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B i o f o u l i n g  and c o r r o s i o n  o f  hea t  exchanger sur faces  i n  Ocean Thermal 

Energy Conversion (OTEC) systems may be c o n t r o l  1  i n g  f a c t o r s  i n  the  poten- 

t i a l  success o f  the  OTEC concept.  Very l i t t l e  i s  known about  t he  n a t u r e  

and behav io r  o f  mar ine f o u l i n g  f i l m s  a t  s i t e s  p o t e n t i a l l y  s u i t a b l e  f o r  

OTEC power p l a n t s .  To f a c i l i t a t e  the  a c q u i s i t i o n  o f  needed da ta ,  a  b i o -  

f o u l i n g  measurement dev i ce  developed by Pro fessor  J. G. Fe t kov i ch  and h i s  

assoc ia tes  a t  Carnegie-Me1 l o n  U n i v e r s i t y  (CMU) has been mass produced f o r  

use by  seve ra l  o r g a n i z a t i o n s  i n  exper iments  a t  a  v a r i e t y  of  ocean s i t e s .  

The CMU dev i ce  i s  designed t o  d e t e c t  sma l l  changes i n  thermal r e s i s t a n c e  

assoc ia ted  w i t h  t h e  f o r m a t i o n  o f  mar ine  m i c r o f o u l i n g  f i l m s .  

T h i s  r e p o r t  i s  an account  o f  the  work per formed a t  the  P a c i f i c  

Nor thwest  Labo ra to r y  (PNL) t o  develop a  computer ized u n c e r t a i n t y  a n a l y s i s  

f o r  e s t i m a t i n g  exper imenta l  u n c e r t a i n t i e s  o f  r e s u l t s  o b t a i n e d  w i t h  the  

CMU b i o f o u l i n g  measurement dev i ce  and da ta  r e d u c t i o n  scheme. The a n a l y s i s  

program was w r i t t e n  as a  s u b r o u t i n e  t o  the  CMU da ta  r e d u c t i o n  code and 

p rov ides  an a1 t e r n a t i  ve t o  t he  CMU procedure f o r  e s t i m a t i n g  exper imenta l  

e r r o r s .  

The PNL code was used t o  ana lyze  sample da ta  se ts  taken  a t  Keahole 

P o i n t ,  Hawai i ;  S t .  C ro ix ,  t he  V i r g i n  I s l ands ;  and a t  a  s i t e  i n  t h e  G u l f  

o f  Mexico. The u n c e r t a i n t i e s  o f  t he  exper imenta l  r e s u l t s  were found t o  

vary  cons ide rab l y  w i t h  t he  c o n d i t i o n s  under which the  da ta  were taken. 

For  example, u n c e r t a i n t i e s  o f  f o u l  i n g  f a c t o r s  (where f o u l i n g  f a c t o r  i s  

de f ined  as the  thermal r e s i s t a n c e  of t he  b i o f o u l i n g  l a y e r )  es t ima ted  f r o m  

da ta  taken on a  submerged buoy a t  Keahole Po in t ,  hawa i i  were found  t o  be 

c o n s i s t e n t l y  w i t h i n  0.00006 h r - f t 2 - ' ~ / ~ t u ,  w h i l e  cor respond ing  values 

f o r  da ta  taken on a  t ugboa t  i n  t he  G u l f  o f  Mexico ranged up t o  0.0010 

h r - f t 2 - ~ ~ / 8 t u .  Reasons f o r  these d i f f e r e n c e s  a r e  d iscussed i n  t h i s  r e p o r t  
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UNCERTAINTY ANALYSIS ROUTINE FOR THE OCEAN 
THERMAL ENERGY CONVERSION ( O T E C )  BIOFOULING 

MEASUREMENT DEVICE A N D  DATA REDUCTION P R O C E D U R E  

1.0 INTRODUCTION 

One concept that  shows promise fo r  using solar energy to meet the 

energy needs of mankind i s  Ocean Thermal Energy Conversion ( O T E C ) .  This 

technique would employ heat engines operating on the temperature d i f fe r -  

ences between warm surface water and cold deep water of the oceans. 

Because thermodynamic cycle eff ic iencies  under these re1 a t i  vely small 

temperature differences are inherently very low, heat exchangers fo r  

closed-cycle OTEC systems would be exceptional ly large and must maintain 

high performance charac ter i s t ics .  Under these conditions bi ofoul ing and 

corrosion of heat t ransfer  surfaces become controlling factors  tha t  must 

be dea l t  with for  successful long-term operation of heat exchangers in 

OTEC appl i cations. 

Most of the O T E C  research and development work in the United States 

i s  proceeding under the sponsorship of the Division of Solar Technology 

of the U.S. Department of Energy ( D O E ) .  Assistance to DOE in planning 

and managing the work necessary to ident i fy,  control , and a l l ev ia t e  

biofouling and corrosion problems tha t  might be encountered in OTEC 

systems i s  provided by a Biofouling and Corrosion Project Office estab- 

l ished by the Bat tel le  Memorial Ins t i tu t e  a t  the Pacific Northwest Lab- 

oratory ( P N L )  . 
A 1  though i t  i s  recognized that  even thin fouling films of organic 

and/or inorganic substances on OTEC heat exchanger surfaces may seriously 

impede heat t ransfer ,  very l i t t l e  i s  known about the nature and behavior 

of fouling films a t  potential OTEC s i t e s .  ( ) Experimental devices des i gned 

to  detect snlall changes in thermal resistance are necessary fo r  acquiring 

needed data on the heat t ransfer  e f fec ts  of marine microfouling films. 

One device of th i s  type has been developed for  the DOE-OTEC program by 

Professor J .  G .  Fetkovich and his associates a t  Carnegie-Me11 on University 

( C M U )  , Pittsburgh , Pennsylvania. 



To faci  1 i t a t e  the acquis i t ion of a comprehensive, re1 i ab le  biofouling 

data base, CMU devices have been mass produced fo r  use by several organi- 

zations in  experiments a t  s i t e s  in  the At lan t ic  and Pacif ic  Oceans and in 

the Gulf of Mexico. The Pacif ic  Northwest Laboratory i s  one of the 

organi zations prepared to  process data f rom these experiments, usi ng 

computer codes developed a t  CMU.  

A t  the request of the Biofouling and Corrosion Project  Off ice ,  an 

independent assessment of the CMU data acquis i t ion system and data reduc- 

t i on  scheme was performed a t  PF4L. As par t  of t h i s  work, a computer code 

was developed to est imate uncer ta int ies  of the experimental r e s u l t s ,  using 

an approach t h a t  d i f f e r s  from the one used by C M U .  The PNL code i s  

appended a s  a subroutine to  the CMU data reduction program, with the 

r e s u l t  t h a t  two independent est imates of the uncer ta int ies  a r e  obtained.  

This repor t  describes the PNL uncertainty routine and the ins igh ts  

acqui red during i t s  development. Specif ic  topics covered include the 

mechanical design and heat t r ans f e r  theory of the CMU device, principal  

elements of the C M U  data reduction scheme, d e t a i l s  of the PNL uncertainty 

ana lys i s  rou t ine ,  sample r e su l t s  using the routine,  and l imi ta t ions  of 

both the C M U  and P N L  uncertainty analysis  procedures. 



2.0 CONCLUSIONS AND RECOMMENDATIONS 

The p r i n c i p a l  conc lus ions  reached a t  PNL r e g a r d i n g  t h e  CMU computa- 

t i o n a l  scheme f o r  r educ ing  b i o f o u l i n g  data,  t h e  PNL code f o r  e s t i m a t i n g  

u n c e r t a i n t i e s  o f  t h e  exper imenta l  r e s u l t s ,  and des ign  f e a t u r e s  o f  t h e  CMU 

dev i ce  t h a t  a f f e c t  t h e  accuracy of  t h e  da ta  a r e  as f o l l o w s :  

CMU Approach f o r  E s t i m a t i n g  U n c e r t a i n t i e s :  I n  t h e  da ta  r e d u c t i o n  

scheme developed a t  CMU, p r o v i s i o n s  a r e  i n c l u d e d  f o r  pe r f o rm ing  a  

s t a t i s t i c a l  a n a l y s i s  o f  t h e  r e s u l t s  computed f rom a  g i ven  s e t  of  

data.  Th i s  a n a l y s i s  y i e l d s  an o v e r a l l  u n c e r t a i n t y  t h a t  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  number o f  repea ted  r u n s  i n  t h e  

s e t  o f  data.  Thus, t h e  va l  ue o f  t he  u n c e r t a i n t y  computed i n  accord- 

ance w i t h  t h i s  approach decreases w i t h  an i nc rease  i n  t h e  number o f  

measurement rep1 i c a t i  ons. I n v e s t i  g a t i o n s  a t  PNL i n d i c a t e d  t h a t  t h e r e  

a r e  l i k e l y  t o  be sys temat ic  ( i . e . ,  f i x e d )  e r r o r s  i n  t h e  da ta  acqu i -  

s i t i o n  system and da ta  r e d u c t i o n  scheme t h a t  cannot  be reduced by 

i n c r e a s i n g  t h e  number o f  repea ted  runs,  and t h a t ,  t h e r e f o r e ,  t h e  

s t a t i s t i c a l  approach used by  CMU may y i e l d  es t ima tes  t h a t  a r e  un rea l -  

i s t i c a l l y  low. For  t h i s  reason t h e  PNL r o u t i n e  was w r i t t e n  t o  p r o v i d e  

u n c e r t a i n t y  es t ima tes  t h a t  i n c l u d e  t h e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  

t h e  system i n s t r u m e n t a t i o n  and da ta  r e d u c t i o n  procedure r a t h e r  than  

bas ing  t h e  es t ima tes  e n t i r e l y  on a  s t a t i s t i c a l  a n a l y s i s  of t h e  

computed r e s u l t s .  

PNL Es t imates  o f  F o u l i n g  F a c t o r  U n c e r t a i n t i e s :  On t h e  b a s i s  o f  

es t ima tes  ob ta i ned  w i t h  t h e  PNL u n c e r t a i n t y  a n a l y s i s  code, t h e  

u n c e r t a i n t i e s  o f  exper imenta l  r e s u l  t s  determined f r om da ta  taken 

w i t h  t h e  CMU b i o f o u l i n g  measurement dev i ce  va ry  c o n s i d e r a b l y  w i t h  t h e  

c o n d i t i o n s  under which t h e  dev i ce  i s  operated.  For  f i v e  s e t s  o f  da ta  

taken  on a  subn~erged buoy a t  Keahol e  P o i n t ,  Hawai i  , t h e  u n c e r t a i n t i e s  

o f  f o u l i n g  f a c t o r s  g e n e r a l l y  a r e  w i t h i n  0.00006 h r - f t 2 - ' ~ / ~ t u .  For  

f i v e  s e t s  o f  da ta  taken  on a  tugboat  i n  t he  G u l f  o f  Mexico, t h e  

u n c e r t a i n t i e s  o f  f o u l i n g  f a c t o r s  (where f o u l i n g  f a c t o r  i s  de f ined  as 

t h e  thermal r e s i s t a n c e  o f  t h e  b i o f o u l i n g  l a y e r )  range up t o  0.00100 



h r - f t 2 - " ~ / ~ t u .  The former u n c e r t a i n t i e s  are  due p r i m a r i l y  t o  r a p i d  

v a r i a t i o n s  i n  ambient seawater temperature, w h i l e  t he  l a t t e r  a re  due 

p r i m a r i l y  t o  f l u c t u a t i o n s  ( induced by wave a c t i o n  on the  tugboat )  i n  

f l o w  through the  t e s t  devices.  

. Sources o f  Unce r ta in t y  i n  the CMU B i o f o u l i n g  Fleasurement Device: 

Sources of u n c e r t a i n t y  i nhe ren t  i n  the  design o f  the device i nc lude  

those l i s t e d  below. With the except ion o f  the f i r s t ,  f o r  which 

est imates can be obta ined from the experimental  data, these uncer- 

t a i n t i e s  are  n o t  accounted f o r  i n  e i t h e r  the CMU data reduc t i on  

scheme o r  the PNL u n c e r t a i n t y  ana lys i s  code. Nevertheless, i t  i s  

impor tan t  t o  recogni  ze t h a t  these u n c e r t a i n t i e s  e x i  s t .  

1  . When operated under cond i t i ons  t h a t  do n o t  i n t e r f e r e  w i t h  main- 

t a i n i n g  steady f low through the device, the l a r g e s t  source of 

u n c e r t a i n t y  i s  the d i f f e rence  i n  t r a n s i e n t  responses o f  the  

heater  c y l i n d e r  and thermocouple re ference c y l i n d e r  t o  f l u c t u -  

a t i o n s  i n  seawater temperature. 

2. Between the heater  c y l i n d e r  and the seawater f l o w i n g  through i t  

a r e  several  thermal res is tances  i n  ser ies .  The one o f  p r imary  

i n t e r e s t  i s  t h a t  due t o  the b i o f o u l i n g  l a y e r .  Another i s  t he  

con tac t  res i s tance  between the heater  c y l i n d e r  and the  tube 

mounted w i t h i n  it. Even small changes i n  t h i s  con tac t  r e s i s -  

tance would be subs t a n t i  a1 r e 1  a t i  ve t o  the sensi ti v i  t y  r e q u i r e d  

t o  measure the  b i o f o u l i n g  res is tance.  A bas ic  assumption made 

i n  the  CMU data reduc t i on  scheme i s  t h a t  the con tac t  res i s tance  

i s i n v a r i a n t  throughout an experiment. Any departure f rom t h i s  

t h a t  a c t u a l l y  occurs c o n s t i t u t e s  a  s u b s t a n t i a l  source o f  e r r o r ,  

t h e  magnitude o f  which cannot r e a d i l y  be ascer ta ined.  

3. One o f  the  key va r iab les  measured i n  the device i s  the v e l o c i t y  

o f  seawater f l o w i n g  through it. Er ro rs  assoc ia ted  w i t h  b i o f o u l -  

i n g  and/or o t h e r  deposi ts  on the flowmeter a r e  p e c u l i a r  t o  the 

p a r t i  c u l  a r  condi t i  ons under which the device i s  operated. 

A1 though they cannot read i  l y  be est imated, the u n c e r t a i n t y  

assoc ia ted  w i t h  f lowmeter f o u l i n g  cou ld  be s u b s t a n t i a l .  



4. A l esser  source of uncertainty i s  that  associated with develop- 

ment of a thermal boundary layer in the seawater flowing through 

the portion of the tube around which the heater cylinder i s  

mounted. Temperature measurements taken a t  the heater cylinder 

are  used to compute an overall thermal conductance, which 

includes the combined ef fec ts  of heat t ransfer  by convection to 

the flowing f l u i d  and heat t ransfer  by conduction across the 

fouling layer. Because the thermal boundary layer i s  not fu l ly  

developed, the 1 ocal convective heat t ransfer  coeff ic ient  

varies as a function of position along the flow path through 

the cylinder. Consequently, the overall thermal conductance in 

t h i s  region d i f fe rs  from the thermal conductance of primary 

in teres t - -  that for  a ful ly developed thermal boundary layer in 

the flow f i e l d .  Koreover, the discrepancy between the two i s  

not constant as a function of fouling film thickness ( for  

reasons discussed in Section 7 of th i s  repor t ) ,  and therefore 

th i s  discrepancy varies with time during an experiment. 

The development of an uncertainty analysis procedure a t  PNL suggested 

several aspects of the CMU device tha t  should be investigated as potential 

areas for design or  operating procedure improvement: 

Matching the thermal time constants of the copper heater and reference 

cyl i nders . 

Measuring the overall conductance coeff ic ient  in a region with a fu l ly  

developed thermal boundary 1 ayer. 

Reducinq spurious flowmeter voltage signals caused by rapid water flow 

ra t e  fluctuations.  

Measuring flow ra te  without introducing excessive mechanical elements 

t o  the flow stream which are overly susceptible to  biofoul ing and 

corrosion. 

Developing a flow ri;easurenient procedure that  permits regular monitor- 

ing of the flowmeter zero-flow voltage. 



Conducting pre- and post-experiment convective coeff ic ient  versus 

velocity t e s t s  (Wi 1 son p lo ts )  t o  reveal any variation in cyl inder-to- 

tube contact resi  stance. 



DESCRIPTION OF CMU BIOFOULING D E V I C E  

Th i s  s e c t i o n  summari zes ,some o f  the p e r t i n e n t  background i n f o r m a t i o n  

concern ing t h e  Carnegie-Mel lon U n i v e r s i t y  b i o f o u l  i n g  measurement dev ice.  

The dev i ce  has been desc r i bed  i n  d e t a i  1  i n  papers by P ro fesso r  J. G. 

Fe t kov i ch  and h i s  and, t h e r e f o r e ,  o n l y  a  b r i e f  d e s c r i p t i o n  

i s  i n c l u d e d  here  t o  l e n d  c l a r i t y  t o  the  subsequent d i scuss ion  o f  t he  FNL 

u n c e r t a i n t y  a n a l y s i s .  The t o p i c s  covered i n  t h i s  s e c t i o n  a r e  t h e  mechan- 

i c a l  des ign  and u n d e r l y i n g  hea t  t r a n s f e r  t h e o r y  o f  t he  system. 

3.1 MECHANICAL D E S I  GI4 

The CMU b i o f o u l i n g  apparatus p rov ides  a  means f o r  de te rm in ing  hea t  

t r a n s f e r  conductances(a) by measuring the  temperature decay i n  a  preheated 

h o l l o w  copper c y l i n d e r  sur round ing  a  s e c t i o n  o f  hea t  exchanger tube.  The 

main con~ponents o f  the  dev i ce  a r e  a  6 - f o o t  l e n g t h  o f  sample OTEC heat  

exchanger tube, a  1 - f o o t  l ong  copper h e a t e r  c y l i n d e r ,  a  smal l  copper 

r e fe rence  c y l i n d e r ,  and a  t a r g e t  t ype  f lowmeter .  A  s i m p l i f i e d  drawing i s  

shown i n  F i g u r e  1. 

Seawater i s  pumped through the  tube a t  a  cons tan t  nominal v e l o c i t y .  

