
DIRECT EFFICIENCY MEASUREMENT 
kND CHARACTERIZATION OF RESIDENTIAL 
HEATING EQUIPMENT 

ANNUAL REPORT 
FISCAL YEAR 1979 

R.F. KRAJEWSKI, R.J. MCDONALD, AND 1.5. Mluu 

May 1980 

DEPARTMENT OF ENERGY AND ENVIRONMENT 

B R O O K H A V E N  N A T I O N A L  L A B O R A T O R Y  
JPTON, N E W  Y O R K  1 1 9 7 3  



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



BNL 51242 
UC-95d 

(Energy Conservation - Buildings 
and Community Systems - TIC-4500) 

DIRECT EFFICIENCY MEASUREMENT AND CHARACTERIZATION 
OF RESIDENTIAL HEATING EQUIPMENT 

ANNUAL REPORT, FISCAL YEAR 1979 

R.F. KRAJEWSKI, R.J. MCDONALD, AND J.S. MILAU 

May 1980 

DISCLAIMER 
This book w s  prepared assn acmunl of vxrt wnrored by an wemy of ths United Starer Government. 

warranty. expres or implied. or e w m  any legal liability or remnribilily for the a m p . - v  
mmplelencs. or usfulncs of any informstion. apparatus. product, or pro- dirclod. :: 

necalorilv clamor roflect thouof  the United P t e t ~ ~ O v . n > r ? n n  ul m y  agency merwr. 

DEPARTMENT OF ENERGY AND ENVIRONMENT 
BROOKHAVEN NATIONAL LABORATORY 

ASSOCIATED UNIVERSITIES, INC. 
Under Contract No. DE-AC02-76CH00016 with the 

UNITED STATES DEPARTMENT OF ENERGY 



This report waq prcparerl as an account of work sponsored by an agency of thc Unitcd 
States Government. Neither the United States Government nor any agency thereof, 
nor any of their employees, nor any of their contractors, subcontractors, or their em- 
ployees, makes any warranty, express or implied, or assumes any legal liability or re- 
sponsibility for the accuracy, completene-ss, or usefulness of any information, nppnm- 
tus, product, or process disclosed, or represents that its use would not infringe pri- 
vately owncd rights. Referrr~ce hrrcin lo any specific commercial product, process, o r  
service by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency, contractor or subcontractor thereof. The views and 
opinions of authors expressed hcrcin do !rot necessarily stare or reflect those of the 
United States Government or any agency, contractor or subcontractor thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U.S. Department of Commcrce 

5285 Purl Royal Road 
Springfield, VA 22161 

Price: Printed Copy $8.00; Microfiche $3.50 



ACKNOWLEDGMENTS 
1 

The a u t h o r s  of t h i s  r e p o r t  would l i k e ' t o  acknowledge t h e  c o n t r i b u t i o n s  
of Anthony K o k i n e l i s  and John D .  Na l ly  who a r e  t h e  mechanical  t e c h n i c i a n s  in -  
volved w i t h  t h e  day-to-day o p e r a t i o n s  of t h e  Space Heat ing Equipment T e s t i n g  
Program, i n c l u d i n g  d i r e c t  c o n t r o l  of t h e  t e s t i n g  o p e r a t i o n s  and equipment.  A  
s p e c i a l  acknowledgment i s  no ted  f o r  John D. Nal ly  who h a s  made a  major  c o n t r i -  
b u t i o n  i n  p r e l i m i n a r y  hand l ing  and r e d u c t i o n  of d a t a  used i n  t h i s  r e p o r t .  W e  
would a l s o  l i k e  t o  acknowledge t h e  accomplishments of George Schoener ,  Super- 
v i s o r  and Sen ior  Designer of t h e  l n s t r u m e n t a t i o n  and Design Group w i t h i n  t h e  
Department of Energy and Environment a t  t h e  Labora to ry .  W e  thank  M r .  Schoener 
and h i s  group who a r e  r e s p o n s i b l e  f o r  t h e  d e s i g n ,  c o n s t r u c t i o n ,  and maintenance 
of t h e  micro-computor sys tems (Automatic Data A c q u i s i t i o n  and Cont ro l  U n i t s )  
which a r e  t h e  h e a r t  of t h e  t e s t i n g  l a b o r a t o r y ' s  o p e r a t i o n .  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



ABSTRACT 

A l a b o r a t o r y  p r o j e c t ,  now i n  i t s  f o u r t h  y e a r  of fo rmal  o p e r a t i o n ,  is 
c u r r e n t l y  engaged i n  a  new phase  des igned  t o  p r o v i d e  a  d a t a  b a s e  f o r  t h e  i d e n t i -  
f i c a t i o n  of r e s i d e n t i a l  h e a t i n g  equipment e f f i c i e n c i e s  a s  a  f u n c t i o n  of observ-  
a b l e  d e s i g n  c h a r a c t e r i s t i c s .  P r e l i m i n a r y  c h a r a c t e r i z a t i o n  r e s u l t s  f o r  hydron ic  
( h o t  wa te r )  o i l - f i r e d  sys tems a r e  p r e s e n t e d  a long  w i t h  t h e  r e s u l t s  of o t h e r  work 
conducted t o  f u l f i l l  commitments made under  a n  e a r l i e r  phase  of t h e  p r o j e c t .  
The f i r s t  r e s u l t s  from t h e  f u l l y  o p e r a t i o n a l  warm a i r  f u r n a c e  t e s t  f a c f l i t y  a r e  
inc luded  w i t h  a  b r i e f  d e s c r i p t i o n  of t h e  equipment and t h e  t e c h n i q u e  used i n  
measuring f u r n a c e  e f f i c i e n c i e s  . 

The l a b o r a t o r y  p rocedures  a r e  des igned  t o  measure t h e  e f f i c i e n c i e s  of 
d i f f e r e n t  t y p e s  of r e s i d e n t i a l  h e a t i n g  equipment.  A d i r e c t  measurement t ech-  
n i q u e  p e r m l t s  a n  a c c u r a t e  e v a l u a t i o n  of t h e  e f f i c i e n c y  of r e s i d e n t i a l  h e a t i n g  
u n i t s  d u r i n g  f u l l - l o a d  and p a r t - l o a d  o p e r a t i o n .  The l a b o r a t o r y  d a t a  a r e  t h e n  
used t o  d e t e r m i n e  a n n u a l  f u e l  consumption and fuel -weighted s e a s o n a l  e f f i c i e n c y  
f o r  each h e a t i n g  u n i t  based on t y p i c a l  o p e r a t i n g  paramete rs  ( s i z e  of r e s i d e n c e ,  
geographic  l o c a t i o n ,  and u s a g e ) .  The resu l ' t s  of t h e  s t u d y  i n c l u d e  t h e  evalua-  
t i o n  of a  wide r a n g e  of hydronic  b u r n e r - b o i l e r  sys tems.  The combinat ion of 
d i r e c t ,  a c c u r a t e  e f f i c i e n c y  measurement and c a l c u l a t i o n  of a n n u a l  f u e l  u s e  
p r o v i d e s  a s t a n d a r d  method f o r  comparison of i n d i v i d u a l  h e a t i n g  u n i t s  and r e t r o -  
f i t  m o d i f i c a t i o n s  on a  common and r e a l i s t i c  b a s i s .  
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I. INTRODUCTION 

Approximately 20% of t h e  energy consumed i n  t h e  Uni ted S t a t e s  i s  used 
i n  r e s i d e n t i a l  b u i l d i n g s .  The most l i k e l y  c a n d i d a t e  f o r  s a v i n g s  i n  t h e  r e s i d e n -  
t i a l  s e c t o r  i s  s p a c e  h e a t i n g  which a c c o u n t s  f o r  more t h a n  h a l f  t h e  r e s i d e n t i a l  
energy demand ( ~ 1 1 %  of t h e  t o t a l  n a t i o n a l  u s e ) .  

The g o a l s  of t h e  p r e s e n t  program a r e  t o  promote t h e  e f f i c i e n t  u s e  of a l l  
energy s o u r c e s  i n  s p a c e  h e a t i n g  of r e s i d e n t i a l  and s m a l l  commercial b u i l d i n g s .  
These i n c l u d e  improvements i n  s p e c i f i c  d e v i c e s ,  methods of i n t e r f a c i n g  d e v i c e s  
w i t h  t h e  b u i l d i n g  s t r u c t u r e ,  and f o r m u l a t i o n  of optimum c o n t r o l  s t r a t e g i e s  t o  
manage t h e  t h e r m a l  sys tems invo lved .  

The pr imary o b j e c t i v e  of t h e  s p a c e  h e a t i n g  equipment t e s t i n g  program i s  
t o  p r o v i d e  t h e  t e c h n i c a l  b a s i s  f o r  reduced consumption of o i l  and g a s  by i d e n t i -  
f i c a t i o n  of h i g h - e f f i c i e n c y  h e a t i n g  equipment.  P u b l i c  d i s s e m i n a t i o n  of test re- 
p o r t s  and r e s u l t s  i s  used t o  promote t h e  u s e  of h i g h - e f f i c i e n c y  equipment and ,  
i n  a d d i t i o n ,  BNL p r o v i d e s  t e c h n i c a l  p r e s e n t a t i o n s  t o  i n d u s t r i a l  and e d u c a t i o n a l  
groups  t o  encourage u t i l i z a t i o n  of energy c o n s e r v a t i o n  technology.  T e s t i n g  r e -  
s u l t s  a r e  used t o  compare i n d i v i d u a l  h e a t i n g  u n i t s  and i d e n t i f y  d e s i g n  charac-  
t e r i s t i c s  t h a t  produce h i g h  o p e r a t i n g  e f f i c i e n c y .  The economic advan tages  of 
h i g h - e f f i c i e n c y  h e a t i n g  u n i t s  can t h e n  be  e s t a b l i s h e d  t o  p r o v i d e  a n  i n c e n t i v e  
f o r  u t i l i z a t i o n  of t h e s e  t y p e s  of equipment.  

The p r o j e c t  i s  funded th rough  t h e  O f f i c e  of B u i l d i n g s  and Community 
Systems w i t h i n  t h e  Department of Energy,  Washington, D . C .  The program h a s  had 
wide s u c c e s s  t o  d a t e  and it w i l l  be c o n t i n u e d  th rough  t h e  i n t e r a c t i o n  o f  t h e  
BNL p r o j e c t  s t a f f  w i t h  i n d u s t r y  r e p r e s e n t a t i v e s ,  s t a t e  l e v e l  energy o f f i c e s ,  o i l  
companies, and t h e  g e n e r a l  p u b l i c .  E a r l i e r  i n  t h e  p r o j e c t ,  manufac tu re r s  and 
d e v e l o p e r s  of h e a t i n g  equipment were encouraged t o  v o l u n t a r i l y  submit  h e a t i n g  
u n i t s  and r e f i t  d e v i c e s  t o  BNL f o r  e f f i c i e n c y  t e s t i n g  and e v a l u a t i o n .  During 
F i s c a l  Year 1979, t h e  last  of t h o s e  commitments w e r e  r e s o l v e d  and a t t e n t i o n  was 
d i r e c t e d  t o  s e v e r a l  new phases  of work. The system of v o l u n t a r y  p a r t i c i p a t i o n  
i n  t h e  program by equipment m a n u f a c t u r e r s  r e s u l t e d  i n  some c h a r a c t e r i z a t i o n  of 
g e n e r a l  d e s i g n  f e a t u r e s  t h a t  can  commonly be  a s s o c i a t e d  w i t h  h i g h  e f f i c i e n c y .  
A p l a n  f o r  d e t a i l e d  c h a r a c t e r i z a t i o n  of such  f e a t u r e s  was implemented d u r i n g  
F i s c a l  Year 1979 and w i l l  c o n t i n u e  as a  major work phase  of t h e  p r o j e c t .  D e t a i l s  
of t h e  c h a r a c t e r i z a t i o n  t e s t i n g  phase  a r e  c o n t a i n e d  i n  t h i s  r e p o r t .  I n  a d d i t i o n ,  
t h e  p r o j e c t  c o n t i n u e s  t o  l end  t e c h n i c a l  s u p p o r t  and e v a l u a t i o n  t o  b o t h  t h e  DOE/ 
ENL Space Condi t ion ing  Equipment RD&D Program and t h e  DOE/BNL F u e l  O i l  Conser- 
v a t i o n  Market ing Demonstra t ion Program. Even though t h e  o r i g i n a l  v o l u n t a r y  sub- 
m i s s i o n  of equipment phase  h a s  been concluded,  t h e  p r o j e c t  w i l l  c o n t i n u e  t o  
i n v e s t i g a t e  new equipment from any s o u r c e .  I f ,  on t h e  b a s i s  of a t e c h n i c a l  re- 
view, a d e v i c e  o r  concept  i s  found t o  b e  un ique  w i t h  some demonstra ted p o t e n t i a l  
f o r  energy c o n s e r v a t i o n  a  test  can  be  p r o v i d e d ,  b u t  o n l y  i f  no p r e v i o u s  test h a s  
been performed and i f  a p p r o v a l  i s  g r a n t e d  by t h o s e  who c o n t r o l  t e s t  s c h e d u l i n g  
and p lann ing .  

The e f f i c i e n c y  measurement t e c h n i q u e  developed by BNL can  b e  used t o  
a c c u r a t e l y  d e t e r m i n e  t h e  o v e r a l l  e f f i c i e n c y  of h e a t i n g  equipment by t a k i n g  i n t o  



a c c o u n t  a l l  h e a t  l o s s e s  i n c u r r e d  d u r i n g  o p e r a t i o n .  I n  c o n s i d e r i n g  o p e r a t i o n a l  
l o s s e s ,  BNL h a s  chosen t o  c a t e g o r i z e  l o s s e s  i n  t h r e e  a r e a s .  The f i r s t ,  energy 
l o s t  up t h e  chimney d u r i n g  burner  o p e r a t i o n ,  is r e f e r r e d  t o  a s  o p e r a t i n g  s t a c k  
l o s s .  The second,  t h e  h e a t  energy l o s t  th rough  t h e  b o i l e r  c a s i n g  t o  t h e  s u r -  
r o u n d i n g s  d u r i n g  b u r n e r  o p e r a t i o n ,  i s  r e f e r r e d  t o  a s  o p e r a t i n g  j a c k e t  l o s s .  
T h i r d l y ,  t h e  energy  l o s t  from t h e  b o i l e r  when t h e  burner  is n o t  o p e r a t i n g  is  r e -  
f e r r e d  t o  a s  o f f - c y c l e  l o s s .  Off-cycle  l o s s e s  occur  i n  two ways. A i r  w i t h i n  
t h e  g e n e r a l  v i c i n i t y  o f  t h e  b o i l e r  i s  drawn th rough  t h e  burner  a i r  i n l e t s ,  
p a s s e s  th rough  t h e  b o i l e r ,  and e x i t s  v i a  t h e  chimney. Th is  a i r  removes h e a t  
c o n t a i n e d  w i t h i n  t h e  b o i l e r  and b o i l e r  wa te r .  I n  a d d i t i o n ,  h e a t  i s  l o s t  through 
t h e  b o i l e r  j a c k e t  when t h e  burner  i g  o f f .  B o i l e r s  a r e  u s u a l l y  main ta ined  n e a r .  
a s p e c i f i c  t e m p e r a t u r e  (between 140 and 200 '~)  d u r i n g  t h e  burner  o f f - p e r i o d  t o  
p r o v i d e  h e a t  a n d / o r  domes t ic  h o t  wa te r  on demand. These b o i l e r  s t andby  tempera- 
t u r e s  p r o v i d e  t h e  d r i v i n g  f o r c e  f o r  o f f - c y c l e  l o s s e s .  

The magni tude of v a r i o u s  h e a t  l o s s e s  i n  o i l - f i r e d  hydron ic  b o i l e r s  a r e  
t;hown i n  F i g u r e  1 a l o n g  w i t h  t h a t  p o r t i o n  of t h e  'heat  which is  a c t u a l l y  d e l i v e r e d  
t o  h e a t  t h e  l i v i n g  space .  The r a t i o  of u s e f u l  h e a r  d e l i v e r y '  t o  t h e  t o t a l  h e a t  
c o n t e n t  of t h e  f u e l  i s  d e f i n e d  t o  b e  t h e  o v e r a l l  sys tem e f f i c i e n c y .  At BNL, 
o p e r a t i n g  s t a c k  l o s s e s  were observed f o r  o i l - f i r e d  boiLers and were fo~ ind  t o  
r a n g e  between 15 and 35%, w h i l e  o p e r a t i n g  j a c k e t  l o s s e s  ranged up t o  l o % ,  and 
o f f - c y c l e  l o s s e s  v a r i e d  between 5  and 15%. 

When a l l  l o s s  r a t e s  a r e  measured,  o c a l c u l a t i o n  is  performed t o  de te rmine  
t h e  e f f i c i e n c y  performance of a b o i l e r  i n  a  home, i n c l u d i n g  t h e  e f f e c t  of burner  
on-off c y c l i n g  i n  r e s p o n s e  t o  v a r y i n g  h e a t  l o a d s  i n  t h e  r e s i d e n c e .  Th is  is  
d i r e c t l y  r e l a t e d  t o  ou tdoor  t e m p e r a t u r e  v a r i a t i o n s  which v a r y  w i t h  geograph ic  
l o c a l e s .  The l a b o r a t o r y  measurements i n c l u d e  b u r n e r  o p e r a t i o n  over  a  wide 
r a n g e  of load  c o n d i t i o n s .  E f f i c i e n c y  measurement r e s u l t s  from t h e  l a b o r a t o r y  
are t h e n  combined w i t h  hour-by-hour a n n u a l  weather  d a t a  f o r  a  g i v e n  l o c a t i o n  
t o  d e t e r m i n e  s e a s o n a l  e f f i c i e n c y  of t h e  p a r t i c u l a r  b o i l e r ,  based on r e s i d e n c e  
h e a t  l o a d  ( d e s i g n  l o a d )  and o p e r a t i o n a l  f a c t o r s .  The s e a s o n a l  e f f i c i e n c y  is  
d e f i n e d  t o  b e  t h e  t o t a l  u s e f u l  h e a t  energy d e l i v e r e d  t o  t h e  home d i v i d e d  by 
t h e  h e a t  c o n t a i n e d  i n  t h e  f u e l  consumed, over  a one-year p e r i o d .  The s e a s o n a l  
e f f i c i e n c i e s  t h a t  have been observed a t  BNL r a n g e  from 55% f o r  low-ef f i c iency  
sys tems  t o  75% f o r  h i g h - e f f i c i e n c y  o i l - f i r e d  b o i l e r s .  

The b a s i s  f o r  e f f i c i e n c y  t e s t i n g  i s  d i r e c t  h e a t  f low measurement where 
t h e  u s e f u l  h e a t  d e l i v e r e d  by t h e  b o i l e r  i s  compared t o  t h e  t o t a l  h e a t  c o n t e n t  
of t h e  f u e l .  S t e a d y - s t a t e  t e s t s  a r e  performed by a l l o w i n g  t h e  burner  t o  o p e r a t e  
c o n s t a n t l y  w h i l e  ma , in ta in ing  b o i l e r  w a t e r  o u t l e t  t e m p e r a t u r e  a t  a  c o n s t a n t  v a l u e ,  
and t h e  s t e a d y - s t a t e  e f f i c i e n c y  i s  d e f i n e d  a s  t h e  r a t i o  of u s e f u l  h e a t  produced 
by t h e  b o i l e r  d i v i d e d  by t h e  t o t a l  h e a t  c o n t e n t  o f  t h e  f u e l .  C y c l i c  t e s t i n g  is 
performed by programming t h e  b u r n e r  t o  c y c l e  on and o f f  a t  a  c o n s t a n t  r a t e  and 
measur ing h e a t  i n p u t  and o u t p u t  f o r  each  c y c l e .  The o v e r a l l  e f f i c i e n c y  i s  de- 
f i n e d  as t h e  r a t i o  of u s e f u l  h e a t  d e l i v e r e d  by t h e  b o i l e r  d i v i d e d  by t h e  h e a t  
c o n t e n t  of t h e  f u e l  consumed d u r i n g  c y c l i c  o p e r a t i o n .  As such ,  t h e  o v e r a l l  
e f f i c i e n c y  is  a f u n c t i o n  o f  t h e  r a t i o  of on-period t o  o f f - p e r i o d ,  and is  p l o t t e d  
as  a f u n c t i o n  of burner  f r a c t i o n a l  on-time a s  shown i n  F i g .  2  f o r  a  t y p i c a l  
hoiler. 

