r  each s t a t e  a t  s t a g e  n  g i v e n  t h e  
opt imal  sub-policy f o r  each s t a t e  a t  s t a g e  n  + 1. 

The computer progran was w r i t t e n  t o  i t e r a t e  
the  input  var iab les  over t h e i r  prescr ibed ranges; 
c a l c u l a t e  t h e  opt imal  equipment sequence f o r  each 
i t e r a t i o n  of t h e  input  v a r i a b l e s  according t o  t h e  
r e c u r s i v e  r e l a t i o n s h i p  and dynamic programming 
a l g o r i t h m ;  c a l c u l a t e  t h e  o p e r a t i n g  p a r a m e t e r s ,  
i.e. f l o w  r a t e s ,  p r e s s u r e s ,  t e m p e r a t u r e s ,  o f  t h e  
r e f r i g e r a t i o n  s y s t e m  a n d  v e r i f y  t h a t  t h e  
c o n s t r a i n t s  a r e  s a t i s f i e d  f o r  each equipment sub- 
sequence a t  each i t e r a t i o n  of  t h e  input  var iab les ;  
and g e n e r a t e  o u t p u t  d a t a  f o r  each i t e r a t i o n  o f  
t h e  i n p u t  v a r i a b l e s .  The c e n t r a l  f e a t u r e  o f t h e  
computer  program i s  t h e  c l o s e  c o r r e s p o n d e n c e  
between i t s  a r c h i t e c t u r e ,  i .e.  s u b - r o u t i n e s ,  and 
t h e  s t r u c t u r e  of t h e  r e f r i g e r a t i o n  s y s t e m  a s  
represented by t h e  dynamic programming model, i.e. 
s t a g e s  and s t a t e s .  

The next s t e p  was t o  determine t h a t  t h e  model 
reasonably represented t h e  r e f r i g e r a t i o n  sys tem.  
Validat ion t e s t i n g  was accomplished by comparing 
r e f r i g e r a t i o n  system performance a s  r e p r e s e n t e d  
by t h e  model t o  a c t u a l  s y s t e m  per formance  a s  
represented by system opera t ing  d a t a  and equipment 
performance data. Comparisons were performed f o r  
i n p u t  p a r a m e t e r s ,  equ ipment  per formance ,  and 
output  parameters. 

The computer  program i t e r a t e d  p lan t  cool ing 
l o a d  from 500 t o  4000 t o n s  o f  r e f r i g e r a t i o n .  
A c t u a l  c o o l i n g  l o a d s  e x p e r i e n c e d  a t  t h e  F o r e s t  
Lane p l a n t  were r e c o r d e d  on a  b i - h o u r l y  b a s i s  
d u r i n g  1385 and ranged  f rom 511 t o n s  i n  Noveuber 
t o  2861 tons  i n  June. These values were adjusted 
by a  f a c t o r  o f  1.31 t o  a c c o u n t  f o r  a d d i t i o n a l  
c o o l i n g  l o a d s  i n  Phase I V ,  i.e. 800 t o n s ,  and t h e  
warehouse,  i .e .  135 t o n s ,  which t h e  F o r e s t  Lane 
p lan t  expected t o  r e a l i z e  during 1986. The range 
o f  imputed  p l a n t  c o o l i n g  l o a d s ,  i .e.  500 t o  4000 
t o n s ,  compared c l o s e l y  t o  t h e  r a n g e  o f  a c t u a l  
p l a n t  c o o l i n g  l o a d s  ( a d j u s t e d ) ,  i.e. 671 t o  3756 
tons.  

Actual opera t ing  d a t a  f o r  t h e  r e f r i g e r a t i o n  
s y s t e m  a l s o  prov ided  t h e  b a s i s  f o r  t e s t i n g  t h e  
model's r e p r e s e n t a t i o n  o f  key  output  parameters. 
The  m o d e l ' s  r e p r e s e n t a t i o n  o f  t h e  s y s t e m ' s  
c o n d e n s e r  w a t e r  f l o w  r a t e ,  i .e .  l i n e  1 0 1 0 ,  
y i e l d e d  a  v a l u e  i d e n t i c a l  t o  t h e  a c t u a l  f i g u r e ,  
and i t s  r e p r e s e n t a t i o n  o f  t h e  s y s t e n l s  condenser 
water head, 1.e. l i n e  5300, yielded a  value wi th in  
3  p e r c e n t  o f  t h e  a c t u a l  f i g u r e .  The model ls  
r e p r e s e n t a t i o n  o f  c o n d e n s e r  w a t e r  s u p p l y  
t e m p e r a t u r e ,  i .e.  s t a t e  26 o f  s t a g e  7 ,  y i e l d e d  a  
v a l u e  i d e n t i c a l  t o  t h e  a c t u a l  f i g u r e .  I t s  
represen ta t ion  of  t h e  system's c h i l l e d  water flow 
r a t e ,  1.e. l i n e  7290, y i e l d e d  a  v a l u e  17 p e r c e n t  
below t h e  a c t u a l  f igure ;  however, t h e  variance was 
a t t r i b u t e d  t o  t h e  f a c t  t h a t  c h i l l e r  6 2  was  
o p e r a t i n g  below d e s i g n  c o n d i t i o n s .  The model 's 
represen ta t ion  of  t h e  system's c h i l l e d  water head, 
i.e. l i n e  13460, y i e l d e d  a  v a l u e  w i t h i n  8  p e r c e n t  
o f  t h e  a c t u a l  f i g u r e ,  and i t s  r e p r e s e n t a t i o n  o f  
t h e  sys tem's  c h i l l e d  w a t e r  s u p p l y  t e m p e r a t u r e ,  
i.e. s t a t e  14 o f  s t a g e  4 ,  y i e l d e d  a  v a l u e  
i d e n t i c a l  t o  t h e  a c t u a l  f igure.  