The f lowmeter r eco rds  t he  a c t u a l  t ime-dependent v a r i a t i o n s  i n  t h i s  v a l  ue 

so t h a t  t h e  f i n a l  va lue  of the  hea t  t r a n s f e r  conductance may be v e l o c i t y  

normal ized.  The temperature sens ing dev i ce  i n  t he  copper c y l i n d e r  i s  an 

11 -pa i r ,  i ron-Constantan thermop i le .  Sensing j u n c t i o n s  o f  the  t he rmop i l e  

a r e  l o c a t e d  i n  the  h e a t e r  c y l i n d e r ;  the  re fe rence  j u n c t i o n s  a re  l o c a t e d  

i n  t h e  s m a l l e r  copper re fe rence  c y c l i n d e r .  The re fe rence  c y l i n d e r  remains 

a t  approx imate ly  ambient  wa te r  temperature so t he  t he rmop i l e  g i ves  a  d i r e c t  

o u t p u t  o f  t h e  temperature d i f f e r e n c e  between the  hea te r  c y l i n d e r  and f l o w i n g  

- 
( a ) ~ ~ ~  uses t h e  te rm " convec t i ve  h e a t  t r a n s f e r  c o e f f i c i e n t "  i n  t h i s  

c o n t e x t .  ( 2 , 3 )  The q u a n t i t y  a c t u a l l y  determined i s t h e  combined 
thermal  conductance due t o  convec t i ve  h e a t  t r a n s f e r  t o  t h e  f l o w i n g  
wate r  and conduc t i ve  hea t  t r a n s f e r  across t h e  b i o f o u l  i n g  1  ayer .  
There fo re ,  t h i s  r e p o r t  uses t h e  term "conductance" t o  desc r i be  t h i s  
q u a n t i t y  and expresses i t  i n  v a r i a b l e  f o rm  as c a p i t a l  H r a t h e r  than  
t h e  l o w e r  case h  t r a d i t i o n a l l y  reserved  f o r  t h e  convec t i ve  hea t  
t r a n s f e r  c o e f f i c i e n t .  
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water. A thermistor i s  also attached to the tube t o  record the actual 

water temperature. These data a re  used for  subsequent temperature 

normal i zation of the cal cul ated heat t ransfer  conductance. 

During a data collection run the heater cylinder temperature i s  

raised 1 t o  3OC above water temperature with a nichrome wire resistance 

heater on the outer circumference. After the cyl inder reaches steady 

s t a t e  the heater i s  turned off and the temperature decay curve recorded. 

3.2 H E A T  TRANSFER THEORY 

For the simplified case of uniform material from the outside of the 

heater cylinder t o  the inside of the heat exchanger tube and negligible 

thermal r e s i s t i v i t y  in t h i s  assembly, the temperature decay follows the 

fani 1 i a r  exponential decay pattern.  Introduction of two material s (copper 

in the heater cylinder and various heat exchanger tube materials) and 

f i n i t e  thermal conductivities makes the solution more complex. CMU 

investigators have derived the exact solution fo r  t h i s  case, an in f in i t e  

ser ies  invol v i  ng exponenti a1 and Gessel functions. However, the i r  analysis 

shows that  fo r  times longer than a few seconds the decay curve i s  almost 

exactly modeled by a s ingle  exponential term with a s l igh t ly  modified time 

constant. ( 3 y  p '  34) Therefore, t h i s  l a t t e r  approach i s  used in the CMU 

data reduction scheme t o  calculate  a heat t ransfer  conductance coeff ic ient  

from the experimental 1 y determined temperature decay time constant. 

One other consi derati  on shoul d be menti oned when di scussi ng  the heat 

t ransfer  theory of the CMU device. There a re  several paths by which energy 

can be transferred out of the heater cylinder other than the primary one, 
t o  the seawater flowing through the heat exchanger tube. These secondary 
heat losses could cause the decay behavior of the heater cylinder to  

deviate from the theoretical model previous1 y discussed. The CMU i nves- 
t igators  point o u t  tha t  only two are significant--heat loss  t o  the a i r  
side (outer s ide)  of the heater cylinder and axial ly  through the tube 

wall s di rec t ly  above and below the heater cyl inder. ( 3 y  p .  42) CMU derived 

corrections to  the calculated heat t ransfer  conductance for  each of these 

losses and the corrections were incorporated into the data reduction 

routine. 





4.0 CMU DATA ANALYSIS ROUTINE 

The C M U  data reduction scheme uses the thermopile temperature decay 

data to calculate a thermal decay time constant, converts th i s  time 

constant into a combined heat t ransfer  conductance coeff ic ient ,  corrects 

the conductance for  secondary heat losses,  and, f i n a l l y ,  uses thermistor 

and flowmeter data to normalize the calculated conductance t o  nominal 

operating condi t i  ons. Thi s procedure i s  performed in a two-step process 

using two computer programs, HTAU and HTCOEF. The preliminary code HTAU 

uti 1 i zes geometric quant i t ies  and constant thermal properties of a t e s t  

unit  to determine the relationship between the time constant (TAU)  and 

the conductance coeff ic ient  ( H )  for that  unit. I t  expresses th i s  relation- 

ship as a third order polynomial and determines the curve f i t  coeff ic ients .  

HTCOEF, the general data analysis routine, uses the three types of t e s t  

unit data--therniopi 1 e vol tage, thermistor voltage, and f lowmeter voltage-- 

and the curve f i t  parameters from HTAU t o  calculate the conductance coef- 

f i c i e n t .  The computational procedures used in these codes are  described 

in the following two subsections. 

4.1 PROGRAM HTAU 

The mathematical relationship between a time constant and a conduc- 

tance coeff ic ient  depends only o n  the physical properties of a t e s t  unit .  

Therefore, t h i s  relationship can be determined before any data are taken 

and must be done only once f o r  a specif ic  u n i t .  

The program HTAU car r ies  out th i s  task. I n  the f i r s t  part  of the 

program a ser ies  of sample heat t ransfer  conductances i s  generated varying 

from 150 to 2050 6tu/hr-f t2-OF.  For each value the program then uses an 

i terat ion technique to determine the zeroes of the transcendental equation 

resulting from the application of the appropriate boundary conditions to 

the heat t ransfer  model. ( 2 y  3,  These zeroes are used to  calcu- 

l a t e  the time constant correspondi ng to each conductance coeff ic ient .  



Using the matched pairs of time constants and conductance coef f ic ien ts ,  
the subroutines RELATN, COEFS, and GRTHLS cal cul a te  the coeff ic ients  for  
a polynomial curve f i t  of the form 

The main program then ca l l s  the subroutine EXIT t o  calculate  the root 

mean square deviation of the curve f i t  points and pr in t  the resu l t s .  The 

other subroutines in the code are used to evaluate the transcendental 

function ( F )  , calculate  the f i r s t -  tern coeff ic ients  for  the ser ies  expan- 

sion of the cylinder temperature dis t r ibut ion ( R A  R B )  , and evaluate the 
Bessel functions used throughout the program (BSSL, BSSY, BESS, and GAMMA). 

4.2 PROGRAM HTCOEF 

The program HTCOEF i s  the general analysis code used to reduce the 
data from a t e s t  uni t .  Input consists of the thermopile, thermistor, and 

flowmeter voltage records fo r  each run, the curve f i t  coeff ic ients  from 

HTAU, and various physical parameters describing the unit from which the 

data were obtained. 

I n  the f i r s t  s tep ,  HTCOEF reads an identifying number for  the t e s t  

uni t  to be analyzed. I t  then c a l l s  the subroutine LKTBLE which provides 

information pertinent to th i s  unit to the main program. 

HTCOEF next reads the three se ts  of input voltage data. Thermopile 

voltage data are  analyzed f i r s t  to determine the voltage output when there 
i s no temperature di fference between the heater and reference cyl i nders. 

This i s  done by calculating the mean of the l a s t  N data points (where M i s  
specified in the program) a t  the asymptotic end of the thermopile decay 
curve. A standard deviation of these values i s  also calculated to  be used 
l a t e r  i n  the curve f i t t i n g  routine. The raw thermopi l e  data points are  

then adjusted for  thi s zero-point value. 

Because the heater cylinder temperature decay (or vol tage decay) i s  

almost exactly exponential, a plot of the natural logarithm of thermopile 
voltage versus time yields a s t ra ight  l ine  with a slope equal to  the 



reciprocal of the time constant. The main program c a l l s  the subroutine 

LINFIT to calculate t h i s  slope in a two-step process. In the f i r s t  step 

LINFIT arr ives  a t  an approximate time constant by analyzing the en t i r e  

thermopile decay curve. The second i te ra t ion  determines the f ina l  value 

of the time constant by analyzing the data in a narrow "window". This 

window begins a few seconds a f t e r  the i n i t i a l  decay of the thermopile 

vol tage curve ( the 1 ength of the delay i s speci f ied in the program) and 

l a s t s  fo r  a period equal to N times the approximate time constant from the 
f i r s t  pass (where N i s  specified in the program). 

I n  the next few steps HTCOEF uses the thermistor vol tage and f 1 ow- 
meter voltage data to calculate water temperature and flow velocity. I t  

a lso determines the mean and standard deviation fo r  each of these quant i t ies .  

The main program then ca l l s  the subroutine CCN which carr ies  out the 

major data reduction procedure. I t  f i r s t  uses the curve f i t  coefficients 

determined in HTAU t o  calculate  a conductance coeff ic ient  according to the 

relat ion 

H = e ~ ~ [ a + b ( e n T ~ ~ ) + c ( e n T ~ ~ ) ~ + d ( ~ n T ~ ~ )  3] ( 2 )  

C C N  adds corrections to the conductance coeff ic ient  which are required 

because of the approxinlate nature of the heat t ransfer  model in HTAU. I t  

adjusts H for  heat loss t o  the a i r  side (outer s ide)  of the heater cylinder 

and f o r  axial conduction through the tube wall s immediately above and below 

the heater cylinder. Using the mean values f o r  water temperature and flow 

velocity,  C C N  normalizes the value of H for  a water temperature of 70°F 

and a velocity equal t o  the nominal velocity fo r  the unit .  

A t  th i s  point, control returns t o  the main program and resu l t s  of the 
current run are stored by subroutine STORE. After the en t i r e  procedure 
has been repeated f o r  each r u n  i n  the data s e t  the main program c a l l s  the 
subroutine RESULT to cal culate the mean conductance coeff ic ient  and the 
standard deviation in the mean. 





5 .0  --- PNL UNCERTAINTY ANALYSIS 

The original Carnegie-Me1 lon University data reduction code, HTCOEF, 

contains a  limited error  analysis.  I t  i s  s t a t i s t i c a l  in nature; uncer- 

t a i n t i e s  in various quant i t ies  are estimated by calculating root mean 

square deviations in the data spread. The stated uncertainty for the 

f i n a l ,  averaged value of the combined heat t ransfer  conductance i s  also 

calcul ated by a  s t a t i s t i c a l  averaging process on the uncertainty resu l t s  

from individual runs. 

The CMU approach for  assigning uncertainties to the calculated con- 

ductance coefficient i s  completely correct cnly when a t  l eas t  three condi- 

t ions apply: 1 ) the individual run values for H must follow a normal 

e r ror  d is t r ibut ion;  2 )  a suf f ic ien t  nuniber of runs must be completed so 

tha t  the data points accurately re f lec t  the parent population; and 3 )  no 

constant instrumental errors  can be present which might bias the en t i re  

sample. Because i t  i s  d i f f i c u l t  to assure these provisions have been met, 

the PNL uncertainty analysi s  was written with a  d i f fe rent  approach, one 

widely used for  1  imi ted sample experiments in engineering appl icat ions.  (4 
This method involves three basic steps: 

1 .  estimate the uncertainty in each d i r ec t ly  measured quantity, 

2 .  calculate the e f fec t  of each component uncertainty on  the final 

r e su l t ,  and 

3 .  combine each of these e f fec ts  to  find the total  uncertainty in the 

final r e su l t .  

The PNL uncertainty analysis was written as a  subroutine ( E R R O R )  t o  

the original CMU data analysis program and runs in conjunction with i t .  

This coupling was necessary because of the need for  data input to  the 

error  analysis from various stages of the data reduction routine. No 

changes were made in the logic of HTCOEF t o  accommodate the e r ror  analysis 

subroutine so a  complete computer run yields  an unchanged s t a t i s t i c a l  

"error  analysis" according to  the CMU program as  we1 1 as the PNL error  

analysis o u t p u t .  I n  some instances the PML routine uses uncertainty 

val ues calculated in HTCOEF; f n others i t  calculates a1 ternat ive val ues. 



The probabi 1 i ty basis,  o r  confidence level ,  for  the PNL uncertainty 

analysis i s  95% (19 t o  1 odds). For cases in which a s t a t i s t i c a l  analysis 

of data fluctuations was used to estimate possible e r rors ,  a value of two 

standard deviations was used to provide the 952 confidence level in the 

s tated uncertainty. 

5.1 DEFINITION O F  TERMS 

To c l a r i fy  the following discussion of the uncertainty analysis ,  i t  

wi 11 be beneficial t o  define a number of terms as they are used in t h i s  

project.  "Variable" re fers  to any quantity measured d i rec t ly  during a 

data run. Variables could a1 so be described as data, measurands, or  

independent variables. Secondary quant i t ies  calculated from variables are  

labeled " resu l t s" .  The term resul t  need not necessarily re fer  to the 

f inal  answer; there may be many intermediate resul ts  in the data analysis 

routi ne. 

"Error" and "deviation" a re  synonymous and refer  to the difference 

between any experimental ly measured variable o r  resu l t  and i t s  "true value". 

"Uncertainty" i s  the possible error .  Since the probability basis for  th i s  

e r r o r  analysis i s  95%, i t  can be said tha t  the error  will be less  than the 

uncertainty 95% of the time (or  t h a t  a variable or r e su l t  should be within 

i t s  uncertainty from the true value 95% of the time). 

"Accuracy" describes the closeness of the absolute value of a vari- 

able or  r e su l t  to i t s  true value. "Precision" i s  a measure of how exactly 

the quantity can be determined without regard to i t s  absolute value. I t  

i s  a1 so a measure of how reproducible the measurement i s  and i s ,  therefore,  

analogous to the term " repeatabi 1 i  ty". Because uncertainty , as defined, 

includes the total  deviation from a l l  causes i t  takes into account b o t h  

accuracy and preci s i  on. 

Uncertainties in the variables and resul ts  can be caused by two kinds 

of errors .  "Fixed errors"  a re  those which are  constant for  a given pro- 

cedure. They may re su l t  from inherent charac ter i s t ics  of the equipment or  

the use of approximate theories in calculating resu l t s .  "Random errors"  

vary from reading t o  reading; electronic noise and d r i f t  are  examples. 



5 . 2  UNCERTAINTIES IN PRIMARY VARIABLES 

The f i r s t  s tep in the error  analysis was to assign uncertainties to 

the three major variables--thermopi l e  voltage, thermistor vol tage, and 

flowmeter vol tage. A1 though not s t r i c t l y  variables,  there are other 

quant i t ies  that  enter into the analysis on the primary level and have 

associated uncertainties . These incl ude the uncertainties due to  curve 

f i  t t i  ny operations, cal i  brations , and various corrections and normal i  za- 

t ions which are applied t o  the conductance coeff ic ient .  There are signi- 

f i  cant uncertainties,  then, in the following primary quantit ies : 

thermopile voltage (VTC) 

therriiistor voltage (VTH)  

f  l  owmeter vol tage (VFM) 

polynomial coefficients from HTAU ( a ,  b y  c ,  d )  

thermi s t o r  calibration coefficients (THINT, THSLP) 

flowmeter cal ibrat ion coeff ic ient  (AVOLFM) 

a i r  s ide heat loss correction (RAIR) 

tube wall heat loss correction (RWALLS) 

temperature normal i  zat i  on equation 

slope of l /h  versus I/V'*' plot  used in velocity normalization 

equation (HRSLPE)  . 
One cause of uncertainty fo r  a l l  three of the vo1 tage signals i s  the 

electronic  coniponents used to  transmit and condition them. Each of these 
signals passes through three basic components before i t  i s  recorded; i t  i s  

amp1 i  f i  ed, converted to a  digi ta l  signal for transmission, and converted 

back to an analog signal before being read. Some of the possible sources 

fo r  uncertainty in these components are temperature-and time-dependent 

d r i f t  and electronic  noise in the amp1 i f i e r s  and nonlinearity in the 

signal converters. The CMU data acquisition system uses high qua1 i t y  

components so tha t  these problems can be minimized, b u t  they s t i l l  e x i s t ,  

t o  d i f fe rent  extents ,  in each of the variables. 



Electronic signal processing can introduce b o t h  random and fixed 

errors  i n  each of the three voltage signals. For the PNL uncertainty 

analysis,  these two sources of error  are  evaluated by d i f fe rent  techniques. 

Random er rors  a re  estimated by observing the fluctuations in actual data. 

This i s  not possible with fixed er rors ,  so they are  predicted by a  theo- 

r e t i  cal anal ysi s  of the data acqui s i  tion components. 

Because the data analysis procedure requires only calculation of the 

slope of the thermopile decay curve, the absolute value of the thermopile 

voltages (VTC) i s  not important. This means tha t  fixed, or bias, errors  

iiave no e f fec t  and only short-term random fluctuations in the signal a re  

s ignif icant .  

For thermistor voltages (VTH) the absolute val ue and, therefore,  

fixed er rors  are  important. The magnitude of the fixed errors  i s  estimated 

from the long-term d r i f t  of the thermistor c i r cu i t  amp1 i f i e r  and nonl in- 

ea r i ty  in the signal converters. This value i s  described as the thermistor 

d r i f t  voltage (DRFVTH) in the PNL uncertainty routine. 

Flowmeter voltage data have been handled in two d i s t inc t  manners in 

the experiments u t i l iz ing  the CMU device. In the early stages of the  

Keahole Point operation, a  zero-flow flowmeter voltage was recorded a t  the 

beginning of each run. This practice eliminated long-term d r i f t  as a  

source of uncertainty. More recently in Hawaii and during the en t i r e  

S t .  Croix and Gulf of Mexico operations, the zero-flow flopmeter reading 

was measured only a t  the commencement of the biofouling experiment. To 

analyze these cases the PNL uncertainty routine used an analyt ical ly  

derived value for  the flowneter voltage d r i f t  (DRFVFM) . 
The curve f i t  coeff ic ients  generated in the program HTAU also present 

a  possible source of error .  The optimal treatment of t h i s  problem would 

be to calculate  the uncertainty in each individual coeff ic ient ,  b u t  t h i s  

i s  quite unwieldy for  a  third-order equation. Instead, the to ta l  uncer- 

ta in ty  i s  assigned t o  one parameter (nFIT) and i s  estimated from the 

curve f i t  root mean square deviation calculated in HTAU. 