I n  a d d i t i o n  t o  t h e  d i r e c t  measurement tests a l r e a d y  ment ioned,  f lue ,  g a s  
tests are performed d u r i n g  each h e a t  f low measurement i n  s t e a d y - s t a t e  o p e r a t i o n .  
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Figu re  1. Energy f low f o r  o i l - f i r e d  hydronic  b o i l e r .  

Oh' ~b i o  3 0 ' 4 ' 0 ' 4 .  $ O .  ; o '  8 0 .  9 0 . 1 d 0  
BURNER FRACTIONAL "ON" TIME 

Figu re  2 .  Dry-base s i ng l e -pas s  steel b o i l e r  o v e r a l l  e f f i c i e n c y  (no) VS. 

burner  f r a c t i o n a l  "on" t ime  (%) . 



Although f l u e  g a s  e f f i c i e n c y  tests a r e  less a c c u r a t e  t h a n  t h e  d i r e c t  h e a t  f low 
measurement t e c h n i q u e ,  t h e s e  tests a r e  u s e f u l  i n  moni to r ing  a i r / f u e l  m i x t u r e  
r a t i o s  and v a r i a t i o n s  i n  o p e r a t i o n a l  c o n d i t i o n s  on a 'day-to-day b a s i s .  Also,  
f l u e  g a s  a n a l y s i s  tests can  be  used i n  combinat ion w i t h  d i r e c t  h e a t  f low mea- 
surement t o  e v a l u a t e  h e a t  l o s s  t h a t  o c c u r s  th rough  t h e  b o i l e r  j a c k e t  d u r i n g  
s t e a d y - s t a t e  o p e r a t i o n .  

At p r e s e n t  t h e  BNL s p a c e  h e a t i n g  equipment t e s t  p r o j e c t  i s  o p e r a t i n g  
two hydron ic  t e s t  s t a n d s  w i t h  e l e c t r o n i c  d a t a  a c q u i s i t i o n / c o n t r o l  u n i t s  on a  
f u l l - t i m e  d u t y  c y c l e ,  24 h o u r s  p e r  day,  6 days  p e r  week, u t i l i z i n g  a  t h i r d  
s t a n d  a s  tu rnaround  and backup t o  t h e  p r imary  u n i t s .  One of t h e  hydron ic  t e s t  
s t a n d s  h a s  been r e t r o f i t t e d  w i t h  equipment t o  e n a b l e  a d u a l  f u e l  t e s t i n g  capa- 
b i l i t y .  The u n i t  w i l l  b e  o p t i o n a l l y  a v a i l a b l e  f o r  u s e  a s  a n  o i l - f i r e d  hydron ic  
o r  a ' n a t u r a l  gas-f i r e d  hydron ic  test s t a n d .  I n  a d d i t i o n ,  t h e  f a c i l i t y  i n c l u d e s  
a w a r m  a i r  test  s t a n d  w i t h  i t s  own d a t a  a c q u i s i t i o n / c o n t r o l  sys tem.  A t e s t i n g  
s c h e d u l e  has  been e s t a b l i s h e d  th rough  t h e  beg inn ing  of F i s c a l  Year 1981 t o  
maximize u t i l i t y  of t h e  c u r r e n t  f a c i l i t i e s  . 

Repor t s  were i s s u e d  on tests  performed on v o l u n t a r i l y  submi t t ed  equip- 
ment,  and t h e s e  r e p o r t s  a r e  s e n t  t o  t h e  manufac tu re r  w i t h  c o p i e s  added t o  t h e  
e x i s t i n g  f i l e s  a t  BNL and a t  t h e  DOE o f f i c e  i n  Washington, D. C . 2  I n  
a d d i t i o n ,  s e v e r a l  p u b l i c  i n f o r m a t i o n  s h e e t s  have been w r i t t e n  a l o n g  w i t h  a  
b o o k l e t  f o r  g e n e r a l  r e l e a s e  e n t i t l e d ,  "Upgrading o i i  Home-Heating Systems", 
which i s  a v a i l a b l e  th rough  BNL. 

To d a t e ,  most of t h e  work h a s  been a s s o c i a t e d  w i t h  o i l - f i r e d  hydron ic  
h e a t i n g  sys tems .  At t h i s  t ime ,  a l a r g e  e f f o r t  is  underway t o  p r o v i d e  test d a t a  
f o r  o i l - f i r e d  warm a i r  f u r n a c e s  and g a s - f i r e d  h e a t i n g  equipment,  w h i l e  con t inu-  
i n g  c h a r a c t e r i z a t i o n  test i n g .  

The equipment t e s t e d  from t h e  beg inn ing  of t h e  p r o j e c t  t o  d a t e  i n c l u d e s  
v a r i o u s  commercial and p r o t o t y p e  u n i t s .  Equipment t h a t  was t e s t e d  is summarized 

Tah1.e. I .  

11. CHARACTERIZATION TEST PROGRAM 

Up t o  abou t  January  1 9 7 9 ' t h e  BNL e f f i c i e n c y  t e s t  program t r e a t e d  r e -  
s i d e n t i a l  h e a t i n g  equipment e s s e n t i a l l y  as b l a c k  boxes ,  t h a t  i s ,  a s  equipment 
which had o n l y  i n p u t s  ( f u e l )  and o u t p u t s  ( u s e f u l  h e a t  and l o s s e s ) .  The tes t  
program h a s  been expanded t o  i n c o r p o r a t e  a  more d e t a i l e d  view of  t h e  equipment 
t e s t e d  i n  an a t t e m p t  t o  i d e n t i f y  t h o s e  r e a d i l y  o b s e r v a b l e  c h a r a c t e r i s t i c s  which 

.are i n d i c a t o r s  of performance p o t e n t i a l .  

The p h y s i c a l  c h a r a c t e r i s t i c s  of home-heating equipment which a f f e c t s  
t h e r m a l  performance can b e  expanded upon a t  g r e a t  l e n g t h .  U n f o r t u n a t e l y ,  a s  
one c o n t i n u e s  t o  d e s c r i b e  t h e  i n d i v i d u a l  t e s t  a r t i c l e s  i n  g r e a t e r  and g r e a t e r  
d e t a i l  t h e  number o f  c h a r a c t e r i s t i c  c a t e g o r i e s  can  approach t h e  number of t e s t  
i t e m s .  For example,  some of t h e  f e a t u r e s  t h a t  cou ld  a f f e c t  performance i n  a 
s i n g l e  g e n e r i c  group of equipment,  l e t  u s  s a y  o i l - f i r e d  hydron ic  equipment,  



Table  1 
Cumulative T e s t  Summary 

T o t a l  Number of U n i t s  
Types of Equipment Tes ted  Tes ted  t o  t h e  End of FY79 

Hot Water B o i l e r s  (Hydronic U n i t s )  2 0  

Flame R e t e n t i o n  Head Burners  7 

Convent ional  ~ e a d  Burners  5 

Vent Dampers, 2 

S t a c k  ( F l u e )  Economizers (Hydronic) 3 

Combust i o n  A i r  Humid i f  i c a t  ion/Vapor- 

A s s i s t e d  Devices  5 

Note: I n d i v i d u a l  tests r e p r e s e n t  v a r i o u s  combinat ions  of i t e m s  from t h i s  t a b l e .  

a r e :  

1. Burner type .  

2 .  ' F u e l  f low r a t e l e x c e s s  air r e q u i r e m e n t s .  

3 .  Combustion chamber s i z e  o r  shape.  

4 .  Combustion chamber r e f r a c t o r y  and i n s u l a t o r .  
\ 

'5. Wet-base o r  dry-base  d e s i g n .  

6 .  Heat exchanger a r e a  exposed t o  r a d i a t i o n .  

7 .  Heat exchanger a r e a  exposed t o  h o t  g a s .  

8 .  F l u e  g a s  v e l o c i t y  th rough  h e a t  exchanger .  

9.  J a c k e t  i n s u l a t i o n  over  combustion chamber and wet ted  s u r f a c e s .  

10. B o i l e r  c o n s t r u c t i o n  m a t e r i a l .  

11. Heat exchanger a r e a ,  exposed t o  w a t e r .  

12 .  Water v e l o c i t y  th rough  h e a t  exchanger .  

13. Design s t a c k  t empera tu re .  

It i s  q u i t e  a p p a r e n t  t h a t  equipment d i f f e r e n c e s  examined a t  t h i s  l e v e l  
of d e t a i l  would b e  i n t e r e s t i n g  from a d e s i g n  o p t i m i z a t i o n  p o i n t  of v iew b u t  n o t  
u s e f u l  i n  deve lop ing  an  o v e r a l l  f e e l  f o r  performance e f f e c t s  of c e r t a i n  charac -  
t e r i s t i c  d e s i g n  f e a t u r e s .  T h i s  i s s u e  combined w i t h  t h e  t i m e  c o n s t r a i n t s  of t h e  
program r e q u i r e d  some p a r i n g  of t h e  above l i s t  and t h e  development of a  l o g i c a l  

. f o r m a t  of p r e s e n t a t i o n  f o r  performance paramete rs  which a r e  i n f l u e n c e d  by t h e s e  
d e s i g n  f e a t u r e s .  The c h a r a c t e r i s t i c  d e s i g n  f e a t u r e s  t h a t  were  s e l e c t e d  were 
l i m i t e d  t o  t h o s e  o b t a i n a b l e  by v i s u a l  o b s e r v a t i o n  of t h e  equipment o r  from 



m a n u f a c t u r e r s '  l i t e r a t u r e ,  o r  t o  t h o s e  t h a t  can be  i n f e r r e d  from t e s t  measure- 
ments  of i n p u t s ,  o u t p u t s ,  and l o s s e s .  These c h a r a c t e r i s t i c  f e a t u r e s  a r e  des- 
c r i b e d  a s  f o l l o w s :  

B o i l e r  Type 

1. Dry Base.  The b o i l e r  combustion chamber i s  l i n e d  w i t h  a  h i g h  temp- 
e r a t u r e  r e f r a c t o r y  m a t e r i a l  i n  t h e  form of a  p o t  which i s  open a t  t h e  t o p  and 
exposed t o  t h e  h e a t  exchanger t u b e s  and t h e  lower t u b e  s h e e t .  T h i s  po t  i s  s u r -  
rounded by s t r u c t u r a l  metal forming t h e  b a s e  of t h e  b o i l e r  and is  g e n e r a l l y  
covered w i t h  j a c k e t  i n s u l a t i o n .  

2 .  Wet-Base. The b o i l e r  combustion chamber i s  exposed t o  some water-  
coo led  s u r f a c e s  a t  t h e  rear s i d e s  o r  bottom of t h e  combustion chamher. P a r t  o r  
a l l  of  t h e  combustion chamber may b e  covered w i t h  h i g h  t empera tu re  r e f r a c t o r y .  
The o u t e r  p e r i m e t e r  of t h e  b a s e  i s  g e n e r a l l y  enc losed  i n  a n  i n s u l a t e d  j a c k e t  a s  
w e l l .  

B.  B o i l e r  C o n s t r u c t i o n  M a t e r i a l  

The. hoi>l t . r  is LaLri~dtecl uL ttiL11e~ slleeL UL plaLe s L e e l ,  ur 1s made of 
c a s t - i r o n  s e c t i o n s .  The t y p e  o f  c o n s t r u c t i o n  g e n e r a l l y  p r e s c r i b e s  shap ing  of 
t h e  h e a t  exchanger s u r f a c e  w i t h  c a s t  i r o n  l e n d i n g  i t s e l f  t o  t o r t u r o u s  a r range-  
ments of f l u e  g a s  p a s s a g e s  and s l i s f a c e s  w h i l e  t h e  u s e  of s t e e l  g e n e r a l l y  l i m i t s  
t h e  g a s  f lows  t o  t h a t  th rough  s t r a i g h t  t u b e s  and a c r o s s  r e l a t i v e l y  smooth s u r -  
f  a c e s .  

C .  Type of Heat Exchanger 

1. S t e e l  B o i l e r s .  The h e a t  exchanger cons t ruc t ion  of t h e s e  b o i l e r s  
is  l a r g e l y  l i m i t e d  t o  t h e  u s e  of f i r e  t u b e s  ( t o  carry h o t  combusti.on e a s e s  
th rough  t h e  h e a t  exchanger w a t e r )  mounted i n  t u b e  s h e e t s  and enc losed  i n  s h e e t  

' s teel  t o  form a box o r  c a n - l i k e  h e a t  exchanger .  

These f i r e  t u b e s  a r e  o r l e n t e d  i n  e i t h e r  t h e  v e r t i c a l  o r  h o r i z o n t a l  
d i r e c t i o n  ( s e e  F i g s .  3 and 4 ) .  I n  a h o r i z o r l t a l  f i r e  t u b e  t y p e  t h e  h o t  combus- 
t i o n  g a s e s  may t r a v e l  th rough  t h e  h e a t  exchanger more t h a n  once i n  o .pposi te  
d i r e c t i o n s .  Each f l o w . d i r e c t i o n  is  c a l l e d  a  p a s s  and h e a t  exchangers  can have 
m u l t i - p a s s  c o n f i g u r a t i o n s .  I n  r e s i d e n t i a l  u n i t s  t h e  number of p a s s e s  i s  gen- 
e r a l l y  l i m i t e d  t o  two w i t h  a s i n g l e - p a s s  be ing  t h e  most common. 

A s  n o t e d  p r e v i o u s l y ,  t h e  wet-base d e s i g n  i n  b o i l e r s  p r o v i d e s  a d d i t i o n a l  
h e a t  exchange s u r f a c e  around t h e  combustion chamber, b u t  t h i s  exchange s u r -  
f a c e  is  c o n s i d e r e d  s e p a r a t e l y  a s  a  c h a r a c t e r i s t i c  f e a t u r e  and n o t  a s  an add i -  
t i o n a l  p a s s  i n  t h e  h e a t  exchanger .  

2 .  Cast - I ron B o i l e r s .  The h e a t  exchanger  c o n s t r u c t i o n  of t h e s e  
b o i l e r s  g e n e r a l l y  c o n s i s t s  of i n t e r l o c k i n g  c a s t i n g s  t h a t  form w a t e r  passages  
around which h o t  combustion g a s e s  a r e ' p e r m i t t e d  t o  f low.  The c a s t i n g  d e s i g n s  
i n c l u d e  end s e c t i o n s  which permi t  t h e  assembly of b o i l e r s  of v a r i o u s  s i z e s  
th rough  t h e  s t a c k i n g  of m u l t i p l e  s e c t i o n s .  For example, a  t y p i c a l  r e s i d e n -  
t i a l  b o i l e r  might be  d e f i n e d  a s  a  t h r e e - s e c t i o n  c a s t - i r o n  u n i t .  I n  t h i s  c a s e ,  
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t h e  u n i t  would c o n s i s t  of a  f r o n t  s e c t i o n ,  a  s i n g l e  c e n t e r  s e c t i o n ,  and a  r e a r  
s e c t i o n .  A fou r - sec t ion  u n i t  would be assembled us ing  two c e n t e r  s e c t i o n s  and 
t h e  same f r o n t  and end s e c t i o n s .  

I n  t h e s e  b o i l e r s  t h e  dry-base des ign  would f e a t u r e  c a s t i n g s  t h a t  con- 
t a i n e d  water f low passages above t h e  combustion chamber. I n  wet-base des ign  
t h e  wet ted passage might extend down t h e  s i d e s  of t h e  combustion chamber and i n  
some c a s e s  a c r o s s  t h e  bottom. 

D .  Burner Type 

1 .  Low-Speed Non-Retention-Head Burner (LSNRH) . This  burner is  t h e  
t ype  most commonly found i n  e x i s t i n g  r e s i d e n t i a l  i n s t a l l a t i o n s .  It u t i l i z e s  a  
low-speed (1725 rpm) motor-driven f a n  which s u p p l i e s  &ombust i on  a i r  through t h e  
burner  b l a s t  tube .  Some a i r  f low tu rbu lence  i s  achieved by vanes i n  t h e  b l a s t  
t ube  t o  promote mixing of t h e  combustion a i r  wi th  t h e  spray  p a t t e r n  of atomized 
f u e l  d r o p l e t s .  This  t ype  of 'burner gene ra l l y  f equ i t6S  a c ~ ~ s l d e r a b l e  amount of 
exces s  a i r  t o  o p e r a t e  without  soo t ing  and consequent ly  c o n t r i b u t e s  t o  ope ra t i ng  
s t a c k  l o s s e s .  I n  t h e  of f -cyc le  t h e  burner  does l i t t l e  t o  r e s t r i c t  convec t ive  
hea t  l o s s  through t h e  b o i l e r  because of i t s  r e l a t i v e l y  open a i r  s h u t t e r  s e t t i n g  
and open b l a s t  tube  and c o n t r i b u t e s  t o  o f f  c y c l e  l o s s e s .  

2 .  Retention-Head Burners (HSRH, LSRH). The use  of t h i s  t ype  of 
burner  can i n c r e a s e  a  b o i l e r ' s  o v e r a l l  e f f i c i e n c y  ( The burner !nay use 
e i t h e r  a  high-speed (3450 rpm) o r  a  low-speed (1725 ?pm) motor-driven f a n .  I n  
a d d i t i o n  t o  vanes i n  t h e  b l a s t  t ube ,  an end t u r b u l a t o r  i s  used t o  d i s tu rb .  and 
r o t a t e  combustion a i r  a s  i t  l e a v e s  t h e  burner  t i p  and e n t e r s  t h e  f u e l  spray 
p a t t e r n .  

The i n c r e a s e  i n  o v e r a l l  e f f i c i e n c y  (q ) can be separa ted  i n t o  two p a r t s ,  
0 

improvement i n  s t e a d y - s t a t e  performance and r educ t ion  of o f f - cyc l e  hea t  l o s s e s .  
The improvement i n  s t eady - s t a t e  e f f i c i e n c y  r e s u l t s  from t h e  a b i l i t y  of r e t e n t i o n -  
head burners  t o  burn f u e l  i n  a  more c o n t r o l l e d  way, a l lowing  excess  combustion 
a i r  t o  be minimized. The flame-retention-head des ign  can enhance a i r / f u e l  mix- 
i n g ,  decrease  excess  a i r ,  and reduce ope ra t i ng  s t a c k  hea t  l o s s .  The i-ncrease 
i n  c y c l i c  performance can be  a t t t i b u t e d  t o  t h e  added r e s t r i c t i o n  t o  a i r  f low 
through t h e  burner  du r ing  t h e  o f f - cyc l e ,  reducing t h e  t o t a l  convec t ive  hea t  l o s s  
from t h e  b o i l e r .  The r a t i o  of o f f - cyc l e  t o  on-cycle b e n e f i t s  r e s u l t i n g  from 
flame-retention-head burner  i n s t a l l a t i o n  v a r i e s  wi th  burner  and h i , -e r  design. 
The major sav ings ,  u s u a l l y  two-thirds  of t h e  t o t a l ,  r e s u l t  whi le  t h e  burner i s  
ope ra t i ng .  The remaining sav ings  i s  a t t r i b u t e d  t o  decreased o f f - cyc l e  hea t  
l o s s e s .  

3 .  Blue-Flame Burners.  This  c l a s s  of burner gene ra l l y  u t i l i z e s  ho t  
combustion gas  r e c i r c u l a t i o n  t o  promote p revapor i za t i on  of f u e l  d r o p l e t s  before  
reaching  t h e  combustion zone. These burners  a r e  d i scussed  i n  d e t a i l  i n  Sec t ion  
I11 Hydronic B o i l e r  R e s u l t s ,  P a r t  C .  

E.  Performance Parameters 

1 .  Operat ing S tack  Losses .  The amount of hea t  t h a t  l e aves  t h e  b o i l e r  
du r ing  combustion and i s  then l o s t  through t h e  f l u e  i s  an i n d i c a t o r  of hea t  



exchanger e f f e c t i v e n e s s .  Th i s  e f f e c t i v e n e s s  i s  i n  t u r n  a  f u n c t i o n  of how w e l l  
t h e  h e a t  exchange s u r f a c e  of t h e  b o i l e r  i s  matched t o  t h e  a v a i l a b l e  r a d i a n t  and 
c o n v e c t i v e  h e a t  f low and f l u e  g a s  v e l o c i t i e s  produced by a p a r t i c u l a r  b u r n e r /  
combustion chamber combinat ion.  Thus a  p a r t i c u l a r  b o i l e r  may e x h i b i t  q u i t e  
d i f f e r e n t  performance c h a r a c t e r i s t i c s  w i t h  d i f f e r e n t  b u r n e r s .  These d i f f e r e n c e s  
i n  performance a r e  i n d i c a t i v e  of t h e  s e n s i t i v i t y  e x h i b i t e d  by a  g iven  b o i l e r  
h e a t  exchanger c o n f i g u r a t i o n s  t o  b u r n e r s  of d i f f e r e n t  d e s i g n  and performance 
c a p a b i l i t i e s .  