For comparison purposes, computer output  da ta  
f o r  t h e  c o m b i n a t i o n  o f  p l a n t  c o o l i n g  l o a d  and 
o u t s i d e  a i r  wet bu lb  t e m p e r a t u r e  under  a c t u a l  
c o n d i t i o n s  was d i s p l a y e d  o p p o s i t e  t h e  a c t u a l  
opera t ing  data. This  comparison of  node1 output  
d a t a  and a c t u a l  opera t ing  da ta  a t  t h e  system l e v e l  
p r o v i d e d  t h e  b a s i s  f o r  t e s t i n g  t h e  model i s  
r e p r e s e n t a t i o n  o f  t h e  op t imal  equipment sequence 
and o p e r a t i n g  c o s t .  The model's r e p r e s e n t a t i o n  
o p e r a t e d  l e s s  a n d  o n  s m a l l e r  r e f r i g e r a t i o n  
equipment than t h a t  a c t u a l l y  i n  opera t ion  a t  t h e  
t i m e  of  comparison. 

MODEL SENSITIVITY 

S e n s i t i v i t y  a n a l y s i s  was used t o  i n v e s t i g a t e  
t h e  e f f e c t  on t h e  o p t i m a l  a o l u t i o n  when t h e  
p a r a m e t e r s  changed v a l u e s .  S e n s i t i v e  p a r a m e t e r s  
were p a r t i c u l a r l y  s e r i o u s  i n  t h i s  p r o j e c t  when a  
change i n  t h e i r  v a l u e  caused  an i n f e r i o r  o r  
i n f e a s i b l e  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  t o  
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r e s u l t .  
D a t a  o f  o p t i m a i  o p e r a t i n g  c o s t  v e r s t i s  p l a n t  

c o o l i n g  load  w i t h  o u t s i d e  a i r  wet b u l b  t e m p e r a t u r e  
f i x e d  was  o r g a n i z e d  i n  g r a p h i c a l  fo rm.  O p t i m a l  
o p e r a t i n g  c o s t  v a r i e d  moderate ly  w i t h  changes  i n  
p l a n t  c o o l i n g  l o a d  i n  t h e  r a n g e  o f  700 t o  2700 
t o n s  b u t  became i n f e a s i b l e  when t h e  p l a n t  c o o l i n g  
l o a d  r a n g e d  b e l o w  700 t o n s  o r  a b o v e  2700 t o n s .  
V a l i d a t i o n  t e s t i n g  r e v e a l e d  t h a t  p l a n t  c o o l i n g  
l o a d s  b e l o w  700  t o n s  and  a b o v e  3600 t o n s  a r e  
r a r e l y  experienced. However ,  t h e  s e n s i t i v i t y  o f  
o p t i m a l  o p e r a t i n g  c o s t  t o  p l a n t  c o o l i n g  l o a d  i n  
t h e  range o f  2800 t o  3600 t o n s  was o f  s i g n i f i c a n c e  
t o  t h e  sys t em and s o l u t i o n  and war ran ted  f u r t h e r  
i n v e s t i g a t i o n .  

Data  o f  o p t i m a l  o p e r a t i n g  c o s t  v e r s u s  o u t s i d e  
a i r  wet  bu lb  t e m p e r a t u r e  w i t h  p l a n t  c o o l i n g  l o a d  
f i x e d  was  o r g a n i z e d  i n  g r a p h i c a l  fo rm.  O p t i m a l  
o p e r a t i n g  c o s t  v a r i e d  moderate ly  w i t h  changes  i n  
o u t s i d e  a i r  we t  b u l b  t e m p e r a t u r e  i n  t h e  r a n g e  o f  
20°F t o  7 5 ' ~  b u t  became  i n f e a s i b l e  when t h e  
o u t s i d e  a i r  w e t  b u l b  t e m p e r a t u r e  r e a c h e d  80 '~ .  
Fo r tuna te ly ,  o u t s i d e  a i r  t e m p e r a t u r e s  o f  80°F a r e  
r a r e 1  y  exper ienced.  