Uncertainties f o r  the thermistor and flowmeter cal ib ra t ion  coe f f i c i en t  

variables a r e  evaluated by analyzing the or iginal  ca l ib ra t ion  data fo r  each 

experimental un i t .  A ccmputer curve-fi t t i  n g  rout ine  determines the slope 

and i n t e r cep t  f o r  the thermistor re la t ion  and the uncertainty in each 

(ATHS, ATHI) as  we1 1 a s  the magnitude and uncertainty (aAVO) of the flow- 

meter ca l ib ra t ion  coef f ic ien t .  In each case the uncertainty i s  assigned a 

value of twice the standard deviation of the curve f i t  coef f ic ien t s .  

The remaining primary sources of uncertainty associated with the data 

analysi s procedure r e s u l t  from the corrections and normal i za t ions  of the 

calcula ted heat t r ans f e r  conductance. CMU predic ts  an uncertainty i n  the 

a i r  s i de  convection and tube wall conduction heat loss  correct ions  of 10%. 

This value was deemed reasonable fo r  tube wall conduction losses and was 

used i n  the PNL uncertainty analysis  (ERWLS)  . The a i r  s ide  heat losses  

r e s u l t  from f r e e  convection and an uncertainty of 10% seems un rea l i s t i c a l l y  

low i n  t h i s  case. One source in  the heat t r ans f e r  l i t e r a t ~ r e ' ~ )  est imates 

t h a t  f r e e  convection coef f ic ien t s  can be estimated w i t h  an accuracy no I 

b e t t e r  than 20%, so i t  i s  unlikely t ha t  the t o t a l  correction has an 
I 
I 

uncertainty l e s s  than 25%. Because the a i r  s ide  correction i s  so  small 

( 2  1%)  the difference i n  i t s  uncertainty between 10% and 25% i s  l a rge ly  

i n s ign i f i c an t .  Nevertheless, the PNL uncertainty analysis  uses the 25% 

f igu re  (ERAIR). 

The temperature normalization equation used in HTCOEF was obtained 

from Bauniei s t e r  and Marks' Standard Handbook f o r  Mechanci a1 Engineers. 

I t  appears in  t h i s  source without documentation so i t  was impossible to  

accurately predic t  the associated uncertainty. In l i g h t  of t h i s ,  a con- 

se rva t ive  value of 1% uncertainty has been used (ERNOR).  The f i na l  ca l -  

cula t ion in HTCOEF involves a normalization of the calcula ted heat trans- 

f e r  conductance to conform t o  the nominal flow veloci ty  of the uni t  being 

analyzed. This i s  accomplished by using the slope (HRSLPE) of a l / h  

versus l / v o s 8  curve calculated f o r  the per t inent  un i t  from previous data. 

The uncertainty in t h i s  slope (AHRS) used i n  the e r r o r  analysis  was a l so  

obtai ned from these curves. 



Each of the primary uncertainties discussed in th i s  section was 

estimated as accurately as possible based on design data for  the CMU 

biofoul ing device. An e f f o r t  was made to ensure tha t  the PNL uncertainty 

subroutine can be easi ly  modified to incorporate changes in the CMU 

design. Uni t-dependent uncertainties (rTHI, ATHS, nAVO, aFIT, and nHRS) 

are  specified in the unit data subroutine, LKTBLE.  General uncertainties 
associated with sys ten1 electronics (DRFVTH, DRFVFr4) and correction and 

normalization cal cul ations (ERWLS, E R A I R ,  E R N O R )  are  specified i n  FORTRAN 

DATA statements in the PFlL uncertainty analysis subroutine, ERROR.  In 

t h i s  manner any of the primary uncertainties can be modified to apply to  

a1 te rna t i  ve equipment configurations having different  e lectronics ,  cal i -  

brati  ons, or components. 

5 .3  UNCERTAINTY ANALYSIS ROUTINE 

The actual procedure followed, and equations used, by the uncertainty 

analysis will now be presented in some detai 1. The process i s  basically 

as described i n  Steps 2 and 3 i n  the introduction to th i s  section. The 

e f fec t  of one variable on a subsequent r e su l t  can be calculated by par t ia l  

d i f fe rent ia t ion  of the l a t t e r  quantity w i t h  respect to the former. For a 

resu l t  which i  s  a function of several independent variables,  s t a t i s t i c a l  
theory indicates that  the total  uncertainty can be approximated by the 

square root of the sum of the individual e f fec ts .  (4) For example, fo r  a 
function A of three variables x, y,  and z :  

I n  the PNL routine t h i s  process i s  repeated for each intermediate 
r e su l t  so tha t  the uncertainty in the final value of the heat t ransfer  

conductance cvi 11 r e f l ec t  a1 1 of the primary variable uncertainties.  



The routine ca lcu la tes  uncer ta int ies  i n  a step-by-step process f o r  nine 
intermediate r e su l t s :  

1 . thernopi 1 e vol tage 

2 .  water temperature 

3. flow veloci ty  

4. decay time constant  

5. prel imi nary conductance coef f ic ien t  

6 .  conductance coef f ic ien t  a f t e r  ai  r s ide  heat loss  correction 

7 .  conductance coef f ic ien t  a f t e r  tube wall heat 1 oss correct i  on 

8. conductance coef f ic ien t  a f t e r  temperature normal i z a t i  on 

9. conductance coef f ic ien t  a f t e r  veloci t y  normal i z a t i on .  

5.3.1 Thermopile Voltage 

The thermopile voltage data during the decay t r ans i en t  are  adjusted 

by a zero temperature di f ference value according to the re la t ion  

VTC = VTC, - VTCo 

VTCo i s  ca lcula ted by averaging a specif ied number ( N Z E R O )  of zero tem- 

perature di f ference voltage values near the asymptotic end of the thermo- 

p i l e  decay curve. The CMU ana lys i s  program, HTCOEF calcula tes  a mean 

zero point voltage and a standard deviation of the zero point data 

(STDZRO). Because the quant i ty  of i n t e r e s t  i s  the uncertainty in  the 

mean zero point ,  not the individual values, the PNL routine uses the 

s t a t i s t i c a l  de f in i t ion  of the standard deviation of the mean. ( 4 )  The 

zero point voltage uncertainty can then be described as 

STDZRO 
nVTC o = 2 x J--- NZERO 

Anal ysi  s  of numerous experimental data runs has indicated t h a t  water 

temperature f luc tua t ions  cause a severe disturbance in thermopile voltages. 

HTCOEF uses the STDZRO value f o r  the uncertainty of a r b i t r a r y  data points 



(VTCx) throughout the decay curve. This procedure i s  not precise  because 
the  shor t  window used in  the  zero point  determination does not accurate ly  
ref 1 e c t  the water temperature f 1 uctuations over the en t i  r e  run. (a  

Invest igat ion of various data runs has shown t h a t  the f luc tua t ion  in 

thermopile voltage i s  about one tenth of the corresponding f l uc tua t i on  i n  

water temperature. Then ( f o r  a conversion constant  of about 5660 mV/"C 
and roo t  mean square water temperature va r i a t i on ,  STDTW) the uncertainty 

i n  an a r b i t r a r y  thermopile voltage point (dVTCx) can be expressed as  

nVTCx = 2 x 1/10 x 5660 x STDTW (5  

The t o t a l  thermopile voltage uncertainty i s  then 

5 .3 .2  Water Temperature 

HTCOEF cal cul a t e s  water temperatures accordi ng t o  the re1 a t i  on 

TWATER = THINT + THSLP (0.001 ) VTH 

The uncer ta inty  i n  thermistor voltage (VTH) i s  composed of two p a r t s ,  
random f l uc tua t i ng  e r ro r s  and f ixed bias  e r ro rs .  The contr ibut ion of 

random e r ro r s  i s  evaluated from the actual  data.  HTCOEF ca lcu la tes  a 

standard devia t ion (STDTW) in  the NPTAVE water temperature val ues taken 

d u r i n g  the  analys is  window. This quant i ty  i s  adjusted t o  r e f l e c t  the 

standard deviat ion in the mean ( i n  the sa.me manner as the niean thermopile 
voltage) and converted t o  a voltage quant i ty  

STDVTH = 
STDTW 1 
 AT THSLP (0.001 ) 

Twice this standard deviat ion i s  then added t o  the estimated thermis tor  

c i r c u i t  long-term d r i f t  (DRFVTH) t o  obtain the t o t a l  uncer ta inty  i n  the 

thermi s t o r  vol tages : 

AVTH = 2 x STDVTH + DRFVTH (8)  

( a ) ~ h i s  problem will be discussed m r e  f u l l y  in Section 7.1. 



Adding the e f f e c t s  of the ca l ib ra t ion  coe f f i c i en t  uncer ta in t i es ,  the 

f i na l  water temperature uncer ta inty  may be expressed as  

/ 2 2 2 
aTW = / [ A T H I /  + l(0.001) VTH x L T H S I  + ( T H S L P  ( .  001 ) A V T H I  ( 9 )  

5 .3 .3  Flow Rate 

The volutxetric flow r a t e  i s  ca lcula ted from the flowmeter voltage 

data  according t o  

/VFM - VFMo 

= VEXCIT x FMAMF 

where V F M o ,  VEXCIT, and FMAMP a r e  the flowmeter zero flow voltage,  bridge 

exc i t a t i on  voltage,  and amp1 i f i c a t i o n  f a c t o r ,  respecti  vely. The eval uation 

of the flow~ileter voltage uncertainty follows the same procedure used f o r  

the  t h e r ~ i i s t o r  vol tages.  Because of the quadrat ic  nature of the flow r a t e  

equation,  the development i s  somewhat more complicated so only the f i n a l  

expressions wil l  be presented here:  

STDV FPl = 
2 x kVEFV x STDFV 1 

~ r r  PTAV E A L I N F M ~  
where 

AVEFV - average flow veloci ty  

STDFV - standard deviat ion of the i\lPTAVE flow r a t e  

values taken during the  ana lys i s  window 

ALINFM - flownieter c a l i b r a t i on  coe f f i c i en t  (AVOLFM) 

converted t o  veloci ty  terms. 

AVFM = 2 x STDVFM + DKFVFM 



u n c e r t a i n t i e s  i n  t h e  measured va lues o f  VFllo, VEXCIT, and FMAKP a r e  

n e g l i g i b l e  r e l a t i v e  t o  t h e  o t h e r  terms i n  t he  f l o w  r a t e  equa t ion .  The 

o v e r a l l  f l o w  r a t e  u n c e r t a i n t y  i s  then  
- 

AVOLFM ' = d I'DcL n A v o 1 2  + (2xRDCLxVEXCITxFI'IAMP x A V F W / '  

To conve r t  f l o w  r a t e  and f l o w  r a t e  u n c e r t a i n t i e s  t o  v e l o c i t y  terms, 

0.4085 - 

FV = TUBE 1  D~ 

nFV = / 0.4085 
/ --- I (13)  

t' TUBElD 

A t  t h i s  p o i n t  sub rou t i ne  ERROR has completed t h e  u n c e r t a i n t y  a n a l y s i s  

o f  t h e  t h r e e  ma jo r  da ta  i n p u t s .  The t a s k  rema in ing  i s  t o  de te rmine  how 

these  i n t e r m e d i a t e  u n c e r t a i n t i e s  a f f e c t  t h e  t i m e  cons tan t  and conductance 

c o e f f i c i e n t .  

5.3.4 Time - Constant 

The s u b r o u t i n e  LINFIT i n  HTCOEF c a l  c u l  a tes  an u n c e r t a i n t y  (SIGMAB) 

i n  t h e  t h e r m o p i l e  decay s l ope  (B)  which i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

s tandard  d e v i a t i o n  o f  t h e  t he rmop i l e  ze ro  p o i n t  (STDZRO). For t h e  PNL 

u n c e r t a i n t y  a n a l y s i s  i t  i s  necessary t o  r e e v a l u a t e  t h e  u n c e r t a i n t y  i n  t h e  

s l ope  based on t h e  r e v i s e d  t h e r m o p i l e  v o l t a g e  u n c e r t a i n t y ,  aVTC. Because 

o f  t h e  d i r e c t  p r o p o r t i o n a l  i t y  t h i s  i s  e a s i l y  accompl i shed  by 

aB = (cVTCISTDZR0) SIGMA6 (14 )  

S ince  t h e  t i m e  cons tan t  i s  equal t o  t h e  i n v e r s e  o f  t h e  s lope ,  i t s  uncer- 

t a i n t y  can be expressed as 



5.3.5 Conductance C o e f f i c i e n t  

The n e x t  s t e p  i n  t h e  da ta  r e d u c t i o n  procedure i s  t o  c a l c u l a t e  a hea t  

t r a n s f e r  conductance f r om t h e  measured t ime  cons tan t  and curve  f i t  coef- 

f i c i e n t s  f r om HTAU: 

,l 3 H1 = exp [a + b  ( i n  TAU) + c  (an TAU)' + d(en TAU) ] 

F o l l o w i n g  t h e  d i s c u s s i o n  i n  Sec t i on  5.2, a l l  o f  t h e  u n c e r t a i n t y  i n  t h e  

curve  f i t t i n g  r o u t i n e  w i l l  be ass igned t o  t h e  parameter nFIT and t h e  t o t a l  

u n c e r t a i n t y  w i l l  be 

5.3.6 A i r  S ide Heat Loss C o r r e c t i o n  ----- 

C o r r e c t i o n  f o r  H due t o  a i r  s i d e  hea t  l o s s  i s  accompl ished by 

H~ = H~ (1  - R a i  r )  

For  ERAIR as desc r i bed  i n  Sec t i on  5.2, 

ARa i  r = ERAIR x  Rair 

5.3.7 Tube Wall Heat Loss C o r r e c t i o n  

The tube  w a l l  c o r r e c t i o n  i s  handled i n  t h e  same manner: 

H~ = H~ ( 1  - R w a ~  1  s I 

ARwal 1  s  = ERWLS x  Rwalls 



5.3.8 Temperature Normal i z a t i o n  

The temperature normal i z a t i  on o f  t h e  conductance coe f  f i  c i  e n t  t o  70" F  

i s  accompl ished by  t h e  equat ion  

Because t h e  wate r  temperature has been c a l c u l a t e d  on t h e  Cent ig rade  sca le  

and t he  n o r m a l i z a t i o n  equa t i on  i s  i n  Fahrenhe i t  u n i t s  a  convers ion  must 

be made: 

nTFar = 1 .8  x nTW 

The u n c e r t a i n t y  i n  t h e  n o r m a l i z a t i o n  procedure has been ass igned t o  t h e  

v a r i a b l e  ERNOR, as desc r i bed  i n  Sec t i on  5 .2  so t h e  o v e r a l l  u n c e r t a i n t y  

can be c a l c u l a t e d  f rom 

nNOR = ERNOR x H4 

5.3.9 V e l o c i t y  No rma l i za t i on  

The f i n a l  s tep  i s  t o  no rma l i ze  t h e  hea t  t r a n s f e r  conductance f o r  t h e  

u n i t '  s  nomi n a l  v e l o c i t y ,  Vnom. T h i s  i s  done by t h e  equa t i on  

1  - - - - -  I HRSLPE 
H5 H4 

nom 

The u n c e r t a i n t y  c a l c u l a t i o n  i s  accompl ished i n  two s teps :  

r ( ~ * H ~ } ~ + { ( - - L - & ) H R S ~ + { H R ~ L ~ E ( ~ ~ )  _1vI2 (20)  

FVO. nom 
Fvl ' 8  



and 

The PNL uncertainty analysis for  a single data r u n  i s  now complete. 
This procedure i s  repeated fo r  each run in a data se t  and an average 

conductance coeffi c ient  i s  calculated according t o  a wei ghted averaging 

process, 

This calculation i s  accomplished in the subroutine ERRES. 

A 1 i s t i  ng  of the two subroutines (ERROR and ERRES) containing the 

PNL uncertainty analysis,  and the CMU data reduction code as i t  was 

modified t o  include them, appears in Appendix A .  





6 . 0  RESULTS 

The PNL u n c e r t a i n t y  r o u t i n e  was used t o  a n a l y z e  15 d a t a  s e t s ,  f i v e  

each from t h e  Keahole P o i n t ,  Hawaii;  S t .  Cro ix ,  Vi rg in  I s l a n d s ;  and Gulf 

o f  Mexico t u g b o a t  o p e r a t i o n s .  F ina l  r e s u l t s  f o r  t h e s e  c a s e s  a p p e a r  i n  

Appendix B with t h e  range of va lues  c a l c u l a t e d  f o r  each d a t a  s e t  summar- 

i z e d  i n  T a b l e  1 .  

T A B L E  1 .  Conductance Coef f i  c i  e n t  and Conductance 
C o e f f i c i e n t  U n c e r t a i n t y  V a r i a t i o n  

Gata S e t  H n H / H  
Descr i  p t i o n  ~ t u / h r - f t 2 - O F  ( %) 

Keahole P o i n t  

3/23/77 - U n i t  A 1019 t o  1063 k 1 . 9  t o  5 5 . 2  
3130177 - U n i t  A 977 t o  1006 k1.9 t o  t 2 . 0  
5/02/77 - U n i t  B 523 t o  549 2 1 . 3  t o  k2.8  
3/08/77 - Uni t  C 1116 t o  1130 21.1  t o  ?1 .4  
311 6 /77  - Uni t C 1105 t o  1149 k1.1 t o  k2.1 

S t .  Croix  

7/24/77 - U n i t  1  1093 t o  1146 k2 .8  t o  k5.9 
7/3U/77 - U n i t  1  1011 t o  1179 22 .9  t o  k7.5  
8/05/77 - U n i t  1  1070 t o  1158 k2.9 t o  k6 .8  
8/17/77 - Uni t  1  1026 t o  1191 k2.1 t o  248.5 
9/26/77 - U n i t  1  845 t o  8 8 3  k1 .4  t o  t 4 . 0  

Gulf o f  Mexico 

11/14/77 - Uni t  1  847 t o  928 k 4 . 7  t o  k8.2 
11/20/77 - U n i t  1  997 t o  1904 k7.9 t o  259.7  
11/21/77 - Uni t  2  505 t o  558 25 .9  t o  210.6 
12/05/77 - Uni t  2  445 t o  740 k9.6 t o  226.2 
12/08/77 - Uni t  2 471 t o  625  k7.8  t o  c18 .4  

The r e s u l t s  i n d i c a t e  t h a t  t h e  conduc tance  c o e f f i c i e n t  u n c e r t a i n t i e s  

f o r  i n d i v i d u a l  runs  o f t e n  v a r i e d  c o n s i d e r a b l y  d u r i n g  t h e  c o u r s e  o f  an 

exper iment .  F igure  2  demons t ra tes  t h e  e x t e n t  o f  t h i s  v a r i a t i o n  by show- 

i n g  t h e  f requency  d i  s t r i  b u t i  on o f  e s t i r a t e d  u n c e r t a i n t i e s  f o r  each oper -  

a t i o n .  
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The CMU data reduction code and ?NL uncertainty routine calculate  

conductance coeffi ci ents and conductance coeff ic ient  uncertainties.  

