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ABSTRACT 

This report describes the work performed under Phase I of 

the project to design and develop a cost-effective high efficiency 

gas-fired water heater. The project goal was to attain a service effi- 

ciency of 70% (including the effect: of exfiltration) and a service 

efficiency of 78% (excluding exfiltration) for a 75 GPD draw at a 90°F 

temperature rise, with a stored water to conditioned air temperature 

difference of 80°F.. Based on concept evaluation, a non-powered natural 

draft water heater was chosen as the most cost-effective design to 

develop. The projected installed cost is $374 compared to $200 for a 

conventional unit. When the project water heater is compared to a 

conventional unit, it has a payback of 3.7 years and life cycle savings 
9 .  

of. $350 to the consumer. 

A prototype water heater was designed, constructed, and tested. 

When operated with sealed combustion, the'unit has a service efficiency 

of 66.4% (including the effect of exfiltration) below a burner input of 

32,000 Btulhr. In the 'open combustion configuration, the unit operated 

at a measured efficiency of 66.4% Btu/hr (excluding exfiltration). This 

compares with a service efficiency of 51.3% for a conventional water 

heater and 61% for a conventional "high,efficiencyl' unit capable of 

meeting ASHRAE 90-75. operational tests showed the unit performed 

well with no evidence of "s.tackingl':or hot spots. It met or exceeded 

all capacity or usage tests specified id the program test plan and 

met all emission goals. ~uture work will concentrate on designing, 

building, and testing pre-production units. It is anticipated that 

both sealed combustion and open draft models will be pursued. 

DVANCED MECHANICAL TECHNOLOGY, INC. 

I 



FOREWORD 

This r epor t  i s  the  second of two volumes which descr ibes  t h e  work 

performed durfng Phase I on UCC-rn Subcontract 7381. In  t h i s  con t rac t  

Advanced Mechanical Technology, Inc. . (AMTI) is  a . subcon t rac to r  t o  Union 

Carbide Corporation-Nuclear Division t o  research,  develop, and 

demonstrate a high e f f i c iency  gas-fired water heater .  The water heater  

concept is a j o f n t  development of AMTI and Amtrol Inc.,  who is  a sub- 

contrac tor  t o  AMTI under t h i s  UCC-ND p ro jec t .  AMTI is responsible  f o r  

the  design and ,development t a sks  while Amtrol i s  responsible  f o r  the  . 

- marketing and manufacturing tasks .  

Volume 2, t h i s  r epor t ,  conta ins  a l l  of t h e  Phase 1 t a s k ' r e p o r t s .  

Volume 1, which Is bound s e p a r a t e l y , . i s  a summary of the  t a sk  r e p o r t s  

which h igh l igh t s  t h e  i m p o r t a n t r e s u l t s .  

P DVANCED MECHANICAL TECHNOLOGT.!J 
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1. INTRODUCTION AND SUMMARY 

This  r e p o r t  desc r ibes  t h e  work completed under Task 2, t h e  concept 

and market eva lua t ion  of t h e  h igh  e f f i c i e n c y  gas- f i red  water  h e a t e r .  The 

concept eva lua t ' ion ,work  was conducted by AMT, whi le  t h e  market eva lua t ion  

was performed by Amtrol. 

Concept Evaluat ion 

A mathematical model f o r  t h e  water  h e a t e r  w a s  formulated,  and t h e  

equat ions  r equ i r ed  f o r  performance and c o s t  eva lua t ion  were developed. 

This  model t oge the r  w i th  t h e  equat ions  was incorpora ted  i n t o  a computer 

program f o r  t h e  concept eva lua t ion .  (See ~ ~ ~ e d d i x  B) . 

A v a r i e t y  of op t ions  was analyzed t o  compare performa.nce. v e r s u s .  

c o s t ,  w i t h  t h e  conclusion t h a t  t h e  proposed n a t u r a l  d r a f t  water  h e a t e r  * 
could meet t h e  performance c r i t e r i a  of 70% s e r v i c e  e f f i c i e n c y  w i t h  a 

p ro j ec t ed  payback of s l i g h t l y  over  3.5 yea r s ,  and l i f e - c y c l e  sav ings  of 

$350. Thus, t h e  proposed n a t u r a l  d r a f t  gas- f i red  water  h e a t e r  w a s  jus- 

t i f i e d  f o r  development i n . T a s k  3 of t h i s  p r o j e c t .  Its s a l i e n t  f e a t u r e s  

c o n s i s t  o f :  a high-eff ic iency ' ,  100% primary a i r ,  n a t u r a l l y  a s p i r a t e d  

burner;  an c x t e r n a l  b a t t o i i ~ I l r e d  n a t u r a l  C l f c u l a t i o n  h e a t  exchanger lo- 

ca t ed  under t h e  s t i r a g e  tank;  a h igh  e f f i c i e n c y  s t and ing  p i l o t ;  a p las -  

t i c - l i n e d  i n s u l a t e d  s t o r a g e  tank; and an e x t e r n a l  s e a l e d  combustion f l u e .  

A "proof-of-concept" experimental  .gas- f i red  water  h e a t e r  w a s  b u i l t  

, to  test t h e  f e a s i b i l i ' t y  of  t h e  key f e a t u r e s  and t h e  r e s u l t s  a r e  r epo r t ed  

i n  ~ ~ ~ c n d i x  C. 

. .. 

*Service e f f i c i e n c y  inc ludes  an allowance f o r  t h e  energy use  a s soc i a t ed  
w i t h  t h e  u s e  of condit ioned a i r  by t h e  water  hea t e r .  
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Market Evaluation 

The cur ren t  water  hea te r  market was analyzed i n  order to  e s t a b l i s h  

t h e  approach which should be  used f o r  marketing the  u n i t  being developed 

f o r  t h i s  p ro jec t .  The main conclusion of t h i s  evaluat ion was t h a t  t h e  

marketing of a high-efficiency water  hea te r  w i l l  r equ i re  a somewhat d i f -  

f e r e n t  s t r a t e g y  .to ga in  market penet ra t ion .  

The w a k r  hea t ing  indust ry  i s  a htghly competitive, cost-conscious 

indus t ry  made up of a s m a l l  number of l a r g e  manufacturers. Of the  th ree  

m i l l i o n  gas-fired water hearers  so ld  each year, 60% are used i n  the  

(emergency) replacement market and the  remainder a r e  used i n  new i n s t a l -  

l a t i o n s .  The d i s t r i b u t o r  determines the  u n i t s  he w i l l  sel l  based mainly . 
on c o s t .  Unlike o the r  appliances,  the  consumer has very l i t t l e  inf luence  

on t h e  type of u n i t  so ld .  

I n i t i a l l y ,  Amtrol in tends  to center .  i t s  ' e f f o r t s  towards the  custom . .. 

home market ('10 t o  15% of home purchasers.). This is  estimated a t  

300,000 uni ts /year .  Gaining e n t r y  w i l l  e n t a i l . t h e  following s t ra tegy .  . 

2 $ 6  

1. EducaLian and motivation of the plumbing t rade .  

2. Creation of consumer awareness. 
I 

3 .  Presenta t ion and promotions t o  se lec ted  bu i lde r s .  ! 

# 

Items 1 and 3 have t h e  o b j e c t i v e  of capturing a sha ie  of . t h e  replacement 

and new market, respe>c.t$vely. The ob jec t ive  of i t e m  2 i s  t o  c r e a t e  an 

awareness and recept iveness  on t h e  p a r t  of t h e  consumer by using Amtrol 

and l o c a l  gas  company adver t i s ing  and promotion t o  educate gas use r s  a s  

t o  t h e  energy savings  aspects  and d u r a b i l i t y  o f . t h e  water heater .  The 

u n i t  w i l l  be sold  a s  a q u a l i t y  water heater  with emphasis ori ample hot  

water,  d u r a b i l i t y  ('longer tank l i f e )  and energy savings. 

DVANCED MECHANICAL TECHNOLOGY, INC. 



Further expansion of t h e  market w i l l  depend on cur ren t  t rends  and 

t h e i r  subsequent developments. I f  government and s t a t e  regula t ions  re- 

garding energy usage and publ ic  awareness of energy p r i o r i t i e s  r e s u l t  i n  

general  publ ic  'acceptance of more energy e f f i c i e n t  .but  higher cos t  water 

heaters ,  then marketing of t h e  water h e a t e r ,  w i l l  assume more conventional 

methods. Amtrol then e x p e c t s , t o . i n c r e a s e  i t s  share  of t h e  expanded energy 
. . 

e f f i c i e n t  water hea te r  market; 

DVANCED MECHANICAL TECHNOLOGY, INC. 





2. CONCEPT EVALUATION 

The conceptual  eva lua t ion  of t h e . h i g h  e f f i c i e n c y  water  h e a t e r  has  

been completed. The o b j e c t i v e s  of t h i s  eva lua t ion  w e r e :  

To j u s t i f y  t h e  a b i l i t y  of  t h e  proposed design t o  s a t i s f y  energy, 

economic, ,and market-related goa ls .  
. . 

To e s t a b l i s h  b a s i c  design s p e c i f i c a t i o n s .  

To i d e n t i f y  p o t e n t i a l  problems, e s p e c i a l l y  market-related ones. 

. , 

-The approach used w a s  t o  divide. t h e  water  h e a t e r  i n t o  a number of 

b,asic . p a r t s  f o r  s e p a r a t e  cons idera t ion .  I n  t h i s  way,. a performance and 

c o s t  a n a l y s i s  f o r  each component, as w e l l  a s  f o r  t h e  e n t i r e  water  h e a t e r ,  
. . 

was obtained.  The most promising combination of op t ions  was, i d e n t i f i e d  

and t h e  b a s i c  des ign  s p e c i f i c a t i o n s  were, s e l e c t e d  f o r  development dur ing  

Task 3. 

2 . 1  Water Heater  Performance - Basis  f o r  Evalua t ion  

A water h e a t e r  performance.mode1 f o r  t h i s . e v a l u a t i o n  w a s  ob ta ined  by 

developing equat ions  which followed t h e  DOE " t e s t  procedures  f o r  water  

heatersf( ' ) ,  . These equat ions  were modified t o  i nc lude  an exf i l t r a t i o n  

l o s s  which w a s  n o t  a p a r t  o f  t h e  DOE procedure. 

The performance comparisons were conducted f o r  a d a i l y  h o t  water  

draw of 75 g a l l o n s  a t  a temperature of 150°F, and an  i n l e t  temperature 

of 60°F. An.ambient temperature nf 70°F was sooumcd. . The e x I i l t r a c i o n  

l o s s  pena l ty  assumed an average infiltration/exfiltration temperature 

d i ' f f e r e n t i a l  o f  30°F, w i th  a space  h e a t i n g  fu rnace  e f f i c i e n c y  of 100%. 

Under t h e s e  assumptions, t h e  gas consumption of a convent ional  water  . . 

h e a t e r  was 109,000 ~ t u / d a y  ( s e r v i c e  e f f i c i e n c y  of  5,.1X), excluding ex- 

f i l t r a t i o n ,  and 119,800 ~ t u / d a y  ( s e r v i c e  e f f i c i e n c y  of 46.5%), i nc lud ing  

2-1 
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the  allowance f o r  e x f i l t r a t i o n .  The complete development of the  equa- 

t i o n s  descr ib ing water  hea te r  performance together with the  assumptions 

used t o  develop these  equations is shown i n  Appendix A. 'The computer 

program used f o r  t h e  evaluat ion i s ' p r e s e n t e d  i n  Appendix B. 

2.2 ~ o s t / ~ e r f o r m a n c e  Procedure 

Water h e a t e r s  were separated i n t o  f i v e  sub-systems: s t ack ,  including 

f l u e  dampers and sea led  combustion; s torage.  tank, including p l a s t i c  apd 

g l a s s  l i n i n g s ,  foam and f i b e r g l a s s  insu la t ions ;  the heat  exchqngor; th,e 

burner;  and t h e  p i l o t  o r  o the r  i g n i t i o n  means. Table 1 l i e t s  t h e . v a r i 0 . u ~  

sub-systems and t h e  individual  options.  The energy savings a t t r i b u t a b l e  

t o  each opt ion i n  var ious  combinations wi th  o the r  options were analyzed, 

and these  savings were compared t o   he est imated d i f f e r e n t i a l  cos t  i n  , 

o r d e r  t o  determine t h e i r  investment value.  . .  

2.2.1 Performance Evaluation Method 

Five s t a c k  option0 were evaltlated: the  conventional s t ack ,  

which includes  t h e  d r a f t  d i v e r t e r ;  t h e  convearional s t ack  with a mech- 

a n i c a l  s t a c k  damper downstream of t h e  d r a f t  d i v e r t e r ;  t h e  former con- 

f i g u r a t i o n  bu t  w i t h  a thermally ac tuated  s t ack  damper; an undiluted vent 

(no d r a f t  d i v e r t e r ) ;  and a d i r e c t  vent syscem (sealed combustion), i n  

which a l l  combustion a i r  i s  taken from ouldoors m d  i u  dlarharged d i r e c t -  

l y  t o  the outdoors. Table 2 shows the d i f f e r e n t  atsck  npti.nns together 

wi th  the  e x f i l t r a t i o n  l o s s  associa ted  wi th  each s tack.  The model used t o  

p r e d i c t  t h f s  l u s s  is dcacribed i n  Appendix A. 

A l l  of t h e  s t a c k  conf igura t ions  with the  exception of the  un- 

d i l u t e d  s t a c k  (no d r a f t  d i v e r t e r )  can be used with any other  water heater  

option. The undiluted s t ack  can only be used wi th  the  powered combustion 

s y s  tern. 
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. . 
TABLE 1 - WATER HEATER OPTIONS . 

. . 

Subsystem 

1. Stack 

2. Tank 

3. Heat Exchanger 

4.  P i l o t  

C a n v e n t i m a l  S t ack  
Inc lud ing  Dra f t  
D i v e r t e r  

' ~ o n v e n t i ~ n a l  Class- 
Lined Tank 

Conventional.  Center  
Flue  

Option Numbers : 

P l a s  t ic -Lined 
Tank 

Conventional Stack 
wi th  Vent Damper 
-Mechanical (2H) 
-Thermal (2T) , 

I Conv. Glass-Lined 
Tank wi th  Added I n s u l  

Undi lu ted  Exhaust 
(No D r a f t  D i v e r t e r )  

I n t e r m i t t e n t  High E f f i c i e n c y  
I g n i t i o n  Device S t r a t i f i e d  P i l o t  
( I ID)  

Forced Convection 
Heat Pipe  

Na tu ra l .  C i r c u l a t i o n  
Boiler/Condenser 

4 

Sealed  Combustion 

Powered Combustion 

None 

100% .primary Air 
Na tu ra l  D r a f t  
Burner 

Na tu ra l  C i r c u l a t i o n  
Bottom-Fired 

None 

None 



la i * C a s e  for ~ A n e r  I n p u t  of .5,009 B t u l h r  
9 

TABLE 2 - STACK OPTIONS AND EXFILTRATION LOSSES 

TKERMAL 
STACX DAMPER 

UNDILUTED 
EXHAUST 

(FORCED COMBUSTION 
ONLY) 

MECHANICAL 
STACK DAHPER 

5 
0 

8 
E 

1 
5 
E 

. 

EXHAUST 

SEALED COMBUSTION 
h) 

P 

DILUTION 

I R  . t 
COMBUSTION 

EXHAUST 

CONVENTIONAL 
. . STACK 

B U ~ ~ ~ ~ * ,  08 - EXPTI;T~VTION LOSS (BTU/mIR) 

0 

. . 

340 729 7 29 

BURNER OFF - EW~LTRATION LOSS (BTU/HR) ' 

729 

0 109 

---.- 

I 169 

I .  

- 

423 21 



Three tank combinations were considered. The f i r s t  was the  

conventional glass-l ined,  center-f lue s torage  tank u t i l i z i n g  0.75 

inches of f i b e r g l a s s  insu la t ion  between t h e  tank and t h e  ex te rna l  sheet- . 

metal jacket .  The second option was t h e  conventional tank with 1 inch 

of add i t iona l  insula t ion.  The t h i r d  opt ion was a p las t i c - l ined  s t e e l  

tank having no center  f l u e .  Because the  p las t i c - l ined  tank has no center  

f l u e ,  i t  i s  only adaptable t o  an e x t e m a l  heat  exchanger. The.tank losses  
. . 

f o r  these  th ree  tanks were 500. Btu/hr, 300 Btu/hr, and 300 Btu/hr, res-  

pect ively .  

. . , . 

. Regarding tank opt ion combinations, t h e  conventional .glass-, . 

l ined  t a n k  was only considered with t h e  conventional center  f l u e  hea t  ex- 

changer, burner and pi lo ' t  ,combinations. 'On t h e  o ther  hand, the  p l a s t i c -  

l i n e d  tank was not  u s e d , i n  combination with any of the  conventionalcom- . . . . . 
ponents, but  was used with "non-convent'ional" options.  

. Four types of hea t  exchangers were evaluated: three  n a t u r a l  

convection (gas-side) u n i t s  and one forced convection u n i t .  The f i r s t  . : 

heat  exchanger was a conventional water hea te r  type comprised of a baff led  

center  f l u e . a n d  t h e  tank bottom. The s t a c k ' e f f i c i e n c y  of t h i s  u n i t  was 

taken a s  74.5%. This value w a s  ca lcula ted  using an energy recovery(2) of 
. . 

71.7% f o r  a conventional gas-fired water hea te r  and using the  equations 

of Appendix A, to a r r i v e  at t h e  s t ack  e f f i c feacy .  

The second un2t candidered was .a  forced-convection (gas-side) , . 

hea t  exchanger u t i l i z i n g  a heat-pipe p r inc ip le .  Hot gases pass over the 

lower s e c t i o n  which a c t s  a s  a b o i l e r ,  and the  upper, s e c t i o n  o r  condenser 
, ' 

i s  located  i n  t h e  hot  water s torage  tank. The s tack  e f f i c iency  f o r  t h i s  

u n i t  i s  85% based on operat ing condi t ions ,of  30% excess a i r  and a 300°F 
. . 

exhaust temperature. This r esu l t ed  i n  an energy recovery e f f i c iency  of 
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The t h i r d  hea t  exchanger evaluated was a n a t u r a l  convection 

(boil ing/condensing) u n i t  using a b o i l e r  heated by the  combustion pro- 

d u c t s .  The steam generated i n  t h e  b o i l e r  i s  piped through a condensing 

c o i l  loca ted  i n  t h e  hot  water s to rage  tank. The u n i t  was considered f o r  

use  wi th  a na tu ra l -d ra f t  burner,  and under these  condit ions the  s t a c k  

e f f i c i e n c y  i s  84%. This was based on 50-60% excess a i r  and a s t a c k  tem- 

p e r a t u r e  of about 300°F. The energy recovery e f f i c iency  f o r  t h i s  u n i t  

was calcuated  t o  be 80.9%. 

The l a s t  hea t  exchanger considered was a natura l -c i rcula t ibn 

bottom-fired heat  exchanger located  under the  tank and f o r  use wi th  an 

atmospheric burner. The s t a c k  e f f i c iency  f o r  t h i s  u n i t  i s  84% and the  

energy recovery e f f i c i e n c y  is 80.9%, based on t h e  same operat ing condi- 

t i o n s  assumed f o r  t h e  o t h e r  natural-draf  t heat  exchanger. 

Two c o n s t r a i n t s  were used i n  the .eva lua t ion  of these  heat  

exchanger u n i t s .  One c o n s t r a i n t  was t h a t  t h e  heat ing a rea  i n  contact  

with t h e  s to red  ho t  water  remained below 220°F t o  avoid liming. Another 

was t h a t  a forced.convect ion hea t  exchanger required  only 5 0 4 0 %  of t h e  

s u r f a c e  a r e a  required  f o r  a similarly r a t e d  n a t u r a l  convection'heat  ex- . 

changer. This c o n s t r a i n t  was based on~forced .convec t ion  u n i t s  t e s t e d  a t  

AMT. . , 

Three types of burners were evaluated: the  conventional a t -  

mospheric burner u t i l i z i n g  both primary and secondary a i r  ; a f orced-draf t 
' 

burner;  and a 100% a i r ,  natural-draf . . t burner. - There ' ' 

are s l i g h t  d i f re rences  i n  performance among t h e  forced and .na tu ra l  d r a f t  

burners.  Forced-combustion enables operat ion a t  lower excess a i r  than ' .. 

na tu ra l -d ra f t ,  thus permitt ing somewhat g rea te r  s t a c k  ef f ic iency.  The. 
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f a c t  t h a t  powered combustion can reduce t h e  necessary s i z e  of t h e . h e a t  

exchanger was accounted f o r  by p a i r i n g  powered combustion wi th  the  forced 

convection hea t  exchanger, and atmospheric burners with t h e i r  appropriate 

heat  exchangers. The powered burner included an energy consumption of 

20 Watts (210 ~ t n / h r  equivalent)  during operation. A conversion f a c t o r  

of 10.5 Btu/Watt-hr was used f o r  e l e c t r i c  t o  thermal energy conversion 

f o r  se rv ice  e f f i c iency  ca lcu la t ions .  

The hea t  exchangers and burners were pai red  i n  t h e  following , 

combinations : . . 

e Conventional center-f lue - conventional burner 

o Forced-convection heat  pipe - powered c.ombustion 

o Natural convection bo i l ing  o r  non-boiling - 100% primary 

a i r  na tura l -draf t  burner 

The th ree  i g n i t i o n  systems t h a t  were evaluated included: a 

conventional 700 Btu/hr s tanding p i l o t  w i t h - z e r o  n e t  energy .recovery; a 

300 Btu/hr " s t r a t i f i e d "  p i l o t  with an energy recovery e f f i c i e n c y ' o f  81.3%;' 

and an ~ n t e r m i t t e n t  ~ g n i t i o n  Device (IID), which was assumed t o  consume 

a neg l ig ib le  a m u n t  uf e l e c t r i c i t y .  

,.The conventional p i l o t  was coupled with the  conventional tank. 