2 .  Opera t ing  J a c k e t  Losses .  Heat t h a t  l e a v e s  t h e  b o i l e r  th rough  t h e  
j a c k e t  d u r i n g  o p e r a t i o n  and i n  t h e  o f f  c y c l e  i s  c o n s i d e r e d  a s  l o s t  h e a t  i n  t h e  
BNL t e s t  p rocedure .  The ,degree  of recovery  of t h e s e  l o s s e s  a s  c o n t r i b u t i o n s  t o  
t h e  space  h e a t i n g  needs  of t h e  r e s i d e n t i a l  b u i l d i n g  i s  h i g h l y  v a r i a b l e  and a  
f u n c t i o n  of t h e  l o c a t i o n  of t h e  b o i l e r  i n  t h e  b u i l d i n g  and t h e  the rmal  i n t e g r i t y  
of t h e  l o c a l  b u i l d i n g  envelope.  It is  a s u b j e c t  of c o n t i n u i n g  i n v e s t i g a t i o n  by 
o t h e r s .  A measure of t h e  p e r c e n t a g e  of h e a t  l o s t  and t h e r e f o r e  t h e  e f f e c t i v e -  
n e s s  of j a c k e t  i n s u l a t i o n  can be  i n f e r r e d  from t h e  b o i l e r  performance as t h e  
d i f f e r e n c e  i n  measured s t e a d y - s t a t e  e f f i c i e n c y  (nss) u s i n g  t h e  s t a c k  g a s  ana ly -  
sis method and t h e  d i r e c t  h e a t  f low method i n  s t e a d y - s t a t e .  These l o s s e s  a r e  
r e f e r r e d  t o  a s  o p e r a t i n g  j a c k e t  l o s s e s  ., 

3 .  Off-Cycle Losses .  During t h e  o f f  c y c l e ,  t h e  b o i l e r  a l s o  l o s e s  h e a t  
t o  t h e  su r roundings  th rough  t h e  j a c k e t  ( a  f u n c t i o n  of j a c k e t  i n s u l a t i o n )  and t o  - 
a i r  which is  drawn th rough  t h e  b o i l e r  and up t h e  s t a c k  ( a  f u n c t i o n  of burner  and 
h e a t  exchanger d e s i g n ) .  These l o s s e s  a r e  combined a s  a  s i n g l e  performance para -  
meter c a l l e d  o f f - c y c l e  l o s s e s .  

A s t u d y  by BNL of t h e  e f f e c t s  of t h e s e  l o s s e s  u s i n g  p rocedures  o t h e r  
t h a n  t h e  d i r e c t  h e a t  f l o w  measurement t e c h n i q u e  i s  d i s c u s s e d  i n  Appendix C of 
t h i s  r e p o r t .  

111. HYDRONIC BOILER RESULTS 

The c h a r a c t e r i z a t i o n  d u r i n g  t h e  l a t t e r  p a r t  of F i s c a l  Year 1979 con- 
s i s t e d  of e i g h t  (8) packaged b o i l e r  t e s t s .  A packaged b o i l e r  i s  one t h a t  i s  
commercially a v a i l a b l e  from t h e  manufac tu re r  complete  w i t h  b u r n e r .  The burner  
i s  presumably matched t o  t h e  b o i l e r  by t h e  b o i l e r  manufac tu re r  and t h e  e n t i r e  
package i s  s p e c i f i e d  by t h e  c a t a l o g  number. 

The packaged b o i l e r s  t e s t e d  were as f o l l o w s :  

B o i l e r  Type Q u a n t i t y  

Wet-Base S t e e l  1 
Wet-Base Cas t  I r o n  3 
Dry-Base S t e e l  2 
Dry-Base Cast I r o n  2 

The r e s u l t s  of t h e s e  t e s t s  a r e  summarized i n  Tab le  2 .  A l l  performance 
paramete rs  shown h e r e i n  a r e  p e r c e n t a g e s  of t h e  c a l c u l a t e d  a n n u a l  f u e l  u s e  f o r  a 
r e s i d e n t i a l  d e s i g n  h e a t  l o a d  of 50,000 BTU p e r  hour i n  New York C i t y ,  w i t h  a n  



0 0 
i n s i d e  d e s i g n  t e m p e r a t u r e  o f  68 and 0  F o u t s i d e ,  40 g a l l o n s  p e r  day of domes t ic  
h o t  w a t e r ,  and a n  o v e r f i r i n g  r a t i o  of 2 (100% o v e r s i z e d ) .  The performance para-  
m e t e r s  d e l i n e a t e d  th roughout  t h i s  r e p o r t  a r e  o p e r a t i n g  l o s s e s ,  o f f  c y c l e  l o s s e s ,  
and s e a s o n a l  e f f i c i e n c y  ( u s e f u l  h e a t ) .  

A. C h a r a c t e r i z a t i o n  R e s u l t s  

1. Opera t ing  S t a c k  Losses .  Of t h e  b o i l e r s  t e s t e d ,  t h e  s t e e l  u n i t s  
appeared  t o  have a n  advan tage  over  t h e  c a s t - i r o n  u n i t s  i n  terms of o p e r a t i n g  
s t a c k  l o s s e s .  D e s p i t e  t h e  r e l a t i v e  complexi ty  of b o t h  t h e  wet-base and dry-  
b a s e  c a s t - i r o n  u n i t  h e a t  exchangers ,  t h e  a v e r a g e  o p e r a t i n g  s t a c k  l o s s  i n  
t h e s e  u n i t s  w a s  abou t  19% whereas t h e  dry-base  v e r t i c a l  t u b e  s t e e l  h e a t  ex- 
changer  u n i t s  a v e r a g e  16%. The s i n g l e  wet-base s teel  u n i t  w i t h  h o r i z o n t a l  f i r e  
t u b e s  had a 14.5% o p e r a t i n g  s t a c k  l o s s .  To b e  s u r e ,  o p e r a t i n g  s t a c k  l o s s e s  a r e  
a l s o  a f u n c t i o n  of t h e  s p e c i f i c  burner  o p e r a t i n g  c h a r a c t e r i s t i c s  and t h e s e  
e f f e c t s  w i l l  b e  reviewed i n  t h e  b o i l e r  a n a l y s i s  s e c t i o n .  

2 .  Opera t ing  J a c k e t  Losses. Tn most of t h e  b o i l e r s  t e s t e d ,  t h e s e  
l o s s e s  cou ld  be reduced th rough  i n c r e a s e d  j a c k e t  i n s u l a t i o n .  A l l  01 t h e  b o i l e r s  
t e s t e d  were  i n s u l a t e d  w i t h  a nominal 1 - inch- th ick  f i b e r g l a s s  b l a n k e t  wrapped 
around t h e  b o i l e r  s t r u c t u r e .  A l l  b u t  one  had a  r e l a t i v e l y  t i g h t - f i t t i n g  m e t a l  
c a b i n e t  c o v e r i n g  t h e  i n s u l a t i o n .  The one e x c e p t i o n  had a  c a b i n e t  which enc losed  
t h e  b u r n e r  a s  w e l l  as t h e  b o i l e r  s t r u c t u r e  i t s e l f .  A l l  t h e  b o i l e r s  t e s t e d  had 
no j a c k e t  i n s u f  a t i o n  on t h e i r  bottom f a c e s .  

Tab le  2 shows t h e s e  o p e r a t i n g  j a c k e t  l o s s e s  t o  r a n g e  between 1 and 7 .5%,  
r e p r e s e n t i n g  11  t o  91 g a l l o n s  of f u e l  wasted.  These l o s s e s  could  be  reduced by 
h a l f  w i t h  improved j a c k e t  i n s u l a t i o n ,  and a d d i t i o n a l  s a v i n g s  may be ach ieved  
t h r o u g h  reduced o f f - c y c l e  l o s s e s .  

The dry-base  steel b o i l e r s  had t h e  h i g h e s t  o p e r a t i n g  j a c k e t  l o s s e s ,  w h l l e  
t h e  dry-base  c a s t - i r o n  b o i l e r s  were  j u s t  over  t h e  average .  Th is  may be  r e l a t e d  
t o  t h e  d i f f e r e n t  mechanisms of hea t '  conduc t ion  from t h e  combustion chamber d u r i n g  
o p e r a t i o n  and should be i n v e s t i g a t e d  f u r t h e r .  

3 .  Off-Cycle Losses .  The o f f - c y c l e  h e a t  l o s s e s  of b o t h  t h e  s t e e l  and 
c a s t - i r o n  dry-base  b o i l e r s  t e s t e d  were h i g h e r  t h a n  t h o s e  of t h e  wet-base b o i l e r s .  
Burner e f f e c t s  a s i d e ,  t h i s  may b e  a g a i n  due t o  d i f f e r e n t  mechanisms of h e a t  con- 
d u c t i o n  and c o n s e q u e n t i a l  l o s s  i n  t h e  o f f - c y c l e .  

Fundamental ly ,  t h e s e  a r e  l o s s e s  i n c u r r e d  when t h e  burner  h a s  been s h u t  
down because  t h e r e  is  no h e a t i n g  demand from t h e  b u i l d i n g ;  and t h e  remaining h e a t  
i s  s t o r e d  i n  t h e  b o i l e r .  A r e d u c t i o n  i n  mass of t h e  b o i l e r  s t r u c t u r a l  and wate r  
c a p a c i t y  would r e d u c e  t h e  t o t a l  amount o f  h e a t  t h a t  could  be  l o s t  i n  any o f f -  
c y c l e  p e r i o d .  Th is  d e s i g n  f e a t u r e  coupled w i t h  a n  o p e r a t i o n  s t r a t e g y  a l l o w i n g ,  
a  f i n a l  purge of t h e  b o i l e r  which sweeps t h e  s t o r e d  h e a t  o u t  of t h e  b o i l e r  and 
i n t o  t h e  i n s u l a t e d  enve lope  o r  h e a t e d  s p a c e  of t h e  b u i l d i n g  b e f o r e  i t  can be  
l o s t  th rough  t h e  b o i l e r  j a c k e t  o r  by c o n v e c t i o n  up t h e  s t a c k  would d r a m a t i c a l l y  
improve t h e  b o i l e r ' s  s e a s o n a l  l I f  such  a  b o i l e r  had low enough mass 
and t h e  p r o p e r  a s s o c i a t e d  c o n t r o l s ,  i t  cou ld  f u l f i l l  on demand b o t h  t h e  r o l e s  
of s p a c e  h e a t i n g  and i n s t a n t a n e o u s  h o t  w a t e r  h e a t i n g  w i t h  w a t e r  s t o r a g e .  Off- 
c y c l e  l o s s e s  cou ld  b e  e f f e c t i v e l y  reduced i f  n o t  e l i m i n a t e d  e n t i r e l y .  



Even w i t h o u t  new b o i l e r  d e s i g n s ,  t h e  immediate impact of a  m o d i f i c a t i o n  
of c u r r e n t  p r a c t i c e  and o p e r a t i o n  can  be  demonstra ted by examining t h e  p e r f o r -  
mance paramete rs  i n  Tab le  2.  The s e a s o n a l  e f f i c i e n c y  of t h e  u n i t s  t e s t e d  r a n g e s  
from 62.9 t o  75.3%. Assuming t h a t  w i t h  a d d i t i o n a l  i n s u l a t i o n  around t h e  b o i l e r s  
one cou ld  i n c r e a s e  t h e  u s e f u l  h e a t  d e l i v e r e d  by a n  amount e q u a l  t o  h a l f  t h e  
o r i g i n a l  j a c k e t  l o s s  and ,  f u r t h e r ,  t h a t  w i t h  s u i t a b l e  c o n t r o l s  t h e  b o i l e r s  t e s t e d  
could  be  made t o  purge t h e i r  s t o r e d  h e a t  t o  t h e  house o r  t o  domest ic  h o t  wa te r  
s t o r a g e  ( e i t h e r  h e a t i n g  o r  p r e h e a t i n g )  t h e  s e a s o n a l  e f f i c i e n c y  of t h e  b o i l e r s  
t e s t e d  cou ld  be  i n c r e a s e d  t o  a r a n g e  of 78.6 t o  83.,9.%. Th is  improvement cou ld  be  
t r a n s l a t e d  i n t o  a n  a n n u a l  f u e l  s a v i n g s  of 83  t o  277 g a l l o n s  w i t h  an  i n i t i a l  i n -  
ves tment  of $500.00. A t  a  f u e l  c o s t  of $1.00 p e r  g a l l o n ,  t h i s  r e p r e s e n t s  a  w o r s t  
c a s e  payback of l e s s  t h a n  6  y e a r s ;  i n  most c a s e s  it would be  l e s s  t h a n  3  y e a r s .  

Tab le  2  

B o i l e r  C h a r a c t e r i z a t i o n  Summary 

The e v a l u a t i o n  of i n n o v a t i v e  concep t s  of h e a t i n g  system d e s i g n  and op- 
e r a t i o n  w i l l  c o n t i n u e  a t  BNL d u r i n g  F i s c a l  Year 1980. 

B. Comparative T e s t  R e s u l t s  

B o i l e r  
Type 

Wet-Base 
S t e e l  

1. Wet-Base S t e e l  Package B o i l e r .  Th i s  b o i l e r  ( B o i l e r  A) used a  s i n g l e -  
p a s s  h o r i z o n t a l  f i r e  t u b e  h e a t  exchanger .  The u n i t  was f i r e d  w i t h  a  high-speed 
re ten t ion-head  burner  and achieved a  s t e a d y - s t a t e  e f f i c i e n c y  o f  82.3% and a  sea -  
s o n a l  e f f i c i e n c y  of 74.1%. I n  comparison,  t h e  B a s e l i n e  u n i t ,  a dry-base  s i n g l e -  
p a s s  v e r t i c a l  f i r e  t u b e  b o i l e r  f i r e d  w i t h  a  c o n v e n t i o n a l  low-speed b u r n e r ,  had 
a  s e a s o n a l  e f f i c i e n c y  o f  56.2%. The t e s t  b o i l e r  u s i n g  t h e  same t y p e  of conven- 
t i o n a l  burner  y i e l d e d  a  s e a s o n a l  e f f i c i e n c y  o f  67.3%. The performance paramete rs  
of t h e s e  t e s t s  are compared i n  Tab le  3. 

u 
Q) al 
2 ;  
o u  
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A  

Burner 
Type & 

Code 

HSRH A 

Dry-Base 
Cast  I r o n  

P e r c e n t  
Of f-Cycie 

Loss 

8 . 2  

P e r c e n t  
Opera t ing  Loss 

a 

G 
H 

P e r c e n t  
Seasona l  

E f f i c i e n c y  
(Usefu l  Heat)  

74.1 

S t a c k  

14.5 

Annual 
Fue l  
Use 

(Ga l lons )  

1105 

J a c k e t  

3.2 

LSNRH L  
HSRH A 

19.3 
18.5  

3.9 
5 .9  

8.9 
11.1 

67.9 
64.5 

1205 
1269 



The p o t e n t i a l  s av ings  of Bo i l e r  A when compared t o  t h e  Base l ine  i s  about  
24%. The t e s t  u n i t  was f i r e d  w i t h  a  conventional butfier (ESNRH). Comyarlsuu 
of t h e  u n i t ' s  performance when t e s t e d  i n  t h i s  manner w i t h  t h e  Base l ine  u n i t  test 
r e s u l t s  i s  used t o  e v a l u a t e  how t h e  t o t a l  sav ings  is  proportfoned between b o i l e r  
and burner  c o n t r i b u t i o n s .  The sav ings  a t t r i b u t a b l e  t o  t h e  b o i l e r  i s  probably 
about  16.0% whi l e  t h e  ba lance  of  8% can be  c r e d i t e d  t o  t h e  burner .  S u b s t a n t i a l  
r e d u c t i o n s  i n  o p e r a t i n g  and o f f - cyc l e  l o s s e s  a r e  revea led  by t h e  comparison. 

Table  3  

Wet-Base STeel Package B o i l e r  

2. Wet-Base Cast-Iron B o i l e r s .  Three wet-base ca s t - i ron  b o i l e r s  w e r e  
t e s t e d  a s  shown i n  Table  4.  Each of t h e  b o i l e r s  had hea t  exchangers which were 
complex i n  t h a t  t h e  v e r t i c a l - p a s s  s u r f a c e s  were covered wi th  f i n g e r s  which ex- 
tended t h e  hea t  exchanger su r f ace .  Tes t  Bo i l e r  B had a  four -sec t ion  hea t  ex- 
changer about 8  inches  h igh ,  whereas B o i l e r s  C and D each had th ree - sec t ion  hea t  
exchangers about 11 and 14 inches  h igh  r e s p e c t i v e l y .  

Tes t  
A r t i c l e  
& Code 

B o i l e r  A 

B o i l e r  A 

Base l ine  
B o i l e r  Z 

B o i l e r  B is  t h e  b e s t  of t h r e e  t e s t e d  w i th  t h c  lowcst  j a c k e t  l o s s e s  of 
any b o i l e r  t e s t e d  t o  d a t e .  F i r ed  w i th  a  high-speed retent ion-head burner ,  t h e  
u n i t  achieved a  s t e a d y - s t a t e  e f f i c i e n c y  of 81.0%. Under par t - load  ope ra t i on ,  
t h e  u n i t  y i e lded  a  s ea sona l  e f f i c i e n c y  of 75.3%. Compared wi th  t h e  Base l ine ,  
t h i s  u n i t  has  a sav ings  p o t e n t i a l  of about 25% of which about 12% c.n~lld be  a t -  
t r i b u t e d  t o  t h e  b o i l e r  and 13% t o  t h e  burner .  

B o i l e r  C ,  a l s o  f i r e d  w i t h  a  high-speed retent ion-head burner ,  i s  a b l e  
t o  o p e r a t e  i n  s t e a d y - s t a t e . a t  76.0% e f f i c i e n c y .  It should be  noted t h a t  even 
though t h e  u n i t ' s  s t a c k  l o s s e s  w e r e  about  t h e  same a s  B o i l e r  B y  a  marked i n c r e a s e  
i n  j a c k e t  l o s s e s  p l u s  a  sma l l e r  i n c r e a s e  i n  o f f - cyc l e  l o s s e s  r e s u l t e d  i n  a  lower 
s ea sona l  e f f i c i e n c y  of 68.5%. Never the less ,  t h e  u n i t  d i sp l ayed  a  p o t e n t i a l  sav- 
i n g s  of 18% when compared wi th  t h e  Base l ine .  These sav ings  f o r  b o i l e r  and burner  
were about  14% and 4% r e s p e c t i v e l y .  

Burner 
Type & 
Code 

HSRH A 

LSNRH J 

LSNRH J 

Percent  
Operat ing Loss 

Percent  
Off-Cycle 

Loss 

8.2 

10.7 

13.0 

S tack  

14.5 

17.9 

25.7 

J acke t  

3.2 

4 .1  

5 .1  

Percent  
Seasonal  

E f f i c i ency  
(Useful  Heat) 

74.1 

67.3 

56.2 

Annual 
Fuel  
Use 

(Gal lons)  

1105 

1217 

1455 



Boi l e r  D ,  f i r e d  wi th  a high-speed retent ion-head burner ,  achieved a 
s t eady- s t a t e  e f f i c i e n c y  of 75.4%. The t o t a l  percent  ope ra t ing  l o s s  of t h i s  
u n i t  was not  very d i f f e r e n t  from Bo i l e r  C ,  but  t h e  s i g n i f i c a n t  i n c r e a s e  i n  o f f -  
c y c l e  l o s s e s  r e s u l t e d  i n  a seasonal  e f f i c i e n c y  of 62.9%. Comparative t e s t s  of 
Bo i l e r  C f i r e d  wi th  a convent ional  (LSNRH) burner  were not  made. In spec t ion  of 
t h e  r e s u l t s  achieved revea led  a sav ings  of 11% of t h e  Base l ine  u n i t .  

Table 4 

Wet-Base Cast-Iron Boi le r  Cha rac t e r i za t ion  

3. Dry-Base S t e e l  Bo i l e r s .  Two dry-base s ingle-pass  v e r t i c a l  f i r e  
tube  b o i l e r s  were t e s t e d  a s  shown i n  Table 5. Both b o i l e r s  had t a l l  hea t  ex- 

Test  
A r t i c l e  
& Code 

Boiler  B 

Boiler  C 

Boi le r  D 

Base l ine l  
Boi le r  Z 

changers,  24 and 23 inches r e s p e c t i v e l y  f o r  B o i l e r s  E and F .  Bo i l e r  E had 9 
f i r e  tubes  whi le  Bo i l e r  F had 8.  I n  both b o i l e r s  t h e  f i r e  tubes  were nominally 
3 inches i n  diameter .  