However, the CMti device i s  routinely used to  determine biofouling and 

corrosion rates  over long periods of time. I n  t h i s  application a deriv- 

a t i  ve quantity,  the fouling fac tor ,  i s  s ignif icant .  This parameter i s  

equal to the thermal resistance of the deposited biofoul ing 1 ayer and 

can be calculated from 

I n  t h i s  equation H i s  the calculated mean conductance coeff ic ient  for  a 

data s e t  and H o  i s  the calculated mean conductance coeff ic ient  for  the 

f i r s t  data s e t  of an experiment, representing the heat t ransfer  charac- 

t e r i s t i c s  of the tube for  "clean" conditions. 

I t  would be informative to use the conductance coeff ic ient  uncer- 

t a i n t i e s  predicted by the PNL code to estimate the uncertainties which 

could be expected when determining fouling fac tor  values. However, a 

foul ing fac tor  i s calculated based on the mean conductance coeff ic ient  

for a data s e t  and the PNL routine does not predict uncertainties f o r  

the mean coeff ic ient .  ( a )  While PNL i s  not aware of a valid technique 

for  assigning an uncertainty to  the mean conductance coeff ic ient ,  an 

attempt has been made to determine an average uncertainty which could be 

considered representative fo r  each data se t .  ( b )  These values and the 

corresponding estimated fouling factor  uncertainties appear in Table 2. 

( a ) ~ h e  reasons fo r  t h i s  will be discussed in Section 7.3. 

( b ) ~ h e  representative conductance coefficient uncertainty was obtained 
in the following manner: 

This relationship estimates a value which could be expected to be 
greater than or  equal to  952 of the individual r u n  conductance coef- 
f i c i e n t  uncertainties i f  the runs in a data se t  were repeated without 
bound  under sirili l a r  operating conditions. I t  should be emphasized 
tha t  t h i s  quantity i s  intended as a representative value of the uncer- 
t a i n t i e s  calculated for  a data s e t  and n o t  as an uncertainty in the 
mean conductance coef f i  ci ent. 



I t  should be noted t h a t  i t  i s  not possible to  ca lcu la te  a foul ing 

f ac to r  o r  foul ing f a c t o r  uncertainty from one data s e t .  Therefore, the 

fouling f a c t o r s  presented in Table 2 a r e  based on addit ional  d a t a ( a )  from 

the  three  bi ofouli ng experiments. The representa t ive  fouling f a c t o r  un-  

c e r t a i  rities were est imated by assurni ng equivalent  uncer ta int ies  f o r  the 

corresponding clean tube average conductance coef f i c ien t s .  Also, i t  

should be rea l i zed  t h a t  because of the de f in i t ion  of thermal r e s i s t ance ,  

only pos i t ive  values of the foul ing f a c t o r  a r e  meaningful. The negative 

values appearing i n  Table 2 a r e  a r e s u l t  of excessive data s c a t t e r  and 

should not be regarded r igorously.  

TABLE 2. Representati ve Conductance Coeffi c ien t  
and Foul i  ng Factor Uncertainties 

- 
Data Set  H AH' R f A R ~ '  

Description B t u / h r - f t 2 - 0 ~  ~ t u / h r - f t 2 - 0 ~  hr-ft2-"F/Btu hr-ft2-"f/Btu 

Keahole Point 

3123177-Uni t A 1028 t 41 0.00009 t o .  00005 
3130177-tini t A 980 i 19 0.00014 + O .  00003 
5102177-Unit B 5 38 + 12 0.00039 +O.  00006 
3108177-Uni t C 1119 i 15 0.00003 i 0 .  00002 
3116177-Uni t C 1117 + 21 0.00003 i0.00002 

St. Croix 

Gulf of Mexico 

( a ) ~ p e c i f i  cal l y ,  f i r s t  day "clean" tube average conductance coe f f i c i en t  
r e su l t s .  



7.0 DATA REDUCTION A N D  UbiCERTAINTY ANALYSIS P R O C E D U R E  LIMITATIONS 

Under favorable operating condi t ions ,  the Carnegie-Me1 lon University 

biofouling apparatus and data reduction routine represents  a precise 

technique f o r  determining the heat t r a n s f e r  proper t ies  in proposed CTEC 

heat exchanger tubes. The PNL uncertainty ana lys i s  subroutine provides 

ra t ional  est imates of the  measurement and ccmputational uncer ta in t i es .  

However, c e r t a i n  1 imi t i ng  considerat ions a f fec t ing  both of these  proce- 

dures shoul d be recognized. 

KATER TEMPERATURE FLUCTUATIONS 

Abrupt f l  uctuati  ons in the  ambient seawater terr~perature represented a 

major source of uncertainty i n  the Hawaii resul t s .  The problem i s  caused 

j o i n t l y  by nonideal operating condit ions and basic system design. I t  

occurs because of nonidentical thermal time constants in the apparatus 

reference and heater  cyl i  nders. Thi s  "tuning" probl em causes an;bient 

water temperature f luc tua t ions  during a data run t o  noticeably a l t e r  the  

thermopile vol tage output. Analysis of sample data runs indicates  t h a t  

a  O.l°C var ia t ion  in water temperature causes a 60 to  70-mV deviat ion in 

the rmpi  l e  output .  Figure 3 i l l  u s t r a t e s  t h i s  e f f e c t  f o r  one sample run 

from the Keahole Point,  Hawaii u n i t .  

The tuning problem a f f e c t s  the thermopile output during the  e n t i r e  

decay curve b u t  i t  i s  e spec ia l ly  troublesome a t  the end of the decay fo r  

two reasons. F i r s t ,  the voltage outputs a t  the  end of a run a r e  much 

small e r  and a constant  vol tage deviation represents a s i gn i f i c an t l y  

g rea te r  percentage e r r o r .  Second, the points  near the  end a re  used t o  

e s t ab l i sh  the zero point f o r  adjus t ing a l l  of the thermopile voltage da t a ,  

so the e f f e c t  of any deviat ion i s  doubled. The magnitude of t h i s  consid- 

e ra t ion  can be seen by looking a t  the zero points  f o r  a sample data s e t .  

For the 16 runs from the  May 2 ,  1977 Keahole Point da t a ,  the zero point 

varied from 145 t o  239 mV f o r  a range of 94 m V .  Theoretical analys is  of 

the  system co~ponents  indicated t h a t  the random var ia t ion from e l ec t ron i c  

sources should have been only 5 m V .  
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FIGURE 3. E f f e c t  o f  Water Temperature F l u c t u a t i o n s  on The rmopi 1 e Output 
(Data f rom tieahole Po in t ,  Nay 2, 1977, U n i t  2, Run 10) 



This problem presents d i f f i c u l t i e s ,  not only in establishing an 

appropriate mean thermopi 1 e  zero-point , b u t  a1 so in estimating the uncer- 

ta in ty  of the thermopile voltage data. As mentioned in Subsection 5.3.1 , 
the CMU data reduction code HTCOEF uses the standard deviation (STDZRO) 

of the values in the asymptotic window as the uncertainty for  the thermo- 

p i le  data. Figure 3  shows tha t  t h i s  value i s  not necessarily a  r e a l i s t i c  

estimate for  the overall thernlopi 1 e vol tage data variation. 

7 . 2  FLOW RATE FLUCTUATIONS 

Fluctuations in flow ra te  also present a  source of uncertainty caused 

by nonideal operating conditions and the fa i l  ure of the biofouling appara- 

tus to compensate for  them. Flow variations caused excessively high 

uncertainties during portions of the Gulf of Mexico tugboat operation and 

looms as a  potential problem in any surface-based experiment. 

Wave action near the surface can cause rapid variations of flow ra te  

in the sample tube. If the flowmeter does n o t  accurately record these 

f luctuat ions,  i t  wi 11 be impossible t o  calculate  an appropriate average 

flow r a t e ,  and severe e r rors  will a r i se  when the conductance coeff ic ient  

i s  veloci ty  normal i  zed. This occurrence i s  effect ively demonstrated by 

the Gulf of Mexico data se t  shown in Figure 4. As can be seen, the con- 

ductance coefficient resu l t s  before velocity normal ization were aui t e  

s table .  This fac t  indicates tha t  the flow ra te  did not osc i l l a t e  suf f i -  

c ient ly  t o  impair the a b i l i t y  of the device t o  determine a  conductance 

coeff ic ient  with a  high precision. Rather, i t  was the fa i lure  of the 

flowmeter t o  allow the determination of the correct average flow rate  

that  introduced the s i  gni f i  cant errors .  

7 .3  hTCOEF UNCERTAINTY PREDICTIONS 

When each of the 16 runs from a  standard data s e t  has been analyzed, 

the CMU computer code calculates  an average conductance coeff ic ient  and 

an associated er ror .  The method f o r  calculating the error  i s  based on 

the s t a t i s t i c a l  def ini t ion of the uncertainty in the sample mean. I t  
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FIGURE 4. E f f e c t  o f  V e l o c i t y  Normal i z a t i o n  on Conductance C o e f f i c i e n t s  
(Data f r om  G u l f  o f  Mexico, November 20, 1977, U n i t  1 , Runs 1-16) 



yields a  value equal t o  the standard deviation of the individual data 

points divided by the square root of the number of  points taken: 

According to  thi s  approach, the uncertainty of an experitxental device 

can be reduced without bound by taking a  number of readings and averaging 

the resu l t s .  

This niethod i s  n o t  en t i re ly  correct.  Taking additional readings will 

reduce the uncertainty in the calculated mean; however, thi  s  val ue may o r  

may not be the true val ue of the parent population mean. If only random 

errors are present in the system and suf f ic ien t  data points a re  taken t o  

approach a  normal e r ro r  d is t r ibut ion ,  the cal cu1 ated mean wi 11 , indeed, 

approach the t rue value and the reduced uncertainty wi 11 be correct.  

However, there will always be fixed er rors  in the apparatus and data 

reduction procedure which cannot be eliminated by averaging, and the 

s t a t i s t i c a l  uncertainty in the mean approach will n o t  be val id .  

The FML uncertainty analysis does n o t  u t i l i z e  t h i s  method and, in 

f a c t ,  does not attempt t o  assign an uncertainty t o  the data s e t ' s  average 

conductance coeff ic ient  a t  a l l .  Uncertainty estimates are presented for 

each individual run. They are then used as a  weighting factor  fo r  the 

individual data points and a  weighted average heat t ransfer  conductance 

for  the group i s  calculated. 

The three l imitat ions jus t  discussed are inherent in the CMU apparatus 

or  computational procedure. A1 t h o u g h  the PNL uncertainty analysis cannot 
correct f o r  them, i t  does estimate the e f f ec t s  of the f i r s t  two l imitat ions 

and provides a l te rna t ive  resu l t s  fo r  the th i rd .  The following 1 imitations 

are of a  d i f fe rent  nature. They represent factors  fundamental t o  the 

apparatus design or  operation and outside the scope of the PNL uncertainty 

analysis. 



7 . 4  THEREAL ENTRY EFFECTS 

One possible cause of e r r o r  resu l t ing  from a  c h a r a c t e r i s t i c  of the 

CI/IU design i s  thermal boundary l ayer  entrance e f f ec t s  in the copper heater  

cyl inder .  Because a  thermal boundary l ayer  i s  developing in the cy l inder ,  

the local convecti ve heat  t r an s f e r  coe f f i c i en t  ( h x )  changes a1 ong the 

length of the cyl inder .  Figure 5 shows t h i s  behavior q u a l i t a t i v e l y  as a  

function of axial  d is tance  in the cyl inder  ( x )  and normalized by the f u l l y  

developed coe f f i c i en t  (h,) . 

X -  

F I G U R E  5 .  Convective Heat Transfer  Coeff ic ient  in a Thermal Entry Region 

A t  the  axial  locat ion of the then iop i le ,  h x  i s  approximately 10% higher 

than h a ( 6 )  and t h i s  r a t i o  wil l  renain constant  even as  biofouling develops. 

As a  f i r s t  approximation then, the calcula ted value of the fouling f a c t o r  

wi l l  be approximately 10% l e s s  than the fouling f ac to r  f o r  a  f u l l y  devel- 

oped boundary l ayer .  



Actually, the problem i s  more complex. The CFlU device determines 

the local value of the overall thermal conductance between the sample 

tube and the seawater flowing through i t .  The local (t ix) and fu l ly  

developed (H,) values of the combined conductance can be expressed as 

and the r a t io  of these two quant i t ies  as 

Because h x / h m  i s  constant with respect to  time for  a given axial location, 

the r a t io  of tix/tim will decrease as biofouling accumulates. This behavior 

i s  i l l u s t r a t ed  in Figure 6 .  

FIGURE 6 .  Overall Conauctance Coefficient in a Thermal 
Entry Region as a Function of T i ~ e  



Therefore, as a t e s t  progresses, the local conductance determined by the 

CMU device and the fu l ly  developed conductance, which i s  the quantity of 

i n t e r e s t ,  will both change due t o  biofouling b u t  they will n o t  change a t  

the same ra t e .  

I n  summary, the location of the thermopile in an entry region will 

cause the calculated fouling factor  t o  be consistently lower than the t rue 

value. Further, the amount by which the calculated fouling fac tor  d i f f e r s  

from the t rue value will change as a function of time. Because b o t h  the 

CMU data reduction code and PNL uncertainty analysis analyze a group of 

data from one data s e t  only, i t  i s  n o t  possible to correct f o r  th i s  e f f ec t  

or  estimate i t s  uncertainty in e i the r  code. 

7 .5  APPARATUS FAILURES 

A t  l e a s t  three other possible design-related fai  1 ures fa1 1 outside 

the scope of both the CMU and PNL codes. Repeated heating and cooling of 

the copper heater cylinder or  other mechanical deviations could cause the 

cyl inder- to-tube contact resistance to change. This variation would show 

u p  di rec t ly  in the calculated heat t ransfer  conductance. Biofoul ing or  

corrosion of the flowmeter element would af fec t  the accuracy of the flow 

ra t e  measurement. Although th i s  would only indirect ly  a f fec t  the con- 

ductance coeff ic ient  in the velocity normal ization procedure, i t  could 

s t i  11 s igni f icant ly  inf i  uence the resul ts .  Finally,  under current oper- 

ating procedures i t  i s  not possible to monitor the flowmeter c i r c u i t  

e lectronic  d r i f t  b! recording zero-flow voltage readings on a regular 

basis.  The PNL uncertainty routine includes the estimated e f fec t  of long- 

term d r i f t  under normal conditions b u t  cannot account for  serious M I -  

functions. 

DESIGN IMPROVEMENTS 

Under the proper conditions, the CMU biofouling device and data 

reduction code, coupled with the PNL uncertainty analysis,  provide a 

highly accurate method for  determining the thermal resistance coeff ic ients  

of biological foul ing and estimating the i r  uncertainty. However, the 



l imitations presented in th i s  section suggest certain aspects of the 

design which might represent potential areas for improvement. 

Two of the l imitat ions discussed concern the configuration of the 

copper heater and reference cyl i nders. I t  mi gh t prove benefi ci a1 to 

modify the heater cylinder so tha t  the overall conductance coeff ic ient  

could be measured a t  a location with a fu l ly  developed thermal boundary 

layer.  Also, i t  would be desirable t o  minimize the water temperature 

fluctuation problem by matching the thermal time constants of the two 

cylinders. Making the cylinders more the sane s ize and using identical 

ins ta l la t ion  procedures f o r  the thermopile junctions in each cylinder 

would help achieve t h i s  aim. 

The flow measurement procedure resulted in a t  l eas t  three l imitat ions.  

An a1 ternat ive flowmeter (or  related electronics c i r c u i t )  might reduce the 

excessive random fluctuation of the flowmeter voltage signal tha t  can be 

induced by rapid water flow ra te  fluctuations.  I t  might also make i t  

possible to  have fewer mechanical elements in the flow stream and there- 

fore be less  susceptible to biofoul ing and corrosion. Finally,  i t  would 

be advantageous for  the flow measurement procedure to  permit regular 

monitoring of the flowmeter zero-flow voltage without disturbing the 

hydrodynamic conditions. 

I t  i s  d i f f i c u l t  t o  suggest a design improvement tha t  would eliminate 

the uncertainty associated with the cyl inder-to-tube contact resistance. 

Therefore, PNL recornends convecti ve coefficient versus velocity tes t ing 

(Nil son p lo ts )  fo r  each experimental unit a t  the s t a r t  and conclusion of 

a biofouling experiment. These data can be extrapolated to  estimate the 

contact resistance and would reveal any variation during the course of 

an experiment. 