The In te rmi t t en t  I g n i t i o n  Device (IID) was only considered f o r  use with 

t h e  "non-center f lue"  p las t i c - l ined  tank. Thus, f l u e  'closure t o  e l iminate  

heat  losses  from t h e  s t o r e d . h o t  water t o  the  f l u e  during burner-off con- 

d i t i o n s  was no t  required i n  combination wi th  the  I I D .  The s t r a t i f i e d  p i l o t  

w a s  used i n  combination on ly 'wi th  t h e  n a t u r a l  d r a f t  100% primary a i r  burner. 

The only i g n i t i o n  system cons ide red ' fo r  use wi th  forced combustion was I I D .  
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2.2.2. Cost Evaluation Method 

Component and sub-assembly cos t s  were est imated by a combha- 

t i o n  of  ca ta log  cos t s ,  manufactur,er1s es t imates ,  es t imates  from o ther  ref-  

erences,  and engineering es t imates .  The component cos t  estimates a r e  

shown i n  Table 3, together  wi th  a .code ''key" f o r  t h e  component options.  

l'he ~ t j r  cs f o r  the  forced-combus t i o n  sys and  the i n t e r -  

m i t t e n t  i g n i t i o n  system (including ins ta l . l a t ion  cost'2' ) and a ~ a c k  damper (3)  

a r e  from t h e  I lLera tu re .  me cos t s  of t h e  p las t ic- l ined tank and hea t  

exchanger was est imated by Amtrol, based on an i n i t i a l  manufacturing vbl- 

ume of 10,000-20,000 u n i t s  pe r  year.  These a r e  an t i c ipa ted  c o s t s  a t  market 

en t ry .  Also shown a r e  tank and.heat-exchanger c o s t s  based on a high vol- 

ume production. The remaining c o s t s  were obtained by,AMT based on ca ta log 

c o s t s  and engineering es t imates .  Due t o  t h e  d i f f e r e n t  sources used f o r  

c o s t  est imating,  small d i f fe rences  i n  payback ( l e s s  than 0.25 years)  should 

n6 t be  considered sign2 f  i c a n t .  

The econarmlc ana lye i s  included a gas c o s t  of $3.00 per mi l l ion  

Btu. This value  was determined i n  t h e  fiolluiving manner, Fig. 1 shows * 
projected  reg iona l  r e s i d e n t i a l  r a t e s  f o r  n a t u r a l  gas f o r  1977 . It 13 

believed t h a t  t h e  h ighes t  market penet ra t ion  w i l l  be i n  a reas  of high gas 

c n s t  and t h e  l a t e s t  gas c o s t s  i n  the middle AtlanticINew England a rea  a r e  

g r e a t e r  than $3.00 per  mi l l ion  Btu, as can be seen in Fig .  1.. Thus, t h e  

$3.00 per m i l l i o n  Btu gas cos t  was f e l t  t o  be a rnnsemat ive  value t o  use 

i n  t h e  evaluation.  

*These rates a r e  not  a c t u a l  r a t e s ,  but were projec ted  from a c t u a l  1976 . 

r e s i d e n t i a l  r a t e s ( 4 ) ,  correc ted  f o r  i n f l a t i o n .  The correc t ion used f o r  
i n f l a r i o r ~  was an increase of 18%, which is the  a c t u a l  inc rease  i n  the  
na t iona l  average p r i c e  of r e s i d e n t t a l  gas from'the l n n t  quar te r  of 1976 
t o  the  l a s t  q u a r t e r  of 1977 (5). . . 

.v 
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TABLE 3 - COMPONENT COSTS 

(1) Compared t o  Conventional Components 
(2) Inc ludes  $25 I n s t a l l a t i o n  Allowance 
(3) Inc ludes  $40 E l e c t r i c a l  Hook-Up Allowance 
(4) Included 0.25 ~ o u r s / ~ n i t  of Labor 
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Component 

A. S tack  
1. Conventional  
2. Damper 

i. Mechanical 
ii. ~ h e r m a l  

3. Undiluted Exhaust 
4. Sealed Comb. (2) 

B. Tank 
1. Conventional 
2. P las t ic -Lined  
3. Conv. (added InsuL).): 

.-A 

C. Heat Exchanger 
1. Conventional 
2. Forced Convection 
3. Boiling/Condensing 
4. BottonrFired 

D. ~ u r n e r / C o n t r o l / ~ i l o t  
1. Conventional 
2. Forced Comb. (3) 

i.Conv. P i l o t  
ii. S t r a t i f i e d  P i l o t  

iii. I I D  
3. 100% Primary . 

Natura l  D r a f t  
' Burner 

i. I I D  (3) 
ii'. S t r a t i f i e d  P i l o t  

P 

Estimated Costs  
For High Volume 

Product ion  

. I n s t a l l e d  
Cost  

$ 

6 .  

47 
3 5 

6 
63  

105 
135 

7 
48 
84 
62 

3 7 

102  
102 
140 

108 
4 2 

f 

(4) 

Added 
Cost 

$ 
(1)  - 

0 

4 1  
29 

0 
57 

0 
3 0 
. 5  

0 
4 1 
7 7 
5 5 

0 

6 5 
6 5 

103  

7 1  
5 

- 

LI 

$4 

2 
2 
2 

3 
3 

A 

Costs  Based . 

On 10,000-20,000 
u n i t s l y e a r  

I n s t a l l e d  
Cost 

$ 

218. 

129 
260 

' 200. 

a u a  

c Q , P . l , W .  

1 1  

1 
4 
2 

2 
4 

Added 
Cost 

$ 
(1)  

113 

. 122 
253 
193 

Code 

$4 a 
w 
d .  

. Z S $ $  
3 r c x a u  

1 

1 .  
2 
3 
4 .  

B 

2 .  
3 .  

. 

rn 

1 

2M 
2T 
3 
4 



1977 Residential Gas Costs - $/million Bzu 

Cbtained b-j Taking 1976 Gae Prices from 

Eeference 4 and Increasing by 18%. - 

GEOGRAPHIC DIVISIONS OF THE y NITED STATES. 
U.S.  as  a Whole $2.44 (Last Quarter 1977) 

. . 
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The cos t /benef i t  comparisons were made a s  follows. F i r s t ,  

t h e  energy-related performance of various combinations of options were 

analyzed. The d e t a i l s  of t h e  ana lys i s  are given i n  Appendix A. Annual 

opera t ing savings due t o  reduced energy consumption r e l a t i v e  t o  conven- 

t i o n a l  water hea te r s  were assumed t o  occur over an 11-year period,  which 
(2) i s  regarded as being t h e  average l i f e  of a conventional water hea te r  . 

Life-cycle savings were ca lcu la ted  by deducting t h e  add i t iona l  i n i t i a l  

cos t  r e l a t i v e  t o  a conventional water hea te r  from t h e  11-year opera t ing 

savings. The results of t h e  evaluations a r e  shown i n  Figs. 2-6. A t  zero 

years ,  t h e  savings a r e  negative and equal  the  increase  i n  cos t  of the  op- 

t i o n  over a conventional u n i t .  The payback period required  t o  recoup the  

i n i t i a l  cos t  (simple payback) is  indicated  by t h e  t i m e  i t  takes t o  reach 

zero savings. 

2.3 Component Economic/Performance Evaluations and Select ions  

2.3.1 Component Economic/Performance Evalu~tionEI 

The cost-effect iveness of var ious  venting means is  shown i n  

Fig. 2. The ca lcula ted  energy savings r e l a t i v e  t o  a conventional w a t e r  

hea te r  s t a c k  is ind ica ted  by t h e  f igures  i n  parenthesis .  It i s  seen t h a t  

the  energy savings amount t o  9.9%, 7 .9%,  and 4.7% f o r  sea led  combustion, 

a mechanical s t a c k  damper, and a thermal s t a c k  damper, respect ively .  

While the  l i fe-cycle  savings range from $38 t o  $73, a l l  th ree  options have 

f a i r l y  c l o s e  payback periods ranging from 4.3 t o  4.9 years. 

Fig. 3 compares t h e  high e f f i c iency  p i l o t  (14.6% energy sav- 

ings)  and an i n t e r m i t t e n t  i g n i t i o n  device providing 15.7% savings r e l a t i v e  

t o  a conventional water hea te r  wi th  standing p i l o t .  Both i g n i t i o n  devices 

had acceptable paybacks of 0.3 years  f o r  t h e  s t r a t i f i e d  p i l o t ,  and a l i t t l e  

over 4 yea rs  f o r  t h e  I I D .  It should be nentioned t h a t  when t h e  I I D  is 

added t o  a powerqd-combustion system, t h e  added cos t  is  only $38 due t o  9 
c o s t  conrmonality, so  the  investment of adding I I D  t o  a powered-combustion 

system becomes one wi th  a payback of 2.2 years. 
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F I G .  2 COMPARISON OF STACK CONFIGURATIONS 
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Also compared i n  Fig. 3 a r e  a plas t ic- l ined tank and a con- 

vent ional  tank with 1.8 inches of insulation.  Both have good paybacks. 

The conventional tank with added insu la t ion  has a payback of about 0.5 

years  and the  plas t ic- l ined tank has a payback of a l i t t l e  over 3.5 years. 

H e a t  exchanger and burner combinations are compared i n  Fig. 

4. All of these options provide s imilar  energy savings over a conven- 

t i o n a l  un i t  ranging from 8.6% t o  9%. Compared t o  a l l  of the other energy- 

saving options, burner/heat exchangers provide the poorest payback. The 

paybacks range from 6 years with t he  100% primary a i r ,  natural-draft  

burner with a bottom-fired heat exchanger t o  9.5 years f o r  ihe  forced- 

combustion burner with a heat-pipe water heater. 

It should be noted t h a t  a l l  of the preceeding options were 

evaluated using similar stack assumptions. With the exception of sealed 

combus t ion  venting sys terns, both natural-draf t and forced combus t ion op- 

t i ons  included t h e  use of a d ra f t  d iver te r  f o r  evaluation of e x f i l t r a t i o n  

losses .  The use of an undiluted exhaust with the  forcctl cuultuation sys- 

tem would have been b e t t e r  f o r  performance considerations due t o  lmer 

e x f i l t r a t i o n  losses ,  as can be seen i n  Table 2, but was not considered 

because the ANSI code f o r  water heaters spec i f ies  the  use of a d r a f t  

d ive r t e r  (except f o r  sealed combustion). 

2.3.2 Option Selections 

The individual options selected f o r  fur ther  comparison i n  a 

water heater configuration and the  reasons f o r  t h e i r  se lect ion a r e  dis-  

cussed i n  t h i s  section.  
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F IG .  4 COMPARISON OF BURNER/HEAT EXCHANGER COMBINATION 
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Sealed conibustion is the primary choice because i t  has both 

economic and marketSng advantages. Its main economic advantage i s  its 

higher l ife-cycle savings. Another reason f o r  its select ion,  however, 

is its greater  marketabil i ty due to  its inherent sa fe ty  advantage, great- 

er r e l i a b i l i t y  as compared t o  s tack  dampers (no moving pa r t s ) ,  and i t s  

higher energy savings. It was  f e l t  t h a t  the numerous "sel l ing features" 

of sealed combustion would enhance the marketability of any water heater. 

It is recognized, however, t ha t  d i f f e r en t  l a s t a l l a t i ons  may 

w e l l  require  d i f f e r e n t  s tack  configurations, In new construction and 

manufactured homes, sealed combustion can be readi ly  used. In  replace- 

ment i n s t a l l a t i o n s  which already vent i n t o  a chimney, a stack damper or  

a conventional vent  might be more su i tab le  than sealed combustion. In 

outdoor o r  i n  unconditioned space in s t a l l a t i ons ,  a conventional vent 

(with or without a d r a f t  d iver te r )  would be most applicable. 

For a non-power~d water heater, the  high efficiency s t r a t i -  

f i e d  p i l o t  i s  t h e  obvious choice. A s  an investment, the  s t r a t i f i e d  

p i l o t  does not  de te r iora te  grea t ly  as a funcLluu of efficiency when com- 

pared to a 700 ~ t u / h r  standing p i l o t  with no recovery. This is  becauae 

even a t  zero recovery, the  s t r a t i f i e d  p i l o t  is  simply a 300 Btu/hr con- 

ventional p i l o t  which still  has a payback of less than one year. With 

powered-combustion systems, a case cam be made fo r  an I I D ,  s h c e  the 

subs tan t ia l  e l e c t r i c a l  hook-up cost  is already paid fo r .  Of  course, 

t h e  I I D  is a proven, commercially available component, while the $erati- 
f i e d  p i l o t  is s t i l l  i n  the  concept stage.  Considering the strong poten- 

t i a l  fo r  the s t r a t i f i e d  p i lo t  fur use with atmoopheria burners, t h i n  

option w a s  se lected f o r  consideration with a l l  natural-draft  burners, 

while the I I D  w a s  se lected f o r  combination with powered-combustion sys- 

tem& . 
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The plastic-l ined tank w a s  se lected a s  the  most promising tank 

option. Both tank options a r e  good investments, with the conventional tank 

with added insulat ion being the  b e t t e r  of t he  two, i f  only investment c r i -  

t e r i a  were used. However, t he  following considerations favor the plas t ic-  

l ined  tank: 

1. The p l a s t i c l i n e d  tank takes grea tes t  advantage of Amtrol's 

present manufacturing capabi l i t i es .  

2. The plastic-l ined tank is  more durable (15 years expected 

l i f e ) ,  so  t h a t  savings f o r  the  plastic-l ined tank w i l l  

continue fo r  four years longer than the conventionaltank. 

Furthermore, l ife-cycle savings of any associated options 

w i l l  l ikewise be amplified. 

3. The cathodic e f f ec t  of any of the  copper heat exchanger 

options would accelerate  corrosion of a glass-lined tank, 

thereby making a plastic-l ined tank highly desirable.  

The bes t  choice of burner/heat exchanger w a s  the  100% primary 

a i r  burner, combined with the bottom-fired heat  exchanger. It had the bes t  

payback of any burner /heat exchanger combination. The forced combustion 

burnsr/forced convection heat exchanger was a l so  selected f o r  comparison, 

even though It had a poorer payback, t o  allow a comparison t o  be made 

between natural-draft  and forced-draft systems. 

Water Heater Configurations - ~conomic/~erformance Evaluations 

Table 4 shows the  combinations of options t h a t  w e r e  compared. A 

standard conventional water heater is used as the reference o r  baseline 

case. The cost  bases f o r  a l l  but the  conventional un i t s  a r e  f o r  purchased 

components and materials plus one hour of labor f o r  fabr icat ion and assembly. 
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TABLE 4 - WATER HEATER CONINATIONS 

A. Conventioaal "High ~f f icieacy" Model (~ncreased Energy kcuver y , 
Reduced P i lo t ,  Added Insulation) 

Water 
Heater 

Code 
(5) 

11111 

B. Natural Draft (6) (St ra t i f ied  Pi lo t ,  Plastic-Lined Tank, Bottorp 
Fired) 

Gas-Fired Water 
Heater Type 

Conventional Glass-Lined 
Center Flue (Baseline) 

Service 
Efficiency 

(XI 
(1) 

46.5 
A 

Estimated Costs 
For High Volume 
Production Units 

C. Forced Combustion (6) (IID, Forced Convection Burner, Plastic- 
Lined Tank) 

Instal led 
Cost 

$ 

205 
(2) 

80 

I 137 

285 
(9) 

342 
(9) 

90-75 (8) 

90-75 (8) 

Added 
Cost 

$ 
(7) 

0 

- 

. 55,s 

62.1 

- 

1. Conventional Stack 

2. Sealed  omb bust ion 

Includes Exf i l t ra t ion  Loss 
Includes $50 Plumbing Ins ta l la t ion  and $5 f o r  pressure/ 
Temperature Valve 
Encludes $25 Ins ta l la t ion  Allowance fo r  Sealed Combustion 
Includes $40 Elec t r ica l  Hook-Up Allowance 
See Table 3 fo r  Explanation of Code 
Costs Based on Par ts  Plus One Hour of Labor 
Compared t o  Conventional ($205) 
Code Refers t o  ASRRAE Standard 90-75 
Cost Arrived a t  by Averaging L i s t  Price of Three Units Currently 
Being Sold and Adding Ins ta l la t ions  Costs (2). 

112 

169 

317 
( 2 )  

374 
(2) (3) 

.. . 

34421 

34424 

63.7 

72.5 

- 

1. Conventional Stack 

2. Sealed Combustion 

196 

253 

400 
(2) (4) 

458 
(2) (3) (4) 

22221 

22224 

- 

64.1 

73.3 

1 

1. Convenrional Stack 

2. Saklad Culul~usLlofi 



The assumption of one hour of labor was employed to  put the comparison 

on a high production volume basis  comparable t o  tha t  fo r  conventional 

water heaters. The in s t a l l ed  cost  f o r  both the standard and "high ef- 

ficiency" conventional water heaters,  is an ac tua l  cost ,  reported from 

several  sources. 

Three basic  systems : (1) a "high efficiency" conventional water 

heater incorporating increased f l u e  baff l ing and/or reducing f i r i n g  r a t e  

(75% energy recovery eff ic iency) ,  reduced p i l o t  consumption (300 Btu/ 

h r )  and 1 inch of added insulation*; (2) the  proposed 100% primary a i r ,  

natural-draft  burner with a s t r a t i f i e d  p i lo t ;  and (3) a forced combustion/ 

heat-pipe system using I I D ,  a r e  compared t o  the  baseline both with and 

without sealed combustion. The l i fe-cycle  savings and paybacks fo r  these 

combinations a r e  shown i n  Figs. 5 and 6. The "high efficiencyf1 conven- 

t iona l  u n i t  has the  lowest energy savings of the three. The energy sav- 

ings fo r  t h i s  un i t  is 20% i f  sealed combustion is not used and 34% i f  

the un i t  is supplied with sealed combustion. The payback for  these can- 

d i t ions  is 4 and 4.2 years, respectively,  which is  acceptable. 

Both the powered combustion and natural-draft  un i t s  m e e t  or  ex- 

ceeded the  project  goal of a 70% service  efficiency, including the ef- 

f e c t  of ex f i l t r a t i on .  The powered combustion system is s l i g h t l y  more 

e f f i c i e n t  than t h e  natural-draft  system, but has an $83 higher cost  re- 

su l t i ng  i n  lower l ife-cycle savings. Without sealed combustion, a sav- 

ings of 38% re l a t ive  t o  a conventional un i t  is possible, while with 

sealed combustion the  savings Sncreased to. 57%. The natural-draft  sys- 

t e m  has a payback from 3-3.7 years, depending upon whether o r  not sealed 

cumbustion is used, while powered combustion has a payback of approxi- 

mately 5.5 years. 

*This un i t  is representative of newer un i t s  capable of meeting ASHRAE 
Standard 90-75, It would not meet the project  goal of 70% service  
efficiency; however, it  has been included here f o r  comparison s ince 
i t  is representative of most new un i t s  sold today. 
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F I G .  3 CBMPARISON OF-HI6H EFFICIENCY CONVENTIONAL, NATURAL 
DRAFT, AND POWERED COMBUST-I.ON WATER HEATERS WITHOUT 
SEALEO COMBUSTION. 





The powered combustion system shows a poorer payback r e l a t i ve  to  the 

natural-draf t  system i n  s p i t e  of a higher efficiency and lower forced con- 

vect ion hea t  exchanger costs.  The reason f o r  t h i s  is  the  high cos t s  for  

e l e c t r i c a l  components, controls,  and ins ta l la t ion .  

Thus, the  natural-draft  combustion system provides an economic ad- 

vantage. Additionally, the added fea ture  of independence from e l e c t r i c  

power,retains t he  favorable cha rac t e r i s t i c  of current gas-fired water 

hea te rs  of providing hot  water during power oulcrges. 

2.5 Recommended Water Heater Configuration 

Based upon the  preceeding evaluations, a natural-draft.aystem ap- 

pears j u s t i f i e d  f o r  Phase I development of a high efficiency gas-fired 

water heater.  Its s a l i e n t  fea tures  consis t  of: a high efficiency 100% 

primary a i r ,  naturally-aspirated burner; an external,  bottom-fired 

na tura l  c i rcu la t ion  heat  exchanger located under the  tank; a high e f f i -  

ciency standsng p i l o t ;  a plastic-l ined,  foam-insulated storage tank; and 

an ex te rna l  sealed-combustion f lue.  This system has a projected service  

eff ic iency of 72.5%, and it has a payback period of s l i g h t l y  over 3.5 

years. 

Since the  service  eff ic iency goal i s  70%, the s ens i t i v i t y  of the 

service  e f f ic iency  t o  the  three main performance garameters - p i l o t  re- 

covery eff ic iency,  tank and f i t t i n g  thermal losaes, and the t u ~ v e r / h e n t  

exchanger s tack  eff ic iency w a ~  calculaLarl. Tablc 5 ah~ws the target: 

values f o r  each of these parameters used t o  obtain the projected e f f i -  

ciency of 72.5% and Table 6 shows the  mfnimum acceptable values which would 

maintain the  s e r f i c e  eff ic iency st 70%. I n  t h i s  analysis,  two of the  three 

parameters w e r e  kept a t  the  ta rge t  values and the th i rd  decreased u n t i l  

the  service  e f f ic iency  was 70%. 
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* For an explanation of t a r g e t  f i r i n g  rate, see Appendix D 
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Performance 
Targets  

No E x f i l t r a t i o n  

Volume - 40 Gallons 
Tank and F i t t i n g  Losses - 
300 Btu/Hr 

Stack Efficiency 
84% 

F%ring Rate - 300 
B t u / ~ r ,  Recovery 
Ef f i c iency . -  81.3% 

* 
F i r i n g  Rate - 45,000 - 
50,000 Btu/Hr . . 

Component 

1. Stack 

2. Tank 

3. Heat Exchanger 

4. P i l o t  

5. Burner 

Unit ~ n s t a l l e d  Cost - $374 

o Service  Eff ic iency (Including E x f i l t r a t i o n )  - 72.5% 

- 75 Gallon Daily Draw. 