Bo i l e r  E, f i r e d  wi th  a high-speed retent ion-head burner ,  achieved a 
s t eady- s t a t e  e f f i c i e n c y  of 76.3%. The u n i t  had r e l a t i v e l y  low ope ra t ing  s t a c k  
l o s s e s  cons ider ing  t h e  s i m p l i c i t y  of t h e  hea t  exchanger des ign .  However, t h i s  
was o f f s e t  by high j acke t  l o s s e s .  The u n i t  was eva lua ted  t o  have a s easona l  
e f f i c i e n c y  of 67.6%. Comparison wi th  t h e  Base l ine  system ind ica t ed  t h a t  t h e  
u n i t  could produce a sav ings  of about 17%. About 13% was probably due t o  t h e  
b o i l e r  whi le  4% can be c r e d i t e d  t o  t h e  burner .  

Burner 
Type & 
Code 

HSRH C 
LSNRH J 

HSRH C 
LSNRH J 

HSRH B 
LSNRH N / A  

LSNRH J 

Bo i l e r  F, a l s o  f i r e d  wi th  a high-speed retent ion-head burner ,  had a 
s t eady- s t a t e  e f f i c i e n c y  of 77.3%. The u n i t  had e s s e n t i a l l y  t h e  same ope ra t ing  
l o s s e s  a s  Bo i l e r  E, bu t  s u b s t a n t i a l l y  h igher  of f -cyc le  l o s s e s  reduced i t s  sea- 
sona l  e f f i c i e n c y  t o  63.4%. Boi l e r  F was n o t  t e s t e d  wi th  a convent ional  (LSNRH) 
burner .  When Bo i l e r  F was compared t o  t h e  b a s e l i n e  system a sav ings  of about  
11% was revea led .  Comparative t e s t s  of t h i s  package b o i l e r  w i l l  b e  resumed i n  
F i s c a l  Year 1980. 

Percent  
Operating Loss 

Percent  
Off -Cycle 

Loss 

5.7 
12.7 

7.5 
10.4 

12.5 
- 

13 .O  

Stack 

18 .O 
22.5 

18.5 
20.0 

20.5 
- 

25.7 

Jacke t  

1 .O 
1.2 

5.5 
4.2 

4 .1  
- 

5 .1  

Percent  
Seasonal 

Ef f ic iency  
(Useful Heat) 

75.3 
63.6 

68.5 
65.4 

62.9 
- 

56.2 

Annua 1 
Fuel 
Use 

(Gallons) 

108 7 
1286 

1195 
1251  

1301 
- 

1455 



4. Dry-Base Cast-Iron Bo i l e r s .  Two dry-base ca s t - i ron  b o i l e r s  were 
t e s t e d  a s  shown i n  Table  6. Each b o i l e r  had a t h r ee - sec t ion  hea t  excl~arlger 
w i t h  complex v e r t i c a l  pa s s  s u r f a c e s  s i m i l a r  i n  appearance t o  t hose  of t h e  w e t -  
ba se  c a s t - i r o n  test  b o i l e r s .  The hea t  exchanger hclghr: f u r  hL11 uuiLs   as 
about  15 inches .  

Table  5 

Dry-Base S t e e l  Bo i l e r  C h a r a c t e r i z a t i o n  

Boiler G ,  t e s t e d  a s  de l ive red  wi th  a low-speed non-retention-head burner ,  
y i e l d e d  a s t e a d y - s t a t e  e f f i c i e n c y  of 76.8%. The performance of t h e  u n i t  a s  
t e s t e d  was no t  very  much d i f f e r e n t  from i t s  wet-base c o u n t e r p a r t s  and, i n  f a c t ,  
exceeded t h e  s ea sona l  e f f i c i e n c y  of a wet-base u n i t  of t h e  same manufacture,  
B o i l e r  D.  B o i l e r  G exh ib i t ed  a s ea sona l  e f f i c i e n c y  of 67.9% which, when com- 
pared w i t h  t h e  Base l ine ,  could save  about 17%, a l l  due t o  t h e  b o i l e r .  B o i l e r  
G was t e s t e d  w i t h  a high-speed re ten t ion-head  burner  and produced a s teady-  
s t a t e  e f f i c i e n c y  of 78.2% wi th  a seasona l  performance of 70.0%. 

Tes t  
A r t i c l e  
& Code 

B o i l e r  E 

B o i l e r  F 

B a s e l i n e l  
B o i l e r  Z 

Bo i l e r  H w i th  a high-speed retent ion-head burner  produced a s t e a d y - s t a t e  
e f f i c i e n c y  of 75.6%. It i s  i n t e r e s t i n g  t o  no t e  that a l though Bo i l e r  H had what 
i s  presumed t o  be  a b e t t e r  burner  i t s  ope ra t i ng  and of f -cyc le  l o s s e s  were 
g r e a t e r  than  t h o s e  e x h i b i t e d  by Bo i l e r  G.  This  r e s u l t e d  in Bol lc r  B lldvifig 
s ea sona l  e f f i c i e n c y  of  64.5%. I n  t e r m s  of sav ings  p o t e n t i a l  over  t h e  Base l ine ,  
t$e u n i t  could reduce f u e l  consumption by about 13%, of which about 4% was due 
t o  t h e  b o i l e r  and about  9% t o  t h e  burner .  

5 .  Base l ine  S a v i n ~ s  Comparison. Although an i n s u f f i c i e n t  number of 
u n i t s  have been t e s t e d  i n  t h e  c h a r a c t e r i z a t j o n  test program t o  permit  ca t ego r i -  
z a t i o n  of t h e  performance of d i f f e r e n t  b o i l e r  t y p e s ,  some i n t e r e s t i n g  information 
has  been y i e lded  regard ing  t h e  p a r t i t i o n  of energy between t h e  v a r i o u s  b o i l e r  
l o s s e s  and t h e  u s e f u l  h e a t  d e l i v e r e d  (summarized i n  Tables  3 ,  4 ,  5 ,  and 6 )  and 
t h e  s av ings  p o t e n t i a l  of d i i i e r e n t  package b o i l e r s .  T h i s  la t ter  information i s  
summarized i n  Table  7. 

Burner 
Type & 
Code 

HSRH C 
LSNRH J 

HSRH A 
LSNRHNIA 
LSNRH J 
HSRH A 

It would appear  t h a t  t h e  average  ope ra t i ng  l o s s  f o r  t h e  b o i l e r s  t e s t e d  
w a s  a b n l ~ t  22.4% wi th  a n  average  of 17.6% due t o  s t a c k  l o s s e s  and about  4.8% due 
t o  j a c k e t  l o s s e s .  The o f f - cyc l e  l o s s e s  f o r  t h e  group t e s t e d  averaged about  9.6%. 

Percent  
Operat ing Loss 

Percent  
Off-Cycle 

Loss 

8.7 
9.7 

13.9 
- 

13.0 
10.6 

S tack  
16.2 
18.0 

15.7 
- 

25.7 
18.9 

J a c k e t  
7.5 
8.0 

7.0 - 
5.1 
5.8 

Percent  
Seasonal  

E f f i c i ency  
(Useful  Heat) 

67.6 
64.3 

63.4 
- 

56.2 
64.7 

Annual 
Fue l  
U s e  

(Gallons) 
1211 
1272 

1292 
- 

1455 
1265 



A l l  u n i t s  f a r e d  w e l l  when compared t o  t h e  Base l ine  u n i t  which had ope ra t i ng  
s t a c k ,  ope ra t i ng  j a c k e t ,  and o f f - cyc l e  l o s s e s  of 25.7, 5.1 and 13.0% respec-  
t i v e l y .  The p o t e n t i a l  f u e l  sav ings  over  t h e  Base l ine  u n i t  ranged from 11 t o  
25%. Table 7 summarizes t h e  i n d i v i d u a l  percent  sav ings  over  t h e  Base l ine  u n i t  
a s  w e l l  a s  t h e  d i v i s i o n  of t h a t  sav ings  t h a t  can be  c r e d i t e d  t o  b o i l e r  per for -  
mance and burner  performance. 

- 
Table 6 

Dry-Base Cast-Iron Bo i l e r  Cha rac t e r i za t i on  

Tes t  
A r t i c l e  

, & Code 

Bo i l e r  G 

Bo i l e r  H 

Base l ine l  
B o i l e r Z  

Table  7 

Boi l e r  Savings Comparison R e l a t i v e  t o  Base l ine  Unit  

Burner , 

Type Q 
C ~ d e  

hSRH D 
LSNRHL 

HSRH A 
LSNRHJ 

LSNRHJ 

Test  
A r t i c l e  
& Code 

A 

B 

C 

D 

E 

F 

G 

H 

Operat ing Loss 

S tack  

17 
19.3 

18.5 
23.3 

25.7 

1 

Boi l e r  
Type 

WBST 

WBC I 

WBCI 

WBCI 

DBST 

DBST 

D B C I  

D B C I  

Annua 1 
Fuel 
Use 

(Gallons) 

1169 
1205 

1269 
1402 

1455 , 

1 
Off-Cycle 

Loss 

8.2 
8.9 

11.1 
12.2 

13 .O 

Jacke t  

4.8 
3.9 

5.9 
6.1 

5.1 

Percent  
Seasonal  

E f f i c i ency  
(Useful  Heat) 

70 .O 
67.9 

64.5 
58.4 

56.2 

Percent  
To ta l  

2 4 

2 5 

18 

11 

17 

11 

17 

13 

Burner 
Type & 
Code 

HSRH A 

HSRH C 

HSRH C 

HSRH B 

HSRH C 

HSRH A 

LSNRH L 

LSRH 

Percent  
Bo i l e r  

16 

12 

14 

- 

13 

- 

17 

4 

Savings 
Burner 

8 

13 

4 

- 

4 

- 

- ---- 
9 



C. Addi t iona l  R e s u l t s  

During F i s c a l  Year 1979, t h e  major emphasis was s h i f t e d  from t h e  ea r -  
l ie r  vo lun ta ry  program t o  t h e  c h a r a c t e r i z a t i o n  phase of t h e  p r o j e c t .  Because 
s e v e r a l  commitments made under t h e  vo lun ta ry  program were s t i l l  incomplete,  
t h i s  t r a n s i t i o n  was made over  a  per iod  of s e v e r a l  months. This  s e c t i o n  w i l l  
d e a l  w i t h  t h e s e ' a n d  o t h e r  r e s u l t s  which do n o t  correspond t o  t h e  formal  char- 
a c t e r i z a t i o n  program p l an .  

1. Oil-Fired Pu l se  Combustion B o i l e r  (Test A r t i c l e  R) . An e a r l y  con- 
c e p t  i d e n t i f i e d  by t h i s  p r o j e c t  was t h e  u s e  of a  p u l s a t i n g  combustion system a s  
t h e  prime hea t  source  f o r  a  r e s i d e n t i a l  b o i l e r .  This  combustion technique  can 
be  t i a c e d  back t o  t h e  "buzz-bomb" rocke t  used by Germany i n  World War II. U n t i l  
r e c e n t l y  t h e  concept had been u t i l i z e d  only  i n  gas- f i red  b o i l e r s  and was no t  
a p p l i c a b l e  t o  o i l  because of t h e  s t a t e  of  t h e  a r t  of o i l  a tomiza t ion  and vapor- 
i z a t i o n .  The p u l s e  combustion dev ice  r e q u i r e s  a  very  p r e c i s e  mix of f u e l  and 
a i r  f o r  extremely r a p i d  combustion (small  explos ions  s i m i l a r  t o  t hose  i n  an in- 
t e r n a l  combustion engine) .  The b a s i c  ope ra t i ng  p r i n c i p l e  of a  pu l se - f i r ed  com- 
b u s t i o n  device  i s  i l l u s t r a t e d  i n  F ig .  5. A p ro to type  system inco rpo ra t i ng  o i l -  
f i r e d  p u l s e  combustion was brought t o  our  a t t e n t i o n  and arrangements were made 
t o  t e s t  t h e  u n i t .  The dev ice  has  been developed by a  p r i v a t e  company loca t ed  
i n  Geneva, Swi tzer land .  

The b o i l e r  submit ted f o r  t e s t i n g  incorpora ted  s e v e r a l  unique f e a t u r e s .  
The system was designed t o  s t a r t  up by u s e  of a  c o n t r o l l e d  spa rk  i g n i t i o n  sys- 
t e m  which i s  needed only  dur ing  t h e  i n i t i a l  i g n i t i o n  pe r iod .  Af t e r  t h e  f i r s t  
few c y c l e s  t h e  p u l s a t i o n s  of t h e  exhaust  gases  draw i n  new f u e l l a i r  mix tures  
and r e - i g n i t e  them cont inuous ly  without  r e q u i r i n g  an  e x t e r n a l  spa rk  and power 
sou rce .  The e n t i r e  combustion and exhaust  system i s  immersed i n  t h e  b o i l e r  
water  chamber a l lowing  f o r  a lmost  d i r e c t  hea t  t r a n s f e r .  The r a t e  of p u l s a t i o n  
is  approxima'tely 50 cycl'es/second c r e a t i n g  exhaust gas  v e l o c i t i e s  01 approxi- 
mate ly  70f t l second  a s  determined by t h e  manufacturer .  The r a p i d  series of 
p u l s a t i o n s  c r e a t e s  ve ry  h igh  l e v e l s  of t u rbu lence  which can g r e a t l y  enhance 
t h e  hea t  t .ran.sfer r a t e  between t h e  ho t  exhaust  ga se s  and t h e  b o l l e r  water .  
The system submit ted f o r  t e s t i n g  was designed such t h a t  t h e  exhaust  was ac tu-  
a l l y  p a r t i a l l y  condensed In an econouiizer t h a t  i s  a l s o  i n  d i r e c t  c o n t a c t  wi th  
t h e  b o i l e r  wa te r .  

With t h e  d i r e c t .  hea t  flow te.c.hnique u t i l i z e d  a t  BNL, t h e  s t eady - s t a t e  
e f f i c i e n c y  of t h e  p ro to type  b o i l e r  was measured t o  be 88.1%. In  comparison t h e  
b e s t  b u r n e r l b o i l e r  combination of convent iona l  combustion equipment des ign  had 
a  s t e a d y - s t a t e  e f f i c i e n c y  of 84.4% based on t h e  same t e s t  methods. The f l u e  
gas  a n a l y s i s  gave an average  s t e a d y - s t a t e  e f f i c i e n c y  of 91-1/3%d wi th  a  13.8% 
carbon d iox ide  concen t r a t i on  and a  n e t  s t a c k  temperature  of 108 .F .  

Some d i f f i c u l t y  was experienced wi th  s e t t i n g  up t h e  u n i t  f o r  t e s t i n g  
because of e l e c t r i c a l  supply i n  c o m p a t i b i l i t y .  This  problem must be  reso lved  
i f  f u t u r e  t e s t i n g  of t h e  u n i t  is  t o  occur .  Af t e r  s e v e r a l  a l t e r a t i o n s  t o  t h e  

' c o n t r o l s  and p e r i p h e r a l  equipment, t h e  u n i t  was s t a r t e d ,  a d j u s t e d ,  and operated 
under  s t e a d y - s t a t e  c o n d i t i o n s .  D i f f i c u l t i e s  were encountered i n  r e s t a r t i n g  t h e  
u n i t  a f t e r  shutdown. 



COMBUSTION r CHAMBER 

SPARK PLUG FOR IGNITING / r THE FIRST CHARGE . 

- 
MIXTURE 
1- t 

I ,'- I 
GAS /AIR MIXTURE INTRODUCED 

MIXTURE IGNITED SENDING PRESSURE 
WAVE DOWN JET PlPE 

I 

DEPRESSION - > > > > - MIXTURE 

PRESSURE WAVE TRAVELS DOWN PlPE AND 
A DEPRESSION OCCURS IN THE COMBUSTION 
CHAMBER BEHIND THE WAVE, ADMITTING 
NEW CHARGE OF PRE-MIXED GAS AND AIR 

PRESSURE WAVE REFLECTED FROM OPEN 
END OF JET PlPE CLOSES VALVE AND 
IGNITES MIXTURE 

Figure  5 .  P r i n c i p l e  of o p e r a t i o n  f o r  a p u l s e  combustion dev i ce .  



Cycle e f f i c i e n c y  tests were no t  completed because of s e v e r a l  i g n i t i o n  
f a i l u r e s  r e l a t e d  t o  i n t e r n a l  condensat ion problems caused by t h e  low temp- 
e r a t u r e  of t h e  return-water .  Af t e r  t h r e e  a t t empt s  a t  c y c l i n g ,  i t  was de t e r -  
mined t h a t  a s  c u r r e n t l y  designed t h e  u n i t  could no t  func t ion  on t h e  BNL t e s t  
s t a n d  under t h e  c y c l i n g  procedure t h a t  is  imposed on t h e  t e s t  a r t i c l e .  

The problems encountered w i t h  t h i s  u n i t  a r e  t y p i c a l  of t hose  encountered 
w i t h  many e a r l y  p ro to types .  It i s  important  t o  n o t e  t h a t  t h e  b a s i s  combustion 
equipment opera ted  a s  r equ i r ed ,  c l e a r l y  demonstrat ing t h a t  o i l - f i r e d  p u l s e  com- 
b u s t i o n  can be  achieved.  The advantage of p u l s e  combustion i n  terms of s teady-  
s t a t e  e f f i c i e n c y  has  been demonstrated and t h e r e  i s  s o l i d  evidence f o r  conclud- 
i n g  t h a t  o f f - cyc l e  l o s s e s  w i l l  be  small .  I n  convent iona l  equipment t h e  major 
l o s s e s  dur ing  t h e  o f f - cyc l e  can be  a t t r i b u t e d  t o  t h e  convec t ive  l o s s  through t h e  
b o i l e r  and up t h e  chimney. The pu l se - f i r ed  b o i l e r  i s  a s ea l ed  system when no t  
be ing  f i r e d ,  w i t h  no a i r  f low through t h e  u n i t .  The only remaining of f -cyc le  
lasses  would be  due t o  j a c k e t  l o s s e s .  

The manufacturer  of the  pu l se - f i r ed  b o i l e r  hopes t o  have. an improved de- 
s i g n  a v a i l a b l e  f o r  t e s t i n g  w i t h i n  a few months which w i l l  be  compatible  w i th  t h e  
t e s t i n g  requireliienr imposed by DNL and t h c  l o c a l  a1ectrj.r: s l ipply v o l t a g e  and 
f requcncy . 

2 .  Blue-Flame Combustion Systems. A s i g n i f i c a n t  cons ide ra t i on  wi th  
o i l  combustion systems i s  t h e  amount of excess  a i r  r equ i r ed  t o  a s s u r e  complete 
combustion without  soo t  genera t ion .  From t h e  s t andpo in t  of e f f i c i e n c y ,  t h e  
most d e s i r a b l e  system would r e q u i r e  no excess  a i r  a t  a l l .  Excess a i r  c o n t r i -  
b u t e s  no th ing  t o  t h e  energy r e l ea sed  dur ing  t h e  burner  process  and a c t s  a s  a 
s i n k  f o r  energy t h a t  passes  up t h e  s t a c k ,  a long  wi th  exhaust  gases  genera ted  by 
t h e  combustion process .  I f  combustion i s  t o  occur  under s t o i c h i o m e t r j r  condi- 
t i o n s ,  t h e r e  must be  a p r e c i s e  mixing of f u e l  and a i r  such t h a t  t h e  mix ture  
r a t i o  d i s t r i b u t i o n  i s  n e a r l y  cons t an t  a c r o s s  t h e  flow i n  t h e  r e a c t i o n  zone. I f  
t h i s  can e x i s t ,  i t  w i l l  produce t h e  h ighes t  p o s s i b l e  temperature  d i f f e r e n c e  
maximizing hea t  t r a n s t e r  when compared t u  fue l - lean  combuction. U n f o r t ~ i n a t e l y ,  
t h e r e  a r e  s e v e r a l  problems a s soc i a r ed  w l ~ h  uedl s t v i ch iomc t r io  combustion o f  
o i l .  F i r s t ,  t h e  f u e l / a f r  mix ture  r equ i r ed  c a u ~ ~ u t  Le gencrarcd b y  means o f  
convent iona l  p r e s s u r e  a tomiza t ion  techniques  a lone .  The d r o p l e t s  a r e  s t i l l  too  
l a r g e  t o  a l low f o r  t h e  deg ree  of uniform mixing r equ i r ed .  The second problem 
is  a s s o c i a t e d  w i t h  what occurs  when t h e  mix ture  i s  j u s t  s l i g h t l y  f u e l  r i c h ;  
gene ra t i on  of soo t  and carbori luonoxide i n c r e a s e s  d r a s t i c a l l y  ( s e v e r a l  o r d e r s  
of magnitude of concen t r a t i on ) .  The l a c k  of complete ulixing can cauce t h e s e  
changes t o  occur  even i f  t h e  mix ture  i s  n o t  f u e l  r i c h ,  a s  observed w i t h  con- 
v e n t i o n a l  yellow-flame burners .  Under t h e s e  c i rcumstances ,  soo t  gene ra t i on  
i n c r e a s e s  r a p i d l y  b e f o r e  carbon monoxide becomes a f a c t o r .  Th i s  soo t  f o u l s  
h e a t  exchanger s u r f a c e s  and g r e a t l y  reduces system e l f i c i e n c y .  