PARETO ANALYSIS 

A P a r e t o  a n a l y s i s  was used t o  i d e n t i f y  which 
s p e c i f i c  sys tem c o n s t r a i n t s  and sub-systems were  
c a u s i n g  t h e  above  p r o b l e m s .  Once i d e n t i f i e d ,  a  
r e t r o f i t  p r o j e c t  cou ld  be  under taken t o  r educe  o r  
r emove  t h e  c o n s t r a i n t  a t  f a u l t  by m o d i f y i n g  t h e  
sub- sys t em.  T h i s  i m p r o v e d  t h e  r e f r i g e r a t i o n  
sys tem and s o l u t i o n  performance i n  t h e  s e n s i t i v e  
r eg ion .  

T h e  c o m p u t e r  m o d e l  s i m u l a t e d  s y s t e m  
performance f o r  36 i t e r a t i o n s  o f  t h e  p l a n t  c o o l i n g  
l o a d  w i t h  1 3  i t e r a t i o n s  o f  t h e  o u t s i d e  a i r  w e t  
bulb  t e m p e r a t u r e  n e s t e d  i n s i d e  each i t e r a t i o n  o f  
t h e  p l a n t  c o o l i n g  load. Thus, t h e  model s i m u l a t e d  
s y s t e m  p e r f o r m a n c e  f o r  36 x  13 = 468 u n i q u e  
combinat ions  o f  t h e  i n p u t  v a r i a b l e s .  

E a c h  o f  t h e  s i m u l a t i o n s ,  i n  w h i c h  a n  
i n f e a s i b l e  s o l u t i o n  r e s u l t e d ,  was  a n a l y z e d  t o  
d e t e r m i n e  t h e  s y s t e m  c o n s t r a i n t ( s )  w h i c h  was  
v i o l a t e d  and t h e  a s s o c i a t e d  s u b - s y s t e m ( s ) ,  1.e. 
s t a g e ( s ) ,  o f  t h e  d y n a m i c  p r o g r a n m i n g  n e t w o r k  a t  
which t h e  v i o l a t i o n  occurred.  The r e s u l t s  o f  t h e  
a n a l y s i s  r e v e a l e d  t h a t  v i o l a t i o n s  w e r e  
c o n c e n t r a t e d  among o n l y  8  o f  22 c o n s t r a i n t s  a n d  
among 3  o f  4 sub-systems. 

A P a r e t o  a n a l y s i s  o f  t h e  r e l a t i v e  a n d  
cumula t ive  f requency o f  v i o l a t i o n s  by c o n s t r a i n t  
was  p r e p a r e d  i n  a  g r a p h i c a l  p l o t .  T h i s  P a r e t o  
a n a l y s i s  r e v e a l e d  t h a t  n e a r l y  50  p e r c e n t  o f  t h e  
v i o l a t i o n s  were  a t t r i b u t a b l e  t o  o n l y  2 " v i t a l  fewtf 
c o n s t r a i n t s ,  i.e. maximum c h i l l e d  w a t e r  f l o w  rate 
t o  Phases  III/IV and minimum u n s a t i s f i e d  c h i l l e d  
w a t e r  head  t o  o p e r a t e  a  c h i l l e d  w a t e r  b o o s t e r  
pump. The o u t p u t  d a t a  showed  t h e  v i o l a t i o n s  o f  
t h e s e  t w o  c o n s t r a i n t s  t o  h a v e  o c c u r r e d  l a r g e l y  
w i t h i n  t h e  r a n g e  o f  p l a n t  c o o l i n g  l o a d  t h a t  was  
i d e n t i f i e d  by s e n s i t i v i t y  a n a l y s i s  a s  b e i n g  o f  
s i g n i f i c a n c e  t o  t h e  s y s t e m  a n d  s o l u t i o n .  T h i s  
P a r e t o  a n a l y s i s  a l s o  r evea led  t h a t  t h e  r ema in ing  
50 p e r c e n t  o f  t h e  v i o l a t i o n s  were  a t t r i b u t a b l e  t o  
20 l l t r i v i a l  manyw c o n s t r a i n t s .  

RETROFIT MEASURES 

Maximum c h i l l e d  w a t e r  f l o w  r a t e  t o  P h a s e s  
I I I / I V  and minimum u n s a t i s f i e d  c h i l l e d  w a t e r  head 
t o  o p e r a t e  a  c h i l l e d  w a t e r  b o o s t e r  pump, i n  o n e  
s u b - s y s t e m ,  1.e. t h e  c h i l l e d  w a t e r  pumps a n d  
p i p i n g  s u b - s y s t e m ,  w e r e  i d e n t i f i e d  a s  t h e  m o s t  
s i g n i f i c a n t  c a u s e s  o f  i n f e a s i b l e  s o l u t i o n s .  The  
i n f e a s i b l e  s o l u t i o n s  c a u s e d  b y  t h e  a b o v e  
c o n s t r a i n t s  and  s u b - s y s t e m  w e r e  c o n c e n t r a t e d  i n  
t h e  r a n g e  o f  p l a n t  c o o l i n g  l o a d ,  1.e. 2800-3600 
t o n s ,  which was i d e n t i f i e d  by s e n s i t i v i t y  a n a l y s i s  
a s  a  s e n s i t i v e  r a n g e  o f  t h a t  p a r a m e t e r  a n d  w a s  
i d e n t i f i e d  by v a l i d a t i o n  t e s t i n g  a s  a  r e a s o n a b l e  
r ange  o f  t h a t  parameter .  