.- 15O0FWater Out; 60°F Water I n  : 

- 70°F Ambient Temperature 
- 4 

Recommended 
Conf i g u r a d o n  

Sealed Combustion 

Insula ted ,  P l a s t i c  
Lined, S t e e l  Tank' 

Natural  Circula t ion,  
Non-boiling, Bottom- 
f i r e d  Heat Exchanger 

Continuous S t r a t i f i e d  
P i l o t  

Natural  Draft  100%- 
Primary Air Burner 



TABLE 6 - PERFORMANCE OPTIONS - SENSITIVITY ANAL-YSIS 

Minimum Acceptable 
Performance 

Target Tank and Burner / ~ e s  t P i l o t  
Fit t ings  Exchanger 

Tank and Fit t ing . 
Losses ( ~ t u / H r )  

300 390 300 300 

Burner / ~ e a  t ' 

Exchanger Stack 
Efficiency (%) 

84 . . 84 80-8 84 ' 

P i l o t  Recovery . 

Efficiency (,XI . 

Service Efficiency 

81.3 ' 31.3 81.3 47.1 

72.5% 70% 70PZ 70% 



I n  order t o  a t t a r n  t h e  t a rge t '  performance, th ree  main a r e a s r e q u i r e  

s i g n i f f c a n t  development: the  combustion system, t h e  s t r a t i f i e d  p i l o t ,  

and the  heat  exchanger. in roof-of-concept" tests have been conducted on 

a l l  t h r e e  of these  components, see Appendix C.   ow ever., f u r t h e r . c a r e f . u l  . 

design work w i l l  be required t o  assure  t h e . s p e c i f i e d  performance. 

Following i s  a list of the  an t i c ipa ted  development areas :  
. . 

Limiting heat  exchanger temperature t o  avoid liming. 

Providing a method t o  l i g h t  p i l o t  i n  sea led  combustion config& 

ra t ion .  

Avoiding "blowout" a t  low p i l o t  input .  

Developing compact, inexpenshe 100% primary a i r  burner. 

Designing t h e  sea led  c o d u s t i o n  system f o r  severa l  i n s t a l l a t i o n s  

and proper d r a f t ' c o n t r o l .  

. . 

2-25 
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3. MARKET EVALUATION 

A s  p a r t  of t h e  o v e r a l l  f e a s i b i l i t y  assessment,  Amtrol, I nc . ,  has  ex- 

amined t h e  c u r r e n t  water h e a t e r  market,  bo th  wi th  regard  t o  e x i s t i n g  "con- 

vent iona l"  gas- f i red  water  h e a t e r s  and w i t h  regard  t o  t h e  market p o t e n t i a l  

of a s i g n i f i c a n t l y  more e f f i c i e n t  water  h e a t e r  embodying s e v e r a l  new de- 

s i g n  concepts . From th f  s market eva lua t ion ,  a ~ r e l i m i n a r y  market strategy 

t a i l o r e d  to .promote  t h e  uni'que f e a t u r e s . o f  t h e  h igh  e f f i c i e n c y  water  h e a t e r  

has  been formulated. ,  .. . 

3.1  Current Water Heater Market 

3.1.1 Indus t ry  Cha rac t e r i za t ion  
. . 

. 7  

The gas  water  h e a t e r  i n d u s t r y  is b a s i c a l l y  a conserva t ive  . . one 

which has  had l i t t l e  change o r  innovat ion  over  p a s t  decades,, There has . . 

been cons ide rab le  conso l ida t ion  in t h e  i n d u s t r y  over  t h e  p a s t  10  yea r s ,  
. . 

w i t h  t h e  number of water  h e a t e r  manufacturers  decreas ing  from 60 t o  .80 t o  
. , . . 

about 9 o r  10. Table 7 shows t h e  ranking  of t h e  major water  h e a t e r  manu- 

f a c t u r e r s  from 1973 t o  1976('). The top  f i v e  manufacturers now account . 

f o r  approximately 85% of t h e  t o t a l  water  h e a t i n g  shipments.  They d e a l  

on a h igh  volume product ion b a s i s  w i t h  minimal product  d i f f e r e n t i a t i o n  and 

a h igh ly  compet i t ive  p r i c i n g  s t r u c t u r e .  N e t  p r o f i t  a f t e r  t axes  is about 
. .  , 

4%, compared t o  t h e  norm of 7% t o  10%. 

The h igh  volume/low-profit n a t u r e  of t h e  indus t ry  may be ex- 

p la ined  a t  l e a s t  i n  p a r t  by t h e  c h a r a c t e r  of  t h e  , A water  h e a t e r  

i s  d i f f e r e n t  from most o t h e r  home appl iances  i n  t h a t  most s a l e s  a r e  not made 

d . i r ec t ly  t o  t h e  consumer. Usually,  t h e  i n s t a l l e r  w i l l  purchase t h e  water  

h e a t e r  f o r  t h e  consumer from a d i s t r f b u t o r .  The d i s t r i b u t o r ' s  main concern 

i n  s e l e c t i n g  h i s  product  l i n e  i s  competi t ive c o s t  and s a t i s f y i n g  h i s  cus- 

tomer, t h e  i n s t a l l e r .  Consumer-related f e a t u r e s  such as appearance o r  op- 

e r a t i n g  c o s t s  a r e  not major f a r . t n r s  shce  t h e  consumer i o  n o t  involveel i n  

t h e  "buying chain". 
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TABLE 7 - RANKING OF WATER HEATER MANUFACTURERS 

Manufacturer 

Bradford-White 

Briggs 

Jackson 

Mor Flo 

Philips 

Republic* 

~heem/Rudd 

Smith, A.O. 

State Stove 

 ank kin^ (Numerical) 

.- , , . ..-- 
*No longer in the water heating busf.ness. 
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3.1.2 Current Product Charac te r i s t i c s  

The mainstay of the  water hea te r  indust ry  is t h e  glass-l ined 

water hea te r  with a ba f f l ed  center  f l u e .  Burner input  t y p i c a l l y  ranges 

from 30,000 t o  50,000 Btulhr,  with recovery e f f i c i e n c i e s  of, about 70%, 

and se rv ice  e f f i c i e n c i e s  of about 50%, not  including e x f i l t r a t i o n  losses .  

Generally, t h e  smaller  the  tank s i z e ,  t h e  smaller  t h e  input .  Thus, i t  i s  

common t h a t  a 30-gallon tank w i l l  have a 30,000 ~ t u / h r  input , .whereas  a . 

40-gallon tank w i l l  have a 40,000 Btulhr burner. However, a "prqnium" water 

hea te r  w i l l  have a l a r g e r  burner r e l a t i v e  t o  t h e  s i z e , o f  t h e  tank. The, 

lower burner inputs  genera l ly  correspond t o  e i t h e r  "economy" ,models, o r  

"conservationist"  u n i t s ,  which a r e  discussed f u r t h e r  below. 

A t y p i c a l  water hea te r  sells t o  the  d i s t r i b u t o r  f o r  about $80; 

t h e  d i s t r i b u t o r  then marks i t  up 25% (negotiable)  t o  t h e  i n s t a l l e r  o r  

plumber; who w i l l  charge the  consumer approximately $200, including in- 

s t a l l a t i o n .  

. . . . 

I n  response t o  t h e  demand f o r  more,energy e f f i c i e n t  appliances 

and t h e  more s t r i n g e n t  requirements of codes such a s  ASHRAE 90-75, most 

manufacturers have introduced a l i n e  of more e f f i c i e n t  u n i t s .  The bas ic  

approach has been t o  improve the  e f f i c i e n c y  of conventional designs a s  op- 

posed t o  any r a d i c a l  changes i n  t h e  design concept. Recovery e f f i c iency  

i s  improved by reducing burner input  and increas ing f l u e  ba f f l ing .  Stand- 

b y , l o s s e s  have been reduced by lowering t h e  p i l o t  burner input  and by in- . . 

creas ing t h e  amo.unt of jacket  insula t ion. ,  Such measures may increase  re- 

covery e f f i c iency  t o  approximately 75%. The d i s t r i b u t o r  . w i l l  p a y , a  

premium of approximately $50 f o r  t h e  high e f f i c iency  water hea te r ,  i d  

w i l l  charge about $90 more. The high e f f i c iency  water hea te r  i s  marketed 

a s  a "top of t h e  l ine"  u n i t  and' may be warranteed f o r  a 10-year tank l i f e  

a s  an added fea tu re .  Often, t h e  10-year tank warranty w i l l  inc lude addi- 

t i o n a l  anode protec t ion,  but i n  same cases there  appears t o  be no addi- 

t i o n a l  physica.1 protec t ion.  
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-The s e r v i c e  e f f i c i e n c y  of conventional (center  f l u e )  water 

h e a t e r s  i s  b a s i c a l l y  1 i m i t e d . b ~  t h e  i n t e g r a t i o n  of t h e  hea t  exchanger and 

exhaust  func t ion  of  t h e  cen te r  . f l u e .  This i n t e g r a t i o n  requ i res  t h a t ,  with- 

out  some means of f l u e  c losure ,  hea t  from t h e  s to red  water  w i l l  be l o s t  t o  

t h e  f l u e  dur ing  the  off-cycle. Based on cur ren t  manufacturing s t r a t e g y  

which r e t a i n s  t h e  g lass- l ined tanklcenter - f lue  concept, a d d i t i o n a l  improve- 

ments i n  t h e  s e r v i c e  e f f fc i ency  of gas-f ired water  hea te r s  a r e  expected co 

be l imi ted .  There appears to  be no movement i n  t h e  indust ry  towards a 

r a d i c a l l y  d i f f e r e n t  type  o£ water  hea te r .  

3.1.3 Water Heater  Market C h a r a c t e r i s t i c s  

Water Heater Sales  . .  . 

.Water h e a t e r  s a l e s  are made up pr imar i ly  of  e l k c t r i c  and gas- 

f i r e d  un i t s .  The s a l e s  f o r  both a r e  about equal a t  roughly 3 . .mi l l ion  u n i t s  

pe r  year .  Fig. 7 shows the  a c t u a l  shipments of  both e l e c t r i c  and gas-f ired 

water  h e a t e r s  from 1965 t o  1977, and p ro jec ted  shipments through 1982. . . 
Sa les  of gas- f i red  u n i t s  a r e  expected t o  remain steady a t  a l i t t l e  over 

3 m i l l i o n  u n i t s  p e r ' y e a r ,  while e l e c t r i c  u n i t s  a r e  projec ted  to .over t ake  

gas u n i t  s a l e s  sometime between 1978. and 1979. 

The c 9 a s s i f i c a ~ l o n  of gas waLer h e a t e r  shPpmcnto wi th  r e spec t  

t o  s i z e  is  shown i n  Fig'. 8. Units under'30-gallons make up about 3% of 

s a l e s ,  whtle u n i t s  over  47.5-iallons accobnt f o r  abo'ut 14% of s a l e s .  

The remainder of t h e  market f a l l s  i n  the  range from 30 t o  47.4 gal lon  

s i z e s .  Although Fig. 8 does n o t  s p e c i f i c a l l y  i n d i c a t e  shipments of' 

40-gallon water h e a t e r s ,  most of the  u n i t s  designated a s  30-47.4 ga l lon  , 

range a r e  i n  t h e  "40-gallon" s i z e ,  i .e . ,  38 t o  42 gal lon  capacity.  
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F I G .  7 ACTUAL AND PROJECTED WATER HEATER SHIPMENTS 



SOURCE: AMERICAN GAS A S S O C I A T I O N  

PROJECTED 

1974 1975 1 976 1377 1978  1979 1 9 8 0  

YEAR 

F I G .  8 GAS WATER HEATER SHIPMENTS - BREAKDOWN BY S I Z E  



Commercial d i r e c t - f i r e d  s torage- type  gas water  h e a t e r s  account 

f o r .  about  3% of  u n i t  s a l e s ,  ve r sus .97% f o r  r e s i d e n t i a l  u n i t s .  Commercial 

u n i t s  u sua l ly  a r e  c l a s s i f e d  a s  those  having a burner  i npu t  of 75,000 Btu/ 

h r  o r  more. Commercial s torage-type water  h e a t e r s  g e n e r a l l y  have l a r g e r  

tank  volumes t h a n . r e s i d e n t i a 1  u n i t s ,  and w i l l  u s u a l l y  be  designed f o r  high- 

e r  water  temperatures  ( t y p i c a l l y  180°F) t han  r e s i d e n t i a l  u n i t s  ( t y p i c a l l y  

1 6 0 ' ~ ) .  The more s t r i n g e n t  requirements  of  commercial u n i t s  r e s u l t  . in  a 

more conse rva t ive  des ign  than r e s i d e n t i a l  h e a t e r s .  

Water h e a t e r s  may be i n s t a l l e d  e i t h e r  indoors  o r  outdoors .  

While d a t a  is  n o t  a v a i l a b l e  on t h e  nation-wide s p l i t  between indoor and 

outdoor  i n s t a l l a t i o n s ,  . i t  is known t h a t  i n  C a l i f o r n i a  approximately 60% 

of t h e  i n s t a l l a t i o n s  a r e  indoors  and 40% are outdoors .  Of t h e  o u t s i d e  in-  

. s t a l l a t i o n s ,  approximately 7 5 % . w i l l  be  i n  t h e  garage, whi le  t h e  remainder 

would be I n s t a l l e d  i n  some type  of weather-proof enc losu re . .  N o  s p e c i a l  

provi$ions a r e  made f o r  outdoor u n i t s  such as weather-proofing o r  f r e e z e  

p ro t ec t ion .  S t a t i s t i c s  on s a l e s  of "weather-proof" water  h e a t e r s  could not  

be  found, s o  t h e s e  must account f o r  a n e g l i g i b l e  f r a c t i o n  of sales. 

Current  Market ~ e s . c r i p t i o n  

The ma jo r i t y  of  gas-f i red water  h e a t e r s  arc used i n  s i n g l e  

family homes, and t o  an  inc reas ing  e x t e n t ,  i n  some i n d i v i d u a l  dwell ing 

u n i t s  i n  multi-family housing (due t o  t h e  t r e n d  away from c e n t r a l  ho t  water  

s e r v i c e  i n  mult i - family u n i t s  i n  some s t a t e s ) .  The water  h e a t e r  i s  not  

considered a n  app l i ance  by t h e  homeowner o r  t e n a n t  i n  t h e  context  t h a t  i t  

i s  not  i n  d i r e e t  use by t h e  consumer. 

The gas water  h e a t e r  market f a l l s  i n t o  two b a s i c  ca t egor i e s :  

t h o s e w h i c h  a r e  s o l d  t o  r e p l a c e  a f a i l e d  e x i s t i n g  u n i t ;  and those  s o l d  f o r  

new i n s t a l l a t i o n s .  Approximately 4% of t h e  e x i s t i n g  gas water  h e a t e r  

popul.ation i s  rep laced  annual ly.  This  accounts  f o r  approximately 60% of : 
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a l l  gas water  h e a t e r  s a l e s ,  o r  about 1.86 m i l l i o n  u n i t s  per  year.  New 

i n s t a l l a t i o n s  account f o r  approximately 1.24 mi l l ion  u n i t s ,  o r  40% o'f the  

market . 

~ e ~ l a c e m e n t  Market 

I n  the  replacement market t h e  consumer is  r e a c t i n g  t o  the  

c r i s i s  of complete cessa t ion  of hot  water s e r v i c e  o r  leaking water,  and 

t u r n s  t o  t h e  l o c a l  plumber o r  r e t a i l  o u t l e t  (seais, hardware s to re , '  gas 

company, e t c . ) ,  f o r  an immediate replacement. I n  essence, the  ob jec t ive  

i s  t o  r e s t o r e  t h e  source  of hot  water  a s  quickly a s  poss ib le  and a t  t h e  

lowest  cos t ,  and t h e  consumer w i l l  accept  almost any reasonable replace-  

ment t h a t  is  o f fe red  t o  him. A s  a r e s u l t ,  i t  i s  the  t r ade ,  i .e. ,  the  

plumbing con t rac to r  o r  re ta i l  o u t l e t ,  t h a t  'determines t h e  brand chdice. 

Water hea te r s  are r a r e l y  replaced:  because o f .  poor performance o r  concern 

over  excess ive  energy cos t s .  Thus, t h e r e  p resen t ly  e x i s t s  no r e f i t  o r  

r e t r o f i t  market a s  such. 

Approximately 65 t o  70% of a l l  replaceuicnt watcr  hea ta r s  are 

d i s t r i b u t e d  through t h e  plumbing t rade ,  The consumer o u t l e t  i n  t h i s  case 

i s  t h e  l o c a l  plumbing con t rac to r .  Hfs source is  t h e  plumbing o r  heat ing  

d i s t r i b u t o r  who u l t ima te ly  c o n t r o l s  t h e  b rand .o r  choice of water hea te r  

by t h e  l i n e  he c a r r i e s .  Sfnce most con t rac to r s  d e a l  wlth one d r  poss ib ly  

two wholesalers  f o r  a l l  t h e i r  needs, aid are heavdly invnl'ved with c r e d i t ,  

t he  con t rac to r  w i l l  u sua l ly  ' s e i l  the  water  h e a t e r  brand t h a t  h i s  whole- 
. . 

s a l e r  c a r r i e s .  

The major r e t a i l  chains (Sears, Montgomery Wards, e t c . ) ,  ac- 

count f o r  A s i g n i f i c a n t  sha re  of replacement s a l e s a n d  w i l l  a l s o  i n s t a l l  

and s e r v i c e  water  hea te r s ,  a s  w e l l  a s  extend c r e d i t .  Water hea te r s  so ld  

through t h e s e  channels a r e  p r i v a t e l y  l a b e l l e d ,  and manufactured by a se- 

l e c t  few major h e a t e r  manufacturers. Again, s e l e c t i o n  i s  made on lowest 
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p r i c e  and on t h e  a b i l i t y  t o  f u r n f s h  demand. To a lesser e x t e n t ;  some r e -  

placement water  hea t e r s ,  a r e  s o l d  through hardware s t o r e s ,  cha in  and inde- 
, 

pendent lumber yards ,  home c e n t e r s ,  and t h o s e ' g a s  u t i l i t i e s  who a l s o  s e l l  

appl iances .  

New I n s t a l l a t i o n  Market 

. I n  new home s a l e s ,  t h e r e  is  no d i sc r imina t ion  of brand o r  type  

exh ib i t ed  by ' the p rospec t ive  buyer ,  s i n c e  , t h e  water  h e a t e r  is fu rn i shed  by 

t h e  b u i l d e r ,  and t h e  homeowner e x e r c i s e s  no choice  i n  i ts s e l e c t i o n .  The 

b u i l d e r s  o r  t h e i r  subcon t r ac to r s  u sua l ly  purchase water  h e a t e r s  from t h e  

plumbing and h e a t i n g  d i s t r i b u t o r  from whom they'  o b t a i n  t h e i r  o t h e r  plumbing 

and h e a t i n g  supp l i e s .  .Consequently, t h e r e  has  been l i t t l e  o r  no purchase 

in f luence  e x h i b i t e d  by t h e  end u s e r  f o r  a p a r t i c u l a r . b r a n d  o r  t y p e . o f  water  

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

Consumer P re fe rence  . , 

Although consumers t e n d ' t o  be o u t  of t h e  market ing cha in ,  they  

do have p re fe rences  which may d i f f e r  from those  who cont ' rol  t h e  s e l e c t i o n  

of t h e  w a t e r  hea t e r .  Prelminary surveys f n d i c a t e  t h a t  t h e  average consumer 

is  concerned wi th :  inadequate  ho t  w a t e r  capaci ty; '  s h o r t  l i f e  ( t hey  expect 

g l a s s - l i ned  u n i t s  t o  last only 5 t o  8' y e a r s )  ; aid t o  some e x t e n t  warran tee  

p r o t e c t i o n .  There is  l i t t l e  i n d i c a t i o n  t h a t  homeowners r e a c t  t o  energy 

sav ings ,  ' po l lu t io ' n ,  o r  q u a l i t y  f e a t u r e s  when i t  comes t o  water  h e a t e r s ,  

s i n c e  they  tend t o  be unaware of water  hea t ing  c o s t s  o r  product  f e a t u r e s  

which determine performance c h a r a c t e r i s t i c s .  

In summary, the homeowner e x e r t s  very l i t t l e  i n f luence  over t h e  

type  o r  brand of water  h e a t e r  t h a t  he purchases.  Moreover, a t  p r e s e n t  t h e  

consumer is mostly concerned w i t h  q u a n t i t y  of  h o t  water  and t h e  u s e f u l  l i f e  

of h i s  water  h e a t e r .  Since he is  genekal ly unaware of water  h e a t i n g  c o s t s  

o r  t h e  f e a t u r e s  which a f f e c t  ope ra t ing  c o s t ,  t h e s e  a spec t e  would p l ay  a 

minor r o l e  i n  h i s  s e l ec t i ' on  even i f  t h e  consumer were t o  i n f l u e n c e  t h e  brand 

s e l e c t i o n .  
. . 
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3.2 Amtrol Market S t ra tegy  

Since t h e  marketing of a premium-priced, high-efficiency water heater  

i s  expected t o  meet s i g n i f i c a n t  sales bar r i e r s '  a s  the  market i s  present ly  

c o n s t i t u t e d ,  a somewhat d i f f  e r e i t  s t r a t e g y  is  needed t o  gain  market pene- 
. . 

t r a t i o n .  

3.2.1 I n i t i a l  'Market ' s t r a tegy .  

With regard t o  i n t i a l  market ,penet ra t ion ,  ~ r n t r b l  in tends  t o  center  

i t s  e f f o r t s  i n  t h e  upper 'end of t h e  'market towards t h e  10 t o  15% of 

purchasers who e x h i b i t  a ,qual i ty  preference  i n  t h e i r  buying hab i t s .  This 

p o t e n t i a l  is est imated a t  about 300,.000 un i t s lyea r .  Gaining en t ry  w i l l .  

en ta i l '  a s t r a t e g y  aimed a t  t h e  replacement market. and a t  the  new i n s t a l l a -  

t i o n  market wi th  t h e  o b j e c t i v e  of making consumer preferences more important, 

t o  t h e  Guying process. 

The market s t r a t e g y  w i l l  cons i s t  of t h e  following elements: 

1. Education and Motivation of t h e  Plumbing Trade 

A. Educational Seminars facusing on new energy technology, 

lower emissions, ease  of i n s r a l l a l l o n ,  g rca ta r  cusrnmer 

s a t i s f a c t i o n ,  lower l i f e -cyc le  c o s t s  t o  t h e  consumer, 

and . g r e a t e r  earnings p o t e n t i a l  . 