The blue-flame technology developed i n  r e c e n t  y e a r s  has  solved most of 
t h e s e  problems. The blue-flame combustion systems t e s t e d  a t  BNL have included 
one b u r n e r l b o i l e r  u n i t  developed under f e d e r a l  DOE funding,  a b u r n e r l b o i l e r  
u n i t  developed i n  I t a l y ,  and a r e t r o f i t a b l e  burner  u n i t  developed i n  West 



Germany which can be used i n  new b u r n e r l b o i l e r  u n i t s  o r  r e t r o f i t t e d  i n t o  
e x i s t i n g  b o i l e r s  when appropr ia te .  A l l  t h r e e  u n i t s  a r e  designed t o  op- 
e r a t e  near  s to i ch iome t r i c  combustion wi th  smal l  amounts of excess  a i r  rang- 
ing from 10 t o  20%. I n  d i f f e r e n t  ways a l l  t h r e e  systems inco rpora t e  combus- 
t i on lexhaus t  gas  r e c i r c u l a t i o n  t o  t h e  flame zone. This  r e s u l t s  i n  a momen- 
tum exchange between t h e  primary f u e l l a i r  flow and t h e  r e c i r c u l a t i n g  flow. 
The flow v e l o c i t y  i s  r e t a rded  s o  t h a t  t h e  flame f r o n t  can e s t a b l i s h  i t s e l f  
downward of t h e  mixing tube  region.  Because of almost complete evaporat ion 
of t h e  f u e l  ahead of t h e  flame f r o n t ,  t h e  mixing of f u e l  and a i r  i s  very'com- 
p l e t e  and a b lue  flame r e s u l t s .  

The blue-flame b u r n e r l b o i l e r  (Test  A r t i c l e  J )  developed under DOE fund- 
ing i s  now i n  t h e  commercial market, and f i e l d  eva lua t ions  a r e  being conducted 
on a number of u n i t s  by t h e  manufacturer under c o n t r a c t  agreements wi th  BNL/ 
DOE. The burner  i n  t h i s  system i s  designed i n  conjunct ion wi th  t h e  b o i l e r ' s  
combustion chamber and cannot be adapted a s  a r e t r o f i t  burner  a t  t h i s  s t a g e .  
The burner  i s  designed t o  maximize t h e  mixing of e x t e r n a l l y  r e c i r c u l a t e d  com- 
bus t ion  products  wi th  incoming combustion a i r  p r i o r  t o  combustion. This  is 
achieved by i n j e c t i n g  t h e  combustion a i r  through a s e r i e s  of %-inch-diameter 
ho le s  surrounding t h e  o i l  nozz le  on a c i r c l e  diameter  of 2 inches.  The a i r  
j e t s  i s s u i n g  from t h e s e  ho le s  e n t r a i n  combustion products  from a re -en t ran t  
s4ot  i n  t h e  burner  b l a s t  tube and c r e a t e  a r e c i r c u l a t i o n  eddy e x t e r n a l  t o  t h e  
flame wi th in  t h e  combustion chamber. The b a f f l e  s e rves  t o  ensure  t h a t  t h e  
re -en t ra ined  combustion products  do no t  s h o r t  c i r c u i t  t h e  h e a t  exchanger sur-  
f aces  and re -en ter  t h e  combustion process  a t  excess ive ly  high temperatures  
( see  Fig. 6 ) .  The i g n i t i o n  e l e c t r o d e s  and burner  nozz le  extend beyond t h e  
re -en t ran t  s l o t  i n  t h e  burner  b l a s t  tube  and a r e  exposed t o  a mixture  of com- 
bus t ion  products  and a i r .  To avoid overheat ing of t h e  o i l  supply l i n e ,  t h e  
nozzle  and nozz le  adapter  a r e  sheathed such t h a t  a i r  c i r c u l a t e s  cont inuously 
i n  t he  annulus between t h e  shea th  and t h e  o i l  nozz le ;  t h e  o v e r a l l  des ign  
of t he  burner  head,provides a measure of p r o t e c t i o n  f o r  both t h e  e l e c t r o d e s  
and t h e  shea th  i n  t h e  a i r  c u r t a i n  c r ea t ed  by t h e  a r r a y  of j e t s .  The system 
was designed i n  conjunct ion wi th  a wet-base h o r i z o n t a l  f i r e  tube s t e e l  b o i l e r  
matched t o  t h e  0.75 gph f i r i n g  r a t e .  The system's  annual seasonal  e f f i -  
c iency of 54.2% ( a t  t h e  des ign  cond i t i ons  mentioned e a r l i e r  i n  t h i s  r e p o r t )  
is  among t h e  h ighes t  measured i n  t h e  t e s t  f a c i l i t y  t o  da t e .  This  is  compar- 
a b l e  t o  those of s e v e r a l  yellow-flame r e t e n t i o n  head bu rne r /bo i l e r  u n i t s  with 
s i m i l a r  seasonal  e f f i c i e n c i e s .  The major advantage of t h e  blue-flame tech- 
nology systems i s  expected t o  be t h a t  t h e  u n i t s  w i l l  cont inue  t o  ope ra t e  a t  
t h i s  l e v e l  of e f f i c i e n c y  whi le  yellow-flame u n i t s  w i l l  r e q u i r e  pe r iod ic  clean-  
ing t o  remove soo t  accumulations.  This  w i l l  be i n v e s t i g a t e d  by eva lua t ion  of 
f i e l d  i n s t a l l a t i o n s  because t h e  t e s t  l abo ra to ry  is  no t  designed f o r  long- 
termed ope ra t ion  t e s t s .  It should a l s o  be noted t h a t  t h e r e  have been s e v e r a l  
problems i n  a d j u s t i n g  t h i s  equipment t o  a s s u r e  minimal carbon monoxide gen- 
e r a t i o n .  The manufacturer has  s i n c e  changed i ts  i n s t a l l a t i o n  manuals t o  re-  
commend t h a t  excess  a i r  l e v e l s  no t  be  reduced below 15% and t h a t  a check of 
carbon monoxide concentrakion be performed t o  a s s u r e  t h a t  no measurable l e v e l  
of carbon monoxide e x i s t s  i n  t h e  s t a c k .  
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Figure 6. Combustion system used in blue-flame burnerlboiler. 
Developed under DOE funding. 



The second blue-flame system t e s t e d  i n  t h e  l abo ra to ry  (Test  A r t i c l e  K) 
was developed i n  I t a l y  through p r i v a t e  and government funding. This  system was 
designed a s  a  b u r n e r l b o i l e r  u n i t  wi th  an e x t e r n a l  r e c i r c u l a t i o n  loop c a s t  i n t o  
t h e  b o i l e r .  The burner  can be  used only i n  conjunc t ion  w i t h  i t s  matched b o i l e r .  
The b o i l e r  used i n  t h i s  system was a  unique des ign  made of c a s t  i r o n .  Because 
of t h e  very low soot  l e v e l s  produced wi th  t h e  blue-flame burner ,  t h e  des ign  
of t h e  b o i l e r  could be very  complex without  concern f o r  fou l ing  due t o  soot  
bui ldup.  The u n i t  u t i l i z e s  r e l a t i v e l y  narrow hea t  t r a n s f e r  channels  which 
a r e  s p i r a l l y  wound around t h e  combustion chamber, t h u s  render ing  a  very com- 
pac t  des ign  per  u n i t  of hea t  exchanger s u r f a c e  a r e a .  The back of t h e  b o i l e r ,  
which c l o s e s  o f f  t h e  combustion chamber, provides  a c c e s s  t o  s i x  d i s t r i b u t i o n  
channels  having t h e  shape of annular  segments, which a r e  concen t r i c  w i t h  t h e  
l o n g i t u d i n a l  a x i s  of t h e  combustion chamber. Each annular  i n t e rmed ia t e  e l e -  
ment i s  a  hollow cas t - i ron  body. The c i r c u m f e r e n t i a l  space of t h i s  hollow 
element communicates w i th  t h e  two openings which a r e  d i a m e t r i c a l l y  oppos i t e  
each o t h e r  and pass  through each element p a r a l l e l  t o  t h e  a x i s  of t h e  b o i l e r .  
One opening is  connected t o  t h e  co ld  water  r e t u r n  c i r c u i t ,  whi le  t h e  o t h e r  i s  
connected t o  t h e  ho t  water  d i s t r i b u t i o n  c i r c u i t .  Th i s  system u t i l i z e s  a  f l u e  
gas  r e c i r c u l a t i o n  such t h a t  t h e  oxygen conten t  of t h e  gas  mixture  fed i n t o  t h e  
burner  is  t y p i c a l l y  around 16% according t o  t h e  manufacturer .  The d i l u t i o n  of 
t h e  oxygen is  claimed t o  reduce t h e  flame temperatures  according t o  t h e  quan- 
t i t y  of f l u e  gas  recyc led .  I n  t u r n ,  t h e  lower temperatures  correspond t o  lower 
l e v e l s  of p o l l u t a n t s ,  namely n i t rogen  oxides ,  whi le  low carbon monoxide and un- 
burn t  hydro-carbons a r e  minimized by proper  aerodynamic des ign  of t h e  system. 

A s  y e t  t h e  test  f a c i l i t y  l a c k s  emissions monitor ing equipment f o r  s t a c k  
a n a l y s i s  so  only carbon-monoxide and carbon-dioxide measurements were made. 
The u n i t  brought t o  t h i s  country was f i t t e d  w i th  a  p ro to type  r e c i r c u l a t i o n  
c o n t r o l  dev i ce  which gave u s  some problems i n  eva lua t ing  t h e  u n i t .  On s e v e r a l  
t e s t s  t h e  dev ice  s l i pped  ou t  of adjustment  which r e s u l t e d  i n  high carbon-mon- 
oxide l e v e l s  and i g n i t i o n  problems. Eventual ly  a  f u l l  series of e f f i c i e n c y  
t e s t s  were completed. The seasona l  e f f i c i e n c y  f o r  t h e  u n i t  was found t o  be 
78.5% under t h e  cond i t i ons  mentioned e a r l i e r  i n  t h i s  r e p o r t .  The s teady-  

0 
s t a t e  e f f i c i e n c y  was 83.7% a t  an average o u t l e t  temperature  of 180 F. The u n i t  
t e s t e d  d id  no t  i nco rpo ra t e  t h e  domestic ho t  water  c o i l  t y p i c a l  of u n i t s  of 
American manufacture; t h e  s ea sona l  e f f i c i e n c y  c a l c u l a t e d  under t h e  des ign  con- 
d i t i o n  of 40 g a l l o n s  of domestic ho t  water  used per  day i s  assumed t o  be  s a t -  
i s f i e d  w i th  an aqua boos t e r  s t o r a g e  tank.  The l o s s e s  incur red  i n  u s ing  such 
a  device  a r e  not  represen ted  i n  t h e  seasona l  e f f i c i e n c y  noted above. 

The l a s t  blue-flame system eva lua ted  i n  t h e  test f a c i l i t y  was a  r e t r o -  
f i t a b l e  blue-flame burner  (Test  A r t i c l e  M)  cons t ruc t ed  such t h a t  r e c i r c u l a t i o n  
occurred i n t e r n a l l y  w i th in  t h e  flame tube .  The des ign  inc ludes  a  mixing tube  
i n s i d e  t h e  flame tube  o r i e n t e d  on t h e  same a x i s .  The mixing tube  is  f a b r i c a t e d  
from nonsca l i r~g  s t e e l  wi th  t h e  r e c i r c u l a t i o n  flow e n t e r i n g  t h e  mixing tube  by 
windows a t  i t s  head. The energy needed f o r  evapora t ion  i s  suppl ied  by t h e  ho t  
g a s  r ec i . r cu l a t i on  flow and t o  a minor degree  by hea t  r a d i a t i o n  from t h e  ho t  
mixing tube  wa l l s .  I n  t h a t  t h e  r e c i r c u l a t i o n  occurs  i n t e r n a l l y  i n  t h e  b l a s t  
tube ,  t h i s  system does no t  r e l y  on a  matched b o i l e r  f o r  i ts  use .  The u n i t  was 
t e s t e d  i n  a  wet-leg h o r i z o n t a l  f i r e  t ube  b o i l e r  (Test  A r t i c l e  A) and t h e  sea- 
sona l  e f f i c i e n c y  a t  t h e  s t a t e d  cond i t i ons  was found t o  be  68.1% w i t h  a  s teady-  



state efficiency of 87.3%. It was felt that the relatively high off-cycle 
losses were due to unrestricted air flow through the burner in the off-period, 
thus accounting for the lower seasonal efficiency noted. The unit will be re- 
tested in another boiler to see if this is true or if some other factor is 
responsible. 

The test results for these units are presented in tabular form in 
Appendix A, Tables 17, 18, and 19. A summary of the blue-flame burner system 
is given in Table 8. It is important to restate that the main advantages of 
blue-flame technology systems are the lower levels of excess air required for 
combustion and the nearly soot-free operation which can be attained. This is 
reflected in very good steady-state and seasonal efficiencies developed by lab- 
oratory measurements. The long-term benefits of nearly soot-free operation 
must still be demonstrated through long-term field tests. Only by evaluation 
of life-cycle costs based on field demonstrations can a true comparison be made 
hetwccn the blue-flame systems and high-efficiency boilers incorporating yellow- 
flame retention head burners which also vere deslguecl to opcratc with reJative1.y 
low levels of excess air-(20 to 45%). 

3. Special Wet-Base Cast-Iron Boiler (Test Article P). A wet-base 
cast-iron boiler, submitted under the vvluuLarg test program, was given a full 
series of efficiency tests. Because of the unusual nature of the heat exchanger 

U P .  

Table 8 

Sumrnaxy of Efficiency Results 
for Blue-Flame  omb bust ion Systems 

Test 
Articles 

Blue-Flame 
BurnerIBoiler 
Developed Und or 
DOE/BNL Contract 

Blue-Flame 
~urnerl~oiler 
Developed in 
Italy 

West German 
Blue-Flame 
Burner in 
WBST Boiler 

Burner 
Type & 
Code 

-- 
Recircu- 
lat ing 
Gas, In- 
tegral 
with 
Boiler 

Recircu- 
latfng 
Gas, In- 
tegral 
with 
Boiler 

Replace- 
luent- type 
burner. 
(M) 

Code 

J 

K 

A 

Annual 
Fuel 
Use 

1104 

1042 

1201 

1 

Percent Percent Percent 
Operating 

Stack 

14.0 

11.8 

9.5 

Loss Off-Cycle Seasonal 
Loss Efficiency 

Jacket (Useful- 

3.6 

4.5 

3.2 

8.2 

5 . 2  

19.2 

74.2 

78.5 

68.1 



design,  i t  was not  included i n  t h e  c h a r a c t e r i z a t i o n  program bu t  was descr ibed  
i n  a f i nd ings  r e p o r t .  The r e s u l t s  of t h e  t e s t s  w i l l  be  reviewed here .  

Unlike convent ional  ca s t - i ron  b o i l e r s  which t y p i c a l l y  have up r igh t  
hea t  exchanger s e c t i o n s  wi th  a s ingle-pass  of ho t  gases  from the.combustion, 
chamber t o  t h e  s t ack ,  t h e  b o i l e r  t e s t e d  had hea t  exchanger s e c t i o n s  which per- 
mi t ted  h o r i z o n t a l  flow of t h e  combustion gases .  I n  t h i s  des ign ,  hot gases  
flow h o r i z o n t a l l y  t o  t h e  end of t h e  combustion chamber and a r e  d i r e c t e d  i n t o  
four  of s i x  annular  passages.  The hot  gases  flow back t o  t h e  f r o n t  of t h e  
b o i l e r  and i n  t u r n  a r e  d i r e c t e d  i n t o  t h e  two remaining passages flowing t o  a 
c o l l e c t o r  a t  t h e  r e a r  o f . t h e  b o i l e r  and onto t h e  s t ack .  The combustion cham- 
be r  and s t a c k  gas passages a r e  water  cooled. 

The seasonal  e f f i c i e n c y  f o r  t h e  u n i t  t e s t e d  was found t o  be 71.2% 
under condi t ions  mentioned e a r l i e r  i n  t h i s  r e p o r t .  The s t eady- s t a t e  e f f i c i e n c y  
was 80.9% a t  an average water  o u t l e t  temperature of 180 '~.  

It can be seen i n  Table 9 t h a t  t h e  u n i t  t e s t e d  would use  1150 g a l l o n s  
of f u e l  o i l  annual ly ,  compared t o  1455 g a l l o n s  of f u e l . o i l  consumed under iden- 
t i c a l  cond i t i ons  by t h e  "Baseline" b o i l e r ,  a sav ings  of about 21%. No compar- 

i son  t e s t  was made wi th  t h i s  v o l u n t a r i l y  submitted u n i t  us ing  a convent ional  
(LSNRH) burner  and thus  t h e  apportionment of sav ings  b e n e f i t s  between b o i l e r  
and burner  cannot be  made. 

f 

Table 9 

Bo i l e r  Tes t  Comparison 

4. Bo i l e r  S tack  Economizer (Heat Reclaimers) (Test  A r t i c l e s  A, B, 
and C). The s t a c k  economizer is  designed t o  rec la im h e a t  from t h e  b o i l e r  ex- 
haus t  gases  and r e t u r n  i t  t o  t h e  b o i l e r  where it can be  u t i l i z e d .  To d a t e ,  
t h r e e  s t a c k  economizers have been eva lua ted  i n  t h e  t e s t  f a c i l i t y .  The concept 
used i n  a l l  des igns  i s  i d e n t i c a l ,  and a schematic of t h e  economizer is  shown i n  
Fig.  7. Water is  pumped from t h e  b o i l e r  a c r o s s  hea t  exchanger s u r f a c e s  l oca t ed  
i n  t h e  s t a c k  economizer, and t h e  heated water  is re turned  t o  t h e  b o i l e r  f o r  
d i s t r i b u t i o n  t o  t h e  hea t ing  load .  The economizer reduces s t a c k  h e a t  l o s s  dur ing  

Bo i l e r  
TY pe 

Spec ia l  
Wet-Base 
Cast I ron  

Base l ine  

b 

2 
2," 
00 

P 

Z 

Burner 
Type & 
Code 

HSRH D 

LSNRH J 

Percent  
Seasonal 

E f f i c i ency  
(Useful Heat) 

71.2 

56.2 

Annual 
Fuel  
Use 

(Gallons) 

1150 

1455 

Percent  
Off-Cycle 

Loss 

9.7 

13.0 

Percent  
Operating T.,oss 

S tack  

14.8 

25.7 

Jacke t  

4 .3 

5.1 



COMBUSTION AIR' 

Figu re  7 .  Economizer schematic.  



burner operation by decreasing the temperature of exhaust gases vented through 
the chimney, and energy savings are related to the stack temperature reduction 
that occurs between the inlet and outlet of the economizer. Obviously, high 
stack temperatures indicate high stack heat losses which could be reduced by 
economizer installation. Actual fuel savings in field installations will vary 
over a wide range, depending on the stack temperatures of individual heating 
units. 

In testing these units, the economizer was installed on a dry-base steel 
boiler known to have relatively high stack temperatures and low efficiency, re- 
presenting the most probable market for such economizers. If the units were 
tested on boilers with lower stack temperatures, the results would indicate less 
benefit for the same investment. The results and operational performance deter- 
mined from laboratory tests appear in Tables 21, 22, and 23 of Appendix A for 
the models tested. Economizer A was of prototype design and provided good per- 

0 0 0 
formance indicated by a 330 F drop in stack temperature, from 590 to 260 F. 
The corresponding decrease in annual fuel consumption for a home located in 
New York City (under conditions described earlier) was 20% or 290 gallons per 
year. The second unit tested was a commercially available unit with a design 
based on a scaled-down industrial economizer used in larger commercial boiler 
systems. This unit was tested on the same burner/boiler system used in testing 
the first economizer. However, the savings realized under the identical operat- 
ing constraints mentioned above were only 9% or 130 gallons of fuel per year. 
Although 9% savings is significant, it appears that specific design features 
limit the unit's performance. One possibility is that the comparatively large 
surface area of the second unit's sheet metal housing was acting to increase 
jacket losses through the economizer. Redesign to minimize such exposed sur- 
faces might improve performance. The third unit was tested on a boiler of 
similar design to that used in testing the other economizers but of different 
manufacture. The stack temperature changed from 640'~ without the economizer 
to 290'~ with the unit installed. When all tests were concluded the annual 
fuel use computations showed an 11.7% reduction (from 1409 to 1244 gallons of 
oil per year) based on the same design requirements mentioned earlier. 