Each of the suggestions discussed here was an inherent resu l t  of the 

uncertainty analysis conducted a t  PNL and does not r e f l ec t  an extensive 

examination of the CMU biofoul ing measurement device. They are intended 

as  considerations which should be investigated more fu l ly  in the aim of 

effecting meaningful improvements in the biofoul ing device. 
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CMU DATA REDUCTION CODE AND 
PNL UNCERTAINTY ANALYSIS ROUTINE 

Appendix A con ta ins  a  1  i s t i n g  o f  t he  CMU data r e d u c t i o n  code, HTCOEF 

(p.  A-2) w i t h  the  PNL u n c e r t a i n t y  ana l ys i s  subrou t ines ,  ERROR (p. A-20) 

and ERRES (p .  A -23 ) .  No changes were made i n  the l o g i c  o f  HTCOEF a1 though 

some of  the  sub rou t i ne  c a l l  statements and common s p e c i f i c a t i o n s  were 

s l  i g h t l y  mod i f ied  i n  o r d e r  t o  accomniodate the u n c e r t a i n t y  r o u t i n e .  The 

1 i s t i n g  presents the  code i n  the  fo rmat  used t o  analyze the  Keahole Po in t ,  

Hawai i data  on a  CDC CYBER 6600 computer. 
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PROGRAY HTCOEF 7 4 / 7 4  O P T s l  FTId 4 ,5+414 

6 0 5  F o ! ? ~ A T ( ~ O X , ~ O A ~ I  
W R I T E ( ~ , ~ Z ~ I  T I M I V L  

6 2 5  FORYAT(~SX,IITIME BETWEEN SUCCESSIVE VOI.T.AGE 2EADINGS n'4,f7,2, 
181 SECONOSIO 

W R I T t ( 6 t b 3 0 )  NPRELM 
6 3 0  F o R Y ~ T ( ~ ~ X , " N U M R E R  OF V ( T C )  POIVTS TAKEN BEFORE HgAT I S  CUT =18,13] 

W R I T E 1 6 t 6 3 5 )  NPOINT 
6 3 5  F o R Y A T 1 / / ~ 9 X t " T O T A L  NUMBER Of POINTS I N  THIS  DATA SET ~ " 9 1 4 )  

WRITE ( b t 6 4 0 1  
6 4 0  F o R Y A T ~ / * ~ X , ~ ( ~ X * ~ ~ I C H A I . (  IDAT4 I1 I  9 1 )  

h ~ I ~ E ( 6 * 6 4 5 1  ( I C H A N I I I  t I D A T A ( I 1  , I a l * t J p O I ~ t )  
6 4 5  F o R Y A T ~ ~ { I A * I ~ ) )  

C 
r: BEGIN 4NALYSIS WITH THE F I R S T  OCCU2RENCE OF CHANNEL 0 .  (BLANKS CAN A 
C ON LEFT Or F I R S T  DATA CARD), 
C 

1.0 
112 I.1+1 

IF~ICHAN(II rnNErn0) GO TO 110 
I R E o I N ~ I  

L 
C F ~ L L  THE I R E A L I  VTC* VTH* AND VFM 4RR4YS BEGINNING Y I T H  THE ZERO T I Y E  
C (SKIP INITIAL STEADY STATE POINTS) .  THE FOLLOYING COOE ASSUMES THE D 
c POINTS ARE NOW IN PROPER SEQUENCE ( 0 ,  l t Z )  
c 

J B E G I N * I ~ E G I N * ~ * ( N P R E L M - ~ )  
I TCIO 
I TH=O 
I FM." 
DO 118 J.JBEUIN~NPOINT 
I D I R F T ~ I C H A N ~ J I  + 1  
GO TO ( 1 1 5 , 1 1 6 , 1 1 7 ~  , ID IRCT 

1 1 5  ITC. ITC* l  
TTC(ITC).(J-JBEGIN1.TIMIVL 
V T C  (ITC).-IO~TA(J) 
G O  TO 118 

1 1 6  I T H X I T H * ~  
VTH(1TH)a - IDATA(J )  
TTH(ITH)u(J-JBEGIN)*TIMIVL 
GO TO 1 1 8  

1:7 I F H s I F M t l  
VFM(IFM)=-IDATA(J) 
TFM( I F w ) s ( J - J B E G I N )  * T I H I V L  

1 1 8  CONTINUE 
ITCENDsITC 
ITHENO*ITH 
I FMEPJD-IFY .- 

L 
C  PRINTOIJT OF OATA WHICH HAS BEEN SHIETEP 10 BEGIN AT ?HE TIME WHEN THE 
C I S  CUT ,. 

k R I ~ E ( a ( 6 1 0 1  NPFELMtT IMIVL  
6 1 0  F o R Y ~ T ( / / , ~ X , " P R I N T O U T  OF SHIFTED DATA WITH YPRELM e " * I 3 ,  

1 n AND I I H I V L  r l l tF5,1*11 sECON?S;~~) 
NRITE Lbp6121  ITCEND 

6 1 2  F O R Y A T ~ / / ~ ~ X ~ * ~ C H A N N E L  0 - THERMOPILE i "914*1r  POIN!S) l ' r / *  
~ ~ ( ~ x , " ~ T C " * S X * ' ~ V T C ~ ~ , ~ X I  



c DETERMINE THERMOCOUPLE ZEROIPOIN! AND IT: RMS DEVIATION T O  BE USED 
C I N  WEIGHTING FACTOR 
C 

I Z E R O B r I T C E N D ~ N Z E S Q + l  
IzEROE*ITCEND 
~ u ~ z K 0 * 0 , 0  
DO 1 2 0  I=IZEROB~IZERO~ 
SUMZROqSUMZRO*VTCII) 

1 2 0  CONTINUE 
VTCZR09SUMZRO/NZERO 
SUHVaR*O,O 
0 0  1<5  I ~ I z E R O R ~ I Z E R O E  
SUMvAR*SUHVAR*(VTC(I)-VTCZRO)**Z 

125 CONTINUE 
V A R Z R O ~ S U M V A R / ~ N Z E R O - ~ )  
STDzRO3SQRT (VARZRO) 

r: 
c ADJUSTING R A W  D A T A  FOR ZERO POINT 
C 

CO 1 2 7  I r 1 , I T C E N D  
V T  c ( I 1 ~ V T C  ( I I WVTCZRO 

127  CONTINUE 
k ~ a I ~ E f b e 6 5 0 )  NZERO9VTCZRO 

6 5 0  F o R v A T ( / / ~ ~ O X * I I Z E R O  POINT FOR T i 1 5  MEASUREMENT DEIERMINED FROM THE 
1 L A ~ T ~ , l 4 , 1 1  THERMOPILE DATA P O I V T S  a f l9F9 ,2 )  

~ 7 I ~ E 1 6 , 6 5 5 )  STDZRO9VARZRO 
6 5 5  fgRyAT(20X,"RMS D E V I A T I O N  FROM ZtRO POINT s l l p ~ 8 , 2 9 / 9 2 0 X ,  

1 I IVARI~NCE (USED IN WEIGHTING OF'DATA F O R  F I T )  ~ l l t F 9 * 2 )  
r 



IF (TMINeGTmOIO)  GO TO 1 4 0  
T M I v = O * O  
L R E G I N V I  
GO TO 1 4 0  

1 3 0  CONTINUE 
DO 135 I q 1 , I T C E N D  
I F ( T M I Y ~ @ T ~ T T C ( I ) )  GO TO 135 
L B E G I N ~ I  
GO TO 1 4 0  

135 CONTINUE 
1 4 0  CONTINUE 

I F ( T M 4 X e G E e M A x T I M )  TMAXa- l aO  
IF ITMAXaGTeO!O)  GO TO l * S  
TMAXmM4XTIM 
LENDmITCEND 
NPT$LTq /END-LBEGIN*1  
GO TO 150 

145 CONTINUE 
DO 1 4 7  I ~ L B E ~ I N * I T C E N D  
I F ( T T C I 1 )  eLT!TMAX) GO TO 117  
LEND* I m 1 
N P T F I T ~ L E N D - L B E G I N * l  
GO TO 1 5 0  

1 4 7  CONTINUE 
1 5 0  CONTINUE 

r. c FILLINR A4RAY WITH VARIABLES FROM T I M E  MWINDOWSN 
C  

DO 155 I e 1 , N P T F I T  
L ~ L R ~ G I N I I - ~  
X ( I ) = T T C ( L l  
V T C S H F I 1 ) o V T C I L l  
T T H s H P ( I )  VTTR(LI 
v ~ n s w  11) m v T n ( L )  
T F M s H P ( I ) ~ T F M ( L )  
VFMSdF I I )  *VFM ( L )  
A R G I * A U S ( V T C ( L ) )  
I F ( 4 R G 1 . L T e 0 1 0 0 1 )  ARGla0 .001  
Y ( I ) = ~ L o G I A R G ~ )  
ARG38VTC ( L )  
I F ( A ~ G ~ ~ E O I O ~ O )  4RG3ae001  
S I G Y ~ Y I I I ~ S T D Z R O / A R G ~  

155 CONTINUE 
CALL  L ~ N F I T ~ ~ ~ Y ~ S I G M A Y ~ N P T F I T ~ ~ * ~ ~ S I G ~ A A I ~ ~ S ~ G M A B * R ~ ~ T ~ C ~ I S Q R ~  

1 C H I T O I v S T D )  
DO 1 5 7  I ~ l ~ N P T F I T  
Y F I T  ( I  ) =A+B*X  ( I )  
A R G ? ~ A ~ S  (VTCSHF ( 1 )  ) 
I ~ ( 4 U Q d e ~ T ~ 0 e 0 0 1 1  ~ A G ? = o ~ 0 0 1  
D I F f ( I I 8 Y f  I T ( I ) - A L o G ~ A R ~ Z )  

157 CONTINUE 
2 
C F I T T E D  V ~ R I A B L E ~  AN0 ERRORS TRANS~ORHED 1 0  V A R I A B L E S  OF THE PROeLEM A 
C THE IR  E H R J ~ S  
C 

-. V O = E X P  ( A )  
v o H I ~ H r E x P ( A * S I G M A A )  



FTN 4 , 5 * 4 1 4  

VOL!3W=CXP(A-SIGMAA) 
T A U = - l * O / 9  
T A U H I ~ * ~ ~ O / ( @ * S I G M A B )  
TIULOUJ-1 t o /  16-SIGMA~I 
WINTAUIITYAX-TMIN)/TAu 
W Q I T E ( 6 t 6 6 0 )  I F I T t I S E T  

660  FORVAT L / / / / t 2 0 X * 1 1 F 1 T 1 1 t 1 3 t 1 1  F O R  DATA S c T l f t  I 3 , / )  
W R I T E ( b t 6 0 5 )  LABEL 
w Q I ~ E ( b p 6 6 5 )  

6 6 5  FORqAT l / t 2 0 X t " f I T  DATA (ADJUSTED FOR ZERO POINT)  1 0  STRAIGHT L I N E  
10F THE FORM Y'A*B*Xv W H C R E " ~ / ; ~ S X ~ ~ ~ X  a Tb*,/t25X,NY a  L N ( V T C ( T ) ) I l t  
E / t 2 5 X t t 1 A  a L N ( V ( T a 0 1  ) I1 , / (25X t1 ld  t -1/TAu11 

~ 4 1 ~ E ( 6 ~ 6 7 0 )  NPTFIT*TMIN,TMAX,NIdTAU 
6 7 5  F O R Y A T ( / ~ 2 0 X t ~ O N L Y ~ * t 1 5 t t ~  DATA POINTS WHICH S A T I S F ~  THE CRITERIA  T, 

1GTewt?7*Z, l1  SEC .ANDO T ! L T ; ~ ~ ; ~ ~ ~ ~ ~ N ' s E c N ~ / ~ ~ o X I I I A ~ E  INCLUDED I N  TH 
2E F I i " t / r 2 0 X t " T H I S  r l I N 0 0 u  I S t 1 t F 6 0 Z , "  T I M E  cOVSTANTS W I ~ E I ~ )  

W ~ I T E ( 6 t 6 7 5 )  A , S I G M A A ~ B ~ S I G M ~ ~ V C ~ ~ I T O T # S T D , R  
6 7 5  FORYATI/,EOX,ttRESULT OF THE F f T 1 1 , / , 2 S X t f l ~  0 1 ~ ~ F 1 0 0 ~ t 7 X t " S I G M A A  r"t 

1  F 1 0 , 7 ( / 1 2 5 X t " B  a I ~ ~ F 1 0 0 ? t 7 ~ t ' ~ S I ~ M A B  * 1 v ~ F 1 0 0 7 , / 1 2 S X ~  
2 I ~ C ~ I S Q R  s + * t F 1 0 0 3 t / t ~ 5 X ~ ~ * S T D  * u , ~ l ~ i 8 ~ / , 2 5 ~ ( ~ ~ ~  :,tI*F8,4) 

h 4 R I ~ E ( b t 6 8 0 1  VOtVOLOWtVOHIGH 
6 8 0  FORYAT( / ,20Xt l 'OR(  I N  TER)*S OF V4RIAt )LcS OF THE P R O B L E M ~ ~ , / , ~ ~ X ,  

1  11V (T.01 a t l t F 8 , l  ~ ~ X ~ I I E R R O A  RII\NGEiIpF?,I T O I I t F B r l  I 
~ f ? I ~ E ( 6 , 6 8 5 1  T A U ~ T A U L O W ~ T A U H I  

6 8 5  F o R ' ~ A T I ~ ~ x , " T A u  ~ ~ I , F B O ~ , ~ ~ X I " E R R O R  RANGEn,F9,39" IOn tF8 ,3 , / )  
C  
C  CONVERTING THERMISTOR SIGNAL TO UATER TEMPERATURE ( C l  AND 
C FLOW METER SIGNAL TO FLOW VELOCITY ~ F T ~ S E C ) ~  
C 

SIJMTW*Q I 0  
SUMCV-0 ,O 
Q T O V ~ O * ~ O ~ S / T U ~ E I D * * ~  
A L I Y F H ~ A V O L F A * S Q R T  ( 1  . O / V E X ~ I  TI~YAMP) C O T O V  
N P T A V E ~ N P T F I T - 1  
DO 1 6 0  IZ~VNPTAVE 
T W A T ~ R I I ) I T ~ I N T ~ T ~ S L P * ~ O ~ O O ~ * V T ~ S H F ~ I ) )  
SUMTW.SUMTW+TWATER(I) 
F L O V ~ L ( I ) ~ A L I N F M * S O R T ( V ~ M S ~ F ( I ~ - V F M Z R O )  
SUHFV~SUMFV*FLOVEL( I )  

1 6 0  CONTINUE 
AVET*~SUHTW/NPTAVE 
AVEFVaSUMFV/NPTAVE 

C 
C STANDARD DEVIATION OF WATER !EHP$ttP!URk AND FLOW VELOCITY OVER ANALYS 
C WINDOW 
C 

SUMSQTa0,O 
SI)MSQFaO o 0  
00 165 I = l t N P T A V E  
SUMS~T?SUMSPT*(TWATER(~I~AVETW)..~ 
SUMSQFaSUMSQF* (FLOVEL I I 1  - A V E F V )  * * 2  

1 6 5  CONTI??!IE 
STDTWsSGRT(SUHSOT/(N?TPkE-1)) 
STDcVaSORT (SbMS3F/  ( U P ~ A J C - ~ )  
w R i T t ( b * b Y b )  

6 8 6  F o R ~ P I '  I"CO~~VERTCC~ L ~ A T A  DOH! Ul> q f 4 4 L ~ s : s  u l ~ f ~ t ; O w ~ * ~ / / ,  
l l O A + " T I Y E  ( S ~ C ) ~ I , ~ X , ~ ~ T I ! E N ' ~ ~ ~ ~ L :  ' ~ U L T ~ ( > E ~ I , ~ ~ X , ~ ~ T I I ~ :  ( 5 E C ) I i s  



PROGRAM HTCOEF 7 4 / 7 4  o P T = l  FTN 0 , 5 * 4 1 ~  

2 3 ~ ~  "WArER TEMP ( C ) " t  1 3 X v " T I M ~  I S t C ) 1 1 ~ 3 X * l * F L O W  VELOCITY I t *  

311 ( F T / S E C ) " r / )  
W ~ I T k ( 6 ~ 6 8 7 )  ( X ( 1 )  t V T C S H f l I )  * T ? H S n F [ I )  * T w A T E R ( I )  * T t M S H F ( I )  P 

1 F L O V E L f I )  9181  *NPTAVE) 
W R I T E ( ~ ~ ~ ~ ~ ) I X ( N P T F I T ) ~ V T C S H F [ N P T F I T ) )  

6 8 7  F 0 R ~ A T ~ l X ~ F 1 6 m l ~ F 1 8 ~ 1 ~ F ~ 6 ~ 1 ~ ~ 1 ~ ~ ~ ~ F 2 ~ r l t F 1 9 ~ 3 ~  
W R I T E 1 6 t 6 8 8 )  AvETw,sTDTW,AVEFV,STDFV 

688 F D R Y A T ( / ~ ~ o X ~ ~ A V E R A G E  WATER TEMPERATURE IS",F8.3*v PLUS OR MINUS" 
1 * F 6 , 3 * / ,  ~ O X P ~ ~ A V E R A G E  FLOW VE~~CI!Y I S t 1 , ~ 7 a 3 * l t  PLUS OR M I N U S " * f 6 * 3 t  
2 / / )  

C 
C  CCN COVVERTS TAU TO H, CORRECTS H FOR HEAT LOSSES TO THE A IR  AND TO T  
C  J A L L s r  ANCJ NORMALIZES THE RESULT 15  70 F! 
C 

CALI. C C N ( T A U ~ A V E T W ~ A V E F V , ~ I N T R ~ A ~ C N ~ ~ I ; C N ~ C C C N , D C C ~ ~ ~ A K T U B ~ ,  
1  A K C Y L , R A D ~ ~ H A D ~ ~ R A D ~ ~ H ~ I R * ~ L N G ~ ~ ~ T ~ H W L L * H C O R N R ~ H ~ O R N )  

h ~ I T E t 6 , 6 9 0 )  
690 FORYATl / / r2GXe' tDETAILS Of ~ I T 1 l t ~ ~ ~ l O X ~ ~ P O I ~ T ~ ~ ~ l l X ~  

1 I ~ T ~ M E ' ~ ~ ~ X ~ ~ ' V T C ( O B S ~ ~ ~ ~ ~ X ~ ~ ~ L N ( V T C ( O B S )  ) t I p 3 X , l t ~ N ( V T s l F  I T )  ) I t ,  
2 ~ X ~ ~ ~ D I F P E R E N C E ~ ~ ~ ~ X , ~ ~ W € I G ~ ~ T ~ ' P ~ X ~ ~ ~ C H I S O R ~ ~ , / )  

W R I ~ E ( 6 t b 9 5 1  l I ~ X l I ) ~ V T ~ S H F l I ) ~ Y ~ I l ~ Y ~ I T [ I ) ~ ~ T l I ~ ~  
1  c H I S Q R ( I )  ( I s l t N P T F I T )  

69s F O R M A T ( I ~ S ~ ~ E ~ S * ~ )  
end CONTINUE 

CALL E R R O R I I S E T , S T D Z R O I B ~ S I ~ M I \ B ~ ~ A U ~ A ~ E T W ~ A V E F V ~ S ~ O T ~ ~ ~ T D F V ~  
c Q T O V , A L I N F M ~ ~ C O U N ~ N ~ E ~ O ~ N P T A V E , F M A M P ~  