B. Wholesaler presenta t ions  emphasizing the  p r o f i t  motiva- 

t i o n  i n  carrying a secaild q u a l i t y  line, The ob jec t ive  

. here would b e .  t o  assure  a supply on hand f o r  emergency 

rcplssemeot sales. 
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P u b l i c i t y  t o  and Local Gas U t i l i t y  Indoct r ina t ion  of the  

Consumer . 

Direct  promotion and adver t i s ing  t o  t h e  consumer would be 

extremely c o s t l y  t o  Amtrol, providing a poor r e t u r n  on the  

investment. Amtrol w i l l  focus i t s  p u b l i c i t y  towards l o c a l  

gas u t i l i t i e s ,  and w i l l '  support '  l o c a l  gas company e f f o r t s  

t o  i n d o c t r i n a t e  consumers i n  t h e  energy savings,  low 

emissions, d u r a b i l i t y ,  and .performance f e a t u r e s  of the  water  

hea te r .  The ob j e c t i v e  would be t o  c r e a t e  an" o v e r a l l  'atmos- 

phere of awareness a t  a l l  l e v e l s  t o  t r a d e  s a l e s .  
. . 

3. presen ta t ions  and Promotions. t o  s e l e c t e d  Builders  

J o i n t  promotions by Amtrol .and gas u t i l i t i e s  t o  both. custom 

home bu i lde r s  a s  we l l  a s  multi-family bu i lde r s  would be 

aimed a t  achieving a sha re  of t h e  new const ruct ion  market. 

The f i r s t  element of t h e  market s t r a t e g y ,  education and motiva- 

t i o n  of t h e  plumbing t r ade ,  ii intended t o  overcome t h e  genera l  l ack  of pro- 

duct d i f f e r e n t i a t i o n  among water hea te r s  by t h e  t r ade .  By educating both 

the  d i s t r i b u t o r  and the  i n s t a l l e r  a s  t o  advantages of t h e  new product t o  

the  consumer and t o  t h e i r  own p r o f i t a b i l i t y ,  ' sa les  of t h e  new water hea te r  

can be st imulated by the  ie rchandiz ing e f f o r t s  of t h e  t rade .  Promotion of 

t h e  new product a t  t h i s  l e v e l  w i l l  s t imula te  demand through t h e  plumber's 

e f f o r t s  to convince the  homeowner t o  ' replace h i s  f a i l e d  u n i t  with a higher 

q u a l i t y ,  more e f f i c i e n t  u n i t  and through t h e  d i s t r i b u t o r ' s  d e s i r e  t o  in- 

c rease  h i s  comings  by carrying a second, more p r o f i t a b l e  l i n e .  
. . 

The second element, promotion t o  t h e  consumer, w i l l  generate 

the  necdssary awareness a s  t o  t h e  c o s t s  of water  heat ing  and the  p o t e n t i a l  

f o r  savings t h a t  i s  p resen t ly  lacking a t  the  consumer l e v e l .  Thus, the  ' 

consumer w i l l  be a b l e  t o  d i f f e r e n t i a t e  among products  which o f f e r  varying 
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degrees of cos t  savings ,  and w i l l  be recep t ive  t o  making a l a r g e r  invest-  

ment i n  t h e  replacement of . . t h e  f a i l e d  water hea te r  i n  r e t u r n  f o r  s igni -  

f i c a n t l y  lower opera t ing  c o s t s . .  This w i l l  counteract  t h e  current  tendency 

t o  simply r e s t o r e  t h e  ho t  water s e r v i c e  in.an.emergency, without regard t o  

investment v a l u e , o r  f u t u r e  cos ts .  

Tl~e t h i r d  alcmcnt, promotions to bt~.3,ldors, ts aimed a t  generating 

a recogni t ion  among new home bu i lde r s  t h a t  water heat ing c o s t s  a r e  a s ign i -  

f i c a n t  por t ion  of o v e r a l l  energy coscs, and t h a t  t l~e water hea te r  deoervcs 

a s  much a t t e n t i o n  a s  i s  now being given t o  t h e  space condit ioning syitem. 

The recogni t ion  by t h e  ,qual i ty  home bu i lde r  tha,t  he  can promote an addition- 

a l  q u a l i t y  f e a t u r e  t h a t  w i l l  be appreciated by h i s  prospective customer 

should enable t h e  high e f f i c iency  water hea te r  t o  achieve a share  of the  

new const ruct ion market t h a t  p resen t ly  ignores the  promotional value of 

water  heat ing savings.  

3.2.2 Long Range Trends 

Lur~g range growth would bc another aspect= nf rha. &nl;rul lus~kct  

s t ra tegy .  Further expansion of market sha re  w i l l  depend on current  mends 

and t h e i r  subsequent developments : 

1. Government l e g i s l a t i o n  regarding energy e f f i c iency ,  such 

ao HUB'S mandating nf maled combustion. 

. . 

2. S t a t e  and l o c a l  qn i s s ions  regula t ions ,  such a s  t h e  proposed 

Ca l i fo rn ia  NOx Standards. 
. . 

3. Generating g r e a t e r  pub l i c  awareness of energy p r i o r i t i e s  

through continuing government ac t ions  i n  t h i s  area .  

. . 

4 .  Appearance and acceptance of o t h e r  brands of e f f i c i e n t  w + t e r  

hea te r s .  
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I f  such t rends  continue i n  t h e  f u t u r e ,  Amtrol a n t i c i p a t e s  an 

inc rease  i n  p r i c e  l e v e l s  of water hea te r s  a s  w e l l  a s  increas ing acceptance 

by t h e  genera l  pub l i c  of h2gher f i r s t  cos t s .  Under these circumstances, 

marketing of t h e  high e f f i c i ency  water hea te r  would assume more conventional 

methods, and Amtrol would then expect t o  inc rease  i t s  sha re  of t h e  expanded 

market f o r  energy e f f i c i e n t  water heaters .  A t  such time when energy e f f i -  

c i en t  water  hea te r s  a r e  more. the norm, Amtrol would expect t h a t  a d d i t i o n a l  

o u t l e t s  would. open up such a s  t h e . p r i v a t e  l a b e l  market of the  mass r e t a i l e r s .  

3.2.3 New Product Features' . . 

Recognizing t h a t  energy e f f i c i e n c y  a lone  i s  not  s u f f i c i e n t  t o  

generate a market f o r  a new type of water  hea te r ,  Amtrol has conducted a 

prel iminary survey of consumer a t t i t u d e s ,  which, along wi th  t h e i r  market 

survey, p o i n t s  ou t  those f e a t u r e s  t h a t  should be emphasized i n  t h e  new pro- 

duct.  The prel iminary survey, wso l imi ted  i n  scope t o  consumer a t t i t u d e s  

wi th  regard t o  present  water hea te r s ,  matnly because the  proposed water 

h e a t e r  was not  y e t  . s u f f i c i e n t l y  defined a t  t h e  time of t h e  survey t o  ob- 

t a i n  consumer responses t o  i ts  fea tu res .  Amtrol p lans  t o  continue t o  

gauge consumer r e a c t i o n  and.marketabi l i ty  of t h e  high e f f i c i ency  water  
. . 

h e a t e r  l a t e r  on i n  the  development program once t h e  u n i t  and i ts  perform- 

ance have been b e t t e r  defined. Tn general ,  t he  marketing of the  new water 

hea te r  w i l l  capkta l fze  upon: 

. . 

energy savfngs and 1 o w e r . I i f e  cycle  c o s t s  

s longer t a n k  l i f e  ' 

e higher hot  water recovery r a t e s  

lower emissions 
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The r e l a t i v e  mer i t s  of t h e  various product f ea tu res  a r e  d is -  

cussed f u r t h e r  below. 

S e l l i n g  P r i c e  

I n i t i a l l y  a t  l e a s t ,  u n t i l  a  g r e a t e r  market f o r  high e f f i c iency  

water  h e a t e r s  develope, sales.  a r e  not  expected t o  j u s t i f y  the  high c a p i t a l  

invcotmant needed, f o r  *high volume production, s o  a moderate volume pro- 

duct ion f a c i l i t y  e n t a i l i n g  lower market ent.ry .cost buL solucwhat hig11t.x 

production c o s t  i s  envisioned. Amtrol recognizes t h a t  the  higher p r i c e  

of high e f f i c i e n c y  water  hea te r s  w i l l  i n i t i a l l y  l i m i t  t h e i r  market t o . t h e  
~. 

premium end of today's  marker, and es t imates  the  p o t e n t i a l  of t h i s  market 

t o  be about 10% of t o t a l  gas-f ired water hea te r  s a l e s ,  o r  about 300,000 

u n i t s  per  year .  This market would be recep t ive  t o  the  q u a l i t y  fea tu res  

o f fe red  by t h e  proposed water ,  hea te r  concept, and can support  the  somewhat 

h igher  cos t  r e s u l t i n g  from a lower manuf ac tbr ing base. A s  the  market f o r  ' 
7 1  . . 

e f f i c i e n t  water hea te r s  expands, t h e  production base would be expanded, 

and production c o s t s  would be expected t o  diminish, thereby incre.asing 

t h e  p o t e n t i a l  s h a r e  ul: chc marlccf t o  an ever increas ing port ion.  ' 

Thus, ~mtrol , ' ;  opinion i s  t h a t  a higher p r i c e  w i l l n o r  be a 

s i g n i f i c a n t  drawback insofa r  a s  i t s  i n i t i a l  marketing p lan  i s  concerned' 

. ( e spec ia l ly  i f  payback and l i f e -cyc le  savings are favorable)  and t h a t  the 

combination of market t rends  and a gradual increase  in production base h i l l  
eventually enable t h i s  water heater LU broaden i t s  market p o t e n t i a l .  

. . 

Energy Savings 

There i s  r e a l l y  not  enough feedback on t h e  s a l e s  of current  

energy conserving u n i t s  t o  be a b l e  t o  quant i fy  t h e i r  success. Consumer 

surveys i n d i c a t e  r e i a f i v e l y  l i t t l e  apprecia t ion of water heat ing cos t s  o r  

savings p o t e n t i a l .  Nevertheless, i t  is  c l e a r  t h a t  the  homeowner is  the 
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only  one who would be s e r i o u s l y  i n t e r e s t e d  i n  reduced ope ra t ing  c o s t s .  

Theref o re ,  ope ra t ing  economy must be considered an. important  f e a t u r e ,  bu t  

can only be c a p i t a l i z e d  upon i f  t h e  homeowner is  brought c i o s e r  t o  t h e  

buying cha in .  

PaybackILife-cycle Costs 

A t  t h e  p r e s e n t  t ime very  l i t t l e '  i s  ' understood ' by  t h e  p u b l i c  

about payback. and l i f  e-cycle c o s t s .  They a p p r e c i a t e  'savings and d u r a b i l i t y ,  

and can r e l a t e  t o  t h e s e  f e a t u r e s ,  bu t  a c t u a l  r e t u r n  on inves tmen t ' o r  l i f e -  

c y c l e  sav ings  a r e  n o t  w e l l  understood. ~ h u s ,  ' one of t h e  main e f fo r t s ' .  o f .  . . 

t he  market ing s t r a t e g y  w i l l ' b e  t o  educa te  t h e  p u b l i c  as t o  t h e  n a t u r e  of 

t h e s e  economic f a c t o r s ,  and how t h e  h igh  e f f i c i e n c y  water  h e a t e r  w i l l  be 

a b e t t e r  investment t han  a l e s s  expensive,  l e s s  e f f i c i e n t  u n i t .  

I f  t h e  new water  h e a t e r  i s  t o  be marketed as a premium produdt ,  

i t  must o f f e r  b e t t e r  d u r a b i l i t y  than  convent ional  equipment, and equa l ly  
' .  

impor tan t ,  must have a du rab le  appearance. The p l a s t i c  l i n i n g  w i l l  be  an  

important  s a l e s  f e a t u r e ,  s i n c e  i t  e l imina te s  co r ros ion  problems caused by 

vo ids  and pin-holes i n  convent ional  g l a s s  l i n i n g s ,  and w i l l  e l i m i n a t e  the. 

n e c e s s i t y  o f  t h e  s a c r i f i c i a l  anode which r e s u l t s  i n  a c c e l e r a t e d  t ank  f a i l -  

u r e  a f t e r  i t  becomes deple ted .  

Today's water  h e a t e r s  t y p i c a l l y  have a 5-10 y e a r  tank warranty.  

' ~ l t h o u ~ h  t h e  i n d u s t r y  claims an  average 1.1 yea r  t ank  l i f e ,  t h e  homeowner 

pe rce ives  expected tank  l i f e  ,of about 5-8 years .  ~ m t r o l  expec ts  t h e  l i f e  

of t h e i r  p l a s t i c  l ined tank  t o  be i n  excess  of 1 5  yea r s ,  and f e e l s  t h a t  they  

can a f f o r d  t o  warranty t h e  tank  f o r  a longer  per iod  ':han i s  customary. .  The 

e x a c t  warranty t e r n s  have y e t  t o  be e s t a b l i s h e d .  
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Another q u a l i t y  f e a t u r e  w i l l  be  a . rugged  o u t e r  j acke t  , which . .  

w i l l  b e  more d u r a b l e  i n  c o n t r a s t .  t o  t h e  "tinny" appearance of t h e  s h e e t  

m e t a l  housings used oq convent iona l  u n i t s .  
!. . . 

Performance 

The two most important  performance a s p e c t s  are high s e r v i c e  

e f f i c i e n c y  and h i g h  supply  capac i ty .  Se rv i ce  e1I:Lcitncy muot be ~ u b -  

s t a n t i a l l y  h i g h e r  t han  t h e  new "high e f f i c i e n c y "  c e n t e r  f l u e  water  herit- 

e r s ,  n o t  j u s t  e a r l i e r  ve r s ions .  Higher recuvery r a t e  w i l l  ba a very  i m -  

p o r t a n t  f e a t u r k ,  as i t  w i l l  b e  important  t o  d i f f e r e n t i a t e  between the'  

h igh  recovery  r a t e  of Amtrol 's  product  ve r sus  t h e  much lower r a t e s  of cur- 

r e n t  "high e f f i c i e n c y "  .un i t s .  It i s  f e l t  t h a t  a nominal 40-gallon tank  

s i z e  should b e  s e l e c t e d ,  s i n c e  t h i s  c a p a c i t y  would n o t  be so  small a s  t o  

b e  cons idered  a " s m a l l "  w a t e r . h e a t e r ,  no r  would i t  be  s o  l a r g e  a s  t o  l e a d  

t o  exces s ive  j a c k e t  l o s s e s .  S ince  h o t  water  supply capac i ty  is  determined 

bo th  by s t o r a g e  volume and recovery r a t e ,  h igh  hot  water  capac i ty  must be 

achieved through h ighe r  recovery r a t e  r a t h e r  than  l a r g e r  s t o r a g e  volume. 

Tentar;i?r~ly, i t  i s  f e l t  t h a t  a recovery r a t e  of 40-30 gal lol ls  p e r  hour' o t  

100°F rise combined w i t h  t h e  40-gallon tank volume should be ' t he  des ign  
, . 

t a r g e t .  

Appearance 

D i s t i n c t i v e  appearance is  n o t  important  f o r  convent iona l  water  

h e a t e r s ,  s i n c e  f o r  the most p a r t ,  t h e  consumer does no t  e n t e r  i n t o  t h e  buy- 

i n g  dec i s ion .  Amtrol f e e l s  t h a t  s i n c e  they w i l l  be  marketing c l o s e r  t o  t h e  

cdnsumer , t h e  u n i t  should have d i s t i n c t i v e l y  d i f  f e r e q t  appearance, p re fe rab ly  

one which impar t s  a "space-age" look i n d i c a t i v e  ,of modern' design.  Since i t  w i l l  

b e  marked a s  a d i f f e r e n t  breed of water  h e a t e r ,  i t s  appearance should express  
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i t s  uniqueness. I n  a d d i t i o n ,  a s  t h e r e  i s . a  p o s s i b i l i t y  t h a t  + h e . h e a t e r  

w i l l  be  p laced  i n  a f i n i s h e d  room such a s  a k i t c h e n  o r  playroom, i t  should 

have more of a f i n i s h e d  app l i ance  look,  a s  opposed t o  t h e  c u r r e n t  u t i l i -  . 

t a r i a n  appearance. 

Sealed Combustion and Stack Dampers 

Although t h e s e  devices  are now rece iv ing  some p u b l i c  exposure, 

t h e  gene ra l  p u b l i c  does n o t  have a good understanding about t h e  energy 

sav ing  impact of such systems. Sealed combustion is  c u r r e n t l y  used i n  manu- 

f a c t u r e d  homes, b u t  more t o  provide s u f f i c i e n t  combustion a i r  because 'of  t h e  

t i g h t n e s s  of  t h e  'home, r a the r .  t h a s  j u s t  f o r  energy sav ings . '  Amtrol f e e l s  " .  

t h a t  t h e  p u b l i c  must be. educated a s  t o  t h e  energy saving  and s a f e t y  a s p e c t s  

of  s e a l e d  combustion, and t h a t  s e a l e d  combustion w i l l  be a worthwile' energy 

saving  f e a t u r e  w i t h  s i g n i f i c a r l t  p . romotional ,value.  Sealed combustion w i l l  

he  of g r e a t e s t  va lue  i n  new cons t ruc t ion ,  , e s p e c i a l l y  i n  manufactured housing 

and i n  slab.-,type homes. I n  c e r t a i n  a p p l i c a t i o n s  where t h e  i n s t a l l a t i o n  of 

a s e a l e d  combustion ven t  is less p r a c t i c a l ,  such as i n  homes wi th  a base- 

ment below grade,  s t a c k  dampers should be considered as a n  a l t e r n a t i v e .  

For outdoor i n s t a l l a t i o n s ,  t h e  op t ion  of a . conven t iona1  s t a c k  should be 

kept .  However, t h e  development o b j e c t i v e  of t h i s  program should be f o r  a 

un i t  designed f o r  use. with  .ses.J.ed combus t i o n .  

Noise 

Noise i s  not.  a f a c t o r  w i th  c u r r e n t  water  h e a t e r ,  and need n o t  

be considered a t  a l l  i n  t h e  new u n i t  as long as i t  i s  as q u i e t  as conven- 

t i o n a l  u n i t s .  Even i f  t h e  burner  is  n o i s i e r  than .convent iona1  u n i t s ,  t h i s  

would n o t ' b e  a drawback un le s s  t h e  new water  h e a t e r  w a s  n o i s i e r  than o t h e r  

home app l i ances ,  such as r e f r i g e r a t o r s ,  f r e e z e r s ,  furnaces ,  e t c .  
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Maintenance and S a f e t y  

I d e a l l y ,  t h e  water heater  should no t  r equ i re  any maintenance 
. . 

a t  a l l ,  a s  i s  t h e  case 'wi th  present  water heaters .  

s a f e t y  should not be' considered a trade-off i t e m .  Safety 

requirements a r e  s e t  by t h e  regula tory  agenc ies , . so  t h a t  the re  i s  no free-  

dom of choice i n  t h e  a r e a  of s a f e t y  from a design standpoint .  

~ a n u f  ac tu r ing  Considerations 

Amtrol f e e l s  q u i t e  s t rong ly  t h a t  t h e  design approach should 

c a p i t a l i z e  on Amtrol ' s cur ren t  manufacturfng capab i l f ty  . to  the  maximum 

reasonable extent .  This w i l l  minimize market en t ry  cos t s ' and  a l s o  has a 

favorable  in f luence  on production cos t .  The main areas  i n  which t h i s .  con- 

s i d e r a t i o n  has  an impact a r e  i n  t h e  tank and l i n e r ,  and i n  t h e  use of in- 

t e g r a l l y  f inned copper tubing f o r  the  hea t  ,exchanger'module. 

From a manufaecurlng ~Lalldpoi'at, therc arc no ;Limitations on 

s t o r a g e  volume o r  heat  exchanger s i z e .  However, It w i l l  obviously b e  help- 

f u l  t o  use a tank which i s  p resen t ly  i n  Amtrol's product l i n e .  Because of 

shipping and i n s t a l l a t i o n  l i m i t a t i s n s ,  t h e  tank diameter should not exceed 

22", which corresponds t o  tile Amtrol WX-250 s e r i e s  tank. 

Code Requirements 

The new water hea te r  must of .course comply with a l l  mandatory 

ANSI codes and ~ e d e r a l  Labell ing requirements. I n  add i t f  on, the  urd t 

should comply wi th  a s  many e x l s t i n g  and proposed codes a s  poss ib le ,  such 

a s  HUD, DOE Model Code f o r  ~ e w ' ~ u 1 l d i n g  Construction, ASHRAE 90-75, e t c .  

I n  add i t ion ,  t h e  u n i t  should be i n  compliance wktll.the newly proposed 

Ca l i fo rn ia  emissions standards.  Amtro1,feels t h a t  h i s t o r i c a l l y  emission 

codes which have been developed by the  s t a t e  of Ca l i fo rn ia  have eventually 
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evolved i n t o  o t h e r  s t a t e  o r  f e d e r a l  requirements .  For t h i s  reason ,  t h e  

u n i t  should be designed f o r  t h e  most s t r i n g e n t  p r e s e n t  o r  near-term s tan-  

dards  i n  o r d e r '  t 6  avoid f u t u r e  pbsolence.  

The new Federa l  energy l a b e l l i n g  requirements  w i l l  be a d e f i -  

n i t e  market ing b e n e f i t ,  e s p e c i a l l y  i n  t h e  near-term when t h e  d i f  f e r e i c e s  

i n  energy consumption between t h e  h igh-ef f ic iency  water  h e a t e r  and com- 

p e t i t i v e  types  w i l l  .be t h e  g r e a t e s t .  

There is, however, one a s p e c t  of c u r r e n t  l a b e l l i n g  s t a n d i r d s  

t h a t  w i l l  p l a c e  t h e  proposed design a t  a marketing disadvantage'. The 

p r e s e n t  t e s t i n g  and l a b e l l i n g  requirements  do no t  charge t h e  water  h e a t e r  

w i t h  any e x f i l t r a t i o n  l o s s e s  a s s o c i a t e d  wi th  i t s  ope ra t ion .  Hopefu l ly , '  . 

t h i s  a spec t  of t h e  1abelling.requirements'can be ,m&ilified t o  promote , 

sea l ed  combustion. r a t h e r  than denying i t s  advantages.  