One possible problem area observed with these units during the operation 
is the tendency for soot to collect on heat exchanger surfaces. The smoke 
number was maintained at a low level (ill Bacharach), and soot accumulation was 
observed after two weeks of testing. The average smoke number observed in a 
field study was #3, which could contribute to substantially increased fouling 
of stack economizer surfaces. Eventually soot deposition will degrade econo- 
mizer performance and could result in reduced draft at the firebox as the flue 
passage becomes restricted. Another area to be investigated is the possibility 
of equipment damage from flue gas condensation after economizer installation, 
if stack temperatures drop too low and condensation cannot be avoided. The 
third unit tested was the only one which was designed for such problems. The 
unit was built with isolation valves and unions which allowed the heat ex- 
changer assembly to be removed from its housing in the flue. The heat ex- 
changer could then be cleaned and reinstalled thus avoiding a major maintenance 
job. 



It should be noted that the magnitude of fuel savings depends upon the 
burnerlboiler combination on which the economizer is installed and the imposed 
heating load. For example, if a burnerlboiler unit operates with a steady- 
state efficiency that is considerably higher than that of the test system, the 
amount of fuel that can be saved by stack economizer installation will be re- 
duced. Similarly, if a burnerlboiler system has a steady-state efficiency less 
than that of the test system (as observed for the average field-installed 
boiler), then annual fuel savings could be greater than indicated above. Mea- 
surement of the flue gas temperature can be used as a simple and effective in- 
dicator of the advisability of stack economizer installation on specific boilers. 
A higher stack temperature corresponds to a larger potential for fuel savings 
by stack economizer installation. The results of these economizer tests are 
summarized in Table 10. 

5. Vapor Systems/Combination Air Humidification. To date five vapor 
systems have been accepted for testing and evaluated. These systems were 
alleged to increase combustion efficiency by in t roducing  water vapor into part 
of the combustion air. 

> 

Table 10 

Economizer Test Comparison 

It was claimed for the first system (Test Article A) that the water 
vapor in combination with a chemical mixture acted as a catalyst to the com- 
bustion process thus improving combustion and heat transfer efficiency. Test 
results indicated a 1.3% annual savings with the addition of the device to a 
standard dry-base boiler fired with a retention-head burner. This is con- 
sidered a negligible reduction in annual fuel use because the overall test 
facility has a system accuracy of 2%. The manufacturer's representative,was 
allowed to adjust the boilerlburner system to peak out the performance with 
the addition of his device before tests were recorded. This adjustment can 
account for a small improvement in performance, whether or not a refit modi- 
fication is installed. In addition, this particular system consumed electrical 
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A 
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J 
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1163 
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Percent 
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13.2 

15.0 

13.6 

9.9 

1455 

Percent 
Operating Loss 

13.0 

S Lack 

12.5 

15.0 

15.3 

24.8 

- 25.7 
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3.9 

8.2 

5 . 3  

7 . 2  --,----- 

1 5.1 



power to supply a small pump and heater integral in the system design. This 
power consumption, though small, would be another consideration in evaluating 
the system's merits by a homeowner. 

The manufacturer of the second unit tested (Test Arti.cle B) also claimed 
to improve combustion efficiency by introducing water vapor to the combustion 
air. This unit was designed as a passive device which relied on the burner's 
combustion air fan for driving power. The unit was connected to the burner 
housing by two short lengths of tubing. One tube supplied air from the burner 
which bubbled through the unit's water reservoir and then passed back via the 
second tube to mix with the combustion air supplied to the flame zone. The 
results of this test were very similar to those associated with the first unit; 
a fuel savings of 1.4% was observed, which again is considered negligible. 

Advantages similar to those of the first two units were also claimed 
for the third unit (Test Article C). Its design included a single pipe system 
connected to the burner fan housing and it was powered by a small electric fan 
used to bubble air through a water reservoir and to feed this humidified air 
into the tube connected to the blower housing. Analysis of test results indi- 
cated a reduction in annual fuel consumption of 1.3%, again within the uncer- 
tainty of the measurement system. 

In all five units tested, not one system could be found that had any 
significant effect on the efficiency of the equipment tested. A summary of 
the results is given in Table 11. The efficiency tests indicate that the vapor/ 
humidified combustion systems can produce only negligible, if any, reduction in 
annual fuel use when used in conjunction with residential oil-fired heating 
equipment. To insure the correct application of the tested equipment and its 
adjustment, all setup and adjustment work was conducted by manufacturers and 
their official representatives. 

6. P.rototype Oil Burner Submitted Under Voluntary Program. A proto- 
type burner designed to reduce electric energy consumption was tested. The 
fie1 utilization-efficiency was tested in the laboratory. The burner had a 
design firing range of 0.65 to 1.25 gallons per hour of fuel. Incorporated in 
the physical design was a low-horsepower combustion air blower with an indepen- 
dent solenoid oil pump. Steady-state and part-load efficiency tests were per- 
formed in the test facility, and annual fuel use was calculated by using the 
AFUE program. The unit was tested in conjunction with a dry-base single-pass 
vertical fire tube steel boiler. The steady-state efficiency of the burner 
in the boiler was measured to be 72.9%. The seasonal efficiency was found to 
be 63.6% (see Appendix A, Table 25) with a fuel consumption of 1287 gallons 
per year. A summary of the burner's performance in Table 12 reveals an 11.5% 
reduction in fuel use below that of the Baseline boiler with a conventional 
non-retention-head burner. 



Table 11 

Summary of Vapor/~umidified Combustion System Tests 

Vapor/Humidified Combustion System 

A B C D E*? 

Before System Insta1,lation 

Steady-State Efficiency 75.8 75.6 74.1 74.2 68.3 
Seasonal Efficiency 67.2 65.3 65.7 65.5 - 
Annual Fuel Use 1218 1254 1246 1249 - 
COZY % 11% 1 O+ 11% 11% 8 

0 

T~ct*' F 
480 '155 495 509 600 

After System Installation 

Steady-State Efficiency 7h.n 76.7 75 .1  71r.8 69.4 
Seasonal Efficiency 68.1 66.2 66.6 65.8 - 

1202 1236 1230 1243 - Ax11iual Fuel Use 
COZY % 12 11 12% 11% 8 

0 

T ~ e t  ' F 480 410 492 490 590 

Reduction in Annual 
Fuel Use, % 1.3 1.4 1 .3  0.5 

*TNet is the net stack temperature used in flue gas analysis. 

**System E was tested only in the steady-state mode. 

, Prototype Burner Comparison 



IV. WARM AIR FURNACE TEST FACILITY 

A. Description of Furnace Test Sta.nd 

In the facility built to measure thermal efficiencies of various air 
furnace under identical conditions, it was necessary to provide means to control 
air flow rates and inlet air temperatures to accommodate furnaces of different 
designs (see Fig. 8). The following is a list of the major features of the 
test apparatus. 

(1) Blower - A blower was used capable of delivering large enough 
flows to provide sufficient air for any furnace ex- 
pected. The internal blower of the furnace under test 
is not used in this facility. 

(2) Flow Control (Bypass) Valve - A valve is used to control the 
amount of air delivered to the furnace by "dumping" 
excess air to the outside. This valve is remotely 
controlled from the data processing equipment by the 
operator. 

( 3 )  Temperature Regulators - Air used for furnace testing is brought . 
in from the outside and is maintained at constant tem- 
perature by an evaporator coil for cooling and an 
electric resistance heater. 

( 4 )  Flow Meter - A vortex shedding flow meter is used to measure the 
air delivery rate to the furnace under test. 

(5) Cycling Valves - Two valves (dump valve and block valve) are used 
to allow air flow to the furnace or to divert the air 
outside, isolating the furnace. This is done during 
part-load testing in order to keep the inlet air at 
constant conditions. This would not be possible if 
the blower (1) were shut down after every cycle. 

(6) Data Processing Equipment - An analog-to-digital "computer" has 
been built to provide for instantaneous automatic 
data reduction to facilitate more rapid operation and 
to eliminate human error as much as possible. The 
computer receives.the analog signals from the various 
flow and temperature transducers and produces heat 
and efficiency values. The quantities of interest 
are converted to digital values and displayed on read- 
outs and four 4-channel printers. The most important 
feature of the computer is its ability to perform in- 
tegration over time for the heat input and heat out- 
put values. During cyclic operation, the mass flow 
rates and temperatures vary with time and the computer 
provides an instant-by-instant accumulation of the 
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heat values. The only alternative method requires 
manual integration of areas under curves (e.g., the 
AT time curve) which is time consuming and a large 
source of error. 

Ambient air is drawn into the test stand system by a centrifugal blower. 
The blower delivery rate is controlled with a motor-driven bypass valve enabling 
the operator to manually control the air flow through the system. After leaving 

0 the blower, the air is dehumidified in a cooler and reheated to 70 F in a pre- 
heater which is automatically controlled. Located in the duct following the 
preheater are sensors for measuring humidity, pressure, and temperature. A 
vortex shedding flow meter is used to measure the air flow through the system to 
the furnace. Downstream of the flow meter, additional pressure and temperature 
sensors are installed. A pair of motor-driven butterfly valves are used to 
simultaneously "block" the flow from the test furnace and "dump" the flow to 
ambient. This arrangement permits repetitive cycling of the test furnace air 
flow without disturbing the conditioning of the incoming air. Before reaching 
the test furnace, the air is passed through a calibration heater which is used 
to calibrate the air flow meter. The air is at this point delivered to the air 
inlet of the test furnace. Temperature instrumentation in the form of thermo- 
piles are located across the calibration heater and the test furnace. Platinum 
resistance temperature detectors are located at critical points to permit cal- 
ibration of the thermopiles. 

B. Calibration 

The test facilities at BNL were designed and built to produce maximum 
measurement accuracy and reliability. The following is a brief description of 
the instrumentation used: 

( 1  , - A vortex shedding flow meter is used to measure the air 
flow rate through the furnace. Pressure, temperature, and 
relative humidity are also measured to enable a conversion 
from volumetric to mass flow rates. 

(2)'AT - A thermopile is used to measure the temperature rise acr'oss 
the furnace. This device consists of 20 thermocouples 
wired in such a way as to provide a differential tempera- 
ture reading across the inlet and outlet ducts. 

(3 )  $il - A turbine flow meter is used to measure the fuel flow rate. 
A thermocouple is 'used to convert volume flow rates to 
mass flow rates. 

( 4 )  boil - The fuel oil heating value is measured by use of an oxygen 
bomb calorimeter following the appropriate ASTM procedure. 

To maintain a high degree of accuracy, calibration checks of all measured 
quantities are performed at least once daily, and the techniques used for each 
quantity are explained below: 



(1) ioil 
- The oil flow rate is calibrated gravimetrically using a 

balance and a timer. Oil is.allowed to flow into a large 
flask atop a balance, and the rate at which the oil mass 
increases is measured. This rate is compared to the rate 

I. displayed on the data acquisition and control unit. The 
maximum uncertainty in the calibration procedure is <0.1%, 
while the uncertainty in 6 is <0.5%. 

oil 

(2) boil - A calibrated oxygen bomb calorimeter is used to measure 
the oil heating value. Manufacturer states uncertainty 
at <0.1%. 

(3)  $ir - The air flow rate is checked calorimetrically using elec- 
tric resistance heaters. Air is passed through duct heat- 
ers, and a£ ter thermal equil.i.hri.irm is reached the tempera- 
ture rise of thc air is measured (AT1). The heat consunled 
(bin) is measured (in the form of watts) with a digital 
wattmeter and integrated over time. The air flow rate 
5.s givt1.l. hy tl~t c ~ p ~ e s s i u l r :  

m - 
air - Qin 

FAT1 
( 4 )  AT1 & aT2 - The temperature rise of the air across the calibration 

heater and across the test furnace are each measured using 
a twenty (20) element differential temperature thermopile. 
This thermopile is checked by electronics and by comparison 
to calibrated platinum resistance thermometers (RTD7, RTD8, 
and RTD9). 

C. Test Procedure 

1. Steady-State Efficiency Tests. For steady-state tests the burner 
firing rate and air flow rate through the furnace are maintained at constant 
values. The air flow rate is adjusted to give a 155"g (+ 5'~ outlet tempera- 
ture while the inlet temperature is maintained at 70 F (+ 5 ). After the 
furnace has achieved thermal equilibrium, data is collected for one hour of 
steady operation and the thermal efficiency is calculated and recorded. Flue 
gas analysis is also performed for comparison to the enthalpy flow tests. 

2. Cycle Efficiency Tests. A digital programmer is used to control 
the "on" and "off I' times of the burner and the air flow through the furnace. 
The burner "on" time is set at 5.0 minutes while the air flow (fan "on") time 
is set at 10 minutes. To begin a cycle, the burner and the air flow through 
the furnace start simultaneously. At the end of the burner firing period 
(5 minutes), the air flow is allowed to continue until the total blower "on" 
time of 10 minutes is reached. At this time the air flow is stopped and the 
furnace sits idle for the remainder of the cycle. Once the cycle is programmed, 
the system is allowed to operate for many cycles until "steady cycles" are 
achieved. At this point the heat input and output for each cycle become con- 
stant from cycle to cycle. 



The amounts of heat into and out of the furnace are measured and in- 
tegrated over time. The ratio of the amount of heat extracted to the amount 
of heat generated in the furnace is the overall efficiency in both steady- 
state and cycle-efficiency tests. 

D. Test Results 

An oil-fired central furnace with a nameplate output of 84,000 Btu/hr 
, and .75 gph firing rate was tested. This furnace, as received, is a "Hi- 

p Boy" furnace fitted with a high-speed retention-head burner. The original . 
blower in the equipment was removed and the test stand blower used in its place. 
A hot wire anemometer was used to assure that the flow patterns and velocities 
within the furnace were not changed. To this end, internal sheet metal was 
installed to duplicate the original blower housing. All seams in the furnace's 
sheet metal housing were sealed with duct tape or silicone rubber. Air leaks 
in the furnace or system will have the effect of inflating the measured effi- 
ciency of the furnace if they are downstream of the test systems flow meter. 

The furnace was tested as a packaged unit and the results are shown in 
Table 13. 

. 1 

Table 13 

Overall Efficiency vs Burner On-Time 

% Burner On-Time Overall Efficiency 

5 - 
10 72.0 
15 75.0 
20 77.1 
25 78.2 
30 79.3 
4 0 80.8 

100 81.7 

+ 

E. Future Work 

The testing of commercially available oil-fired furnaces will be con- 
tinued with the results subjected to annual fuel use and seasonal efficiency 
computation. Changes to the existing experimental setup are in progress to 

\ .  allow a quicker turnaround and minimal down time. With the oncoming testing 

i of prototypes and developmental units, this effort should increase productivity. 

The increasing use and familiarization with the test system has pro- 
duced improvements in procedures and operation with corresponding improvements 
in the accuracy and reproduction of the test results. 



V. SUMMARY AND CONCLUSIONS 

During F i s c a l  Year 1979, approximately 37 l abo ra to ry  t e s t s  were com- 
p l e t e d .  Of t h e s e  tests, 28 have been d iscussed  i n  t h i s  r e p o r t .  The remaining 
9 tests c o n s t i t u t e  a d d i t i o n a l  Base l ine  and experimental  t e s t s  which a r e  not  
r e p o r t a b l e  but  r a t h e r  provide f u r t h e r  t e c h n i c a l  support  f o r  t h e  r e s u l t s  pre- 
sen ted  i n  t h i s  r e p o r t .  Many of t h e  r e s u l t s  of a l l  t h e s e  t e s t s  w i l l  be  used t o  
p repa re  t o p i c a l  r e p o r t s .  The t e s t i n g  included 11 b o i l e r s  wi th  s e v e r a l  combina- 
t i o n s  of retent ion-head,  non-retention-head, and blue-flame burners .  Addi t iona l  
tests were made of s t a c k  gas  economizers, vent  dampers, and humidified combus- 
t i o n  systems augmenting a r e a s  a l r eady  covered i n  prev ious  annual  r e p o r t s .  l S 4 ' 6  

By f a r ,  t h e  most e x c i t i n g  r e s u l t s  of t h e  work t o  d a t e  has  been t h e  
i d e n t i f i c a t i o n  of s e v e r a l  commercially a v a i l a b l e  packaged h o l l e r s  which appear 
t o  have high performance c a p a b i l i t y .  The b a s i c  c r i t e r i o n  of h igh  performance 
by BNL's s tandards  was t h e  achievement of a  computed seasonal  e f f i c i e n c y  of a t  
l e a s t  70%. The 9 packaged b o i l e r s  a r e  l i s t e d  i n  Table 14. 

Table 14 

High-Ef f  i c i ency  B o i l e r s  

Bo i l e r  Burner Percent  Percent  Percent  Annual 
Type 2 a, Type 6 3pe ra t ing  Loss Off-Cycle Seasonal Fuel  

.d a Code Loss E f f i c i ency  Use 
0 0 
m u (Useful Heat (Gallons) 

L  c  18.8 (Tota l )  6.6 74.6 1098 
M HSRH A 16.5 11.4 8 .O 74.1 1104 

J 

Cast- 
I r o n  

Dry-Base 
Cast- 
I r o n  

a ~ e s t e d  i n  F i s c a l  Year 1979 and r epor t ed  he re in .  
b ~ h e s e  packaged u n i t s  cons i s t ed  of t h e  same b o i l e r  

w i t h  d i f f e r e n t  retent ion-head burners .  
= 1 n t e g r a l  burner  w i th  induced d r a f t  fan .  

-- 

B 
P 

Q 

H S R H ~ ' "  C b8.0 1.0 
4.4 

4.4 

HSRH D 

HSRH N 

14.7 

11.7 

5.7 
9.7 

13.4 

75.3 
71.2 

70.5 

1087 
1150 

1161 



It must be recognized t h a t  t e s t s  of such r e f i t  op t ions  a s  economizers 
and vent  dampers have revea led  t h a t  they a r e  e f f e c t i v e  on ly  when f i t t e d  t o  
t h e  more i n e f f i c i e n t  b o i l e r l b u r n e r  combinations.  These r e f i t  op t ions  may have 
only  smal l  e f f e c t ?  when coupled w i t h  most of t h e  packaged u n i t s  shown i n  Table  
11. 

With t h e  except ion of two u n i t s  w i th  induced d r a f t  systems, t h e  average  
0 s t eady - s t a t e  n e t  s t a c k  temperature  of t h e  packaged b o i l e r s  was about 390 F, 

ranging from 230' t o  440 '~.  S tack  gas  economizers t e s t e d  g e n e r a l l y  have begn 
1 0 

a b l e  t o  reduce s t a c k  gas  tempera tures ,  i n  s t eady - s t a t e ,  by about 50 t o  350 F 
0 when exposed t o  s t a c k  temperatures  i n  excess  of 600 F. S u b s t a n t i a l l y  lower 

ga ins  could be  achieved us ing  such economizers on t h e  l i s t e d  b o i l e r s  and,  i n  
f a c t ,  t h e  a p p l i c a t i o n  might p r e sen t  d i f f i c u l t i e s  i n  homes which have high-mass 
masonry chimneys. Condensation of t h e  water  vapor i n  t h e  s t a c k  gas  could t a k e  
p l a c e  and l ead  t o  b o i l e r  and hea t  exchanger co r ros ion .  

The a p p l i c a t i o n  of vent  dampers t o  t h e  above u n i t s  may have l i m i t e d  
ga in  i n  t h a t  t h e  a d d i t i o n a l  sav ings  i n  o f f - cyc l e  l o s s e s  a r e  smal l  over  t h o s e  
a l r eady  obta ined  wi th  a  re tent ion-head burner .  It must be presumed t h a t  t h e  
o f f - cyc l e  l o s s e s  shown i n  Table  11 a r e  l a r g e l y  due t o  (and r e f l e c t e d  by) j a c k e t  
hea t  l o s s .  

The eva lua t ion  of humidif ied combustion systems i s  completed. The re- 
s u l t s  have i nd i ca t ed  t h a t  t h e  technology has  l i t t l e  a p p l i c a t i o n  i n  r e s i d e n t i a l  
hea t ing  systems us ing  l i g h t  o i l .  The a p p l i c a b i l i t y  of such systems i n  t h e  
commercial a r e a  u t i l i z i n g  heavy o i l  has  y e t  t o  be  completely reso lved  and is  
o u t s i d e  t h e  p re sen t  scope of BNL's program. 