CALL STORE ~ I S E T ~ A V E T ~ ~ S T ~ T ~ ~ A V E P ~ ~ ~ T ~ F ~ , T A ~ , H C O R N R ~ ~ ~ ~ R N ~ ~ ~ I T ~ T ~  - - -  
GO TO 1 

999 CONTINUE 
WRITE (6 ,700 ) I S L T  

7 0 0  FORYAT ( l H 1 t N I S L T  a " r I 3 r / )  
 WRIT^ 16,701 ) 

7 0 1  FORPIAT 11X.nTHE GEOMETRICAL DGTAILS O c  THE EXPTI U N I T  ARE AS BEL3Y 
ll@,/) 

WRITE 16,702) R A ~ ~ * R A D ~ P A A D ~ * A L V G T H ~ T T H W L L  
7 0 2  F O R Y A T ~ ~ X ~ ~ ~ R A ~ ~ = ~ ~ ~ F ~ ~ ~ ~ ~ / ~ ~ X ~ ~ ~ Q ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ ~ ~ / ~ ~ X ~  

l ~ ~ A ~ 3 r ~ v F 1 0 ~ 5 t / ~ 1 X ~ ~ ~ A L N ( j T ~ ~ ~ ~ ~ ~ l 0 ~ 5 ~ / ~  ~ x + I I T T H W L L = ~ ~ ~ F ~ O I S ~ / / ~  
WHITE L6*703 )  

7 0 3  F o R v A T ( ~ x * H S O M E  OF THE PHYSICAL PROPERTIES OF THE ExPT, V k I T  ARE 
1 4 s  BE LOW^^/) 

W R I T S  ( 6 , 7 0 4 )  AKTUBEpAKCYLtHAIH 
7 0 4  FORYAT ( ~ X , ~ A K T U B E ~ ~ ~ , F I O , S ~ ~ ~ I X ~ ~ ~ A K ~ Y L ~ I ~ ~ F ~ O ~ ~ , ~ . ~ X ~  

l ~ A ~ R = l r * f  1015 , / / )  
W R I T E  ( 6 , 7 0 5 )  

705 FoRYATI~x , I~SOME OF THE CALIBRATION CONSTANTS FOR THE EXPT, U N I T  PR 
1~ A S  a c L o w t t * / )  

J R I T E  ( 6 , 7 0 6 )  T H I N T ~ T H S L P I A V O L F Y ~ V E X C ~ T , A C C N ~ B C C N * C C C N ~ D ~ C N ~  
I H I N T R  

7 0 6  F O R Y A T I ~ X ~ ~ T H ~ N T ~ ~ ~ ~ F ~ ~ ) ~ ~ ~ ~ * ~ X ~ ~ ~ T ~ ! S L P ~ ' ~ ~ F ~ O ~ ~ ~ / / ~  l A *  
~ ~ A v o L F H ~ ~ ~ ~ F ~ O ~ S ~ / ~ ~ X ~ ~ ~ Y E X C I T L ~ ~ ~ ~ ; ~ O . ~ ~ / / ~ ~ X ~  
~ ' ~ ~ C C N ~ ~ ~ ~ F ~ O ~ ~ ~ / ~ ~ X ~ ~ ~ B C C N S ~ ~ ~ F ~ ~ ~ ~ * / ~ ~ X ~ " C C C N I I ~ ~ F ~ ~ ~ ~ ~ / ~  ~ X P " D C C N ~ " *  
3 F l O . ? * / / t  l X ~ ' @ f i 1 N T R ~ ~ ~ ~ F 1 0 ~ 5 ~ / / )  

CALL RESIJLT 
CALL ERRES 
STOP 
EVD 



LINFIT WAS L I F T E D  FROM " O A T A  REDUCrlON AND ERROR ANALYSIS FOR THE PHY 
SCIENCES" BY BEVINGTON~ PAGE 10r 

DOUSLE PRECISION S U Y ~ S U M X * S U M Y t S U M X Z ~ S U M y 2  
DOU3LE PRECISION X I ~ Y I , M E I G H T P D E L T A ~ V ~ E  
OfMENSlOY X ~ ~ ) ~ Y ( ~ ) ~ S I ~ M A Y ~ ~ ) ~ C ~ I S Q A [ ~ ) , W T ( I )  

ACCUMULATE WEIGHTED SUMS 

1 1  SUMxO* 
SUMX~OI 
SUMyaO I 
su~xC.0, 
SUMXY=O, 
SUMYZ-J, 

2 1  DO 50 I = l * N P T S  
x I ' x ( I )  
Y I ~ Y ( I )  
I F ( M O O E I  3 1 ~ 3 6 t 3 8  

3 1  IF(YI) 34,36932 
32 W E I ~ H T = ~ , / Y I  

GO TO 4 1  
34 UEIBHTI~./(-YI) 

GO TO '1 
36  WEIGH^^^, 

GO TO 4 1  
38 W E I G H T + ~ . / S I ~ M A Y ( I ) . C Z  

W T ( I l * H E I G H T  
4 1  SUMmSUM*WEIGHT 

SUMX~SUMX*WEIGHT*XI 
SUMY=SUMY+WEIGHT*YI 
S U M X ~ = S U M X ~ + W E I G H T * X I ~ X I  
S U M X Y ~ S U M X Y + ~ E I G H T ~ X I * Y I  
SUMyZ.SUMYZ+WEIGHT*YI+YI 

5 0  CONTINUE 

CALCULaTE COEFFICIENTS AND STANOARD DEVI!TIoNs 

5 1  DELTA=SUM*SUMXP - SUMXaSUMX 
AB(sUMX~*SUMY a SUMX*SUMXY)/UkLTA 

5 3  B=(SUMXY*SUM SUMX*SUMY)/cELTA 
CHITOT*OeO 
DO 55 I * l g N P T S  
C H I S O R I I I ~ W T ( I ) * ( A + B * X ( I ) - Y ( I ) ) ~ , ~  
C H I T O T ~ C H I l O T * C H I S O R ( I )  

5 5  CONTINUE 
6 1  I F ( Y 0 D E )  6 2 ~ 6 4 9 6 2  
6 2  vI\R~;CEwl, 

GO TO 6 7  
6 4  CcNPTS-2 

V A R V C E ~ ~ S U Y Y ~  + A*A*SUM B*U*SUMXZ 
1 -Z.*(A*SUMY + B*SUMXY - A * B * S U q X ) ) / C  

67 S I G Y A A + O S O R T ( V A R N C E * S I J M X Z / D E L ~ )  
6 8  SIt iB.qAea3SORT f VSWNCE*CI111.~~)~.LT~l 

7 1  Rx(SUY*SUFIXY - SUMX*SUhY)/ 
1 DSnRTfDELTA*fSUM*SUMY2 - SUMY*SUMY)) 
s ~ O S ~ ~ N P T S / ( N P T S - ~ * ) ) * ( ~ H I T O T / S U M )  
STD.SQWTISTDS) 
R E T u ~  
END 



SUOROUTIYE CCN 7 4 / 7 4  r )PT= l  F T N  4.5*?14 0{/14/78 

SUBROUTINE C C N ( T A U * T W A T E R ~ F L O V E L * H I N T R ~ A ~ B ~ C ~ D ~ A K ~ U B E ~  
1 AKCYL tRAD l  ~ ~ A D ~ ~ R A ~ ~ ~ H A I R ~ A L N G T ~ ~ T ? H w L L , H ~ o R N R ~ H ~ o R N )  

COMYON / R L K A /  VNOMtHRSLPE 
COMYON /ELKC/  H U N C O R ~ F N ~ A U ~ H ~ I ~ ~ ~ C ~ R A ~ R W A L L S , H C ~ R ~ H C O R N ~  

T A U  IS CONVERTED T O  ti a Y  THE RELATION 
L N ( H )  3 A * B * L N ( T A U )  C * ( L N ( T A U ) ) * * 2  + ~ + L N ( T A U ) ) + * ~  . 

T H I S  RELAT ION I S  A F I T  TO ?HE-NUMBERS ?HAT WERE GENERATED BY HTAU ( F E  
TWO-cYLINOER PROGRAM) 

1 F ( T * U 1 L T e O e 0 0 0 1 )  RETURN 
FNTPU*ALOG(TAU)  
F N H C A * ~ * F N T A U * C + F N T A U * * Z + D * F ~ Y T A U * * ~  - - 
HuNCORIEXP(FNt4) 
~ w A T R R ~ ~ , ~ / H ~ N C ~ R - H I N T R  

CORRECTIONS FOR HEAT LOSS TO 4 I R  4NO TO WALLS OF H E A I  
EXCHANGER TUBE. SEE PAGE 1 1 0  O r  L A 0  BOOK 11, 

HWTUWRW~.U/HCORA-HINTR 
H W T U ~ = ~ , O / H W T U W A  
W ~ L C O N * ( E ~ O / A L N Q T H * ~ ~ ~ O ) * S Q R ~ ( A K ~ U B ~ * ~ T H U ~ ~ ~ ~ ~ ~ O ~  
R W A L L S ~ W L L C O N / S Q R T ( H W ~ U W )  
HcORAW~HWTUW* ( 1  ,o-RWALLS) 
H c O ~ R = ~ . O / H C O R A W ~ H I N T R  
HCOR-1 .O/HCORR 

NORMALIZE HCOR TO 7 0  F BY ?HE FACTOR (! , 012oTWh lER)  

A ~ o ~ M ~ ~ l . o * , O l 2 * 7 o . ~ ~ ~ 1 ~ o * ~ o l i ! * ~ ~ ~ 8 * T W A T E R ~ 3 ~ ~ l )  
HCR~WNIANORM*HCORAW 
HCRNTR~~.O/HCRAWN+HINTR 
HCORNT~~ .O /HCRNTR 
W R I T E ( ~ * ~ O O )  

6 0 0  F o R Y A T ~ / / ~ Z O X , ( I T I M E  CONSTANT (TAU1 CONVERTED TO HgAT TRANSFER COSF 
l F I C I E N T  (II) WITH CORRECTIONS FOR HEAT L O S S I @ ~ / , ~ O X ~  
2  "TO AIR AND TO H E A T  EXCHANGER TUBE wALLSn) 

~ ~ I ~ E ( 6 r 6 0 5 )  HUNCORIHIN~RIRAIRIRWALLSIHCOR 
6 0 5  F O R M A T  (25X, l lH  (UNCORRECTED) =1 ' tF812, '~  BTu/ (HR F T  + *$  F )  " , / r  

1 ~ S X * " ~ ~ O / H I N T E R C E P T  o " t f 9 e 6 e "  t B T ~ / t i h  F T * * Z  F ) * * - l n t / ,  
2  25x , l tRA IR  ~ V , F ~ * ~ * / I ~ S X * " R W A L L S  =Il,F!.5,/, 
3 ~ S X ~ " H ( C O R R E C T E D )  r ~ ~ , F 8 , Z t l l  BTu / (HR  f T c * 2  F ) n )  

~ ~ I ~ E ( 6 v 6 1 0 )  
6 1 0  F O R M A T ( / t Z O X t " W ( C O R R E ~ T E D )  N O R Y A L I Z E D  TO 7 0  F  (NOHMAL IZAT ION S T H I C  

I T L Y  NOT CORRECT SINCE THE I E ~ ~ P E ~ A T U ~ E - I N D E P E Y D E N ~ " , / ~ Z O X I  
2  FOOLING C O N ~ R I ~ U T ~ O N  I S  MOT $J+TRICTED FROM HlCORREC?EU) f l )  

W ~ I T E  ( 6 , 6 1 5 )  AtJ09MrHCOfiNTthCRNTR 
6 1 5  FoRYAT 1 2 5 k ~ t * ~ O W M A L l  ZAT ION F a $ r O A  =11rF6,3,/,2SX,"H ~ C O R R F : C ~ E O ~ N O R H ~ L  

1 I Z E D )  a " * F 8 e r ? t t 1  d T U / f H f )  F T ~ * C  ~ ) t 1 ~ / ~ 2 5 r ( s l l l , ~ / H ( C O ~ R E C T ~ D ~ N O R M A ~ I Z E  
29) r " + C Y , ? * )  



C NORMPLISE FOR NOMINAL VELOCITY 
V8Rm FLOVEL * *  ( - 0 . 3 )  
VNOYHQ. VNOM *s ( - 0 . 0 )  
VELCORQ HRSLPE + (V8R - VNOMBd ) 
H c O Q N R ~  HCRNTR - VELCOR 
HC09Na 1 ,  / HCORNR 
WRITE ( 6 1 6 1 6 )  VNOMIHRSLPE 

6 1 6  FORVAT ( / 1 2 ~ X ~ I ~ N O M I N A L  Y ~ L O C I T Y  ~ l l 1 F 8 , 3 ~ / ,  
lZOX,"SLOPE USED FOR VELOCITY N59MALISaT ION . t l t E 1 2 r 5 , / / )  

WRIT t  I ~ I ~ ~ ~ ) ~ V E L C O R , H C O R N F , ~ H C O ~ N  
6 1 7  F O R V A T  I E O X ~ ~ ~ C O R R E C T I O N  IN ~ / H ' D u ~  T O  VELOCITY NORMALISATION . I # ,  

~ E ~ ~ , ~ I / I ~ O X I ~ ~ / H  AFTER VELOCITY ~ O R H A L I S A T I O N  a 1 1 ~ 6 1 2 1 5 , / l  
220X1"H AFTER VELOCITY NORHALIS~TION*"tF8e21//) 

RETURN 
END 



SUHROIJTINE LKTBLE r 0 / 7 4   OPT=^ F T N  4 , ~ + 4 1 4  

S U H R O U ~ I N E  LKTALE ( I S L T ~ R A D ~ * ~ A D $ , A K T ~ E , T T ~ W L L ~ H I N T R ~ T U ~ E I D )  
COMYON /BLKA/ VNOY,HRSLPE 
COMYON /6LKa/  T H I N T ~ T ~ S L P ~ V E X C I T I A V O L ~ , A C C N ~ B C C ~ . I ~ C C ~ N ~ D ~ ~ N ~  

c DLTTHI,DLTTHS*OLTAVO,DLTHRS,OLTFIT 
GO TO ( 1 0 ~ 2 0 t 3 0 , 4 0 ~ ~ 0 * 6 0  ) t ISLT 

1 0  CONTINUE 
C THE SELECTED UNIT  I S  0 ALUMINUY P I P E  NO, 3  ( AL 6 0 6 1 - 1 6  ) 
C NOMINAL FLOW V E L ~ C I T Y  I S  3 1 0  t T s / S E C  

T H I v T ~  16, 7 8 8  
THSLP= 1,1884 
~ ~ x ~ i T . 5 ~ 1 2 0  
AVOLtM*43a6 
ACCVa 13,384 
occv t  - z . e i 3 4  
CCCYa 'J.36327 
D C C P  -0 .024781 
A ~ T ~ d € 8 8 9 ~ 5  
T T H w L L ~ O  , 0 3 7 5  
T l J6E lOq l .044  
RhOlS  0,522 
GAD,?= 0,6485 
HIlVTHo 0,O 
VNOh4=3 10 
H q S ~ P E ? 0 , 0 0 3 6 2 5  
~ ~ T ~ H I q 0 , 1 0 4 5 8  
DLTTHS30.01867 
DLTAVO*0,210 
~ ~ T ~ ~ S ~ ~ , o o ~ ~ 6 8  
D ~ T ~ I T a 3 , 7 7 7 0  
GO TO 66 

20  CONTIN~JE 
C THE SELECTED U N I T  I S  t ALUMINUM P I P E  NO. 5 ( AL b061-Tb ) 
C NOHIN&L FLOW VELOCITY I S  7 - 0  F T ~ / S E C  - .  