3.2.4 Recommended S p e c i f i c a t i o n s  

The foregoing  product  f e a t u r e s  a r e  presented  as recommended 

product  s p e c i f i c a t i o n s  i n  Table 8. S p e c i f i c a t i o n s  a r e  g iven  both f o r  t h e  

product ion  ve r s ion .  and fo r . . ' t he  i d i t i a l  demonstrat ion uni t , .  
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TABLE 8 

PRELIMINARY GAS-FIRED WATER HEATER PRODUCT SPECIFICATIONS . 

General 

Efficiency Substantially higher than conventional "high 
, efficiency" units. 

Comply with existing and proposed energy codes. 

Performance Comparable to water heaters prior to "high ef- 
f iciency" , low recovery units. 
Provide greater supply through higher recovery 
rate versus higher storage volume. . 

. Overall Dimensions Maximum width not to exceed 22".diameter. 

Height not to exceed conventional units. 

Components Configurations 

Item - Production Version 

Tank Flastic-lined insulated 
steel tank. 

Heat transf er/buAer module 
flange mounted under tank. 

Heat Exchanger Flange-mount under tank. 

Burlier 

Pilot 

Stack 

Must provide higher output 
than competitive units for 
equal tank size. 

Can be natural-draft or 
powered-combus tion. 

Must meet proposed Cali- 
fornia emissions standards. 

Must be high efficiency type, 
either stratified pilot or 
IID. 

To be compatible with sealed 
combustion, stack damper, or 
conventional flue. 

Demonstration Unit 

Modified version of 
WX-250 tank. 

Allow 13" height between 
base and tank bottom. 

Should use copper integral 
finned tubing. 

Same 

Natural-draft burner. 

Same 

Same 

Designed for sealed com- 
bustion but must not 
preclude other types. 

3--2 0 
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APPENDIX A 

, . WATER HEATER COST/PERFORMANCE' MODEL 

Technical  Approach 

The t e c h n i c a l  approach which w a s  . s e l e c t e d  was t o  fo l low . the  "Test 

Procedures f o r  Water Heaters",  .ou t l ined  i n  t h e  Federa l  Reg i s t e r  dated 

October, 1977 '~ ) .  The r a t i o n a l e  f o r  u s ing  t h i s  procedure i s  t h a t  even- 

t u a l l y  l a b e l i n g  requirements  w i l l  be ' based  on t h i s  procedure o r  one 

s i m i l a r  t o  i t  and t h i s  .would j -us t  r e q u i r e  fo l lowing  i t  a t  a ' l a t e r  - d a t e .  

The f e d e r a l  t e s t  procedure h a s  been modified ' t o  incl.ude an e x f i l t r a t i o n  ' 

l o s s .  

The s e r v i c e  e f f i c i e n c y  of t h e  w a t e r  h e a t e r  is def ined  as*: 

- use£ u l  energy. .de l ivered  Es - t o t a l  energy i n p u t  x 100 

And on a d a i l y  b a s i s :  

GCn (Tw-To) 
E = 
s E + P + EXF 

x 100 
g 

The e x f i l t r a t i o n  l o s s  was eval~l;lt.~.rl as: 

EXF = CFD pair AT Cp = 0.54 CFD 

The d a i l y  gas  consumed (E ) c o n s i s t s  of t h e  gas consumed t o  h e a t  up 
g .  

t h e  water ,  t h a t  consumed t o  make up .  f o r  t h e  h e a t  . l o s se s ,  and tile p i l o t  

gas consumption. .This  can b e  expressed as: 

*See nomenclature (pp. ..A-9 and A-lo), f o r  explana t ion  of symbols and 
va lues  f o r  cons t an t s  used i n  equat ions .  
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and t m = ( G ( T ~ - T ~ ) C ~ ) / ( Q E ~ / ~ O O )  

The energy recovery (Er) i s  :defined a s  t h e  t h e o r e t i c a l  energy re- 

qu i red  t o  b r ing  t h e  s to red  water volume from T t o  Tw divided by the  ac- 
0 

t u a l  gas i n p u t  energy exyiessed a3 a porcent.  me a c t u a l  t e s t . r e q u i r e s  

t h a t  t h e  water and tank b e , a t  To and burner turned on:and allowed t o  go 

through one heat ing cycle  while measuring t h e  gas consumption. Thus,, t h e  

l o s s e s  which go i n t o  t h i s  t e s t  a r e  t h e  hea t  required t o  br ing the  tank 

m a t e r i a l  t o  T the  j acke t  and f i t t i n g  losses ,  and the  burner hea t  losses .  w ' 
The equations descr ib ing Er a re :  

where : 

The standby l o s s e s  (S) a r e  t h e  losses  associated with the  water 

h e a t e r  during standby.operation..  These a r e  t h e  tank hea t  losses ,  the  

f i t t i n g  l o s s e s ,  and. t h e  l o s s e s  associa ted  with operat ion of the  p i l o t .  
, . 

The standby l o s s e s  a r e  obtained by bringing the  water heater  up to  op,- 

e r a t i n g  temperature (T ) and measuring t h e  gas consumption required t o  
W 

maintain t h i s  temperature f o r  a period of time. ,These l o s s e s  a r e  the  

percent  standby l o s s  pe r  hour expressed as a percentage of tho t o t a l  

hea t  content  of . the  s to red  water  above room temperature. Thus, the  

standby l o s s e s  can be represented by: 
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where: 

o r  w r i t t e n  i n  terms of d a i l y  water  h e a t e r  ' o p e r a t i o n  

The p i l o t . e n e r g y  reoovery e n t e r s  t h e  a n a l y s i s  through t h e  equat ion  

desc r ib ing  t h e  d a i l y  tank and f i t t i n g  l o s s e s .  

With these  equat ions ,  a computation technique i s  now a v a i l a b l e  f o r .  

c a l c u l a t i n g  t h e  performance of t he ,wa te r .  h e a t e r  as i t  would .perform under 

f e d e r a l  t e s t i n g  procedures.  , . 

Water Heater  Model 

The water  h e a t e r  h a s  been d iv ided  i n t o  f i v e  b a s i c  p a r t s :  . 

I. Buriier . ' 

2. P i l o t  

3 .  Heat Exchanger 
. . 

4.  Tank 

5 . .  S tack  , . 

The burners  considered were a convent ional  n a t u r a l - d r a f t  burner ,  a 

forced  combustion burner ,  and a n a t u r a l l y  a s p i r a t e d  100% primary a i r  
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burner.  The p i l o t s  considered were a conventional 700 Btu/hr p i l o t ,  a 

120 Vac i n t e r m i t t e n t  i g n i t i o n  device (IID),  and a high e f f i c iency  gas 

p i l o t  . The h e a t  exchangers evaluated were a conventional tank bottom/ 

c e n t e r  f l u e ,  a heat  pipe,  a na tu ra l -c i rcu la t ion  boiler/condenser com- 

b ina t ion ,  and a n a t u r a l  convection bottom-fired u n i t .  Two tanks were 

considered, a conventional  glass-l ined tank and a p las t i c - l ined  tank. 

F ~ T I P  types of s t a c k s  were considered - a conventional s t ack ,  a conven- 

t i o n a l  stack with  mechanical o r  thermal vent  damper downstream of the  

d r a f t  d i v e r t e r ,  an  undiluted vent  (no d r a f t  d i v e r t e r ) ,  and a d i r e c t -  

vent  sealed combustion system. 

! 
, . 

Table A . 1  shows some of t h e  assumptions used i n  t h e  analys is .  The 

f i r i n g  r a t e  (Q) chosen 3s t h a t  required f o r  a nominal 40 gal lon tank, 

which is  t h e  t a r g e t  s i z e  range. . The burner 1 0 s ~ ' ~ )  has been given a s  

300 Btu/hr f o r  a conventional water hea te r .  This same.penalty was im-  

posed on a l l  t h e  burners.  A gas consumption of 700 Btu/hr and energy 

recovery e f f i c i e n c y  of 0% were used f o r  a conventional p i l o t ( 2 ) .  The 

gas consumptfon f o r  a high c f f i e lcncy  p i l o t  is a t a r g e t  value a s  i s  the  

p i l o t  recovery. The va lue  used f o r  s t a c k  e f f i c iency  for a 'conventional 
( 2 )  h e a t e r  was ca lcu la ted  using measured values  of Er , . A s tack  e f f i -  

ciency of 85% was used f o r  forced combustion and 84% f o r  na tu ra l  d r a f t  

non-conventional combustion, This was based on an exhaust temperaturc 

of 300°F and 30%. excess a i r  f o r  forced~combustion and 502 excess a i r  

and an  exhaust temperature of 3UUQE' f o f  natural d . ~ a f L .  Staclc c f f i e i e n z  

c i e s  of 84.5% and 83% were achieved a t  AMT with a bottom-fired heat 

exchanger opera t ing wi th  a forced combustion system and 'a n a t u r a l  d r a f t  

system, respec t ive ly .  

The tank and f i t t i n g  l o s s e s  (QTF) were ca lcula ted  i n  the  following 

manner. The f i t t i n g  losses") have been est imated t o  be 17 Btu/hr f o r  

each f i t t i n g  i n ' c o n t a c t  with t h e  hot  tank. It was  assumed t h a t  each 
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TABLE A.1  - OPTION PERFORMANCE PARAMETERS 

Heat Exchanger 

~ u r n e r  

, 

1. Conventional 

2. Powered 
Combustion 

3. 100% Primary 

1. Conventional ' 

2. Heat Pipe 

3. R e £ l u x / ~ a t u r a l  Circulat ion 

4, ~ o t t o m - ~ i r e d l ~ a t u r a l  . . 

. Circula t ion 

Q 

. BTUIHR 

45,000 

45,:OOO 

45,000 

Stack Efficiency 
( n  ,1100) 

- -  * 
Target Values 

I 

QB 

BTU/HR 

300 

300 

300. 
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tank has  f i v e  f i t t i n g s  which gives  a t o t a l  f i t t i n g  heat  l o s s  of 85 

Btu/hr.  The tank l o s s e s  were ca lcu la ted  using conventional heat  t rans-  

f e r  techniques and t h e  r e s u l t s  agree wi th  heat  l o s s  values  f o r  conven- 

t i o n a l  tanks wi th  3/4 of an inch of insu la t ion .  

The e l e c t r i c a l  power consumed f o r  t h e  forced-combustion burner a t  

a ra te  of 45,000 ~ t u / h r  is  assumed t o  b e  210 s t u l h r .  The conversion t o  

primary thermal energy used was 10.5 Btu/Watt-hr . . . 

The e x f i l t r a t i o n  l o s s  is t h e  ha rdes t  of a l l  the  parameters t o  fix. 

There a r e  s e r i o u s  ques t ions  a s  t o  how t o  eva1uat.e the  l o s s e s  f o r . n o t  only 
I 

t h e  a r e a  of t h e  country, but  a l s o ' f o r  t h e  venting and chimney character-  

i s t i c s  of t h e  house, t h e  house const ruct ion,  t h e  placement of t h e  u n i t  

i n  t h e  house, e t c .  Also, most of the  experimental work has  been under- 

stan.dably done f o r  space heating systems, s ince  they represent  a ' la rger  

potential f o r  savings,  and a s  such a r e  t h e  f i r s t  t o  be examined c r i t i c a l l y .  

The published r e s u l t s  '3' i n d i c a t e .  v a r i a t i o n s  of 2% ko 302 savings .  i n  iuel 
. . . . 

consump t i o n  by e l iminat ing e x f i l  t r a t i o n  losses .  

In t h i s  a n a l y s i s  t h e  e x f i l t r a t i o n  l o s s  i s  taken a s  3 times s to ichio-  
. , . 

metr ic  a i r  whi le  t h e  burner is  opera t ing wi th  a d i l u t i o n  type of vent  

system and 1.4 t i m e s  s to ichiometr ic  a i r  f o r  a forced combustion system 

w i t h  no d i l u t i o n .  During standby o r  'burner-off opera t ion,  the  ' e x f i l t r a -  

t i o n  losses (8 ) '  of 58% of rhe bur..nr+-on volucn f o r  rr~trrtal. draft and 32% 

f o r  forced convection a r e  used. The thermal value  of t h i s  e x f i l t r a t i o n  

l o s s  i s  based on a constant  temperature d i f fe rence  of .30°F between the  

conditioned a i r  and t h e  ou t s ide  temperature. A heat ing furnace e f f i c iency .  

of 100% w a s  assumed. This r e s u l t e d  In an energy use increase  of about 

10% i n  the w a t e r  heater consumption f o r  the  convent ional  water heater.. 

This e x f i l t r a t i o n  l o s s  model w i l l  provide adequate comparative . infor-  
. - 

mation. 
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The methods of e l iminat ing  e x f i l t r a t i o n  l o s s e s  which were examined 

a r e  sealed-combustion and s t a c k  dampers. Sealed combustion, the  primary 

approach i d e n t i f i e d  i n  t h i s  proj.ect,  is  assumed t o  have no e x f i l t r a t i o n  

l o s s ,  s ince  a l l  of t h e  combustion a i r  i s  routed t o  the  burner from out- 

s i d e  the  condi t'ioned space. 

There a r e  b a s i c a l l y  t h r e e  types of s t a c k  dampers a v a i l a b l e  f o r  use  

i n  the  exhaust systems of gas appl iances  - e l e c t r i c a l l y ,  mechanically 

(gas p ressure ) ,  and t h e . t h e n n a l l y  ac tuated .  The values  used f o r  per- 

formance were t h e  percentage of t o t a l  e x f i l t r a t i o n  flow which the  damp- 
( 3 )  ers w i l l  a l low to. escape. Currently,  e l e c t r i c a l l y  a c t u a t e d ' u n i t s  , 

a r e  estimated t o  l o s e  5% of t h e  e x f i l t r a t i o n  flow, while thermal, u n i t s  

a r e  est imated a t  40%. Data on mechanical u n i t s  were not  a v a i l a b l e ,  but  

they were assumed t o  have the,same e f f e c t i v e n e s s  a s  e l e c t r i c a l  u n i t s .  

Cost Evaluation 

The c o s t  evaluat ion  technique used i n  t h e  a n a l y s i s  was t o  c a l c u l a t e  

payback,and l i f e - c y c l e  savings. This was done wi th  and without e x f i l -  

t r a t i o n  losses .  The energy c o n s q p t i o n  of .  t h e  conventional water hea te r  

was ca lcu la ted  t o  be  109,000 ~ t u / d a y ,  excluding e x f i l t r a t i o n  and 119,800 

Btulday, including'  exf i l t r a t i o n .  l'hese were used a s  r e f  ererice. va lues  f o r  

t h e  d a i l y  energy consumed (D ) The da i ly . ene rgy  consumption.was then 
g r 

ca lcula ted  using the  se rv ice  e f f i c i e n c y  defined i n  the  preceeding s e c t i o n  

wi th  and without  t h e  e x f i l t r a t i o n  term (Ep).. 

The d a i l y  energy consumed (D ) then becomes: 
g 

D 
g 

= (GC (T,-To)/Es 
g 
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And t h e  yea r ly  energy savings are :  

The year ly  d o l l a r s  saved a re :  

'. . 

The payback period i n  years (PR) then becomes: , . 

PB = Dc/Ys (Years) 
. . . - 

Where D i s  t h e  d i f fe rence .  i n  c o s t  'betwe& the  opt ion o r  opt ions  
C . , 

and t h e  conventional water hea te r ,  and t h e  l i fe-cycle  savings' 

(LCS) a re :  
. . 

LCS = (YSxN) - 
Dc 

DVANCED MECHANICAL TECHNOLOGY. INC. /--- 



APPENDIX A - NOMENCLATURE 

Value 
Used Symbo 1. Descr ip t ion  Uni t s  

p t 3 / ~ a y  . , 

.Btu/Gal-OF... ' 

B~UILBM-OF ' 

Btu/LBM- "F 

CFD E x f i l t r a t i o n  Loss 

Gallon. Based S p e c i f i c  Heat 

S p e c i f i c  Heat of Air 

S p e c i f i c  Heat of Tank Mate r i a l  

Increased  c o s t  of Water Heater  Being 
Analyzed 

T o t a l  Dai ly Energy Consumed 

R e f e r e n c e D a i l y  Energy Consumed 
- No E x f i l t r a t i o n  
- With ~ x ' f  i l t r a t i o n  

Dai ly  Gas Consumed . 

Energy Recovery - Main Burner 
. . 

Energy ' ~ e c o v e r ~  - P i l o t  E 
r P  

Es 
EXF 

Serv ice  Ef f i c i ency  

Dai ly  E x f i l t r a t i o n  Loss 

Dai ly  ~ d t  Water Usage ' ' ' ' 

% .  . . . .  

Btu/Day , ' 

GalsjDay '.'. 

$/MMBTU ' ' 

. . 
$ ' 

. . ,. , 

Years ' 

B~u/Day 

Years 

Btu/Hr 

Btu/Hr 

Gas Cost 

Life-Cycle Savings . . 
Useful  L i f e  of Water Heater 

E l e c t r i c a l  Energy Consumed 

Simple Payback 

Burner F i r i n g  Rate 

Burner Heat Loss ~ u r i n g  Operat ion 

Gas Consumed During Energy Recovery Tes t  Btu -- 
Hourly Gas Consumed During Standby Btu/Hr 

Gas Consumed Duri,.ng Standby Test  Btu -- 
Heat Required t o  Heat Tank Mate r i a l  
from T t o  T Btu -- 

0 W 

P i l o t  F i r i n g  R a t e  Btu/Hr -- 

Tank and F i t t i n g  Losses  Btu/Hr -- 
Daily Tank and F i t t i n g  Losses B ~ U /  Day 

DVANCED MECHANICAL TECHNOLOGY. INC. 



APPEND1X.A - (CONTINUED 

Symbol 

Heat Absorbed by Water During Energy 
Recovery T e s t  

Standby. Loss 

Burner on Time t o  Make-up Heat Losses 

Ambie'nt Temperature 

Main Burner on .Time f o r  useful '  Heating 

I n l e t  'Water Temperature 
. . .  

Duration of Standby Test 

O u t l e t  Water Temperature 

Tank Capacity 

Dry Tank Weight 

Yearly Energy Savings 

Yearly Dol la r s  Savings 

Density of A i r  

E f f i c i ency  .Based 0.n Stack (Expressed a s  
Fcac  t i on )  

Durat ion of Energy Recovery Test 

~ x f i l t r a t i o n / ~ n f i l t k i o n  Temperature 
Dif ference  

Units  

Btu 

(%/Hr ) 

Hrs/Day 

"F 

Hrs/Day 

O F  

H r s  ' 

OF 

Gals. 

Lbs 

Btu/Year 

$ / ~ k a r  

LBMI F t 

Value 
Used 
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APPENDIX B 

COMPUTER PROGRAM 

Exhibits 

I. Flow Diagram 

2. Sample Input File 

3. Main Program 

4. Tank and Fitting Loss Subroutine 

5. Sample Output 

B-1 
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EXHIBIT  1. WATER HEATER EVALUATION PROGRAM 

I N P U T  

- REFERENCE VkLUES 
GAS COST CONSUMPTION 

- OPTIONS 

I - INCREMENTAL COSTS 

1 

SELECT 
ENERGY 

RECOVERY 

I CALCULATE I - 
CALCULATE 

BLIRNFR ON T I M E  
FUR WATER 

HEAT1 NG 

AND P I  LOT 
E F F I C I E N C Y  

CALCULA~I-E 
BURNER ON T I M E  

TOR LOSSES, 
STANDBY LOSSES 

CONFIGURATION 
CALCULATE E X F I L T R A T I O N  

LOSSES 

CALCULATE S E R V I C E  
E F F I C I E N C Y ,  ENERGY 

SAVINGS, COST SAVINGS 
PAY BACK 

1 
I 

OUTPUT 
PERFORMANCE 
CONSUMPTION 

COSTS 
S A V I  NGS 
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EXHIBIT 2 .  (CONTINUED) 

INCREMENTAL COSTS OVER CONVENTIONAL COMPONENTS ($1 

e,,,o(>(j 1 , ju&sv5  

L :I, (;f (1 ::( 1:. I:? :I: 9 (3 1 ;  .y (?I 'y [j I:( ,!\ I-. 67 1:: 'r # [ J 1.3 i\I 1,:: 13 
["If: D [:: (:) i.I B 1.J !;{ 'T' :[ (j N . . 

i::: IS N 'J E i\l 'i ' :I: iJ id f i  1". 8 1J R N I? 
. 

.... ,..) ,..,, (., >% ..:I . 
:... ., ;; .;, .. V !I i .I. y 7 :I. y O 

I:( {:, .y ;[ 1 11: i; ll , 1:s :I: 1- (1 .y. 