T h i s  w a s  c o r r o b o r a t e d  b y  c h i l l e d  w a t e r  
f l o w / p r e s s u r e  problems a c t u a l l y  exper ienced a t  t h e  
F o r e s t  Lane  p l a n t .  A r e t r o f i t  p r o j e c t  t o  r e d u c e  
o r  r emove  t h e  t w o  l v v i t a l u  c o n s t r a i n t s  i n  t h e  
c h i l l e d  w a t e r  pumps and p i p i n g  sub-system becaine 
e v i d e n t  a s  a  means o f  improving t h e  r e f r i g e r a t i o n  
s y s t e m ' s  p e r f o r m a n c e .  I n c r e a s i n g  t h e  c h i l l e d  
w a t e r  p i p i n g  c a p a c i t y  between t h e  C e n t r a l  U t i l i t y  
P l a n t  and  P h a s e s  III/IV w a s  d e f i n e d  f i r s t ,  and  
c h i l l e d  w a t e r  b o o s t e r  pump m o d i f i c a t i o n s  w e r e  
d e f i n e d  t h e r e a f t e r  b a s e d  on  t h e  f i n a l  d e f i n i t i o n  
o f  c h i l l e d  w a t e r  p i p i n g  capac i ty .  

A f i e l d  su rvey  was performed t o  e s t i m a t e  t h e  
peak b u i l d i n g  and p r o c e s s  c h i l l e d  w a t e r  demands i n  
P h a s e s  I I I / I V .  An o v e r l a y  o f  combined  peak  
c h i l l e d  w a t e r  demand f o r  Phases  III/IV on e x i s t i n g  
c h i l l e d  w a t e r  p i p i n g  c a p a c i t y  showed t h a t  t h e  4844 
g a l l o n s  pe r  minu te  peak demand exceeded t h e  2500 
g a l l o n s  p e r  m i n u t e  p i p e  c a p a c i t y  b e t w e e n  t h e  
C e n t r a l  U t i l i t y  P l a n t  and  P h a s e s  I I I / I V  b y  2344  
g a l l o n s  p e r  m i n u t e  o r  93.85. A l t e r n a t i v e s  
proposed t o  remove t h i s  p i p i n g  c a p a c i t y  s h o r t f a l l  
c o n s i s t e d  o f  a  " four  pipe7, sys t em (i.e. i n s t a l l i n g  
a  second s e t  o f  t w e l v e  i n c h  d i a m e t e r  c h i l l e d  w a t e r  
s u p p l y  and  r e t u r n  l i n e s  i n  p a r a l l e l  w i t h  t h e  
e x i s t i n g  set o f  t w e l v e  i n c h  d i a m e t e r  c h i l l e d  w a t e r  
s u p p l y  a n d  r e t u r n  l i n e s  b e t w e e n  t h e  C e n t r a l  
U t i l i t y  P l a n t  and Phases  I I I / I V )  and a t h r e e  p i p e  
sys t em (i.e. i n s t a l l i n g  an  e i g h t e e n  i n c h  d i a m e t e r  
c h i l l e d  w a t e r  s u p p l y  l i n e  b e t w e e n  t h e  C e n t r a l  
U t i l i t y  P l a n t  and Phases  I I I / I V  and c o n v e r t i n g  t h e  
e x i s t i n g  t w e l v e  i n c h  d i a m e t e r  c h i l l e d  wa te r  s u p p l y  
l i n e  between t h e  C e n t r a l  U t i l i t y  P l a n t  and Phases  
I I I / I V  i n t o  a s e c o n d  r e t u r n  l i n e ) .  B o t h  
a l t e r n a t i v e s  would supp ly  5000 ~ a l l o n s  p e r  minute  
t o  Phases  I I I / I V  a t  a r e a s o n a b l e  v e l o c i t y  o f  7.17 
f e e t  p e r  s e c o n d  a n d  a  m o d e r a t e  p r e s s u r e  l o s s  o f  
0.515 pounds p e r  s q u a r e  i n c h  p e r  100 feet, t h e r e b y  
s a t i s f y i n g  Phase  I I I / I V  peak c h i l l e d  w a t e r  demand. 
The  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  o f  e a c h  p i p i n g  
sys t em were  de te rmined  and compared, a s  were  t h o s e  
f o r  t w o  p i p e  r o u t i n g  a l t e r n a t i v e s  and  t w o  p i p e  
a n c h o r i n g  a l t e r n a t i v e s .  T h e  c o m b i n a t i o n  o f  
a l t e r n a t i v e s  s e l e c t e d  f o r  i n s t a l l a t i o n  w e r e  t h e  
" t h r e e  pipe1, s y s t e m  w i t h  t h e  e i g h t e e n  i n c h  
d i a m e t e r  c h i l l e d  w a t e r  s u p p l y  l i n e  rou ted  th rough  
t h e  Module A c o r r i d o r  and bur i ed .  