- .  
T H I Y T =  19 ,466 -  
T H S L P ~  1.1852 
V E X C I T ' S ~ ~ Z  
AVOLfMq44.6 
ACCv' 13,384 
B i C V a  *2,813Q 
CCCY* 0  ,36327 
D c C q =  -0 .024781 
AKTiJbEJ89r5 
TTHdLLa 0.0570 
T u B ~ I O s 1 ~ 0 4 4  
RAOI= 0 .522  
RADZ'  0.649 
HINTH= 0.0 
v r~o~ . i=T  ,o 
~ ~ S i p E s O , D 0 3 6 2 5  
DLTTHI -0 ,09116  
01-Ty~S=U.01554 
DLTAVO=0,24Z 
r i ~ T + S ~ 0 , 0 0 0 0 6 d  
n ! - T r I T = 3 , 7 7 7 J  
GO yo Oh 

3r: i: ( > P i  y 1 rJlJrl 
C Tlik 5i:i::LTt; UNIT  IS h - -  r i T n N l , j , . \  "IPc il5.1 ( 7 1  a 3 j 7 - i ~  ) 



FTN 4 e 5 ' 4 1 4  

C NJMINAL  FLOW VELOCITY I S  6 e 5  F T e / S E C  
THIUT= l 8 . 5 2 8  
TMSLP* 1.1917 
v ~ x c I ~ s S . 1 2  
A V o ~ F M a 4 5 r 7  
A C C v  36.084 
e c c v  -16 .27 t  
CCCqS 3,0628 
DcCY= ~ 0 , 2 0 6 d 2  
A ~ l ' ~ 8 E ~ l 2 . 7  
T T t l ~ L L ~ 0 . 1 2 2  
7 ~ 0 ~ 1 0 ~ 1 , 0 5 5  
RAOl' 0.5275 
RADZ* 0,6495 
HINTHI 0,O 
VNOY'6 a 5 
H R S ~ P E * 0 , 0 0 3 6 3 2  
D L T T H I * ~ ,  0 8 2 2 8  
DLTTHS*OeOlC77 
D ~ T ~ V 0 8 0 , 0 1 7 3  
D ~ T 4 H S q 0 ~ 0 0 0 0 3 2  
D ~ f F I T * l B r 6 7 0 6  
GO TO 66 

4 0  cONTINOE 
C THE SELECTED U N I T  I S  FOUR 

T H I V T ~ O .  o 
THSLP'O. 0 
VEXCITIO,~ 
AVOLP M30 e 0 
A C C V ~  0,o 
~ c c v - 0  9 0 
CCCV' 0.0 
o c c v a o  0 
AKTuWUO, 0 
TTHWLL.O.0 
TUBEID'IO,~ 
R A D 1 8 0 ~ 0  
RADiZ8 0.0 
HINTH=O.O 
VNOV=O I 0 
HRSLPE=O,O 
DLTTHIIO,O 
D L T T H S ~ O , ~  
DLT~VO.O.O 
DLT~RSIO, 0 
~ ~ T ~ 1 t a 0 . 0  
GO TO 6 6  

50 CONTINUE 
C THE SELECTED UNIT  I S  F I V E  

T I - I I U T ~ L ' . ~  
THSLP=O.O 
V E X C I T J O ~ O  
i \ v o ~ F n ~ ~ O , o  
ACCU' 0.0  
BCCV'O. 0 
cccu= 0.G 
D C C v f  0 .O 



FTN 4 . 5 * $ 1 4  0 { / 1 $ / 7 e  

AKTuHE;IO~O 
TTHdLL'OeO 
TIJI~ELD;~O ,O 
RADI'O.0 
HADZr 0 9 0  
nINT*=O,O 
VNOY-0 I 0 
H R S L P E ~ O ~ O  
D L T T ~ I ~ O ~ O  
~ ~ T ~ n s l r o , o  
DLTPVO=IO,O 
DLT~~*S*O,O 
0 ~ T ~ 1 T 4 0 . 0  
G O  TO 66 

60 CONTINUE 
C THE sELCCTED U N I T  I S  S I X  

~ ~ 1 v T n o . O  
T HSL~'.~,O 
V E X C I T ~ O ~ O  
A v O L ~  MqOe0  
ACCV' 0 9 0 
B C C Y ~ O  e 0 
CCCY' 0 I 0  
DCC~J'O* 0 
AKTUUEmOeO 
~ ~ ~ u l ~ ~ s 0 . o  
T l l R ~ I D 4 0 e 0  
t?4D180*0 
RADZ' 0 e 0 
HINTH-O~O 
VNOY=OIO 
t i R S L P E ~ O e 0  
D L T T H I ~ O , ~  
D L T T H S ~ O ~ O  
D L T A V O * ~  ,0 
OLT~HSIO,O 
D L T F I T s O ~ O  
GO 10 66 

66 CONTINUE 
RETURN 
END 

SU~+OUTIYE STORE 14/74 OPT= l  F T N  4 ,5 *414  0 ? / 1 $ / 7 6  

S U B R O U ~ I N E  STORE ( I S E T ~ A V E T ~ ~ ~ T ~ T ~ ~ A V € F ~ , S T D F V ~ T ~ U ~ H C ~ R N R ~  
lHCORN,Ci i ITOT ) 

O IMENS lON I R U N ~ ~ ~ ) , T W ( ~ S I ~ ~ E L I ~ ( ? ~ I * V W ( Z S  , O E L V ! 4 ( 2 S ) e C H I S Q ( 2 5 )  
D I N E N S I 3 N  TCON(25 )  , t i ( l ?S )  v H H ( L 5 )  
COMYON /BLKE/ I R U N ~ T W ~ D E L T W ~ V W I D E L . L ' W ~ C H I S Q , T ~ O N ~ H ~ ~ R  
COMYON /BLKl/  I 1  
I 1 = 1 S E T  
IRU>I(I!)=~SE! 
T ~ ( I I ) P A V E T J  
D E L T ~ ( I X ) = S T U T W  
VU t 11 l o4VEFV 
D E L V ~  ( 11 ~ S T D F V  
CHISUf I I l 8 C H I T O T  
TCON ( 1  1 )  o T A U  
H ( I I )  =HCORN 
HR ( 1  1)  9HCDRNP 
RETuHN 
END 



sLIF)RoUTI~~IE RESULT 7 4 / 7 4  O P T S I  F T N  4.5+414 o q l s /  re 

SUBQOUTINE RESULr 
DTMENSION I R l J N ( Z S )  t T W ( Z 5 ) ~ D E L T n 1 2 5 ) ~ V W ( 2 5 ) t D E L V W 1 ( ? 5 ~ , C H 1 S 4 ~ 2 5 )  
DIMENSION TCON(25) , t1(25)  l t i R ( Z ~ )  
CgHYON /BLKE/ I R U N ~ T W ~ D E L T W V V J ~ S ~ L V W , ~ H I S O , T C O N ~ H ~ H R  
CDMYON / 3 L N l /  I 1  
COMYON /BLK.2/ T I T L E ( E 0 )  
COMYON /BLKA/ VNOMsHHSLPE 
DIMENSION I R U N ~ C ( ~ ~ ) ~ T W A C ( ~ ~ ) ~ D E I T W A ( ~ ~ ) ~ D E L V W A ~ ~ S ~ V  

ICHIS~A(Z~) , T C O N A C ( ~  , H A C P ( ~ ~ )  t r l R ~ c P ( L 5 )  
TNOUr70, 
 WRIT^ 1 6 1 1 9 9 )  T I T L E  

1 9 9  F o I ? v A T ( ~ H ~  *20X ,20A4)  
WRITE (6 ,200 ) 

200  FORMAT ( l X l / / *  1OXll~SUMMARY OF RESULTS . . -  - -= OF ALL THS COOLING CURVES 
l l l l / / )  

W R I T E  16,201 
2 0 1  FORMAT ( lX,"RUN NOr"tSX,"WATER ! E H ? ~ " ~ ~ x ~ ~ I R H S  YAIER TEMPI"1 

15X,MFLOW VEL!",3X,"RMS FLOW V E L . " ~ ~ ~ ~ " C H I S Q ~ ~ ~ ~ X P I ~ ! A U ~ ~ ~ ~ % ~  
~ " H " ~ ~ X V I ~ ~ / H " ~ / )  

DO 1J ~ a l r 1 1  
W R I T E  ( 6 , 2 0 2 )  I R U N f K )  l T w ( K )  ,DELTW ( K )  l V U ( K  lDELVW(fi), 

1CHISQtK)  ,TCON(K) l H ( N )  v t i R ( t 0  
2 0 2  F O R Y A T I ~ X ~ ~ ~ ~ ~ ~ X ~ F ~ ~ ~ , ~ X ~ F ~ ~ ~ ~ ~ O X ~ F ~ ~ ~ ~ ~ X ~ F ~ , ~ ~ ~ X ~ F ~ ~ ~ ~  

l E ~ t F f r 3 r 3 X p F 6 r l t b X , E 9 r 4 )  
1 3  CONTINUE 

IACa 0 
DO 1 0  J = l t I I  
I A C ~ I A C  + 1 
IQUNAC f I A C )  = J 
TWAC ( I A C )  ~ T w  ( J )  
DELTWA I I A C )  .D€LTW ( J )  
VWAC ( I A C )  ~ V W  ( J )  
DELvWA I I A C )  = ~ E L V W  ( JI 

CHISQA ( I A C ) r C H I S Q ( J )  
T C O Y ~ C (  I A C )  =TCON( J) 
HPCP( I~C)UH(J~  
H R A C P ( I A C ) = H R ( J )  

1 0  CONTINUE: 
C COMPUTATION OF AVERAGES AND ERRORS ON AVERAGES -1- 

C ALL THE COOLING CURVES A R E  ACCEPTED - -  - -  I N  T H I S  PASS 
SIIMT-0 r 
SUMVP'J* 
SUE~H*O, 
S U M Y ~ Q O  
DO 3 0  M = l t I A C  
SUMTPSUMT + ~ w A c ( H )  
SUMV=SUMV + V W A C  ( M)  
SUMY=SUWH ?ACP(M) 
SUMHRSSUMHR HRACP(M) 

30 CDNTINIJE 
AVETO SUM1 / I A C  
AVEVQ SllMV / I A C  
AVEqa SUMH / I A C  
AVEWRX SUMHR / I A C  
S~JMSQTVO, 
SUMSG'JQO r 
SUMSQH~O, 



SUBROUTIYE RESULT 7 4 / 7 4  OPT=] FTN 4,5+414 

SMSQHRIO e 

DO 3 1  f i = l e I A C  
S U M S Q T ~ S U Y S O ~  6 (TWAC(N) - AVkT)  * *  2 
SUMSQV*SUYSQV 6 (VWAC(N) - AVEV) * L  2 
SUMSQHQSUYSQH 6 (dACP(N)  - A V € H )  r c  2 
SYSQHR. SMSPHR + (HHACP(N) - !VEHR) * * 2  

3 1  CONTINUE 
A r I A S * l ,  
6.1 . / A  
E R R T ~ .  ISUMSQT/ ( I A C - 1 )  * 8  
E R R V S ~ ~ S U M S Q V / ( I A C - ~ ) ) . ~  
E R R H S = ( S U M S Q H / ( I A C - ~ ) ; * ~  
FQRHRS~(SHSQHR/(IACI~))*B 
ERRT=SORT (ERRTS) 
ERRV'SORT (ERRVS) 
ERRY~SORT(ERRHS) 
ERRH~=SQRT(ERRHRS) 
W R I T E  ( 6 . 8 0 )  I 1  

60 F o R Y A T I / / / , S X ~ ~ T O T A L  NO Oc COOLING CURVES ANALYSEU r " v 1 3 )  
Y R I T t  (6 ,811  I A C  

a1 F o R Y ~ T ( ~ x , ~ ~ T O T A L  NO OF ACCEPTCG COOLING CURVES t l l t I 3 )  
W R I T E  16.78) 

7 8  FORYAT(5X t "  ALL THE COOLING CURVSS ARE ACCEPTED I N  T H I S  PASS 11 / )  

WRITE 1 6 1 8 2 )  AVETtERRT 
82 FoRYAT (SX~IITEMP, OF WATER ( I N  5 )  a n t f 6 @ 3 , 2 ~ . 1 t ~ ~ u S  OR MINUS", 

1 1 X t F b e 4 )  
W R I T E  (6 .33 )  AVEVtERRV 

83 F o R + ~ ~ T I S X S " V E L O C I T Y O F  ~ C T E R ( I N ~ T ~ / S E C ) S @ ~ , F ~ . ~ , Z X ,  
 PLUS OR M I N U S " ~ I X ~ F ~ ~ ~ V / )  

w ~ I T E  (6 .06)  TNOMtVNOMqHRSLP~ 
66  FOSYAT I ~ X . ~ N O R M A L I S A T I O N  ~ E M P * ~ I ~ v F ~ ~ ~ ~ Z X , ~ ~ ~ E G , F ~ ~ , / ,  

~SX,IINOHMALIS?TION V E L O C I T Y ~ ~ ~ F ~ . ! ~ ~ X ~ ~ ~ F T , / S E C ~ ~ , / ~  
2 5 X t l t l / H  VS l / ( V * * e B )  S L 0 P E ~ ~ t t € 1 2 ~ 5 , / / )  

U ~ I ~ k ( b r 8 4 )  AVEHtERRH 
84 F o R Y A T ( ~ x ~ "  H (BTU/FTe* *2  HR F ) s ' ~ F ~ ~ * Z ~ ~ X , * ~ P L U S  OH MINUS", 

1 1 x t F A e C )  
W R I T t  ( 6 e 8 5 )  AVEHRgERRHR 
F O R ~ ~ T ( ~ X ~ ~ ~ ~ / H  ( F T e * * Z  r(R F /8TU ) = " t E 1 2 . 5 , 2 ~ ~  

1"PLuS OR MINUS ~ , Z X . E l Z ~ S . / / ~  
C 
C RE-00 TdE A80VE AVERAGING WITH T n t  '4EW AC~EPTANCE c R I I E R I O N  
c REJECT A COOLING-CURVE IF T ~ E  D E V I A T I O N ~ I N  H FROY ITS MEAN IS MORE T H ~  
C Two STAYDAHD DEVIATIONS 
C 

HME4N-AVEH 
H ~ I G M A * S ~ R T ( S U M ~ Q H / ~ I I - ~ ) )  
IACI 0 
DO 1 1 0  Jalt11 
HSV=48S(  H ( J )  - HMEAN) 
TST~AR3(HOV/kS IGMA)  
I F  (TSTPAR eGTe 2.0 I GO TO 110  
IAC.1 AC + 1  
I i ? U U A C ~ 1 A C ) o  J 
T w A C ( I & C ) = T W ( J )  
DELTHAIIAC)=OELTW(J) 
VWAC (IIC) 3VU (J) 
DELvWAIIAC)=UELVW(J)  



FTN 4 , 5 * ? 1 4  0 $ / 1 4 / 7 B  

C H I S Q ~ ( I A C ) @ C H I S Q ( J )  
T C O U A C ( I A C ) = T C O N ( J )  
H A C P ( T ~ C I = H ( J )  
H Q A C P ~ I A C ) T H A ( J )  

1 1 0  CONTINUE 
W R I T E  ( 6 , 1 9 9 )  T I T L E  
WRITE l b t 7 0 )  

WRITF (6,711 
FORMAT (lX,"RUN No,*@~SX,I~WATCR !EMP.",~x,*IRYS MAZER TEMP~II, 'l 

l S X . @ l L L ~ W  VEL?lt, 3XvIIRMS CLOY v € L . ~ ~ . s x , ~ ~ c H I s Q ~ ~ , ~ x  p ~ l ~ ~ ~ 1 1 1 8 ~ v  
2 * * ~ ~ ~ , 9 X t I ~ l / H ~ ~ t / )  
00 29 L r l  t I A C  
WRIT$ 16,202) IRUNAC (L) ~ I w A C  ( L l  t JgLTuA ( L f  ~ V W A C  ( L )  9qELVWA (L )  t 

~ C H I S Q A  (L )  TCONAC ( L )  eHACP ( L )  vnRACP - - ( L )  
29 CONTINUE 
c COMPUTATXON OF AVERAGES AND ERRORS ON AVERAGES .-- 
C ONLY ACCLPTED COOLING CURVES AH? USED 

SIJMTaO e 
SUMV'O 
S U H H ~ O  I 

S U M Y H * ~ .  
DO l!n M V ~ , I A C  
SUMT"SUMT !WAC(M) 
SUMVDSUMV t VWAC(M) 
!jUMymSUMH HACP ( M I  
SUMHR~SUMHR * H R A C P ( M )  

130 CONTINUE 
AvET= SUMT / I A C  
AVEVa SUMV / I A C  
AVEHa SUMH / I A C  
AVEHR- SUMHR / I A C  
SUYSQTPO, 
SUMSQVq0. 
SUMSQr(*O * 
S YSQHRVO * 
DO 1 3 1  N - l t I A C  
SUMSQT~SUMSQT (THAC(N)  - A V t T )  * *  2 
SUMSQVmSUMSQV (VWAC(N1 - A V E V )  * *  2 
SIJMSQH*SUMSQH (HACP(N)  - AVEH)  *r 2 
SYSDHR* SMSQHR (HRACP(N) - !VEHR) * * 2  

13 1 CON1 INI IE 
A ~ I A C * ~ .  
R x l  * /A  
E R R T S ~ ( S U Y S Q T / ( I A C - I ) ) * ~  
E Q H v S ~ ( S U M S Q V / ( I A C - ~ ) ) * ~  
ERRHS*(SUMSQH/ ( I A C - 1 )  * a  
E R H ~ R S * ( S M S Q H R / ~ I A C ~ )  ) * B  
FRRT=SIJRT (€RUTS) 
ERRV=SGRT(ERRVS) 
ERHY=SQRT (ERRHS 1 
ERRYH=SORT (ENRHRS) 
W R I T E  (6 ,801 I 1  
W R I T E  1 6 e 8 1 )  I A C  
NQITE (6 ,1781  

1 7 8  FOR.(AT(SX,@~REJECT A C C O L I F I G  CUHVt I F  THE DEVIAT ION I N  H FROM ITS 

~ M E A ~  I S  MORE THAN ~ v 4 0  STANDARO J ~ V I A T I O N S ~ I ,  / )  

URITE ( 5 , B t )  AVETIERRT 
WRITE (6 ,831  AVEV~ERRV 
WRITE ( 6 3 8 6 )  TNOMIVNOM,HRSLP~ 
~ R I f E ( b ~ 8 4 )  AVEH9ERRH 
W R I T E  (6 ,851 AVEHReERRHR 
RETURN 
END 



~u!3f?nVTIbl . (E ERROR 7 4 / 7 4  OPT31  F T N  4,5+41! G f  / l u / 7 8  

S U B ? O U ~ I N E  E H W O R ( I S E T I S T O Z R O ~ ~ ~ S I G C ~ A ~ I T A ~ ~ A V E T W ~ A V E F V ~ S ~ O ~ W ~  
S T D F V ~ P T O V ~ A L I V ~ H * ~ C O R N ~ N ~ E R O ~ N P I A V ~ ~ F M A M P )  

COMYON /BLKA/  VNOMIHRSLPE 
COMYON / B L K a /  THINTeTHSLP*VEXCIT,GVOLFM*ACCN*RCCN~CCCN*DLCN* 

P L T T H I , D L I T ~ ~ S ~ ~ L T P V O ~ U L T H R S , ~ L T F I T  
COMYON /RLKC/ H U N C O R , F N T A U * R ~ I H ~ H C O R A ~ R W A L L S , H C O R ~ H C O R N T  
COMMON /SLKD/  H ( ~ ~ ) * D C T H ( ~ ~ )  - 
DATA D H F V T H / ~ ~ ~ / ~ D H F V ~ M ~ O ~ ~ ~ ~ ~ A I ~ / ~ ! O / ~ E R ~ / ~ ~ O / P E R T N O R / ~ O ~ /  

C 
C T H I S  SUBROUTINE CARRIES OUT AN JNCERTAINTY ANALYSIS  ON THE 
C COM3IN tO  HEA! TRANSFER C O N O U C T A V ~ E  COkFF I C I  EYT5 CALCULATLO I N  
C HTCOtF  
C 
C A L L  UNCERTAINT IES  HAVE A P R O d A a I L I S T I C  CONFIDENCE OF 95 PEA CENT 
C ( 1 9  TO 1 ODDS1 
C 

W R I T E  (5,1300) I S E T  
ROO F o R M A T ~ / / / / P S X * ~ O  (11.*********I1) ~ 4 ( / * 5 X 9 I ' * I 4 )  v ~ J X P I ~ ~ N U  UNC$RTA1NTYttr  

+ '4 A N A L Y S I S l @ * / * 5 X * 4 1 * 1 1 * 1 ~ ~ * ~ l ~ A ~ ~  SET l ~ , 1 2 , i ! ( / , S ~ e ~ r l O )  
C 
C UNCERTAINTY I N  THERMOPILE V O L l A 5 E S  
C 