- tr; b! L1 I:: N '1. :I: N I-. I :I: I,.. [I 'T 



E X H I B I T  3 .  WATER HEATER ANALYS1.S - M A I N  PROGRAM 

1 +. 0.0 0 (:: MA'T'ER IjEA.rEl3 ANAL-YSlS f:'ROGK,!)M , 

2 ,' 0 0 0 DJ:ME:NSXC)N C:E{(3) r C F ' ( 4 )  pC:HE(5) 9C7' (3)  7CS(4 )  y1EcUFiN(J) Y 

::!,OiO 8F:'I: I...O'r ( 4 9 I-IEA'T'EX ( 5 )  d TANX ( 3 ) 7 STACIi i 4 ) 
2 0 5 0  COMM[IN/M.AI:N i / U 9  DTr'1'1.iI<INS Y 7 ' W  r 'TAMBY N'T r NI41L 7 I<:I:NS Y 1;21...'r' Y 

2 0 0 6 0  &QL.F' Y C4LTlz Y ICICINS 
3 9 0 0 0  LOGICAL.. ( I F ' X  r E f  F R Y  OUT 9 CI:iMF' 
3 + 500 1.3 E: 19 I... I< 11: N S Y Pi I... .r I< Pl Y N 1.. I F E: 
4 + 000 .  NAMI::I-IEi'T' ' QF'X.Y EF'F'R i C)UT 9 CGAS P IClCGREF' Y NE 9 NF:' Y NI-IE! Y M7' Y A5 v G Y TGJ Y.'TO Y 'TAME{ Y 

5 0 OOO 11Q v I L R Y  NL-IFI, P V : Y  ~ 1 .  d T l i i < I ~ ~  l<I:NS Y C B ' ~  CF:' Y CkIE Y C'T'r CS Y DEGDAY Y YFcEF'EX P 

5 9 0 0 2  &XXL'T 7 'T'XXM 9 CJlrYIP 
5,010. DA'Th ( BURN ( I j rr I:=l. P 3) 141-ICONV 7 ~ H F ' K C D  Y 41-1100~/ 
5 ,020 '  D A T A  ( ~"ILo'T ( :I ) y. I : : : l  Y 4 ) /4t.lCONV Y 414'1 1x1 Y 4t:lBh'T'T i 4HS'TRD/ 
5 + 030. '  

' ' 

~ I A T A  ( IjEA'T'EX ( I ) Y I-::1 Y 5 ) /4IiCONU II 4HF'IF'E 9 4HRFL.X 9 4HUF'RD Y 4H1SS'TI</ 
. ':.5 9 0 5 0 '  D ~ ~ T A ( T A N x ( I ) ~ z : = ~ ~ ~ ) / ~ H G L S L P ~ H F ' L S T I ~ H S T N L /  

5 + Oh0 D A ' ~ A C S T R C K / , I : ~ Y I : ~ ~ P ~ ) / ~ H C O N V ~ ~ H D M F ' ~ Y ~ H I S M F ' ~ ~ ~ H S L D C /  
6 000  INF'U'I' . . 

7 , 0 0 0  REAS1 200 9 Nb.9 P!l3:'.p NHE 9 N J 9 NS - 
. . ,  8 , 000  2 0 0  FORMAT ('51 1' . , 

9 + . 0 0 ~  REAU 202.9 G ;'Tld Y . TO  . 9 TAMB 9 Q Y ER Y PILIFE 
101.000 2 0 2  FORMA'T(7F) . . . . . . 
l l + O O O .  R ' E ~ D  2061 ,U~Df  9THKINSsKINS 

. d 1 + 5 0 0  UXzU . . 
. . .  1 3 .  + 6 0 0  DTXXzDT . . ' 

12 + 000 .  2 0 4  FCIRMA'T ( 3 F )  
I d + O 0 . 0  REAlCl 20494CB(  I) 9 Izl 9 3 )  
1 4 + 0 . 0 0  , READ ~ 0 6 s ( C F ( I ) 9 1 = 1 ~ 4 )  
i 5 + 6 0 0  2 0 6  FC)FirMAT(-4F') . ' 

1 6 9 0 0 0  REAU 2 l O r ( C H E ( . 1 ) ~ 1 = : 1 ~ 5 )  
3.7 + 6 0 0  2 1 0  . I-ORMA'T.( SF' ), 
:L $3 + o o o READ 204  Y ('c:T i i') v 1:-:I 1, 3 )  
1. u , 0 0'0 READ 2 0 6 ~ ( C S ( I ) y I : : : : j , y 4 )  
1 9 + 5 0 0  F'RPN'T 1 0 0 1  
2 0 9 0 0 0  2 2 0  CONTINLJE . . 
21 + 000 Y.000 ,FORMAT 1.X 7 ' **tf SSINF'U'r' NEW VAI..I.JE:St'ik*'ik$tt' ) 

2 2  e'000 1 0 0 1  FORMAT ( / / )  . . 

?2,, 0.10 F'RI:N'T 3 3 0  
'7 ,,+ =I QzQ 330 F'CIRMAT i 24X 7 ' WA'I'IZR t4E:A'T'I::R O1:"T'IMIZA'TI:C)N Iz'FirOGHAM ' Y //' ) 

. . 
. . 

I : .  . . 
. . . . . .  . . . : .  . . '  . 

. . :. . . -  . . .  . . . . 



. . -... ' ~ i ~ m a r  ,3. - .  ~CON:T.IM.UEDI 
. '. 

. .. 

23 ,OOQ - C:AL< f n ~ l < j +  .; brY~.4;1p;rrrs .? 7-w'. r:q+gj wq.. ~fn::~~.r*rs.,&iT', R L F ~  
& a e . ~ ~ . ~ x x t . r : ~ x x x n , ~ - r ~ ~ . ~ s . ~  vx  y 8 ~ : ~ ~ : ~  ' 23 ,002  
. ']lJ(:::QL TF'; '~]-S-:Qt'l'f . . ,23 ,500 . . 

24,000. . I :F(  +.Nf]T*fFFR)GC) 710 27.Cl . 

25 ,O 0 0  C - $: AL-C\31 ... .AT I ON of ENE:.R.CiY .F:E-.C o V ~ Z  K Y 
25, ()I#.  IF' ( N'f., EQ + J. ) W T - e  0 . . 

25 ,<)20 . . I ~ - ( ~ ' ~ , ~ . [ j o , 2 ) ~ ~ : n K :  ~0 9 
25 e 030 I F ( ~ ' ~ ~ E ~ ~ , ~ ) W . ~ ' : Z ~ +  . 
25,500 QUNfl-300* 

QWX:z:UY8 v '255(  'TW-TO). 26 .+000 
27,000 OMX:-W:T* , l. t ( T.W-TO ) . 

IP (NHE+EQo l )EFF=o74% . 28 , 0 0 0  
29 e 0 0 0  IE(NHEoER+23EFF=;85 . . 

3 0  , 0 0 0  JF(NHE+EQ+3)EFF:z+84 
31 ,000 1.F' ( NtlE e EQ + 4 )-EFF::= + 84' 
32 0 0 0  I l ~ (NHEIEQoS)EFF=+8  
3 2  + 5 0 0  WELR.=O + 0 i HELS:=O , 0 ;.ELR::::CJUND iIE{LSzO . 0 
3 3  0 0 0  TJMON -1, 
3 4  + 0 0 0  .N'l'MON-0 
3.5+000 2 5 0  'rIMONX~(QWX+QMX+RLTF%VIMON)/(~tEF'F')+C4UND*TIMON/~ 
36 0 0 0  NTMON=NTMONSl ' 

37 + 0 0 0  DTMON=ABS ( TIMON-TSMO"4X.) 
3 8  , 0 0 0  IF(DVMON+LT*o001)GO TO 2 6 0  
38,500 . TIMON:zTLMONX 

I F  ( NTMON I GT 2 0  >-GU TW 999 3 9  r 0 0 0  
39,500, GO TO 2 5 0  
4 0 + 0 0 0  260 CONTINUE . . 
4 1 + 0 0 0  QGAS~~WX/EF'F '+RMX/EFFt~LTF' fTIM.ON/EF'F+QUNDITIMON 
4 2  , 000  E R : ~  ( QWX/QGAS ) 8 100 
43,000 270 CONTINUE 
4 4  0 0 0 0  TM=(Gt (TW-T0)88+25) ; ' (C40(ER/ lOO+ 3 
4 5 + 0 0 0  C ELECTRICAL POWER CONSUHED - . 

46,oqo IF ( NP , EQ. 1 ) WA'T.TP=O , 11 
4 7  * 0 0 0  IF(NP+EQ,2)WAT'TP-*Ol 
4 8  + 0 0 0  IF '  ( NP + ECJ + 3 I WA'TTP:., 01 
4 9  ,000 IF' ( MP , EB, 4 ) WA'T'TF':::~ ,O 

I:F:(NBoEO+ 1. )WA'TTbzzO,.O 5 0  + 0 0 0  
51',000 ,I:I-'( NB + EQ , 2 1 WAT'TEi=2@, 



EXHIBIT 3. (CONTINUED) 

cy 2. 

,J L u 000 I.I-' i NB + E(2,3 1 WATTE-0 + 0 
53,000 . WA'rrS::::Wfi-fTp+WATTB 
53 ,500  pI-.I(W=:WA'I"rrJ ; HLI(w=:wAT'rB 
54,000 C SELECT PILOT AND PILOT EFFICIENCY 
E' I"- 
.J,J , 000 1.1' ( NI" , ER + 3.1 QF'5700 o 
56 , 000 IF(NP,EC?*21QP=OoO 
57 + 000 IF(&PoECJ+3)QF'-OoO 

IF(NP4EQi4)0F'=300+ 58 000 
59 6 000 IF(NF'*EQ*l)ERF':=O*O 
60 * 000 IF(NPoEQ*2)ERP-O*O 
61 + 000 IF(NP+EQ+3)EF:P=O+O . 

62 + 000 IFCNP*EQ+4)ERP~81+34 
63,000 C CALCULATE TIME ON FOR. BURNER AND PILOT.TO MAKE UP LOSSES 
64 + 000 TP=(QLTF-QPtCERP/100*))t(2407TM)/(Qt(ER/100*) 
65 + 000 8-QPt(ERP/lOO.)) 
65 + 500 PLR-0 +,OiPLS=C4Pf ( I-ERP/lOO + ) "  

66.000 C CALCULATE S(STANDHY LOSS AS DEFINED. BY BGA ANLS FEIIERAL REG4 
67;,000 QGL=(QbTP+QP1(24-TM-TP)') /(24+-T.M) 
68 +'OOO S=(QGL/((V~~,~~)*~TW-TAMH)))IIOO+ 
69 + 000 E N E R ~ . G t 8 + 2 5 t ( T W - T O ) / ( E R / 1 0 0 + ) + V t 8 v 2 5 t ' ( T W - T A M B ) , * ' ( S / 1 0 0 )  
70 + 000 . 8t ('24 + -TM 1. 
71.000 C CALCULATE EXFILTRATION LOSSES 
72'.'000 GO TO (280~290~300~310)~NS 
73 + 000. 280 CONTINUE 
74e000 C ,  CONVENTIONAL STACK 
75 + 000 CFHB=Q/1OO+ 
76 + 000 CFtiD=CFHBtZ 
77 0 000 CFHBS=+58tCFHB 
78 + 000 CFHDS=+58tCFHD 
78.010 C UNDILUTED EXHAUST-FORCED COMBUSTION ONLY 

IF(NBoEC4+2)CFHB=lv4tCFHB. 78 + 020 
78 + 030 IF(NBeEQ+2)CFAHS=+32tCFHB 
79 + 000 IF(NB+EC4+2)CF9D=:O*O 
80 +OOO IF(NB*EQo2)CFiiDS=O*O 
EII.OOO GO. .ro 320 . .  

82,000 290 CONTINUE , 
83;OOO C STACK DAMPER DRAFT DIVERTER-MECH Y PEFFS Y PEF'cD~+ 05 i THERM=:+ 4 



E X H I 3 I T  3. (CONTINUED) 

8 4  , i)OO I:IEFFS:.: , 0 5  ; F'EFFD::: , 0 3  
t35 * 000 (" 1:: 1-1 ]Ec :::: 0 / 1 0 0 , 
{3& 0 000. Ci"I-IDz:: (Q / j .oQ + . I  >z'+ 
87 6 0 0 0  CFHBS::: , 58*CFJdg*[L'EF'F'S 
88 + 0 0 0  CI::'~.IDCJ.::, m$ClYHDtpEFFn 
89 + 000 G 0  'r'U 320 
Y 0,000 3 0 0  C;ON'T INUE 
Y :1 + 0 0 0 C: VENT. ]:IAHI''ER UNDILUTE:I"S.TACK-F'OWER E{UKNE:R CASE ONL.Y 
Y2vOOO IF (NB*NEo2>GO TO 999 
9 3  i 0 0 0  F'EFFS.7. , 0 5  

9 4  , 000 CF'.HB::=(~/~OO., MI * 4  
9 5  * 000 CFHD-0 * 0 i CFHDSzO + 0 
96 + 0 0 0  CFHBS=+3%#CFHH$PEFFS 
Y 7 + 0 0 0  ' -  GO.TC)  3 2 0  
9 8  + 0 0 0  31.0 CONTINUE 

' YYo000 C SEALED COkEUSTIQN - 
1 0 0  o 0 0 0  .CF't.IB=:O 4 0 i CF'HDz0.v 0 i&'FI-IBS-0 + 0 5 CFHDS::zO + 0 
1 0 1 + 0 0 0  3 2 0  CON'TI'NUE . 
101 + 5 0 0  ' XFPz.54 . 

102,000 C F D ~ ( C F W B ~ C F H D ) % ( ~ ' M + T F ' ) + ~ C F ' ~ H B S + C F H I ~ S ) * ( ~ ~ + - T M - T F )  
1 0 2 i 5 0 0  SLR-(CFHBt,CFHD)*XFF;SLS-{CFHBStCF'HDS)tXFF 
1 0 3 + 0 0 0  , EXFzCFDtXFF 
104,000 C CALCULATE SERVICE EFFICIENCY 

. . 

1 0 5  e 000 ES. - (Gt (TW-T0 ) *8 ,25 ) /<ENERt (WATTSZiO+5f (TMtTP) )  
106,000 89EXF) 
1 0 6  r 5 0 0  E S X ~ ( G t ( T W - T 0 ) * 8 + 2 5 ) / ( . E N E R t { W A T T S t i 0 , 5 t ( T M + ' T F ' ) ) ~  

. 1 0 7 + 0 0 0  C CflLCULATE ANNUAL GAS CONSUPIPTLON ' 

1 0 8 + 0 0 0  .DCG=(G*(TW-T0) , *8+25) /ESX 
108,500 DCEXF=DCGtESX/ES 
iOY,000 YCG:::DC[;*365 

Y(: :E>(F'~:~ICEXF*~~~. . 109.e 5 0 0  
11OeOOO YC~REF:z:DCG~EF'tJ65 
1 i 1 , O O O  y s , q ~ : = y ~ [ ; ~ ~ ~ - y [ ; ~  
11'1 * 5 0 0  Y SEXF:':=Y !i'E.FEX*36S + - Y  CEXF 
i12,OOO C S A V = ( Y S A V / ~ ~ O O O C ~ ~ . > * C G A S  
11.2+500 , CSEXF==( YSEXF/~OO(BO~O+ )*(=GAS 
XI. 3 + 0 0 0  XLSAV=CS:3VtNLIFE 
1.'13+ 1.00 XLEXF=CSEXF*NLIFE 



EXHIBIT 3. (CONTINUED) 
. . 

1.15o000 C [;[)ST D:I:I-"FERlf:N'r'IAI,S 
j.I5+500 l :F(NI- 'olfC4*2)CE((2)z:32+ 

' 116o000. C:OSD:CFI-'::zC:E (Nb) +CP( NF') +CHE (NHE) +CT i NT) +DCINS.CCS (NS 1 
llhoO1O l:Fr ( e NUT + COMP o AN11 e NB o EN , 2 * ANEl , NS + EL? o i o COSIlI-FF:=i96 , 

IF'( +NOT e COMF'e AND +NE o EQ 9 2 o ANIS + NS o E(R o 4 o ) C:OSDIFF'z:253 e 116o020 
1160030 IF'( ,NC)'T + COMIZ'* AND* NB ,ER ,3 o AN11 , NS 9 E n *  i + )COSDIFI"':=112 o 

1i6*040 IFC +NOToCOMP oANDoNEoEC4o 3oANII+NS eEC4o 4 o )COSI1IFF'~l69+ 
1117 + 000 PAY BAl<z(::flSD I F'Ir/CSAV 
117.500 F'AYEXF'=:CCISDIFF/CSEXF 
117+600 COS3=3~tCSAViCOS5=5+fCSAV 
117o61.0 COS3E:X=3,tCSEXFiCOS5EX=:5*SCSEXF 
1l8~OdO XLCC=XLSAV-COSDIFF 
1. I. 8 3 0 0 XI,EXF':=XLEXF-COSDIFF 
119oOOO PRINT 3489GsDCGr,ESXtiOO+ sES*iOO 

. 12-0+000 340 FORHAT(1Xs'DAILY DRAW= ' I F ~ ~ ~ P ~ X ~ ' G A L S ' P ~ X P ' I : I A I L Y ' I ~ X P  
.I21 e000 ~'CNSMD='PFY~OP~XP'BTII'I~XY'SRWC EFF='sF6*19 

&'%'1'('9F5+is'EXF)'9/) 1.22 000 
6 2 3  + 000 PRINT ~.~OYCSAVICGASPCOSDIFF 
d24r000 350 FORMAT(~XI'YEARLY SAVINGS = $ ' P F ~ * ~ ~ ~ X I ' C O S T  GAS= $'Y. 
125 000 ~F~+~P'-HBTU'I~X~'ADDED COST = $'~F8*2r/) 
l26+00O PRINT ~ ~ O ~ N B I N P ~ N H E P N T ~ N S I , X L C . C Y P A Y B A . K  
1?7*000 360 FORMAT(XXI"ND EXF-'rlXp'HEATER CODE:='I~(I~)P~XI'LIFE CYCLE SAVz'9 
128tOOO ' ~ F Y ~ ~ P ~ X I ' P A Y B A C K = ' P F ~ * ~ I ~ X I ' Y E A H S ' P / )  

PRINT ~ ~ ~ P C O S J I C O S S  128+010 
228t020 361 FORMAT(7Xs'-PAYBACK COST DIFF.ERENCE - 3 YEARS=- $'rF8*2s 
128 03'0 83x9'5 YEARS = $'s'f8*29/) 
f28+500 PRINT ~ ~ ~ I X L E X F I P A Y E X F  
128+600 355 FORMAT(Y.XI'WITH EXFILTRAT1ONrr3X~'LIFE CYCLE SAV= $'9FY+29 
128 o 700 ~ ~ X I ' P A Y B A C K ' I F ~ + ~ P ~ X I ' Y E A F \ ' S ' P / )  . 

12#*710 PRINT ~ ~ ~ I C O S ~ E X Y C O S ~ E X  
129+000 PRINT ~ ~ O I T W I T O ~ T A M B  
130+000 370 FORMAT(~XI.'TWATER O U T = ' P F ~ ~ ~ ~ ' ~ F ' P ~ O X , P ' . T W A ~ T E R  INz's 
i31+000 . ~ F ~ ~ ~ Y ' ~ F ' I ~ O X P ' T A M B I E N T = ' I F ~ ~ ~ Y ' S F ' I / ) ~ .  . 

PRINT 380 P'V I THI(INS 9 I(INS 13.2 + 000 
133*000 380 FORMAT(1Xs'TANK VOLUME = ' ~ F ~ ~ ~ Y ~ X Y ' G A L S ' ~ ~ X P ' I N S U L A ~ T I O N ' ~ ~ X D  
134 + 000 &'T!iK+::~'b~6~2s 1x1 'IN+ '12Xy 'I(~'IF~~~I~XP'BTU/~IR-F'~-*F'I/) 
135 000 PRINT .3'30vt71ER~S 
136 r000 390 FORMAT ( 1X 9 'BURNER CAPACITY=' Y F7+ OV 1Xs 'HTU/HR' s ~ X P  'ERs:' P 





E X H I B I T  4.  TANK AND F I ' TT ING LOSS SUBROUTINE 

I. 4 0 0 0  !j\.JBliC)U'I':[NE 'rANI( ( V  9 D'T y ' rH l i INS Y ' T W  y 'T 'AMlCS9 NT 9 NI-1E: 9I(:ENEi Y i31 ... T Y QLF:'y(3I...'TF' Y 

2 4 000 gXXI-'I: Y TXXM Y DC:INS 9 VX v D'TXX 1 
REAL I(L Y I(M 9 I( INS Y LF'CT 5 000 

5 0 5 0 0  v= : v~  
5 4 6 0 0  D'r:-:DTXX 
7 , 0 0 0  GO TO ( . 1 0 9 2 0 ~ 3 0 )  YNT 
84000 10 CONTTNUE 
Y +O,OO C GLASS LINE11 'I"ANIC 
9 * 050 L F C T - I *  08 
Y 4 3.00 TM= . 0 6 b / 1 2 +  i KMz25 + i SIAV::=~I~T'+THKTNS 
9,+ 2 0 0  XLT=( (Vt231 . -~1025bI :11 '1 t3 ) / (47854t I :1Tdt2 ) ) *LFCT-+268*~~T . 

10 1 0 0 0  T L = + O O 6 / 1 2 i K L . = + 5 1  
.10+100 A T O P = + 8 4 1 9 t D T $ t 2 .  

3 0 + 2 0 O  A T O P - A T Q P / ~ ~ ~ ,  
GO TO 4 0  . ii ,000 

12.000 20 CONTINUE 
13.000 C P L A S T I C  .LINE11 TANK 
14eOOO TL-4 0 5 / 1 2  * i K L = + , l  i L F C T s i  .OOO 
1 4  t 100 TM=TXXM/ i2 , iKM=,015 
1 4 , 1 1 0  XLTzXXLT . 

14 ,120  DT=214868-244bTL-24 ,bTM 
14 .130  AXISA=DT/2+iAXISB=6+-12etTL-i2+tTM 
1 4 . 1 4 0  EF'SI=(1+-(AXI'SB/AXISA)ttZ)tt+5 ,' . 