The c o n s t r a i n t  o f  minimum u n s a t i s f i e d  o h i l l e d  
w a t e r  head t o  o p e r a t e  a  c h i l l e d  w a t e r  b o o s t e r  pump 
r e l a t e d  t o  b o t h  t h e  c h i l l e d  w a t e r  p r i m a r y  a n d  
b o o s t e r  pumps a s  t h e  c h i l l e d  w a t e r  b o o s t e r  pumps 
are p iped  i n  p a r a l l e l  i n  t h e  c h i l l e d  w a t e r  supp ly  
l i n e  t o  Phases  I I I / I V  and a r e  p iped  i n  series w i t h  
t h e  c h i l l e d  w a t e r  p r i m a r y  pumps i n  t h e  c h i l l e d  

ESL-HH-86-11-17

Proceedings of the Third Symposium on Improving Building Systems in Hot and Humid Climates, Arlington, TX, November 18-19, 1986



H a t e r  p r i m a r y  p i p i n g  loop .  Hence, t h e  c h i l l e d  
wa te r  f l o w  r a t e  d e l i v e r e d  by t h e  b o o s t e r  pumps i s  
connon t o  t h a t  d e l i v e r e d  by t h e  p r imary  pumps and 
t h e  c h i l l e d  w a t e r  head  d e l i v e r e d  by t h e  b o o s t e r  
pumps is  i n  a d d i t i o n  t o  t h a t  d e l i v e r e d  by  t h e  
pr imary pumps. Thus, i f  sys tem c h i l l e d  w a t e r  head 
i s  185 f e e t ,  a  l i k e l y  v a l u e  o f  t h a t  p a r a m e t e r  a s  
e s t a b l i s h e d  by v a l i d a t i o n  t e s t i n g ,  and t h e  p r imary  
pumps a r e  d e l i v e r i n g  t h e i r  maximum head  o f  150  
f e e t ,  t hen  t h e  u n s a t i s f i e d  head t o  be d e l i v e r e d  by 
t h e  b o o s t e r  pumps would b e  185  - 150 = 35 f e e t .  
Yet, t h e  minimum head  w h i c h  a  b o o s t e r  pump c a n  
d e l i v e r  a t  1150 r e v o l u t i o n s  p e r  minu te  is 4 4  f e e t  
a s  shown by t h e  b o o s t e r  pump p e r f o r m a n c e  c u r v e ;  
t h e r e f o r e ,  a  b o o s t e r  pump o a n n o t  b e  e n e r g i z e d .  
The r e s u l t  is  a n  i n f e a s i b l e  mode l  s o l u t i o n  a n d  
p o o r  s y s t e m  p e r f o r m a n c e .  Y e t ,  t h e  p e r f o r m a n c e  
c u r v e  o f  t h e  s a m e  b o o s t e r  pump o p e r a t i n g  a t  860 
r e v o l u t i o n s  p e r  m i n u t e  r a t h e r  t h a n  1 1 5 0  
r e v o l u t i o n s  p e r  minute  was no ted  i n  F igure  7. A t  
860 r e v o l u t i o n s  p e r  minute,  t h e  b o o s t e r  pump can 
d e l i v e r  t h e  3 5  f e e t  o f  h e a d  u n s a t i s f i e d  by  t h e  
pr imary pumps. I n  t h i s  i n s t a n c e ,  a  f e a s i b l e  model 
s o l u t i o n  and s a t i s f a c t o r y  sys t em performance would 
r e s u l t .  A l t e r n a t i v e s  p r o p o s e d  t o  m o d i f y  t h e  
b o o s t e r  pumps c o n s i s t e d  o f  r e p l a c i n g  t h e  t w o  
e x i s t i n g  b o o s t e r  pumps w i t h  m u l t i - s p e e d  pumps 
(1.e. i d e n t i c a l  pumps each coupled t o  both  an 1150 
r e v o l u t i o n  p e r  minu te  motor and an 860 r e v o l u t i o n  
p e r  m i n u t e  m o t o r )  a n d  i n s t a l l i n g  a d j u s t a b l e  
f r e q u e n c y  s p e e d  c o n t r o l l e r s  ( i . e .  v e r y  a d v a n c e d  
e l e c t r o n i c  d e v i c e s  w h i c h  v a r y  i n p u t  p o w e r  
f r e q u e n c y  t o  a d j u s t  m o t o r  s p e e d )  on  t h e  t w o  
e x i s t i n g  b o o s t e r  pumps. R e s u l t s  o f  a d j u s t a b l e  
f r e q u e n c y  s p e e d  c o n t r o l l e r  t e s t i n g  c o n d u c t e d  
e a r l i e r  w e r e  r e v i e w e d  and  t h e  a d v a n t a g e s  and  
d i sadvan tages  o f  each a l t e r n a t i v e  were  de te rmined  
a n d  c o m p a r e d .  I n s t a l l a t i o n  o f  a d j u s t a b l e  
f requency speed c o n t r o l l e r s  was s e l e c t e d .  