To t h i s  d a t e ,  t h e  c h a r a c t e r i z a t i o n  test  program has  v i r t u a l l y  only be- 
gun. The work w i l l  con t inue  and w i l l  r e f l e c t  t h e  knowledge gained from t h e  
eva lua ted  test r e s u l t s  through changes i n  t h e  programs, planning,  and proce- 
dures .  
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APPENDIX A 

AFUE Computation Analysis and 
Efficiency Data for Hydronic Equipment 

Tables 

Characterization Boiler Tests 1 to 16 

Blue-Flame Combu.stion Boiler Tests 17 to 19 

Special Wet-Base Cast-Iron Boiler Tests 2 0 

Stack Economizer Tests 21 to 24 

, NOTE: 

(1) All computations of Annual Fuel Use and Efficiency (AFUE) correspond 
to a design heating load of 50,000 Btuh for a home located in New York 
City with 40 gallons of domestic hot water used per day and operating 
with an overfire ratio of 2 (100% overfired), conditions typical of 
the installations in the field in this area. The abbreviation HSRH and 
LSNRH, high-speed-retention head and low-speed-non-retention head 
respectively, are used in describing the type of burner used in each 
test.33495 

(2) Some of the heating units indicated on the Code Guide Sheet were 
tested in other Fiscal Years. These results are.not in this report. . 



CODE GUIDE SHEET 

O i l  Burners  Tes ted  

Code - 
A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

M 

N 

Code 

A 

Type ~ i k e  Model No. 

HSRH Becket t  AF 

HSRH 

HSRH 

HSRH 

HSRH 

HSRH 

P r o t o t y p e  

LSKH 

LSNRH 

T,SNRH 

LSNRH 

Blue-Flame 

HSRH 

Sunray . 

Wayne 

C a r l i n  . 
R i e l l o  

Stewart-Warner 

Wayne 

Becket t  

Wea the ra l l  

R p r k ~ t t  

Wayne 

M.A.N. 

Becke t t  

B o i l e r s  Tes ted  

FC 

MH 

lOOCRD 

MEC-3KA 

HPR135 

' S' P r o t o t y p e  

S R 

XLA-1A 

s 

OE 

RE1 

Preproduct  i o n  

Type 
WBST 

WBCI 

WBCI 

WBCI 

DBST 

DBST 

D B C I  

D B C I  

Make Model No. 

New Yorker FR14 7 

Burnham V-14 

Weil-McLain P-366 

S l a n t  F i n  78-106 

Burnham ~ ~ 2 4  

Columbia FT30 

S l a n t  F i n  MSlOO 

U t i c a  PBOt3 

WBST Blueray  BR7 5 

WBCI Breda Sys t  .91  

WBST Axeman- 87CPO 
Anderson 

WBST Axeman- 87PO 
Anderson 

WBST Dynat herm 2 4 



CODE GUIDE SHEET 

B o i l e r s  Tested-cont  'd . 
Code Type - .  Make Model No. 

0 WBST O i l  King EF-12kW 

P WBCI Tasso T4 

Q DBCI U l t i m a t e  KT5Y 

P u l s e  Turbopulse  P r o t o t y p e  
Combust i o n  

S WBST New Yorker S-98-AP 

Z DBST F e d e r a l  XL7 6 

Economizers Tes ted  

Code 

A I 

Code 

A 

B 

C 

D 

E 

Make . Model 

Maxi Heat P r o t o t y p e  
Engineer ing  

Macc Energy Corp. F l u e  Pak 

Energy Savings  Thermastack 
Devices ,  Ltd .  

Humidified Combust i o n  

Make 

ECS 

Vapormid 

Energy Pak 

Save Fue l  

Af t c o  

Model 

8200 

H-800 

EP800 

None 

Pyromid 



Table 1 

Boiler A, Wet-Base, One-Pass Horizontal Fire Tube, 
Steel Construction, with HSRH Burner A 

AFUE COMPUTATIONAT., ANALYSIS 

Seasonal Efficiency 

Annual Fuel Use ,(Gallons/Year) 1105 -- 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Tine X Effigiency % nS x q % 

m . . . - - -- 

I 
.-- .. .. . . . . . ..c 

- '  - ""1 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 82.3 

'Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 85$% 

Percent CG2 11% 

Net Stack Temp. 



Table 2 

Boiler A, Wet-Base, One-Pass Horizontal Fire Tube, 
Steel Construction, with LSNRH BurnerJ 

AFUE COMPUTATIONAL M!AI,Y SIS 

Seasonal Efficiency 67.3% 

Annual Fuel Use (~allons/~ear) 1217 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % ns x n, % 

Average Steady-State Efficiency 
at 180'~ 0utle.t Temperature: 78. OX 

Average Steady-State Efficiency 
by Stack Gas Sampl.ing 
(Neglecting Jacket Losses): 82 118% 

Percent C02 -- 8 314% 

Net Stack Temp. 345'~ 



Table 3  

- B a s e l i n e B o i l e r ( Z ) ,  Dry-Base, V e r t i c a l F i r e T u b e ,  
S t e e l  Const ruct ion,  wi th  LSNRH BurnerJ 

AVUE ' COMPUTATIONAL ANAI.YS IS 

Seasonal  E f f i c i e n c y  . . 56.2% 

Annual Fuel  Use (Gallons/Year)  1455 

Average Steady-Sta te  E f f i c i e n c y  
a t  1 8 0 ' ~  O u t l e t  Temperature: AL2% 

EFFICIENCY DATA - 
Burner O v e r a l l  
F r a c t i o n a l  Cycle E f f i c i e n c y  

P,vcroge Steady-Sta te  E f f i c i e n c y  
by S tack  Gas Sampling 
(Neglect ing J a c k e t  Losses ) :  74YA 

"On" Time X 
.-- -. . .....-- -. 

4.2 

5.U 

7.0 

8 . 0  

10.0  

12.0 

16.0 

20.0 

25.0 

30.0 

40.0 

70.0 , 

100.0 

P e r c e n t  C02 8 % 

Net S tack  Temp. Z E ~  

- 44 - 

Eff ic ien .cy % 

0 

18.8 

45.2 

53.5 

65.0 , 

72.7 

82.4 

88.2 

-..--.- 92.8 

95.8 

98.3 

99.3 

100.0 

. qc: x qc 51 

0 

13.0  . 

31.3 

37..0 

45 . O  

50.3 

57 . O  

61.0 

64.2 

66.3 

68.0 

69.0 

69.2 . 



Table 4 

Boiler B, Wet-Base, Four-Section, Cast-Iron 
Construction, with HSRH Burner C 

AFUE COMPUTATIONAL ANALYSIS 

Seasonal Efficiency 75.3% 

Annual Fuel Use (Gallons/Year) 1087 

EFFICIENCY DATA 

Average Steady-State Efficiency 
at 1 8 0 ' ~  Outlet Temperature: 81.0% 

Burner Overall 
Fractional Cycle Efficiency 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): -- 82% 

"On1' Time X 
r 

1.7 

5 

10 

15 

2 0 

2 5 

3 0 

35 

40 

5 0 

7 5 

8 5 

100 
-. 

Percent C02 

Net Staclc Temp. 

Efficiency % 

0 

70.2 

88.2 

94.2 

97.2 

99.0 

100.0 

100.0 

100.0 . 

100.0 

100.0 

100.0 

100.0 

ns x nc % 

0 

56.9 

71.4 

76..3 

78.7 

80.2 

81.0 

81.0 

81.0 

81.0 

81.0 

81.0 

81.0 



Table 5 

Boiler B, Wet-Base, Four-Section, Cast-Iron 
Construction, with LSNRH Burner J 

AFUE COMF'UTAT:CONAI, ANALYSIS 

Seasonal Efficiency 63.6% 

Annual Fuel Use (Gallons/Year) 1286 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % n, x n, % 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 76.3% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 7 7 @  

Percent C02 8 314% 

;\let Stack Teinp. 490'~ -- 



Table 6 
Boiler C, Wet-Base, Three-Secfion, Cast-Iron . 

Construction, with HSRH BurnerC 

Seasonal Efficiency 68.5% 

Annual Fuel Use (Gallons/Year) 1195 -- - 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % 0, x 0, % 

Average Steady-State Efficiency 
at 1 8 0 ' ~  Outlet Temperature: 76.0% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 8 14% 

w 

Percent C02 

Net Stack Temp. 



Table 7 

Boiler C, Wet-Base, Three-Section, Cast-Iron 
Construction, with LSNRH BurnerJ 

AFUE COMPUTATIONAL ANALYSIS 

Seasonal Efficiency 65.4% 

Annual Fuel Use (Gallons/Year) 1251 

EFFICIENCY DATA 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 75.8% 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % ns x qc % 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 79 -- 314% 

2.0 

3.0 

5.0 

7.0 

10.0 

12.0 

15.0 

20.0 

25 .0  

30.0 

Percent C02 

IGet Stack Temp. 

100.0 100.0 
I - 

0 

14.2 

50.6 

66.2 

77.8 

82.4 

86.9 

91.5 

91r. 7 

96.0 

0 

10.0 

38.4 

50.2 

59..0 

62.5 

65.9 

69.4 

71.4 

72.8 



Table 8 

Boiler D, Wet-Base, Three-Section, Cast-Iron 
Construction, with HSRH BurnerB 

AFUE COMPUTATIONAL ANALYSIS 

Seasonal Efficiency 62.9% 

Annual Fuel Use (Gallons/Year) 1301 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % q, x q, % 

Average Steady-State Efficiency' 
at 180'~ Outlet Temperature: 75.4% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): -- 7 9%% 

Percent C02 10% -- 

Ket Staclc Temp. 477'~ 



Boiler E, Dry-Base, Single-Passvertical Fire Tube, 
Steel Construction, with HSRH Burnerc 

AFUE COPZ'UTh'r IONAL ANALYSIS 

Seasonal Efficiency 6 7 . 6 %  

Annual Fuel Use (Gallons/Year) 1211 

EFFICIENCY DATA 

Average Steady-State Efficiency 
at 1 8 0 ' ~  Outlet Temperature: 76 .3% 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency X ,qs x nc % 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 8 3  314% 

2.2 

3.0 

Net Stack Temp. 

0 

27 / 4  

0 

20.9 



Tal1.e 10 

Boiler E, Dry-Base, Single-Pass,Vertical Fire Tube, 
Steel Construction, with LSNRH Burner J 

Seasonal Efficiency 64.3% 

Annual Fuel Use (Gallons/~ear) -- 1272 

EFFICIENCY DATA 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 74.0% 

Burner Overall 
Fractional Cycle Efficiency 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 82% 

"On" Time % 
r 

2.4 

3.0 

5.0 

7.0 

10.0 

12.0 

15.0 

20.0 

25.0 

30.0 

40.0 

60.0 

' 100.0 - 

Percent C02 

Net Stack Temp. 

Efficiency % 

0 

21.0 

54 :3 

68.5 

79.2 

83.3 

87.5 

91.7 

94.2 

95 .'8 

97.8 

99.3 

100.0 

n, x n, % 

0 

15.0 

40.2 

50.. 7 

58.6 

61.6 

64.8 

67.9 

69.7 

70.9 

72.4 

73.5 

74.0 

7 

1 



Table 11 

Boiler F, Dry-Base, Single-Pass, Vertical Fire Tube, 
Steel Construction, with HSRH ~urner A 

AEUE COMPUTATIONAL Ab!AI,Y S IS 

Seasonal Efficiency 63.4% 

Annual .Fuel Use (Gallons/Year) 1392 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time X Efficiency % ns x 0 ,  ,% 

. ..,, ., .... .. .. -. ...---.----- 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 77.3% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses) : -- 8 4 s  

Percent C02 -- 1 OVA 

Net Stack T&. , -- 335'~ 



Table  12 

Basel ine  B o i l e r  (Z)  , Dry-Base, V e r t i c a l  F i r e  Tube 
S t e e l  Cons t ruc t ion ,  w i t h  HSRH Burner A 

A F U R  COMPUTATIONAL ANALYSIS 

Seasonal  E f f i c i e n c y  61.9% 

Annual Fwel Use ( ~ a l l o n s l ~ e a r )  1323 

EFFICIENCY DATA 

Average Steady-Sta te  E f f i c i e n c y  
a t  1 8 0 ' ~  O u t l e t  Temperature:  73.1% 

Burner O v e r a l l  
F r a c t i o n a l  Cycle E f f i c i e n c y  
"On" Time % E f f i c i e n c y  % ns x qc % 

Average S teady-S ta te  E f f i c i e n c y  
by S t a c k  Gas San~pl ing 
(Neg lec t ing  J a c k e t  Losses ) :  80% 

I- 

3.0  

4.0 

- 5 . 0  

7 .0  

10 .0  

12 .0  

15 .0  

P e r c e n t  C02 

Net S tack  Temp. 

- 53 - 

0 

26.7 

42.5 

60.7 

74.3 

79.6 

84.9 

0. 

19.5 

31.1 

44.4 

54.3 

58.2 

62.1  



Table 13 

Boiler G, Dry-Base, Three-Section, Cast-Iron 
Construction, with HSRH Burner A 

AFUE COMPUTATIONAL UTALY S IS 

Seasonal Efficiency 70.0% -- 

Annual Fuel Use (Gallons/~ear) 1169 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % ns x nc % 

I 2.1 0 0 

Average Steady-State Effici.ency 
at 180'~ Outlet Temperature: 78.2% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): -- 83% 

Percent C02 12 % 

Net Stack Temp. 



Boiler G, Dry-Base, Three-Section, Cast-Iron 
Construction, with LSNRH Burner L 

AFUE COMPUTA'CIOXAT, ANALYSIS 

Seasonal Efficiency 67.9% 

Annual Fuel Use (Gallons/Year) 1205 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % ~fficienc~ % nc x' nr %- 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 76.8% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): -- 80 314% 

Percent C02 9 314% 

Net Stack Temp. 432'~ 



Table 15 

Boiler H, Dry-Base, Four-Section, Caat-Iron 
Construction, with HSRH Burner A 

AFUE COMI?UTATIO?JAL ANALYSIS 

Seasonal Efficiency 64.5% 

Annual Fuel Use (~allons/~ear) 1269 

EFFICIENCY DATA -- 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 75.6% 

Burner Overall 
Fractional Cycle Efficiency 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): -- 8l$% 

Percent C02 

qc x q, % 

0 

12.6 

38.6 

49.8 

58.1 

61.4 

64.6 

67.9 

69.9 

71:. 1. 

73.0 

74.5 

75.6 
f 

"On" Ti-me. % . 

2.5 

3.8 

5 .O 

7.0 . . 

10.0 

12.0 

15.0 

20.0 

25.0 

30.0 

40.0 

60.0 

100.0 

Net Stack Temp. 

Efficiency % 
I 

0 

16.7 

51.1 

65.9 

76.9 

81.2 

85.5 

89.8 

92.4 

94.1. 

96.6 

98.5 ' 

100.0 
-- 



Table  16 

Boi le r  H ,  Dry-Base, Four-Section, Cast-Iron 
Cons t ruc t ion ,  wi th  LSNRH B u r n e r j  

AFUE COMPUTATIONAL ANALYSIS 

Seasonal  E f f i c i e n c y  58 .4% 

Annual Fuel. I ise ( G a l l o n s / ~ e a r )  1402 

EFFICIENCY DATA 

Burner Overa l l  
F r a c t i o n a l  Cycle E f f i c i e n c y  
"On" Time % ~ f f i c i e n c ~  % n, x n, %- 

Average Steady-Sta te  E:Eficiency 
a t  1 8 0 ' ~  O u t l e t  Temperature: 70.6X 

Average Steady-Sta te  E f f i c i e n c y  
by S tack  Gas San~pl ing 
(Neglect ing J a c k e t  Losses ) :  76 314% 

Percen t  C02 9% ---- 

Ke t S tack  Temp. 



Table 17 
Blue-Flame ~urnerl~oiler (J) System Developed 
Under DOE Funding, Steel Boiler Construct ion, 
with Horizontal Fire Tubes 

Al7UE COtIPUTATIONAL mALY SIS 

Seasonal Ef f iciepcy 74.2% --- 

Annual Fuel Use (Gallons/Year) --- .%lo4 

EFFICIENCY DATA 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time X 

--- . 

0 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 82.4% 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses) : 

Percent C02 

Net Stack Temp. 



Table 18 I 
Blue-Flame BurnerIBoiler (K) System Developed 
ip 'Italy, Cast-Iron Boiler Construction, 
with Horizontal and Annular Heat Exchanger 

LFUE COPIL'UTATIONAL ANALYSIS 

Seasonal Efficiency 78.5% 

Annual Fuel Use (GallonsIYear) 1.042 -- 

EFFICIENCY DATA 

Average Steady-State Efficiency 
at 180'~ Outlet Temperature: 83.7% 

Burner Overall 
Fractional Cycle Efficiency 

Average Steady-State Efficiency 
by Stack Gas Sampling 
(Neglecting Jacket Losses): 88 118% -- 

"On" Time % 
I 

1.3 

2.0 

3.0 

4.0 

- 5.0 

- 6.0 

8.0 

10.0 

15.0 

20.0 

25.0 

30.0 

100.. 0 

Percent C02 14% 

Net Stack Temp. 256'~ -- 

- 59 - 

Efficiency % 

0 

37.9 

59.9 

70.8 

77.4 

81.8 

87.3 

91.6 

94.9 

97 .I 

98.4 

99.3 

100.0 

0, x 0, % 

0 

31.7 

50.1 

59.3 

64.8 

68.5 

73.1 

76.7 

79.4 

81.3 

82.4 

83.1 

83.7 
r 



Tab le  19  

West German Blue-Flame Burner (M) Tested  i n  B o i l e r  A, 
S t e e l  B o i l e r  C o n s t r u c t i o n ,  Wet-Base, w i t h  H o r i z o n t a l  
F i r e  Tubes ' 

AFUE COPfPUTrITIONAL ANALYSIS 

S e a s o n a l  E f f i c i e n c y  68.1% 

Annual F u e l  U s e  ( G a l l o n s / ~ e a r )  1201 

EFFICIENCY DATA 

Burner  O v e r a l l  
F r a c t i o n a l  Cycle  E f f i c i e n c y  
"On" Time % 

Average S teady-S ta t e  E f f i c i e n c y  
a t  1 8 0 ' ~  Out]-et Tempera ture :  

Average Steady-Sta te .  E f f i c i e n c y  
by S t a c k  Gas Sampling 
(Neg lec t ing  J a c k e t  L o s s e s ) :  

P e r c e n t  C02 

Ket S t a c k  Temp. 



Tab le  20 

S p e c i a l  Wet-Base, Cas t - I ron  B o i l e r  (P) , w i t h  HSRH 
Burner (D), Cast-Iron BoLler Cons t ruc t ion ,  w i t h  Two 
P a s s ,  H o r i z o n t a l  Wet-Base Heat Exchanger 

AFUE COMPUTATIONAL ANALYSIS 

Seas.orla1 E f f i c i e n c y  71.2% 

Annual F u e l  Use (Gal lons /Year)  1150 

EFFICIENCY DATA 

Burner O v e r a l l  
F r a c t i o n a l  Cycle  E f f i c i e n c y  
"On" Time % E f f i c i e n c y  % ns x nc  % 

Average S teady-S ta t e  E f f i c i e n c y  
a t  1 8 0 ' ~  O u t l e t  Tempera ture :  80.9% 

Average S teady-S ta t e  E f f i c i e n c y  
by S t a c k  Gas Sampling 
(Neg lec t ing  J a c k e t  L o s s e s ) :  85Y7 

P e r c e n t  C02 

Net S t a c k  Temp. 



T a b l e  21  
F i r s t  Hydronic S tack  Economizer .(Test Ar t i c1e .A)  of 
P . ro to type  Design Tes ted  on t h e  B a s e l i n e  B o i l e r  (Z ) ,  
w f t h  LSNRH Burner CJ) 

AFUE COMPUTATIONAL ANALYSIS 

S e a s o n a l  E f f  :i.ciency 70.4% 

Annual F u e l  U s e  (Gal lons /Year)  1163 -- 

EFFICIENCY DATA 

Average S teady-S ta t e  E f f i c i e n c y  
a t  180°F O u t l e t  T c m p c r a t ~ i r ~ :  83.6% 

Burner  O v e r a l l  
F r a c t i o n a l  Cycle  E f f i c i e n c y  
"On" Time % E f f i c i e n c y  % qs x q, % 

Average S teady-S ta t e  E f f i c i e n c y  
by Staclc Gas Sampling 
(Neg lec t ing  J a c k e t  L o s s e s ) :  -- 87%% 

. . 