1 4 .  150. XLN€P=ALOG((1o+EPS%)/(i+-EPSI3) 
:. .. . . .- 

1 4 , i 6 0  V = ( ~ + ~ ~ ~ ~ A X I S A ~ * ~ ~ A X I S B + , ~ ~ ~ ~ * I : I T * ~ ~ * X X L T ) / ~ ~ ~ *  
, 1 4 , 1 7 0 ,  ATOP=2~t3~.1416~AXISAt12t(3~1416fAXISEftZ/EPSI)tXLNEF'*+5 

1 4  * 3.80 ATOP=ATOe/144 + 
GO TO 4 0  15.000 

3.64000 30 . CONTINUE 
1 7 , 0 0 0  C STCINE L I N E D  TANK DON'I' USE T H I S  OPTION OBSOLETE 
1 8 + 0 0 ' 0  T L = * 0 0 1 / 1 2 +  i K ~ - + 1 i L F C ~ T = 1 . * 1 2 5 '  
19,000 4 0  CONTINUE . 
2 0  000 'TINS::='TI-JI(INS/1.2, ';'TSX::, 0 3 2 / 1 2  + 
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(:: C: A I... I:: !.J I... n .r. 1::: .r. A N 1.1; fi (:I .I- .r o PI I... o s s 
:I. :L 0 (:: (:I N 'I- 1 N 1J E: 

t.Ilinrl:::: :1:;91.3~-8*, YAY ( ( 'rwn 1.. ~...,tnbho) *$4- a - r " r ' n ~ t 4 6 0 )  tt4 i ( 'TWALL.--'TAME 1 
t.IB(J'r:::: + 25 ( ' ~ ( s J ~ I - L . - ' ~ n M ~  ) **, 25 
IiEU'S=tiEOTf 1iF':AKl 
I:\' l ~ c  CI 'I' ::- 'T' L / I( I... 3 'r M / 1.1; M + 'r' I: N s I(; n: N s +. '1' 5 / 2 5 + .t. :I. , / 1-1 B o 'I' 
~JEO'T:=J.'+ /RE(I'T 
QI.-BOT::::A'TOI::'*I!E{O'I'* ( 'rW....'rAMB ) 
'rWALl,X::=aI-I3clT/ ( n'SUF'*l-IIEUT ) +.S&MB 
DTC:HI(:=AES ( 'rWn I...L..-.' r1JAL.L.x) 
~ C I - I ~ I : I .  TO 100 
TWALL=:TWAL.LX 
N'ridnL..I ...= N T W A L L ~  i 
IF: (NTWALL 0 G T  , 30 1 GO TO 888 
'SWALL.:='SWALLX 
GO TO 110 

100 CONTINUE 
IF(NHE+EQoi+OR+NHEoEQ+5)GO TO 120 
TF(NHE+GTol,OR;NHE+LT+"J)GO TQ 130 

120, QLT=:QL'T'OF'tQLS . 

GO TO 140 
13'0 QLT=QLTOP+QLStQLBOT 
140 CONTINUE 

T F.( N'T + EQ , 1 X N L I C S L ~ ~  I 

I F  (NT 0 ECJ + 2 XNLKS:z5 + 
I F ( N T * E Q , 3 ) X N L K S = 5 +  
QLF:zXNLKS$i7 + 
(DU'TF'UT QLTOF' r QI,E{OT v C?LS 
C1LTF'=QLFtQL'S 
DAV:=DTtTHI(INS 
S ~ T ~ : ( + 7 8 5 4 * D A V t t 2 ) t 1 t 3 ~ 1 4 1 6 t I I A V t b O +  
VINS=SA'T%'Sl-II( I N S  
~IVINS:=SA'T'* ('SHI(INS- 4 75 ) / 1 7 2 ~ 1 +  
CINS:=1 ;YO 
D(';INS:::CINSdTlV I N S  

8 8 8  CON'SINlJE 
AE'TIJliN 
EN11 



E X H I B I T  5 .' SAMPLE 'OUTPUT 

Ufi'rER I-IEn'rEK OF"r]:HIZA'r'ION PFil.(]GllAM 

RL.'TOI" ::: 37 0 4 9 8 0  
('4 L. Jj ,"J 'I' ::: 3 5 * y 1 7 1:) L 

QL.S ::: 3 9 1  , 593  
Dfi1L.Y DRAW- 7 5  *00  UALS D A I L Y  CNSMD::: l O Y 0 2 4 *  BTU SR.UC EF'F=: 5 1  +I%( 4 6  + 5E:Xf)  

YEARL-Y SAVINGS = B + 00 COST [;AS= $ J,OO-HBTU ADDED COS.1' = 4 t 00 

NO E X F -  HEATER CODE=I~I~~ LIFE CYCLE s f i ~ =  * 00 PAYBACI<= +00  YEARS 

-PAYBI?ICK 'COST DIF-FE:3ENCE - 3 YEARS= $ +00 5 YEARS = % 6 00 

WITH E X F I L T R A I ' I O N  , L I F E  2YCLE SAV= $ +00 PAYBACK +00 YEARS 

-PAYBACK COST DIFFERENCE - 3 ' Y E A R S =  $ * 0 0  5 YEARS = $ * 00 

TWATEH OUT=- 150 O f  F TWATER I N =  b O * O t F  TfiMBIENT= 70 .,0tF 

TANK VOLUME = 4 0 + 0 0  GALS INSULATION T H K + =  e 7 5  I N *  K:= . + 0 2 4  BTU/HR-FT-fF 

BURNER CAPACITY= 4 5 0 0 0 6  BTU/HR ER= 71.67 % STANDBY LOSSES:= 5 + 3 3 % / H R  

I TEN TYPE T I M E  ON T I M E  ON EF'F* LOSS 
USEFUL LOSSES RUNNING' 

(HRS) ( I iRS)  ( 2 )  . BTU/HR 

BURNER CONU 1 * 7 3  + 3 6  ' 3000 
, P I L O T  CONV . 2 1  *Y2 0 0 0 

hIT EX CONV 7 4 , s  0 + 
7'ANli GI-SL 5 1 4 0  
!sTACI< CONV 7.29 t . 

LOSS LOSS 
STANDBY ELECT + 

BTU/HR WRTVS 

ADDEKI 
COST 

$ 



APPENDIX C 

AMTROL-FUNDED :"PROOF-OF- CONCEPT'^ TESTS 

. . . . 

A "proof-of-concept" prototype water hea te r  has been b u i l t  and t e s t e d  

f o r  the  purpose of evaluat ing  t h e  na tu ra l -c i r cu la t ion  hea t  exchanger, the  

n a t u r a l  d r a f t  100% primary-air burner .. , concept,  , and t h e  high ef f i c i&cy  p i l o t  

concept. A genera l  desc r ip t ion  of t h e  r e s u l t s  i s  given i n  the  foll6wing 

discuss ion.  . . . . 

The water hea te r  u t i l i z e s  .an ex te rna l  h e a t  exchanger which e f f e c t i v e l y  

separa tes  t h e  water s to rage  funct ion  from t h e  h e a t  t r a n s f e r  functfion. .  his 
enables good i n s u l a t i o n  of  s tored  water while permi t t ing  exce l l en t  thermal 

contac t  between combustion products  and water t o  be  heated. 

I n  order  t o  e l iminate  any . e l e c t r i c  power requirements, the  standing 

p i l o t  is  re ta ined ,  but  i n  a conf igura t ion  which permits  a high energy re- 

covery e f f i c i ency  t o  be  a t t a i n e d  - t he  t .a rget  va lue  i s  81.3%. This r equ i res  

a s p e c i a l  hea t  exchanger and. (na tura l -draf t )  burner conf igura t ion ,  a s  we l l  

a s  a p a r t i c u l a r  placement of t h e  p i l o t  burner wi th  r e spec t  t o  the  hea t  ex- 

changer. 

The prel iminary tests on t h e  "proof-of-concept" model have shown the  

Approximately 4-6 gpm.natura1 c i r c u l a t i o n  of s to red  water through 

t h e  hea t  exchanger i s  achiev'ed a t  a gas input  of 40,000-42,000 

~ t u / h r .  

Heat exchanger wal l  temperature i s  approximately 70°E' t o  8U0F 

above l o c a l  water temperature. 

DVANCED MECHANICAL TECHNOLOGY. INC. 



The f e a s i b i l i t y . o f  using a, 100% primary' a i r , . . h i g h  i n t e n s i t y ,  

n a t u r a l  d r a f t  burner with a n a t u r a l  convection heat .  exchanger 

has been demonstrated. . . . . 

The f e a s i b i l i t y  of uking a 300 ~t&'hi s t a n d i n g i i l o t  w i t h t h e  ' ' 

above burner has  been demonstrated. 
" 

- ' 
', 

a Stack l o s s  was measured t o  be 15.5% (HHV) for  a forced d r a f t  . 

vers ion  of t h e  100% primary a i r  burner, and 17-18% with t h e  

na tu ra l -d ra f t  vers ion.  The l a t t e r  l o s s  was higher due t o  

h igher .excess  a i r  levels. . . 

. . .  . . 
' .  

. s 
' . I  . . .. . 
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APPENDIX D 

WATER HEATER FIRING'RATE 

One "sa les"  f e a t u r e  t h a t  Arntrol f e l t  was important  was t h a t  t h e  

water  h e a t e r  provide  a n  "above average" h o t  water  draw. A major com- 

p l a i n t  of "energy e f f i c i e n t "  water  h e a t e r s  i s  t h a t  they provide  in -  

s u f f i c i e n t  h o t  water  compared t o  o l d e r  cbnvent ional  u n i t s ( 7 ) .  Water 

h e a t e r s  were r a t e d  as t o  "acceptable"  water  draw ' r a t e s .  By d e f i n i n g  

t h e  h e a t  a v a i l a b l e  i n  a one hour draw, Fig.  D . l  was prepared f o r  t h e  

"high e f f i c i ency"  water  h e a t e r .  P l o t t e d  on t h i s  f i g u r e  a r e  t e s t  re- 

s u l t ~ ' ~ )  as t o  below, above, and a v e r a g e  wafer draws. Most of t h e  

h e a t e r s  r a t e d  "above, average" f a l l  between a f i r i n g  r a t e  of 45,000 

t o  50,000 ~ t u / h r  w i t h  a 40-gallon tank.  .This was t h e  reasoning used 

t o  s e l e c t  t h e  f i r i n g  r a t e  f o r  t h e  proposed u n i t .  This  s p e c i f i c a t i o n  

w i l l  be  f u r t h e r  r e f i n e d  during t h e  des ign  phase t o  s e l e c t  a f i n a l  de- 

s i g n  f i r i n g  r a t e .  

DVANCED MECHANICAL TECHNOLOGY, INC. 
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The object  of t h i s  task  was t o  design a gas-fired water hea te r  using the  

performance and product spec i f i ca t ions  developed i n  Task 1.2, the  market and 

concept evaluation.  The design goal  i s  an  o v e r a l l  se rv ice  e f f i c iency  of 70% . .  . . .,. 

including e x f i l t r a t i o n  losses .  Some of t h e  major design f e a t u r e s  required . . 

were a low jacket  l o s s  p l a s t i c '  l ined  tank, a high recovery e f f i c iency  hea t  
. . 

exchanger module, a  'sealed' combustion sys  tern, and complete independence' f  rok 

e l e c t r i c  power. 

The design t a s k w a s  broken d o h  i n t o  f i v e  major subsystems - the  hea t  

exchanger, t h e  combus t i o n  sys  t e m ,  t h e  s torage  tank, t h e  sealed combus t i o n  

system, and t h e  controls .  

DVANCED MECiANICAL TECHNOLOGY, INC. L 



2. DESIGN POINT CONDITIONS 
,. . 

The design p o i n t  performance s p e c i f i c a t i o n s  a r e  shown i n  Table 1. The 

qetbodology used t o  develop these  pe'rformance s p e c i f i c a t i o n s  i s  described i n  

d e t a i l  elsewhere ( I ) .  The follbwfng s e c t i o n s  of t h i s  r e p o r t  desc r ibe  the  

methods used t o  design t h e  var ious  components t o  meet t h e  values l i s t e d  i n  
. . 

Table 1. These. va iues  represented  the  maximum p r a c t i c a l  performance, with 

t h e  e x c e p t i o n  of t h e  s t r a t i f i e d  p i l o t ,  which' could be a t t a i n e d  using s tate-of - 
t he -a r t  components and wterfals, The stratified pil.nt. i s  nn i i n t P s t P r l '  r n n c p p t  

and while some q u a l i t a t i v e  design f e a t u r e s  a r e  included i n  the  cu r ren t  water 

h e a t e r  design, i t s  des ign is  b e t t e r  accomplished during the  developmental 
. . 

t a s k s  of t h i s  p ro jec t .  

DVANCED MECHANICAL TECHNOLOGY. INC. 



TABLE 1 

PERFORMANCE SPECIFICATIONS 

PERFORMANCE TARGETS . '. COMPONENT 
, . 

1. Burner Fir ing Rate - 45,000 BTU/F . , . 

. .  . 

2. Heat Exchanger . Stack E f f i ~ i e n c y  - 84% ; 

3. Tank Volume - 40 Gallons, Tank and 
F i t t i n g  Losses - 300 BTU/HR 

4. Stack No ~ x f i l t r a t ' i o n  

5. P i l o t  

, ,. 

F5ring Rate - 300,' BTU/HR. .  
IIec&ery Efficiency - 81.3% 

' ~ a r g e t  Service Efficiency (Including Exf i l t ra t ion)  - 
7'2.5%) (Based on:) 

- .75 Gallon Daily Draw 

- 150°F.Water Out; 60°F Water In  
. .. 

- 7 0 ° ~  Ambient Temperature 

e Non-Electric 'powered 

DVANCED MECHANICAL TECHNOLOGY, INC. 



3. COMPONENT DESIGNS 

. . 

While t h e r e  a r e  f i v e  components.or subsystems t o  be designed, the re  a re  

t h r e e  components whose performance bears  d i r e c t l y  on the  se rv ice  e f f i c iency  

of t h e  water h e a t e r ;  the  heat  exchanger, t h e  tank, and the  p i l o t .  The burner, 

a s p i r a t o r ,  duct ing systems (except f o r  leaks)  and con t ro l s  do not d i r e c t l y  

a f . f ec t  e f f i c i ency ,  bu t  they do a f f e c t  opera t ional  c h a r a c t e r i s t i c s .  Fig. 1 

. is a oahomat i c -  of t h e  ,wet.er hea te r  showing i ts  component p a r t s .  

I 

3.1 Heat Exchanger 

The hea t  exchanger, having both i n t e r n a l  n a t u r a l  c i r c u l a t i o n  of water 

and e x t e r n a l  convection of combustion products ,  required a low pressure  drop 

design for  both i n t e r n a l  and ex te rna l  hea t  t r a n s f e r  surfaces .  I n  addi t ion ,  

i t  had t o  have a f a i r l y  high s t a c k  e f l l c i e n c y  ( 84x1 .  This combination re- 

qu i red  a low v e l o c i t y  design wi th  a l a r g e  surface  area.  The ava i l ab le  heat  

t r a n s f e r  su r faces  were a choice between two s i z e s  of i n t e g r a l  finned copper 

tubing i n  m t r o l '  s product I lne .  

The rrerlLired design c o n d l c i v ~ ~ s  arc chow l.n Table 2. The c r i t i c a l  con- 

d i t i o n s  a r e  t h e  high s t a c k  ef .ffciency a t  a pressure  dzop of 0,005 inches of 

water  on ' the gas-side of t h e  exchanger and the  non-boiling maximum wal l  Lem- 

perature. r e s t r i c t i o n  o n ' t h e  water-side of the  exchanger. Both the  gas-side 

. , a14 wn t e r - s j  d e o f  t h e  heat  exchanger opera te  : . i n  the .laminar nr  laminar/ 

t u t h l ~ l e n t  t r a n s i t i o n  f'low regions.  This compounds ': the  design prohlems be- 

cause c o r r e l a t i o n s  could no t  be used w l c h  confidenr.e i n  t h e  operat ing 

range of t h e  u n i t .  Fortunately,  some t e s t  . .  da ta  . had been taken previously 

w i t h A m t r o l l s  hea t  t r a n s f e r  surface  ii.1 t h i s  operat ing region with the  "proof 

of concept" hea t  exchanger(l).  While t h i s  da ta  'had not  d i r e c t l y  measured 

ind iv idua l  hea t  t r a n s f e r  c o e f f i c i e n t s ,  i t  did  measure o v e r a l l  hea t  t r ans fe r  

r a t e s .  An a n a l y t i c a l  technique was used t o  der ive  design equations from 

t h i s  data.  
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TABLE 2 

HEAT EXCHANGER DESIGN REQUIREMENTS 

Gas Side 

 iring Rate 45,000 BTU/HR 

M ~ S S  F ~ O W  . . 53 LBM/HR 

Pressure Drop , '0;.005 .Inches of water*' 

3 Lack Ef flclr~lcy " 84 7: 

Exhaust Temperature 

Inlet Air Temperature 
I 

Water-Side 

Water Side Transfer Rate ' . 37,800 BTU/HR 

Water Inlet  Temperature 100°F' 

Maxlmum Wall ~euperature Nun-Buillxig 

*Allotted to heat exchanger based on total  system pressure 
drop of 0.030 inches of water. 
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Once the: design equat ions  were developed, a computer program was 

wr i t te 'n  which used these  b a s i c  equa t ions ,  t o  p r e d i c t  t h e  thermal perform- 

,ante of va r ious  h e a t  exchanger con f igu ra t ions .  

Four d i f f e r e n t  h e a t  e x c l ~ a n g ~ r  arrangements were examined i n  d e t a i l .  

These a r e  shown schemat ica l ly  i n  Fig. 2.  T h e . f f r s t  arrangement had a s i n g l e  

row of  h e a t  t r a n s f e r  tubes  a t t a c h e d  t o  headers  w i t h  a s e p a r a t e  riser and 
~. 

downcomer t o  e s t a b l i s h  t h e  c i r c u l a t i o n  of water.  'Th i s  w a s  s i m i l a r  t o  t h e  

"proof of concept" conf igura t ion .  The second and t h i r d  had two rows of 

tubes (U-tubes) wi th  t h e  h0t te . r  i n n e r  row a c t i n g  as t h e  riser and t h e  o u t e r  

co lde r  row a c t i n g  a s  t h e  downcomer. This  e l imina ted  the  need f o r  headers .  

Two v a r i a t i o n s  of t h i s  type were designed t o  s a t i s f y  d i f f e r e n t  packagin.g 

c o n s t r a i n t s .  The f o u r t h  arrangement had a s i n g l e  row of tubes ,  as d i d  t h e  

f i r s t ,  which performed t h e  func t ion  of  t h e  r i s e r  tube  and a separat ,e  down- 

comer which was n o t  p a r t  of t h e  h e a t  t r a n s f e r  su r f ace .  This  arrangement re-  

qu i r ed  a bottom header ,  but' t h e  top header  was ' e l imina ted  by i n s e r t i n g  t h e  

tubes d i r e c t l y  i n t o  the  tank  cover p l a t e .  These h e a t  exchangers were drawn 

up i n  pre l iminary  l a y o u t s  and reviewed by .Amtrol. The r e s u l t  of t hese  meet- 

i n g s  was s e l e c t i o n  of t h e  f f r s t  arrangement. Thfs u n i t  was. s e l e c t e d  due t o  

t h e  h igh  conffdence l e v e l  Amtrol had i n  t h i s  'design based on t h e  "proof of 

concept" t e s t s .  

The f Tnal. desf  gn d e t a i l s  f o r  t h e  h e a t  exchanger are given i n  Table 3.  

The top h a l f  of t h e  t a b l e  g ives  t h e  performance parameters  and t h e  bottom 

ha l f  t h e  p h y s i c a l  d e t a i l s .  The condi  t f o n s  are f o r  t h e  design '  va lues  -given 

i n  Table 1. . The desi.gn s t a c k  e f f i c l ency .  w a s  a l i t t l e  above t h e  s p e c i f i e d  
. . .  

va lue  of 84%. Flow r a t e s  and p r e s s u r e  d rops ' a r e  i n  t h e  accep tab le  ranges  

f o r  s a t i s f a c t o r y  performance. 
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TABLE 3 

HEAT EXCHANGER DESIGN DETAILS 

. . 

PERFORMANCE 

Parameter . . . 'Gas-Side Water Side Overal.1 

Stack ~f f i c i ency  (Z) 84.52 
. . 

1 n l e t  Temperature 2 , 6 6 0 ' ~  100°F 
.Out le t  Temperature 313°F 130°F 
Effect iveness -- - , 0.917 

Heat ~ r a n d f  e r  Coef f l c f e n t  6.31 
(BTU/HR-FT~- OF) 

Flow Rate (LB/HR) 

Pressure Drop 
(Inches of Water) 

. . 
GEOMETRY 

Tubing - 0.5 Inch O.D. Copper I n t e g r a l  Finned Tubing;, 25 Six Inch 
Lengths . 

Pin De ta i l s  - 11 ~ ' i i i s l i n c h ;  0.75 Inch O.D. ; 0.125 Inch Fin  Height; 
0.010 Inch Fin Thickness 

Heat Transfer Area - 7.4 Square Feet (Total) 

Pi tch  Diameter - 6 Inches 

Header Biameter - 2 Inches I . D .  
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3.2 Storage Tanks 

The s to rage  tank, aithough a pass ive  component, is usual ly  t h e  one 

which determines the  use fu l  l i f e  of ' t h e  product. I n  o the r  words, i f  the  

tank l eaks  t h e  e n t i r e  w a t e r  hea te r  i s  replaced. Addit ionally,  t h e  heat  

l o s s  from t h e  tank together  with the  p i l o t  determines the  standby. l o s s  of 

t h e  water h e a t e r .  'The design requirements of the  tank a r e  a f o r t y  gallon 

s to rage  capaci ty ,  a longer l i f e  than conventional hea te r s ,  a 300 p s i  pres- 

' s u r e  requirement, and a hea t  l o s s  not  exceeding 3UO beii/hr. deslg1i 

approach used was a steel tank with an i n t e r n a l  one-piece p l a s t i c  l i n e r  t o  

prevent  corrosion,  and two p a r t  urethane foam i n s u l a t i o n  between the  l i n e r  

and t h e  tank wa l l  t o  reduce hea t  loss .  A cross-sectioli  of rhe t a l k  wall  is  
. . 

shown i n  Fig. 3. The tank l i n e r  i s  s i m i l a r  t o  ones used i n  Amtrol's water 

w e l l  system products. Based on t h e i r  p a s t  experiences, Amtrol expects a 15- 

year  l i f e  f o r  t h i s  tank. 

The tank design is  based on the  Amtrol Model WX-250 tank, which has a 

t o t a l  volume of approximately 44 gallons.  This tank size was se lec ted  t o  

provide t h e  nominal 40-gallon s torage  volume indicated  by the  market analys is  

(Ref. l ) ,  and because i t  could be manufactured wlth existing production 

f a c i l i t i e s .  The o r i g i n a l  vers ion of t h i s  tank u t i l i z e d  toto-spherical  end- 

caps which exceeded t h e  maximum def lec t ions  allowed by AGA under t h e i r  300 

p s i g  hydros ta t i c  test. The end-caps were redaatgned t o  conform t o  an e l l i p -  

s o i d a l  shape which provided g r e a t e r  s t i f f n e s s .  A t  t h e  same t i m e  t h a t  t h i s  

modificat ion was made, the  tank volume was increased from i t s  o r i g i n a l  44 

gal lons  t o  appraximately 50 gal lons ,  so  t h a t  a f t e r  allowance f o r  t h e  in- 

s u l a t i o n ,  t h e  use fu l  tank volume would be approximately 40 gallons.  Pro- 

to types  of t h e  new tank w e r e  produced by Amtrol and subsequently t e s ted  by 

AMTI according t o  the  AGA hydros ta t i c  test procedure. The test r e s u l t s  in- 

d ica t ing  s a t i s f a c t o r y  performance r e l a t i v e  t o  AGA requirements a r e  shown i n  

Fig. 4. 
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With regard t o  t h e  tank heat  l o s s e s ,  i t  was f e l t  t h a t  the  higher den- 

s i t y ,  h igher  q u a l i t y  foam insu la t ion  combined with the  smaller  su r face  a r e a  

' t o  volume requirements of the  tank would r e s u l t  i n  acceptable heat  losses .  