The o r i g i n a l  model r e p r e s e n t i n g  t h e  e x i s t i n g  
r e f r i g e r a t i o n  sys tem was updated t o  r e p r e s e n t  t h e  
r e t r o f i t t e d  r e f r i g e r a t i o n  s y s t e m .  U p d a t i n g  t h e  
o r i g i n a l  mode l  w a s  s i m p l i f i e d  by t h e  f a c t  t h a t  
a l l  o f  t h e  a d d i t i o n s  a n d  m o d i f i c a t i o n s  a r e  
concen t ra t ed  i n  t h e  c h i l l e d  w a t e r  p i p i n g  and pumps 
s u b - s y s t e m  o f  t h e  r e f r i g e r a t i o n  s y s t e m .  An 
u p d a t e d  i n p u t / o u t p u t  d i a g r a m  h i g h l i g h t e d  f i v e  
s y s t e m  c o n s t r a i n t s  and  o n e  oomponent  o f  t h e  
o b j e o t i v e  f u n c t i o n  w h i c h  had t o  b e  u p d a t e d .  A 
s o l u t i o n  was  d e r i v e d  f r o m  t h e  u p d a t e d  mode l ,  
v a l i d a t e d ,  a n d  a n a l y z e d .  The  p e r f o r m a n c e  o f  t h e  
r e t r o f i t t e d  r e f r i g e r a t i o n  sys tem was then  compared 
t o  t h a t  o f  t h e  e x i s t i n g  r e f r i g e r a t i o n  s y s t e m  by 
c o m p a r i n g  t h e  s o l u t i o n s  f r o m  t h e i r  r e s p e c t i v e  
models. 

Optimal o p e r a t i n g  c o s t  v a r i e d  moderate ly  wi th  
changes i n  p l a n t  c o o l i n g  load  i n  t h e  r ange  o f  700 
t o  3600 t o n s .  O p t i m a l  o p e r a t i n g  c o s t  became  
i n f e a s i b l e  when t h e  p l a n t  c o o l i n g  l o a d  r a n g e d  
be low 700 t o n s  o r  a b o v e  3600 t o n s .  V a l i d a t i o n  
t e s t i n g  r evea led  t h a t  p l a n t  c o o l i n g  l o a d s  i n  t h o s e  
r anges  a r e  r a r e l y  exper ienced.  Opt imal  o p e r a t i n g  
c o s t  a l s o  become i n f e a s i b l e  when t h e  o u t s i d e  a i r  
we t  b u l b  t e m p e r a t u r e  r e a c h e d  80°i?. F o r t u n a t e l y  
o u t s i d e  a i r  w e t  b u l b  t e m p e r a t u r e s  o f  8 0 ' ~  a r e  
r a r e l y  experienced. 

An u p d a t e d  P a r e t o  a n a l y s i s  o f  t h e  r e l a t i v e  
a n d  c u m u l a t i v e  f r e q u e n c y  o f  v i o l a t i o n s  b y  
c o n s t r a i n t  was  t h e n  e v a l u a t e d .  T h i s  a n a l y s i s  

Fig .  7  C h i l l e d  Water Boos te r  Pump Curves 

r e v e a l e d  t h a t  n e a r l y  45% o f  t h e  v i o l a t i o n s  w e r e  
a t t r i b u t a b l e  t o  o n e  " v i t a l I 1  c o n s t r a i n t ,  1.e. 
maximum sys t em condensor wa te r  f l o w  r a t e .  A scan 
o f  t h e  updated o u t p u t  d a t a  showed t h e  v i o l a t i o n s  
o f  t h i s  c o n s t r a i n t  o c c u r r e d  w i t h i n  t h e  r a n g e  o f  
p l a n t  c o o l i n g  l o a d  t h a t  w a s  i d e n t i f i e d  b y  
v a l i d a t i o n  t e s t i n g  a s  r a r e l y  o c c u r r i n g .  T h i s  
P a r e t o  a n a l y s i s  a l s o  r e v e a l e d  t h a t  t h e  r ema in ing  
5 5 3  o f  t h e  v i o l a t i o n s  w e r e  a t t r i b u t a b l e  t o  20 
n t r i v i a l n  c o n s t r a i n t s .  P e r f o r m a n c e  s t a t i s t i c s  
r e s u l t i n g  f r o m  e s t a b l i s h i n g  c o n t r o l  o v e r  t h e  
o r i g i n a l  m o d e l  r e p r e s e n t i n g  t h e  e x i s t i n g  
r e f r i g e r a t i o n  s y s t e m  a n d  t h e  u p d a t e d  m o d e l  
r e p r e s e n t i n g  t h e  r e t r o f i t t e d  r e f r i g e r a t i o n  sys tem 
w e r e  c o m p a r e d .  T h e  p e r c e n t a g e  b y  w h i c h  
r e f r i g e r a t i o n  s y s t e m  p e r f o r m a n c e  i m p r o v e d  a s  a  
r e s u l t  o f  t h e  r e t r o f i t  p r o j e c t  was c a l c u l a t e d  f o r  
key s t a t i s t i c s  measuring sys t em performance. The 
u p d a t e d  m o d e l  s h o w e d  t h a t  t h e  r e t r o f i t t e d  
r e f r i g e r a t i o n  s y s t e m ' s  p e r f o r m a n o e  was  g r e a t l y  
improved ove r  t h a t  o f  t h e  e x i s t i n g  r e f r i g e r a t i o n  
sys t em as r e p r e s e n t e d  by t h e  o r i g i n a l  model. 