2.7 

4.0 

P e r c e n t  C02 

* ~ e t  Staclc Temp. 

0 

33.4 

*Measured Downstream o f  S t ack  Economizer 
- 62 - 

- 
0 

27.9 



Tab le  22 

Second Hydronic S tack  Economizer (,Test A r t i c l e  B ) ,  
Commercially A v a i l a b l e ,  Tes t ed  on t h e  B a s e l i n e  
B o f l e r  (Z) wfth  LSNRH Burner CJ) 

N U E  CO?PUTATIONAL ANALYSIS 

Seasona l  E f f i c i e n c y  61.8% 

Annual F u e l  Use (Gal lons /Year)  1324 

EFFICIENCY DATA 

Burner O v e r a l l  
F r a c t i o n a l  Cycle  E f f i c i e n c y  

Average S teady-S ta t e  E f f i c i e n c y  
a t  1 8 0 ' ~  O u t l e t  Temperature:  76.8% 

"On" Tirne % E f f i c i e n c y  % ns x qc % 

Average S teady-S ta t e  E f f i . c i ency  
by S t a c k  Gas Sampling 
(Neg lec t ing  J a c k e t  L o s s e s ) :  

3.6 

P e r c e n t  C02 

N e t  S t a c k  Temp. 

0  0  1 



Tab le  23 

Thjrd S t a c k  Economizer (Tes t  A r t i c l e  C) , Tested  on   oiler 
S,  S t e e l  Constructi 'on Bailer, w i t h  HSRH Burner ('A) 

AFUE C0MPUTKI"XONAL ANALYSIS 

Seasona l  E f f i c i e n c y  65.8% 

Annual F u e l  U s e  ( ~ a l l o n s / ~ e a r )  1244 

EFFICIENCY DATA 

Burner  O v e r a l l  
F r a c t i o n a l  Cycle  E f f i c i e n c y  
"On" Time % ~ i f i c i e n c ~  % n, x n, %- 

Average  S teady-S ta t e  E f f i c i e n c y  
a t .  1 8 0 ' ~  O u t l e t  Tempera ture :  79.4% 

Average S teady-S ta t e  E f f i c i e n c y  
by S t a c k  Gas Sampling 
(Neg lec t ing  J a c k e t  L o s s e s ) :  84 314% 

P e r c e n t  C02 

N e t  S t a c k  Temp. 



Table  24 

Boi le r  S ,  Dry-Base, V e r t i c a l  F i r e  Tube, S t e e l  
Const ruct ion B o i l e r ,  wi th  HSRH Burner A 

.AFUE COMPUTATIONAL ANALYSIS 

Seasonal  EfFic iency 58.1% 

Annual Fuel  Use (Gallons/Year)  1409 

EFFICIENCY DATA 

Average Steady-Sta te  E f f i c i e n c y  
a t  1 8 0 ' ~  O u t l e t  Temperature: U 

Burne.r O e e r a l l  
F r a c t i o n a l  Cycle E f f i c i e n c y  

Average S t e a d y - S t a t e  E f f i c i e n c y  
by S tack  Gas Sampling 
(Neglect ing J a c k e t  Losses)  : 7 5Y7 

P e r c e n t  C02 

ns x nc % 
1 

0 

21.2 

31.3 

38.1 

46.5 

51.6 

54.9 

58.3 

61.7 

63.7 

66.5 

67.0 

68.0 

"On" Time X 
r 

2.8 

4.0 

5.0 

6.0 

8 .0  

10.0 

12.0 

15.0 

20.0 

25.0 

40.0 

60.0 

100.0 

Net S tack  Teinp. 

E f f i c i e n c y  % 

0 

31.2 

46.1 

56.1 

68.4 

75.9 

80.8 

85.8 

90.7 

93.7 

97.8 

98.5 

100.0 



Table 25 

Prototype Oil Burner (G) Submitted Under Voluntary 
Program tested wlfh the Basellne Boiler (2) 

AFUE COMPUTATIONAL ANALYSIS 

/ 

Seasonal Efficiency 

Annual Fuel Use (~allons/Year) 1287 

EFFICIENCY DATA 

Avcragc Gteady--State Efficionay 
at 1 8 0 ' ~  Ou.tlet Temperature: 72.9% 

Burner Overall 
Fractional Cycle Efficiency 
"On" Time % Efficiency % ns x nc % 

Average Steady-State Efficiency 
. by Stack Gas Sampling 
(Neglecting Jacket Losses): 7 9%% 

2.2 

4.n 

Percent COz 

Net Stack Temp. 

0 

116.3 

0 

3 3 . 8  



APPENDIX B 

WDRONIC FACILITIES DESCRIPTION AND TECHNIQUE 

A. E f f i c i ency  Measurement Technique 

A hea t  flow measurement technique provides  a  d i r e c t ,  fundamental phy- 
s i c a l  measurement of hea t ing  equipment e f f i c i e n c y  dur ing  s t eady- s t a t e  '(con- 
t inuous)  and c y c l i c  ( i n t e r m i t t e n t )  burner  opera t ion .  The q u a n t i t y  of h e a t  
t r a n s f e r r e d  t o  t h e  b o i l e r  water  i s  measured d i r e c t l y  and compared t o  t h e  
corresponding hea t  conten t  of t h e  f u e l  consumed. The e f f i c i e n c y  of operat , ion 
i s  def ined  a s  t h e  r a t i o  of hea t  t r a n s f e r r e d  t o  t h e  water  t o  t h e  t o t a l  hea t  
a v a i l a b l e  from t h e  f u e l  consumed. The enthalpy flow measurement technique 
does not  depend on any s impl i fy ing  assumptions bu t  was developed from b a s i c  
phys i ca l  laws inc luding  t h e  d e f i n i t i o n  of enthalpy.  Consequently, t h e  accu- 
racy of t h e  t e s t  r e s u l t s  i s  l imi t ed  only by t h e  measurement accuracy of t h e  
phys i ca l  q u a n t i t i e s  of i n t e r e s t  inc luding  mass flow r a t e s  and temperature.  

The q u a n t i t i t e s  t h a t  a r e  measured inc lude  ( s e e  F igure  B-1): 

(a )  iw - water flow r a t e  through b o i l e r  (pounds per  minute) 

(b) AT - temperature r i s e  a c r o s s  t h e  b o i l e r  

AT = T - 
o u t l e t  T i n l e t  (OF> 

(c)  ioil - f u e l  flow r a t e  t o  burner  (pounds per  minute) 

(d) hoil - hea t ing  va lue  of f u e l  (Btu per  pound) 

From t h e s e  va lues  t h e  e f f i c i e n c y  of ope ra t ion  can be  determined: 

Heat t r a n s f e r r e d  t o  b o i l e r  water ' = T o t a l  hea t  a v a i l a b l e  from combustion 
of f u e l  o i l  

The hea t  t r a n s f e r  r a t e  t o  t h e  water is  simply t h e  product of t h e  water 
mass flow r a t e  and temperature r i s e .  

fi = & x C x AT. (Cp - hea t  capac i ty  of water)  
P 

S imi l a r ly ,  t h e  hea t  a v a i l a b l e  from t h e  combustion of f u e l  is  t h e  product of 
t h e  f u e l  mass flow r a t e  and t h e  hea t ing  va lue  of t h e  f u e l .  

The e f f i c i e n c y  i s  t h e  r a t i o  of t h e s e  two q u a n t i t i e s  accumulated over  t ime. 

The enthalpy flow measurement technique is  a fundamental method f o r  
d i r e c t  de te rmina t ion  of t h e  e f f i c i e n c y  of hea t ing  equipment, and can be  con- 
s ide red  a  "standard" method ( t r a c e a b l e  t o  b a s i c  laws) whose accuracy depends 



s o l e l y  on t h e  a c c u r a t e  measurement of t h e  above-mentioned q u a n t i t i e s .  

B. E f f i c i ency  D e f i n i t i o n s  

Steady-State E f f i c i ency .  During cont inuous burner  operation.,  a  f r ac -  
t i o n  of t h e  h e a t  re leased by combustion of t h e  f u e l  i s  l o s t  a s  combustion 
products  vented through t h e  s t a c k  and a s  r a d i a t i v e  and convect ive  b o i l e r  jac-  
k e t  l o s s e s .  The s t eady- s t a t e  e f f i c i e n c y  r e p r e s e n t s  t h e  f r a c t i o n  of t o t a l  
h e a t  t h a t  is  t r a n s f e r r e d  t o  t h e  b o i l e r  water f o r  cont inuous burner opera t ion .  

Cycl ic  E f f i c i ency .  During burner  on-off cyc l ing ,  a d d i t i o n a l  hea t  i s  
l o s t  and t h e  c y c l e  e f f i c i e n c y  i n d i c a t e s  t h e  f r a c t i o n  of t h e  u s e f u l  steady- 
state hea t  t h a t  is  a v a i l a b l e  dur ing  i n t e r m i t t e n t  burner  opera t ion .  A s  t h e  
burner  "on" t ime dec reases ,  t h e  "off"  t ime inc reases ,  r e s u l t i n g  i n  l a r g e r  o f f  - 
c y c l e  hea t  l o s s e s .  Therefore ,  t h e  c y c l e  e f f i c i e n c y  decreases  a s  t h e  f r a c t i o n a l  
burner "o11" t ilur ts reduced .. 

Overa l l  E f f i c i ency .  The t o t a l  f r a c t i o n  of u s e f u l  hea t  a v a i l a b l e  a t  t h e  
h n i l  ~r niitl  ~t i s  t h ~  prnrliirt n f  the .  s t . eady - s ta t t? .  and r.yr.1 p. e . f f i r . i e n c i . e s .  

- - 
'overal l  ' s teady-state  'cycle 

For example, i f  qss = .70 and qcycle = .70 f o r  a  p a r t i c u l a r  burner  load ,  then  

t h e  o v e r a l l  e f f i c i e n c y , i s  equal  r o  ( .70) x (.70) = .49 o r  492 of t h e  hea t  re-  
l ea sed  by t h e  combustion process  i s  a v a i l a b l e  a s  u s e f u l  hea t  i n  t h e  b o i l e r  
water. For cont inuous burner  ope ra t ion  t h e  c y c l e  e f f i c i e n c y  equals  u n i t y  
(nc = 1.0)  and t h e  o v e r a l l  e f f i c i e n c y  equals  t h e  s t eady- s t a t e  e f f i c i e n c y .  

C. Tes t  Resu l t s  

From t h e  s t eady- s t a t e  and c y c l e  d a t a ,  annual  e f f i c i e n c y  and f u e l  u se  
a r e  c a l c u l a t e d .  The seasonal  e f f i c i e n c y  i s  a measure of t h e  o v e r a l l  e f f i -  
c iency  of a  p a r t i c u l a r  hea t ing  u n i t  averaged over  t h e  hea t ing  season f o r  a  
p a r t i c u l a r  des ign  hea t ing  load  and weather p a t t e r n  f o r  a  v a r i e t y  of opera t ing  
cond i t i ons .  For each seasonal  e f f i c i e n c y  a corresponding va lue  f o r  annual  
f u e l  u s e  ( i n  g a l l o n s  of o i l )  i s  determined. 

A d e t a i l e d  d e s c r i p t i o n  of t h e  a c t u a l  test procedures  and t h e  hydronic 
t e s t  f a c i l i t i e s  can  be found i n  BNL 50853, D i rec t  Measurement of t h e  Overa l l  
E f f i c i ency  and Annual Fuel  Consumption of R e s i d e n t i a l  Oil-Fired B o i l e r s ,  re -  
f e r e n c e  9 of t h i s  r e p o r t .  Included a r e  d e t a i l s  of t ransducer  des ign ,  i n s t r u -  
mentat ion and t e s t i n g  procedures .  



OUTLET 
WATER 

CHAMBER 
FUEL 

FLOWMETER 

MEASURED QUANTITIES EFFICIENCY DETERMINATION 

m, = WATER FLOW RATE HEAT INTO WATER = mw AT 

AT = TEMPERATURE RISE TOTAL HEAT FROM FUEL = mOIL h , 

ACROSS BOILER 
mo,,= FUEL FLOW RATE mw AT 

EFFICIENCY =- 
h = HEATING VALUE OF  OIL h 

FUEL 

Figure B-1. Brookhaven National Laboratory 
Boiler Efficiency Measurement Schematic 



APPENDIX C 

INVESTIGATION OF ALTERNATIVE TESTS METHODOLOGY 

An e f f o r t  was i n i t i a t e d  t o  develop some s imp l i f i ed  t e s t i n g  procedures 
which could reduce t h e  l e n g t h  of time and c o s t  normally requi red  i n  producing 

"computed seasona l  e f f i c i e n c y  of o i l - f i r e d  hot  water b o i l e r s .  

It has  been observed t h a t  t h e ' r a t e  of r i s e  of b o i l e r  water temperature 
is approximately cons t an t  i n  time, once a  cold r e s i d e n t i a l  b o i l e r  i s  heated 
by a  s teady  combustion' source  and a f t e r  a  b r i e f  i n i t i a l  t r a n s i e n t  per iod .  The 
b o i l e r  i n  ques t ion  served no e x t e r n a l  load.  It has a l s o  been observed t h a t  
t h e  b o i l e r  cool-down period ( a f t e r  achievement of a  peak des i r ed  temperature)  
corresponds t o  an  exponent ia l  decay of b o i l e r  water  temperature wi th  t i m e .  
The purpose of t h i s  s tudy  is  t o  examine t h e  g ros s  hea t  t r a n s f e r ,  thermal s t o r -  
age,  and energy r e l e a s e  r a t e  mechan'isms which u~ lc l e r l i e  t h e s e  observa t ions .  

Thc hea t ing  of n eo1.d b o i l e r  "to t e i p e r a t u ~ e "  Ly a quasi-steady cuui 
b u s t i o n  process  involves  time-dependent hea t  t r a n s f e r  w i th in  and thermal  energy 
s t o r a g e  i n  t h e  nonuniform, nonisothermal  b o i l e r .  I n  t h e  usua l  accepted sense ,  
t h e  process  is  nonsteady. T?IIs. d e s p i t e  the quasi-s teady comh~~st iwn process. 
Never the less ,  t h e  r epo r t ed  observa t ions  i n d i c a t e  c e r t a i n  r e g u l a r i t i e s  i n  major 
p o r t i o n s  of t h e  t ime pe r iods  which d e s c r i b e  t h e  "heat-up" and "cool-down" pro- 
ce s ses .  It i s  important  t o  understand t h e  phys i ca l  n a t u r e  of t h e s e  regular -  
i t ies  and t h e i r  r e l a t i o n ,  i f  any, t o  t h e  b o i l e r ' s  s t eady- s t a t e  c h a r a c t e r i s t i c s  
(e .g . ,  s t eady- s t a t e  e f f i c i e n c y ) .  

It i s  a l s o  known t h a t  b o i l e r ' s  cycle e f f i c iency  is related to i ts  
I t  cool-down" c h a r a c t e r i s t i c s .  Accordingly, it i s  important t o  examine t h e  re- 
l a t i o n s ,  i f  any, between "cool-down" i r r e g u l a r i t i e s  and "cycle  e f f i c i ency . "  

A t y p i c a l  r e s i d e n t i a l  b o i l e r  c o n s i s t s  of a  nonuniform d i s t r i b u t i o n  of 
m a t e r i a l  elements.  Each element has  i t s  own thermophysical p r o p e r t i e s .  A t  
i n i t i a l  time, t h e  system i s  taken  t o  be i so thermal  (cold)  and i t s  t o t a l  en- 
t ha lpy  and enthalpy d i s t r i b u t i o n  can be c a l c u l a t e d  once i t s  d e t a i l e d  i n t e r n a l  
s t r u c t u r e  and material cons t i tuency  a r e  known. Immediately a f t e r  i g n i t i o n ,  
t h e  b o i l e r  as a system i s  h ighly  nonisothermal and nonsteady. Nevertheless ,  
i t s  ins tan taneous  elemental  and t o t a l  enthalpy is  w e l l  def ined  and deducib le  
i f  t h e  complete time-dependent temperature f i e l d  is  no t  s u f f i c i e n t l y  w e l l  in-  
v e s t i g a t e d  t o  be "known." It is t h e r e f o r e  necessary t o  s tudy t h e  g ros s  phy- 
s i c a l  f e a t u r e s  of t h e  b o i l e r ' s  heat-up and cool-down per iods  and t o  examine 
whether c e r t a i n  approximations a r e  implied by t h e  observa t ions  descr ibed  above. 

A procedure w a s  developed t o  eva lua t e  t h e  merits 05 t e s t i n g  a  res iden-  
t i a l  b o i l e r  us ing  t h e  v a r i a t i o n  wi th  t i m e  of t h e  b o i l e r  water temperature,  
under c e r t a i n  ope ra t ing  and nonoperat ing condi t ions .  

The test r e q u i r e s  t h a t  t h e  approximate thermal capac i ty  of t h e  b o i l e r  
be  known. This  can be approximately determined i n  two ways. 



The f i r s t  i s  t o  a c t u a l l y  weigh t h e  b o i l e r  empty and then  f i l l e d  w i th  
water .  The approximate thermal  capac i ty  can be determined by summing t h e  pro- 
duc t s  of mC f o r  each major component of t h e  b o i l e r .  I n  t h i s  c a s e  t h e r e  would 

P  
be  two major components under namely, water  and steel  ( ca s t -  
i r o n  f o r  t h e  a p p r o p r i a t e  B ,  t h e  approximate thermal  capa- 
c i t y ,  can be  represen ted  by - - 

where t h e  s u b s c r i p t s  s and w r e f e r  t o  steel and water  r e s p e c t i v e l y .  

I n  t h e  second method, an  e l e c t r i c  h e a t e r  i s  used t o  hea t  t h e  b o i l e r  
under test .  S ince  t h e  hea t  r a t e  i s  known,a measurement of t h e  time v a r i a t i o n  
of b o i l e r  water  temperature  permi ts  a  computation of t h e  approximate thermal  
capac i ty  a s  

where 4 is  t h e  hea t  r a t e  input  w a t t s  of t h e  e l e c t r i c  h e a t e r  and it is  t h e  
temperature  r i s e  over  t i m e  of t h e  b o i l e r .  This  l a t t e r  method u t i l i z e s  t h e  
apparent  l i n e a r  b o i l e r  temperature  r i s e  and w i l l  be  v e r i f i e d  through compar- 
i s o n s  w i th  t h e  weighing method. 

The a c t u a l  de te rmina t ion  of an e f f i c i e n c y  f o r  t h e  b o i l e r  w i l l  r e q u i r e  
a c c u r a t e  measurement of t h e  f u e l  consumed over  t h e  du ra t i on  of f i r i n g .  The 
e f f i c i e n c y  a s  measured may o r  may no t  be equiva len t  t o  f i r i n g  s t e a d y - s t a t e  
e f f i c i e n c y  a s  measured by t h e  d i r e c t  hea t  flow method and i s  t h e r e f o r e  s u b j e c t  
t o  v e r i f i c a t i o n .  This  e f f i c i e n c y  i s  

if AHc 

where mf i s  t h e  f u e l  consumed over  t i m e  and AHc i s  t h e  hea t ing  va lue  of t h e  
f u e l  consumed. 

The de te rmina t ion  of c y c l e  e f f i c i e n c y  r e q u i r e s  a  knowledge of t h e  hea t  
r e t a i n e d  wi th in  a  b o i l e r  a t  t h e  end of a  given standby per iod .  It may be  t h a t  
such a f i g u r e  of performance can be der ived  from t h e  c h a r a c t e r i s t i c  cool-down 
b o i l e r  temperature  d a t a .  The c y c l e  e f f i c i e n c y  can be  de f ined ,  f o r  t h e s e  pur- 
poses ,  a s  t h e  r a t i o  of t h e  hea t  remaining i n  a  b o i l e r  t o  t h e  amount s t o r e d  a t  
t h e  end of t h e  f i r i n g  per iod .  Th i s  can be  expressed a s  

- - hea t  remaining -(Tr - - Ti) 
'c hea t  s t o r e d  , (Tp - Ti) 

where T i s  t h e  peak b o i l e r  temperature  reached a t  burner  shutdown and Tr is  
t h e  b o i f e r  temperature  a t  t h e  end of a  g iven  s tandby per iod .  



Test ing  t o  determine t h e  degree  of c o r r e l a t i o n  t h a t  t h e s e  e f f i c i e n c i e s  
have wi th  t h o s e  developed under t h e  d i r e c t  measurement program w i l l  be  completed 
i n  e a r l y  F i s c a l  Year 1980 and t h e  r e s u l t s  summarized i n  t h e  next  annual  r e p o r t .  