O L T V Z . L . * S T D Z R O / S Q R T ( N Z E R O * ~ ~ )  
D L T v X ~ O ~ Z * S T O T W * ~ ~ ~ O ~  
D L T v T C I S Q R T ( O L T V Z * * Z * O L T V X * * ~ )  
W R I T E  1 6 ~ 8 0 5 )  OLTVTC 

805 F O R Y A T  (SX,I1*"e/ t  5 X e 1 1 * 1 1 ~ S X e 1 ' T n E R Y O P I L E  VOLTAGE ( M V )  a fl, 
I IVTC fT )  PLUS OR MINUS ' * ~ 4 e 0 1  

C 
C U t lCERTs INTY  I N  WATER TEMPERATURE 
C 

~ T D V ~ H ~ S T D T W / ( S Q R T ~ N P T A V E * ~ ~ ) * T ~ S L P * ~ O O ~ )  
D ~ T v T H ~ ~ ! ~ * S T D V T H * O R F V T H  
A v E v T Y ~ ~ A V E T W * T H I N T ) / I T H S L P * ~ O O ~ )  
D ~ T T ~ ~ S Q R T ( D L T T H I * * ~ + ~ ~ O O ~ * ~ ~ ~ ~ T ~ * D L , T ~ H S ~ * * ~ + ( T H S L P * ~ O O ~ *  

6 DLTVTH)  r.2) 

C 
C u~ ICERTAINTY  I N  FLOU VELOCITY  
C 

~ ~ O V F M ~ Z ~ ~ A V E F V * S T D F V / ~ S O R T ~ ~ ~ T A V E * ~ ~ ) * A ~ ~ N F ~ * ~ Z )  
D L T V F Y ~ ~ , * S T O V F M + O R F V F M  
R D C L = A V E F V / ( Q T O V * A V O ~ )  
DLTQ=SORT(  ( R D C L * D L T A V O ~ * * Z + ( A V O L ~ M / ( ~ ~ + R D C L * V E X C I ~ * ~ ~ ~ A ~ P ~  

+ ~ Q L T V F M )  * * i ? l  
S L T F V = U ~ O V * ~ L T Q  
~ a I r E ( 6 ~ 8 3 0 )  AVEFV*DLTFV 

8 3 0  F O R Y A T  ( S X ~ ~ ~ * ~ ~ / ~ ~ X ~ I ~ * ~ * ~ ~ X ~ * ~ A V C * ~ G E  FLOW VELOCITY ( F T I S E C )  r I@* 

b F b e 3 * 1 X * " P L l J 5  OR  MINUS-"^^^,^) 
c 
c UNCEHTAINTY I N  TAU 
C 

D L T S = O L T V T C / S T D Z ~ G ~ S ~ G ~ A O  
D L T T A U ~ ~ ~ . / B * * ~ ) * D L T B  
~ k l ~ E ( 6 , a l O )  TALI,DLTTAIJ 



S U B R O U T I N E  ERROR 7 4 / 1 4  O P T a l  FTt4 4 , 5 + 4 1 4  0 6 / 1 4 / 7 8  

8 1 0  F O U Y A ~ ( ~ X , ~ ~ * ~ ~ , / I ~ X , ~ I * ~ ~ P ~ X , ~ ~ T A U  (IEC) = I ~ , F ~ , ~ , ~ X I I ~ P L U S  OR M I N U S  11, 

4 F b e 3 )  
C 
C U N C E R T A I N T Y  I N  H  AFTER F A L C U L A T i ?  FROM F I T T I N G  CURVE ( H T A U ]  
C  

TERYlat4CCtJ* ,?*  *CCCNaFidTAU*3,  * O C ~ Y * F N T O U ~ ~ ~  
D L T H ~ ~ S Q R T ( ( ~ U N C O R * T E R M ! / T A U * ~ L T ? A U ) * * ~ * D L T F I T * * ~ ~  
~ R I ~ E ( b v 8 4 0 )  H lJNC04,OLTHl  

8 4 0  F O R Y A T I S X ~ ~ @ * ~ ~ ~ / , ~ X , ~ ~ * I ~ , S X ~ " H  I d T U / H R  F T  0.2 F )  A F T t R  CURVb F I T  a 
+ F 7 , t 9 ! X 9 ~ I P L U S  OR M I N U S  1 ' 9 T 6 1 Z )  

C  
C UNCERTAINTY I N  H  AFTER C O R R E L T I O N  FOR A I R  HEAT L O 2 S E S  
C 

D L T 4 1 R a E R A I R * R A I R  
~ ~ T ~ ~ ~ 5 P R T ( ( ( l r - R ~ 1 R ~ * D L T H l ~ * * 2 * ~ ~ U N C ~ R * ~ ~ T 4 1 R ~ * * ~ ~  
W Q I T E 1 6 * 8 5 0 )  H C O R A , D L T H ~  

450 F ~ R ~ A ' l ( 5 X , ~ ~ * ' 1 ~ / t S X , " * " t ~ X , " H  ( a T U / H R  !T* *Z  F ]  A f T t R  A I R  HEAT ", 
I ILDSS CORRECTION 1 ' ~ F T ~ 2 ~ 1 X t l ~ P L U S  OR MINU! * l v F 6 , $ )  

C 
C U N C E R T ~ I N T Y  I N  H AFTER CORRECTION FOR TUBE JPLL H t A T  LOSSES 
c 

DLTULSsE i?WLS*RWALLS 
D L T ~ ~ ~ S Q R T ( ( ( ~ ~ - R W A L L S ) * O L T H ~ ~ * * ~ * ( ~ C ~ R A * D ~ T W L S ) * ~ ~ )  
W R I ~ E f 6 , 8 6 0 )  HCOR,DLTH3 

8 6 0  FORYAT ( S X ~ ~ ~ * u t / , 5 X t 1 1 * 1 1 * S X t 1 1 H  ( d T U / H H  f T * * Z  F )  AFTFR TUBE WALL 11, 

"HEAT LOSS CORRECTION* " ~ F ? ~ ~ v ~ X , I I P L U S  OR M I N U S  ",F6,2) 
C  
C U Y C E R T 4 I N T Y  I N  H  AFYEH TEMPEHATJRE N O R M A L I Z A T I O N  
C 

T w F A R ~ ~ ~ B * A V E T W * ~ ~ ~  
D L T F A R ~ ~ , B * D L T T W  
D L T Y O R ~ E R T N O R * I ~ C O R N T  
TERYl=~l,*.0~2*70,)/(le*,01Z*TWFAR) 
T E R Y ~ ~ H C ~ R * T E R M ~ * * ~ ~ ~ / ( ~ , * ~ ~ ~ ~ * T ~ ~ F A R )  
C L T H 4 r S Q R T  ( ( ~ E R M ~ * D L T H ~ I * Z ~ *  (?ERMZIOLTFAR s r 2 + 0 L T N O R * r Z )  
U ~ I ~ E ( b v 8 7 0 )  H C O R N T t D L T H 4  

8 7 0  F O R Y A T  ( 5 ~  P ~ * ~ ' * / , S X ~ ~ ~ * ~ ' ~ ~ X ~ ~ ' H  ( B T U / H R  f T * * t  F )  A F T t R  TEMPERATURE " 9  

f 'NORMALIZAT1ON 3 1 1 , [ 7 * 2 t l X ~ l + P L U S  OR M I N U S  " , F 6 , 2 )  
r - 
C U N C E R T ~ I N ~ Y  I N  H AFTER V E L O C I T Y  N O R M A L I Z A T I O N  
C  

T E R Y ~ . ~ ~ / H C O R N T * * ~  
~ E R Y ~ = ~ , / A V E ~ V * ~ O , ~ - ~ ~ / V N O M * * O . ~  
T E R Y ~ I ~ R S L P E * O * B / A V E F V * * ~ * ~  
DLTYSHPSORT ( ( T E R M l * O L T H 4 1 * * 2 *  ( f E R M 2 * O L T H R S ]  * * 2 *  [ T $ R M 3 * D L T F V )  - 0 2 )  
D L T H ~ = ~ C ~ R N * * ~ * O L T H ~ R  - 
w ~ I ~ E ( 6 , 8 8 0 )  HCORN,DLTHS 

8 8 0  FORYAT ( S ~ ~ l f * l @ t / , S X ~ I ~ * ~ ' t S x t ~ ' H  ( d T U / H A  ~ T * * Z  F )  AFTCR V E L O ~ I T Y  'I, 
4 I f N O R M A L I Z A T I O N  = I ~ , F ? . ~ * ~ X I ~ I P L U S  OR M I N U S  I t ,  F 6 * 2 * 3 ( / ~ 5 ~ ~  
4 " * l ' )  , / , S ~ * 1 0 ( " * * * * * + * * * * l ~ )  ) 

c 
C  STOgE RESULTS FROM T H I S  RUN 
C 

H ( I S E T l = H C O R N  
o L T r  ( ISETI SDLTI~S 

9 0 0  CONTINUE 
RETUHN 

E NO 



fUBRnUT I . r c  ERRES 7 4 / 7 4  OPT.1 FTN  4,54414 0 < / 1 4 / 7 8  

SuB901JTINE ERRES 
D IMENSION P C N T E R ( 2 5 )  
COMYDN /BLKD/  H ( 2 5 ) v O L T H ( 2 5 )  
COHYON / B L K 1 /  I 1  
COMYUN /aLuz /  TITLE(ZO) 
DOUqLE P R E C I S I O N  SUY,SUMH 

C 
C HEAT THANSFER CONDUCTANCE C O t F F I C I E N T S  
C T t i I S  SuBROUTINE CALCULATES Tnf. d E I G n T E 0  MEAN OF TnE COMBINED 
c 
C A1.L I JF ICERTAINTIES tIAVE I\ PROt31 \8 IL IST IC  CONFIDENCE OF 95 PER CENT 
C ( 1 9  T o  1 0 0 0 s )  
c 

SuMrnO , O  
SUMd'O. 0 
DO 1 0  I=l.II 
SUM=SUM* l . /DLTH(X ) * *2  
S U M Y = S ~ W H * H ( I ) / D L T H I I ) * * ~  
P C N T E R I I ) ~ D L ~ H ~ I ) / H ( I ) * ~ O O ~  

1 0  CONTINCE 
HbVE=SUMH/SUM 
P C E ~ A Y ~ D L T H A V / H A Y E ~ W ,  
~ R I T E 1 6 9 9 0 0 )  T I T L E  

9 0 0  F o R Y A T ~ " ~ ~ ' ~ ~ X ~ ~ O ( ~ ~ I * * * * * * * * * ~ I ) ~ ~ ~ / ~ ~ X *  , 1 0 X , 2 0 A 4 * / , 5 X , 1 1 ~ " , 1 0 X v  
IIBNW ~JNCERTA!YTY ANALYSISII,~ ( / ~ S X , I I ~ I I )  15X,IISUHMARY 11, 

+ #'OF CALCULATED H € A T  TRAYSPER CONDUCTANCE COEFFICI€NTS u ,  
"AND ASS0C:ATEO U N C E R ~ A ~ N ~ I E S ~ I / , S X , ~ ~ ~ ~ ~ )  

 WRITE(^^'?^^) 
9 1 0  FORYATISX,M*" I~OX#I~RUN NOe",!XvIl? (UTU/HR FTz.2 F ) l l , TX ,  

C ~ ~ U N C E R T A I N T Y " , C X ~ ~ ~ P E R  CE.VT" , / ,Sx , l~ r~ t )  
W ~ I l E ( b r 9 2 0 )  ( I , H L I ) * G ~ T H I I ~  ~PI:~VT€RII) 8 1 a l t 1 1 )  

920 FORVAT ( S X ~ * ~ * " V  1 2 x 1  12113XpF7 ,29  14X ,F$ .< ,8xe~5 ,2 )  
W R I T t ( b w 9 3 0 1  HAVE 

930 F O R Y A T I ~ ( S X I " * " P / )  , S X t 1 1 * 1 1 ~ 5 X ~ 1 1 H ( ~ T U / H  F T * * Z  F )  a ",Flr29 
C 3 ( / e5Xv1 '+1 ' )  9 / , 5 ~ 9 1 0  ( l l * r s r e r r r r * # ~ )  ) 

RETLJRN 
END 
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A P P E N D I X  B 

SAMPLE RESULTS 

Appendix B contains sample resul ts  for  f ive  data se t s  each from the 

Keahole Point, tlawaii ( p .  8-2 ) ;  S t .  Croix, Virgin Islands ( p .  B - 5 ) ;  and 

Gulf of Mexico tugboat ( p .  B-8) operations. Results include the conduc- 

tance coeff ic ient ,  conductance coeff ic ient  uncertainty, and percent 

conductance coeff ic ient  uncertainty val ues for  each data run ; and the 

weighted average conductance coeff ic ients  for each data s e t .  



APPENDIX B 

SAMPLE RESULTS 

Keahole P o i n t ,  Hawaii Data 

Data S e t  1 - 3/23/77,  Uni t  A ,  TI B337-76 
Nominal V e l o c i t y  = 6 . 0  f t / s e c .  

H 
Run - ( ~ t u / h r - f t 2 - O F )  

1 1030.55 
C1 
L 1020.61 
3 1059 .73  
4 1029.70 
5 1022.12 
6 1029.98 
7 1022.91 
8 1062.53 
9 1021 .52 

1 0  1020.10 
11 1019.42 
1 2  1032.21 
1 3  1038.64 
14 1026.10 
15 1035.29 
16 1022.50 
- 
H = 1028 ~ t u / h r - f t 2 - ' F  

Data S e t  2 - 3130177, U n i t  A ,  TI  B337-76 
P ipe  Nominal V e l o c i t y  = 6 . 0  f t / s e c .  

Run - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

l a ) ~ h e  a s t e r i s k  i n d i c a t e s  e s t i m a t e d  conduc tance  c o e f f i c i e n t  u n c e r t a i n t i e s  
o f  g r e a t e r  t h a n  1000 ~ t u / h r - f t 2 - ' ~  o r  100%. 



Data Se t  3 - 5/02/77, U n i t  B, AL 6061-T6 
Pipe Nominal V e l o c i t y  = 3.0 f t / s e c .  

H 
Run - ( ~ t u / h r - f t ' - ~ F )  

1 531.56 
2 540.75 
3 529.99 
4 543.02 
5 523.11 
6 547.81 
7 527.39 
8 544.64 
9 530.62 

10 521.97 
11 545.39 
12 546.22 
13 549.40 
14 542.53 
15 540.50 
16 543.44 
- 
H = 538 B t u / h r - f t 2 - O F  

Data S e t  4 - 3/08/77, U n i t  C, A1 6061-T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

Run - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 



Data S e t  5 - 3/16/77, U n i t  C ,  A1 6061-T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

H 
Run - ( ~ t u / h r - f t 2 - O F )  



St .  C r o i x .  V i r a i n  I s l a n d s  Data 

Data Se t  1 - 7/24/77, U n i t  1 , A1 6061-15 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

H 
Run - ( B t u l h r - f t 2 - O F )  

1 1117.76 
2 1092.79 
3 1141.17 
4 1130.68 
5 1131.33 
6 1122.64 
7 1104.34 
8 1097.44 
9 1107.19 

10 1118.53 
11 1146.08 
12 1125.64 
13 1121.63 
1 4  11 53.76 
15 1110.77 
- 
H = 1116 B t u / h r - f t 2 - O F  

Data S e t  2 - 7130177, U n i t  1 , A1 6061 -T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t l s e c .  

H 
Run - ( B t u l h r - f  t 2 - O F )  

1 1085.59 
2 1166.68 
3 1124.54 
4 1114.95 
5 1115.66 
6 1011.20 
7 1129.79 
8 1124.41 
9 11 16.48 

10 1178.94 
11 1130.09 
12 1094.36 
13 1140.07 
14 1137.49 
15 1151.84 
16 11 37.38 
- 
H = 1109 ~ t u / h r - f t 2 - O F  



Data S e t  3 - 8/05/77, U n i t  1, A1 6061-T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

Run - 

Data Se t  4 - 8/17/77, U n i t  1, A1 6061 -T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

H 
Run - ( ~ t u /  h r - f t 2 - O F )  

1 1110.31 
2 1025.91 
3 11 28.49 
4 1081 .47 
5 1120.28 
6 1136.81 
7 1101.12 
8 1124.21 
9 1089.19 

10 1149.36 
11 1152.24 
12 1188.66 
13 1162.05 
14 1184.57 
15 1182.45 
16 1191.40 
- 
H = 1149 ~ t u / h r - f t ~ - ' F  



Data Set 5 - 9/26/77, U n i t  1, A1 6061-T6 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

R u n  - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 



G u l f  o f  Mexico Data 

Data S e t  1 - 11/14/77, U n i t  1, A1 5052-0 
P ipe  Nominal V e l o c i t y  = 6.0 f t / s e c .  

H 
Run - ( B t u / h r - f t 2 - O F )  

1 852.86 
2 849.12 
3 902.53 
4 884.89 
5 881'. 07 
6 897.88 
7 897.98 
8 880.32 
9 885.03 

10 891.13 
11 847.12 
12 899.60 
13 881 .28 
14 927.98 
15 925.10 
16 862.53 
- 
H = 881 B t u l h r - f t 2 - O F  

~ a t a '  S e t  2 - 11/20/77, U n i t  1, A1 5052-0 
P ipe  Nominal V e l o c i t y  = 6.0 f t l s e c .  

( a )  The a s t e r i s k  i n d i c a t e s  es t imated  conductance c o e f f i c i e n t  u n c e r t a i n t i e s  
o f  g r e a t e r  t han  1000 B t u / h r - f t z - " F  o r  100%. 

B -8  



Data Se t  3 - 11/21/77, Unit 2 ,  A1 5052-0 
Pipe Nominal Velocity = 3.0 f t / s e c .  

R u n  - 

Data Se t  4 - 12/05/77, Unit 2 ,  A1 5052-0 
Pipe Nominal Velocity = 3.0 f t l s e c .  

H 
Run - ( B t u /  h r - f t2 -OF)  

( a )  The a s t e r i sk  ind ica tes  estimated conductance coe f f i c i en t  uncer ta in t i es  
of g rea te r  than 1000 Btulhr- f t2-OF o r  100%. 

B- 9 



Data S e t  5 - 12/08/77, U n i t  2, A1 5052-0 
P ipe  Nominal V e l o c i t y  = 3.0 f t / s e c .  

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
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