IMPLEMENTING THE SOLUTION 

The first s t e p  i n  implement ing t h e  s o l u t i o n  
was unde r t ak ing  and comple t ing  t h e  c h i l l e d  w a t e r  
p i p i n g  and  pumps r e t r o f i t  m e a s u r e s .  A f o r m a l  
p r o j e c t  p r o p o s a l ,  1.e. c a p i t a l  r e q u e s t ,  w a s  
s u b m i t t e d  t h r o u g h  a s e r i e s  o f  c a p i t a l  a p p r o v a l  
c o m m i t t e e s  t o  s e c u r e  f u n d i n g  f o r  t h e  p r o j e c t .  

ESL-HH-86-11-17

Proceedings of the Third Symposium on Improving Building Systems in Hot and Humid Climates, Arlington, TX, November 18-19, 1986



F a c i l i t i e s  c o s t  a n a l y s i s  p e r s o n n e l  per formed a  
f o r m a l  r e t u r n  on i n v e s t m e n t  a n a l y s i s  and a  r i s k  
assessment a n a l y s i s  f o r  t h e  project .  

D e t a i l e d  e n g i n e e r i n g  o f  t h e  c h i l l e d  w a t e r  
piping pro jeo t  was performed i n  a  two-stage design 
p r o c e s s .  D r a w i n g s  and  s p e c i f i o a t i o n s  f o r  
i n s t a l l a t i o n  o f  t h e  r e t r o f i t  m e a s u r e s  were 
prepared a t  t h e  Forest  Lane f a c i l i t i e s  engineering 
o f f i c e .  T h e s e  w e r e  t h e n  f o r w a r d e d  t o  t h e  
a r c h i t e c t ' s  o f f i c e  t o  b e  r e v i e w e d  and m o d i f i e d  
and/or supplemented a s  necessary. I n  p a r t i c u l a r ,  
t h e  a r c h i t e c t  issued appendix i t ems  f o r  s t r u c t u r e  
i n t e r f a c e  mat te r s ,  i.e. pipe suppor t s  and anchors, 
w a l l / f l o o r / r o o f  p e n e t r a t i o n s ,  t h r u s t  b l o c k s  and 
e x p a n s i o n  m e a s u r e s ,  and r e v i e w e d  equipment  
s u b m i t t a l  d a t a .  T h i s  t w o - s t a g e  d e s i g n  p r o c e s s  
i d e n t i f i e d  pro tec t ion  o f  t h e  buried e igh teen  inch 
d i a m e t e r  b l a c k  i r o n  p i p e  a g a i n s t  c o r r o s i o n  a s  a  
l a t e n t ,  y e t  c r i t i c a l ,  a s p e c t  o f  t h e  des ign .  
C o r r o s i o n  p r o t e c t i o n  i n v o l v e s  c o a t i n g ,  
e l e c t r i c a l l y  i s o l a t i n g ,  a n d  c a t h o d i c a l l y  
p ro tec t ing  s t r u c t u r e s  t o  m i n i m i z e  o o r r o s i o n  and 
maximize s e r v i c e  l i f e .  A c o r r o s i o n  p r o t e c t i o n  
oonsul tant  was re ta ined  t o  w r i t e  an amendment t o  
t h e  d r a w i n g s  and  s p e c i f i c a t i o n s  a d d r e s s i n g  
corrosion pro tec t ion  f o r  t h e  buried eighteen inch 
diameter  black i r o n  pipe. 

I n s t a l l a t i o n  and s t a r t - u p  o f  t h e  c h i l l e d  
w a t e r  p i p i n g  p r o j e c t  was i n i t i a t e d  f o l l o w i n g  a  
b i d  s o l i c i t a t i o n  p r o c e s s .  The c o n s t r u c t i o n  
c o n t r a c t  was awarded t o  t h e  winning  b i d d e r  - a  
l a r g e  p i p i n g / m e c h a n i c a l  c o n t r a c t o r  w i t h  an 
e x t e n s i v e  r e c o r d  o f  similar p r o j e c t s  comple ted  
s a t i s f a o t o r i l y  a t  t h e  Fores t  Lane p l a n t  and o t h e r  
Texas Instruments  f a c i l i t i e s .  

A " c r i t i c a l  path methodn network and schedule 
was deve loped  t o  m o n i t o r  e q u i p m e n t / m a t e r i a l  
de l ivery ,  i n s t a l l a t i o n  sequencing and scheduling, 
system s ta r t -up ,  r e l a t e d  work by crews o t h e r  than 
t h e  c o n t r a c t o r ,  and c o n t i n g e n c y  planning. Dai ly 
worksi te  inspeot ions were performed t o  monitor t h e  
above a s  w e l l  a s  a s s u r e  q u a l i t y  workmanship, 
sa fe ty /envi ronmenta l  and s e c u r i t y  measures ,  and 
a v o i d a n o e  o f  i n t e r f e r e n c e  w i t h  p l a n t  operat ions.  
Weekly p r o j e c t  review meetings were conducted t o  
r e v i e w  p r o g r e s s  t o  d a t e  and c o o r d i n a t e  c r i t i c a l  
p r o j e c t  e l e m e n t s  f o r  t h e  f o l l o w i n g  week. The 
W a r i t i o a l  p a t h w  ne twork  and schedule was updated 
fol lowing each p r o j e c t  review meeting t o  r e f l e c t  
a c t u a l  progress  and changes/contingencies. S t a r t -  
up and t e s t i n g  o f  t h e  r e t r o f i t t e d  r e f r i g e r a t i o n  
system was accomplished by a  s t a r t - u p  team and t h e  
c o n t r a c t o r  d u r i n g  a  s c h e d u l e d  shutdown o f  p l a n t  
c h i l l e d  w a t e r  s e r v i c e .  Minor m e c h a n i c a l  and 
e l e a t r i c a l  problems which surfaced during s t a r t - u p  
a n d  t e s t i n g  w e r e  q u i c k l y  c o r r e c t e d  b y  
t roubleshooting and debugging. E x t e n d i n g  beyond 
s t a r t - u p  a n d  t e s t i n g ,  t h e  r e t r o f i t t e d  
r e f r i g e r a t i o n  s y s t e m ' s  o p e r a t i o n  was moni tored  
c l o s e l y  f o r  a  period of s i x  months during which a  
wide range of  p l a n t  coo l ing  loads  and o u t s i d e  a i r  
wet bu lb  t e m p e r a t u r e s  were  e x p e r i e n c e d .  Dur ing  
t h i s  p e r i o d  o f  ex tended  o p e r a t i o n ,  m e c h a n i c a l  
r e l i a b i l i t y  o f  t h e  r e t r o f i t t e d  r e f r i g e r a t i o n  was 
p r o v e n ,  i t s  p e r f o r m a n c e  c a p a b i l i t i e s  w e r e  
d e m o n s t r a t e d ,  a n d  o p e r a t o r  t r a i n i n g  w a s  
strengthened. 

The second s t e p  in implementing t h e  s o l u t i o n  
was t e s t i n g  and p r o v i n g  t h e  u p d a t e d  s o l u t i o n  

d u r i n g  a c t u a l  o p e r a t i o n  o f  t h e  r e t r o f i t t e d  
r e f r i g e r a t i o n  sys tem.  T h i s  was a c c o m p l i s h e d  
during t h e  period o f  opera t ion  of  t h e  r e t r o f i t t e d  
r e f r i g e r a t i o n  s y s t e m  e x t e n d i n g  beyond s t a r t - u p .  
The improved procedure f o r  s e l e c t i n g  t h e  op t imal  
sequence o f  r e f r i g e r a t i o n  equipment t o  o p e r a t e  i n  
t h e  C e n t r a l  U t i l i t y  P l a n t  now c o n s i s t s  o f  t h e  
C e n t r a l  U t i l i t y  P l a n t  O p e r a t o r  c a l c u l a t i n g  t h e  
p l a n t ' s  i n s t a n t a n e o u s  c o o l i n g  load and measuring 
t h e  o u t s i d e  a i r  wet  b u l b  t e m p e r a t u r e  a s  b e f o r e ,  
b u t  now r e f e r r i n g  t o  t h e  s o l u t i o n  (1.e .  t h e  
updated computer output  l i s t i n g  op t imal  equipment 
sequences f o r  combinations o f  p l a n t  coo l ing  load 
r a n g i n g  from 500-4000 t o n s  and o u t s i d e  a i r  wet 
bulb temperature ranging from 2 0 - 8 0 ~ ~ 1  t o  s e l e c t  
t h e  op t imal  equipment sequence t o  operate. This  
i m p r o v e d  p r o c e d u r e  is  now s t a n d a r d  and i s  
incorporated i n  t h e  w r i t t e n  opera t ing  i n s t r u c t i o n s  
f o r  t h e  C e n t r a l  U t i l i t y  Plant .  
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