Fig. 5 shows two curves with various p red ic ted  l o s s e s  f o r  the  tank. The 

top curve shows t h e  tank heat  losses  (without f i t t i n g s )  a s  a funct ion  of 
' .  

s to red  water temperature ' f o r  a tank assuming .hea t  l o s s  from the  top,  bottom 

and s ides .  .Under a c t u a l  opera t ing  condi t ions  the  bottom l o s s e s  w i l l  not  be 

a s  high a s  predic ted  because of tank s t r a t i f i c a t i o n .  The lower curve shows 

t h e  tank l o s s e s  assuming no losses  through t h e  bottom. Added t o  both of 

these  curves should be t h e  f i t t i n g  losses .  For a conventional water h e a t e r  

(with f i v e  f i t t i n g s )  these  losses  a r e  85 ' ~ t u / h r ( ~ )  . Using th ik  value ,' t he  

design would have a tank l o s s  of 330 t o  400 Btu per  hour a t  150°F. However, 

Amtrol had a tank t e s t ed .  and t h e  da ta  point  i s  shown i n  Figure 5. This . 

da ta  although taken a t  a lower temperature, p r o j e c t s  t o  be 300 Btulhr  a t  

des'ign condit ions.  This r e s u l t  was l e s s  than expected, but  i t  had fewer 

than 5 f i t t i n g s  and some were a t tached t o  t h e  bottom. This would expla in  

some of the  d i f fe rence  between the  predic ted  and a c t u a l  da ta .  Thus, while 

the  design a n a l y s i s  shows t h e  tank might have higher than des i red  hea t  l o s s e s ,  
. . 

the  t e s t  r e s u l t s  from Amtrol, show'that  t h e  tank and f i t t i n g  l o s s e s  should 

meet the  design goal .  

3.3 Combus t i o n  Sys tem 

The combustion system is comprised oE- t h r e e  elements: the  burner o r . .  

flameholder, t h e . g a s  i r l jec t ion  and mixing system, and the  p i l o t .  The most 

important design requirements were: 

No e l e c t r i c  connection allowed. 

High p i l o t '  energy recovery 

Compact flame with low emissions 
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The se lec ted  approach u s e s  pre-d.xed combus:ti\an *.th .a  screen-type 

burner  o r  f lameholder. A gas press.ure4driven a3r  aspilrator  accomplTsies. 

mixing and supplements t h e  s t a c k .  d r a f t  i n  provldlng suf f fc2ent  combust2 on ' . . 

a i r  f o r  opera t ion  of a sea led .  combustion system, A low. gas  2.nput stand- 

ing  p i l o t  i s  in tegra ted  wfth, the  burner. 

. . 

3.3.1 Burner 

The burner design was performed experimen'tally. ' Various f l&e- 

holder  conf igura t ions  were bench-tested both wi th  and without an a s p i r a t o r ,  

and t h e  f lameholding c h a r a c t e r i s t i c s  of the  d i f f e r e n t  burners were deter -  

mined a s  a funct ion  of a i r l f u e l  r a t i o ,  geometry, e t c .  The most promising 

burner was f u r t h e r  t e s t ed ,  and a f i n a l  design was developed. 

This process involved trade-offs  between flameholder opera t ing  

temperature, allowable flameholder pressure  drop, and flame s t a b i l i t y .  The 

most c r u c i a l  of these  trade-offs  ve r sus  the  se lec tdon of a flameholder gas 

v e l o c i t y  low enough t o  avoid excessive pressure  drop y e t  high enough t o  

avoid excessive flameholder temperature. The end r e s u l t  of t h i s  trade-off 

i s  a con ica l ly  shaped flameholder u t i l i z i n g  a perfora ted  screen having ap- 

proximately 39% open a r e a  and providing an unburned gas ve loc i ty  of approxi- 

mately 7.9 f t l s e c  through t h e  screen. 

3.3.2 Aspirator  

The design of the  a s p i r a t o r  is  c r i t i c a l  because it i s  the'  "pump" . . 

of the.combustion a i r  system. The main design .goal was t o  maximize the  pres- 

s u r e  r i s e  i n  the  a s p i r a t o r  a t  the  design flows, using only the  gas l i n e  gres- 

su re  (4 inches of water) a s  a power source. The a s p i r a t o r  c o n s i s t s  of two 

b a s i c  p a r t s ,  t hc  mixing sec t lun ,  and the d i f f u s e r .  The design ana lys i s  con- 

s i s t e d  of varying the  mixer diameter and d i f f u s e r  length ,  and s e l e c t i n g  the  

DVANCED MECHANICAL TECHNOLOGY, INC. 



combinations which maximized the  p ressure  rise of the  u n i t .  Fig. 6 shows 

the  ca lcu la ted  a s p i r a t o r  pressure  rise a s  a funct ion  of mixer diameter 

f o r  var ious  l o s s  assumptions. This was done f o r  a design f i r i n g  r a t e  

of 45,000 Btu/hr and an excess a i r  r a t e  of 50%. As can be  seen, t h e  optimum 

mixer diameter occurs a t  l e s s  than 1 inch i f  no l g s s e s  were present ,  

However, when l o s s e s  a r e  included i n  t h e  model, t h e  optimum diameter changes 

t o  about 1.75 inches  and t h e  curve becomes q u i t e  f l a t .  Fig. 7 shows the  f i n a l  

ca lcu la ted  a s p i r a t o r  performance f o r  a mixer diameter of 1.75 inches.  To pro- 

duce t h i s  map, a conventional  combinaelon gas culitral 18 coupled wll-11 blsc 

a s p i r a t o r  t o  p r o j e c t  a performance map of the  a s p i r a t o r  opera t ing  with a con- 

ven t iona l  c o n t r o l  r egu la to r .  The performance curves of Fig. 7 are equivalent 

t o  a f a n  curve f o r  a powered combustion system. 

3 . 3 . 3  P i l o t  

The design of t h e  p i l o t  burner lia$.'two primary design ob jec t ives .  

One f s  t o  provide an automatic and r e l i a b l e  i g n i t i o n  source f o r  the  main 

burner. me o t h e r  PS t o  enable a high p l l o t  recovery e f f i c i ency  t o  be a- 

chieved during standby. Achi-evement of t h e  former ob jec t ive  is a r e l a t i v e l y  

s t r a igh t fo rward  des ign .exe rc i se .  The l a t t e r ,  however,' involves r a t h e r  com- 

ple,x int'ere1.at.ioaships "between components of 'the. systeu comprising 'the ma5.n. 

burner,  h e a t  exchanger, in takejexhaust ,  and p f l o t  burner. The design 

r a t i o n a l e  f o r  t h e  p i l o t  burner w i l l  be descrtbed below. 

The p i l o t  design p r i n c i p l e  i s  t h a t  of a gas jet which a s p i r a t e s  

and mixes wi th  much ,of  i ts  eambustiull a ir  p r i o r  t o  combusti.on. The burner 

nozzle  is placed upstream of t h e  main burner flameholder and prot rudes  through 

t h e  flameholder. I n  t h i s  manner,, t h e  p i l o t  burner is kept out  of the  pa th  of 

t h e  combus t i o n  products  from t h e  main. burner. 
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The p i l o t  flame impinges upon a flame-proving p i l o t  thermocouple 

and a p i e z o e l e c t r i c  i g n i t i o n  e lec t rode  mounted downstream of the  flameholder 

i s  used t o  i g n i t e  t h e  p i l o t  using t h e  thermocouple a s  a ground. The p iezo- ,  . . 

e l e c t r i c  i g n i t i o n  system i s  manually ac tuated  and i s  used only ' f o r  i n i t i a l  

p i l o t  burner i g n i t i o n .  It is ,  .in essence, an e l e c t r i c  match. T h 2 s t . i ~  em+ 

ployed t o  so lve  one .of  the  major problems with sea led  combustion; t h a t  is ,  

the  d i f f i c u l t y  of obta in ing access t o  the.combustion chamber t o  l i g h t  the  
. , 

p i l o t .  Fig. 8 shows t h e  current  p i l o t ' b u r n e r  conf igura t ion ,  including the  

i g n i t i o n  e lec t rode .  

With re spec t  t o  'recovery e f f i c i e n c y  , t he  c ~ m ~ l e x i t ' ~  of the  pro- 

cesses  involved m a k g i t  impract ica l  t o  perform any q u a n t i t a t i v e  design 

analys is .  Rather, the  design follows t h e  q u a l i t a t i v e  precepts  required by 

the  s t r a t i f i e d  p i l o t  concept. These a re :  1 ) '  minimize mixing of the  p i l o t  

products  of combustion wi th in  the  combustion chamber; 2) minimize convection 

through ind  mixing of ou t s ide  a i r  wfthin the  combustion chamber; and 3) a t -  

tempt t o  promote n a t u r a l  convection of h o t t e r  f l u i d  from the  hea t  exchanger 

t o  t h e  s to rage  tank while minimizing gross  c i r c u l a t i o n  through t h e  hea t  ex- 

changer. A t  t h i s  s tage ,  i t  is premature .to determine t o  what ex ten t  these  

ob jec t ives  have been met.quantat ively. ,  however, . the design does incorpora te  

s e v e r a l  f e a t u r e s  expected t o  enhance recovery. These a re :  

E l i d n a t i o n  of . the cen te r  f l u e .  

Placing'  t h e  p i l o t  high i n  t h e  combustion chamber. 

Use of concentr ic  exhaust and a i r  ducts  t o  i n h i b i t  a i r  f low 

during n f  f-cycles .. 
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3 . 4  Sealed Combustion Stack 

The b a s i c  des igns  t h a t  were analyzed cons i s t ed  of concen t r i c  i n t a k e  and 

exhaust  passages w i t h  and wi thout  an  i n t e r n a l  d r a f t  d i v e r t e r  as shown i n  Fig.  

9. I n  o rde r  t o  provide  s u f f i c i e n t  d a t a ,  a v e r t i c a l :  exhaust  s t a c k  run  of 

45 inches  was r equ i r ed .  A 4 inch  diameter  exhaust  duc t  was s e l e c t e d  toge ther  

w i t h  a 6 i nch  diameter a i r  i n t a k e - d u c t  based on p re s su re  drop requirements., 

The u s e  of  a n . i n t e r n a 1  d r a f t .  d i v e r t e r  and s e a l e d  combustion (Configura- 

t i o n  C), r e s u l t e d  i n  a d d i t i o n a l  s t a c k  h e i g h t ,  r e q u i r i n g  duc t ing  t o  be  suppl ied  

w i t h  t h e  uni t . '  Thus, t h e  des ign  t h a t  w a s  s e l e c t e d  c o n s i s t e d  of a 45 inch  v e r t i c a l  

run,  no d r a f t  d i v e r t e r ,  and a s h o r t  h o r i z o n t a l  run t o  permit  through-the-wall 

i n s t a l l a t i o n .  Ba f f l e s  a r e  provided a t  t h e  te rmina t ion  t o  keep t h e  exhaust  products  

from mixing wi th  t h e  incoming combustion a i r  and t o  minimize t h e  e f f e c t s  of 

wind. This i s  t h e  c a s e  shown,as  Configurat ion A i n  Fig.  9.  This ca se  i s  t h e  

"worst condi t ion" design.  I f  t h e  u n i t  can be designed i n  t h i s  con f igu ra t ion  

then  i t  can a l s o  be  ope ra t ed .us ing  Configurat ion B o r  C wi thout  any a d d i t i o n a l  

development. Actua l ly ,  Configurat ion A and B a r e  t h e  most l i k e l y  marketing 
. . . .  . . 

, .. , . - .  . . . .  , . 
OP tt.04~:. . ~~n<&gu. ra t? .on '  A could be '  s q i d  whgf .&:&ea~e.d: .to&& tfolq.  hent 2ng was . . 

r e a d i l y  i n s t a l l e d ,  o r  where s e a l e d  combustion. w a s  s p e c i f i e d  (mobile o r  manu- 

f a c t u r e d  homes). Conf igura t ion  B could be  s o l d  t o  t h e  replacement market 

were t h e  e x i s t i n g  u n i t  v e n t s  t o  a chimney o r  t h e r e  i s  no easy method of in-  

s t a l l i n g  a s ea l ed  combustion system. The adva.ntage of a concen t r i c  duc t  i n  

prevent ing  thermal  syphoning a r e  r e t a i n e d  i n  t h e  des ign  of con f igu ra t ion  B 

by simply running t h e  a i r  i n t a k e  duc t  concen t r i c  t o  t h e  exhaust  duct  be fo re  

l e t t i n g  t h e  combustion a i r  e n t e r  t h e  burner .  

3.5 Control  System 

The c o n t r o l  concept needed f o r  t h i s  water  h e a t e r  i s  shown i n  Fig.  10.  

This i s  t h e  same as t h a t  r equ i r ed  f o r  convent ional  water h e a t e r s .  The con- 

t r o l  c o n s i s t s  of two gas va lves  i n  s e r i e s .  The f i r s t  va lve  is  a manual r e s e t  
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type  located  upstream of t h e  regu la to r .  It is held open during opera t ion by 

a solenoid c o i l  energized by t h e  output  of a  thermocouple being heated by the 

s tanding p i l o t .  Any t i m e  t h e  p i l o t  is  extinguished the  valve  c loses .  This 

f i r s t  va lve  a l s o  has  an add i t iona l  s a f e t y  f e a t u r e  which i s  r e a l l y  a high 

temperature shu t  o f f  c a l l e d  a n  energy cu t  of f  (ECO). I f  t h e  tank temperature 

exceeds 190°F, t h e  f i r s t  valve is  closed. Anytime the  f i r s t  va lve  i s  closed, 

i t '  cannot be  reopened without manually r e s e t t i n g  t h e  valve.  

The second va lve  i s  located  downstream of t h e  regu la to r  and is  normally 
? 

con t ro l l ed  by an expandinglcontracfing bi -meta l l ic  rod which opens and c loses  

t h e  valve  a s  t h e  tank temperature rises and f a l l s .  The maximum con t ro l  tem- 

pe ra tu re  i s  160°F and t h e  t y p i c a l  con t ro l  band i s  20°F. 'Ilhe regula tor  i s  

b u i l t  i n t o  t h e  con t ro l  valve with an output  pressure  of 4 inches of water f o r  a  

r e g u l a t o r  inlet pressure  of 7 inches of water. This i s  a t  a  n ~ m i n a l  f i r i n g  

r a t e  of 40,000 Btulhr using n a t u r a l  gas. The i n i t i a l  development work w i l l  

be done wi th  t h i s  type control ,  using a Uni t ro l  s e r i e s  water heater  control  

made by Robertshaw Controls.  A s  the  p ro jec t  progresses a d i f f e r e n t  control  

w i l l  be used because of packaging cons t ra in t s  required by Amtrol. The control  

vendor w i l l  provide a con t ro l  with a remote bulb mounted on a f l e x i b l e  tube 

r a t h e r  than a f ixed  s o l i d  rod. This w i l l  be done by using an expanding l i q u i d  , 
r a t h e r  than s o l i d  to  opera te  t h e  second va lve .  Other ~11ail this, the  contrCIl 

funct ions  w i l l  be t h e  same. The con t ro l  system is not expected t o  requ i re  

s i g n i f i c a n t  e f f o r t  i n  t h i s  development phase. 
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4. SYSTEM PERFORMANCE 

There a r e  two major concerns regard ing  t h e  performance c h a r a c t e r i s t i c s  

of t h e  water h e a t e r  system. The ' f i r s t  is. .tlaR:':parfdrmanee..df. t h e  c ~ m b i n a t i o ~  

.of components and t h e  s e c o n d . i s  ~he~~overa~l.service.effieiency of t h e  u n i t .  

4 .1  A , i r  Flow : . C h a r a c t e r i s t i c s  

Calcu la ted  a i r  flow c h a r a c t e r i s t i c s  f o r  t h e  system a r e  shown i n  Fig. 11. 

The top curve shows t h e  system p r e s s ~ r e  drop ve r sus  flow c h a r a c t e r i s t i c  with- 

o u t  s t a c k  d r a f t  ( i  . e., p r i o r  t o  combus t i o n )  and t h e  lower curve shows t h e  

system curve wi th  a s t a c k  d r a f t  a t  300°F. Superimposed on these  two curves 

is  t h e  p r e s s u r e  drop/f low c h a r a c t e r i s t i c  of t h e  a s p i r a t o r .  (dashed l i n e )  which 

shows t h a t  a t  s t a r t -up  a 15% excess  air  r a t e  i s  obta ined ,  and a f t e r  s t a r t - u p ,  

a s t eady- s t a t e  r a t e  of  43% excess  a i r  is a t t a i n e d .  The mixture can be e a s i l y  

i g n i t e d  a t  s t a r t -up  and 43% excess  a i r  a t  45,000 ~ t u / h r  i s  a good ope ra t ing  

condi t ion .  

4.2 SkrwLce ~ F f i c i m c ~  . 

The water  h e a t e r .  s e r v i c e  e f f i c i e n c y .  can now be  c a l c u l a t e d  f o r  ' t h e  de- 

s i g n  va lues  used i n  t h e  preceeding s e c t i o n s  us ing  t h e  fol lowing equat ion:  

- 

S (24-tm-t') + EXF 

Where Es - Service  Ef f i c i ency  (%) 

G - Daily Hot Water Usage - 75 Gals/Day 

Tw 
- Water Ou t l e t  Temperature. - 150°F 

T - Water I n l e t  Temperature - 60°F 
. o  

C - Gallon Based Spec i f i ed  Heat - 8.25 Btu/Gal-OF 
g 
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4 - Burner F i r i n g  Rate - 45,000 Btu/Hr 

- P i l o t  F i r i n g  Rate - 300 Btu/Hr 
QP 

tm 
- Main Burner on Time f o r  Useful Heating - ~ r s / D a y  

t '  - Main ~ u h e r  on Time t o  Makeup Heat Losses - ~ r s / ~ a y  

EXF - Daily E x f i l t r a t i o n  Loss - ~ t u / D a y  

This  equat ion  simply s t a t e s  t h a t  t h e  s e r v i c e  e f f i c i e n c y  is  equal  t o  t h e  

d a i l y  u s e f u l  water  hea t ing  d iv ided  by t h e  sum of t h e  d a i l y  gas energy con- 
. . 

sumed by t h e  main burner ,  t h e  p i l o t  and t h a t  a t t r 2 b u t e d  t o  e x f i l t r a t i o n .  The 

main burner  on t i m e  f o r  u s e f u l  h e a t i n g  is: 

Where E ' -  main burner  energy recovery (%) r 

I n  o r d e r  t o  o b t a i n  t ' ,  ano the r  equat ion  is  r equ i r ed  which r e l a t e s  

t '  t o  t h e  tank  and f i t t 2 n g  l o s s e s .  

Where QTF - Tank and F i t t i n g  Losses - Btu/Yr 

E - P i l o t  Energy Recovery (%) 
rP 

This equat ion states t h a t  d a i l y  tank  and f i t t i n g  l o s s e s  dur ing  standby 

a r e  equal  t o  t h e  p i l o t  energy recovered p lus ,  t h e  burner  energy inpu t  dur ing  

s tandby.  Rearranging t h e  preceeding equat ion ,  t '  can now be obtained:  

DVANCED MECHANICAL TECHNOLOGY, INC. 



The s e r v i c e  e f f i c i e n c y  can now be ca lcu la ted  using t h e  design values. 

Table 4 shows t h e  s e r v i c e  e f f i c i e n c y  f o r  var ious  performance options.  Sealed 

combustion was assumed f o r  a l l  t h e  computations, s o  the  e x f i l t r a t i o n  term 

(EXF) was zero. 

The f i r s t  coluim of   able 4 shows a t a r g e t  s e r v i c e  e f f i c i ency  of 72.5% 

fur I...he d e e i ~ n  VR.I.I.I~S a The p i l o t  recovery f o r  t h i s  case  was assumed equal  

t o  t h e  main burner recovery. The l a s t  t h r e e  columns of ~ Q b l e  4 d ~ o w s  the 
minimtim acceptable  component performance values  which would s t i l l  meet the  

p r o j e c t  goal  of a  70% s e r v i c e  e f f i c i ency .  A s  previously mentioned, a l l  of 

t h e  r e s u l t s  assumed no e x f i l t r a t i o n .  
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TABLE 4 

SERVICE EFFICIENCY - SENSITIVITY ANALYSIS 

Minimum .Accept able Target 
Performance 

Tank and Fitt ing 
Losses :(Btu/Hr) 

Burner/Heat 
Exchanger Stack 
Efficiency (%) 

Pi lo t  Recovery 
Efficiency (%) 

Service Efficiency 

Tank and BurnerIHeat 
Fitt ings Exchanger. 

P i lo t  

300 
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1. Int roduct ion  

This r e p o r t  descr ibes  t h e  13-month e f f o r t  t o  develop a high 

e f f i c i ency  gas-f ired water heater .  The p r o j e c t  began with t h e  

development of  ind iv idua l  components, wi th  heavy emphasis on the  

development of t h e  combustion system. The components were then . 

combined t o  make up a pre-prototype water  hea te r  assembly, and 

a proto  type w a t e r  h e a t e r  assembly. - The pre-prototype tank had (external  

i n s u l a t i o n  and a volume of 50 gal lons ,  while t h e  prototype tank had 

an i n t e r n a l  p l a s t i c  l i n e r  and i n t e r n a l  i n s u l a t i o n  r e s u l t i n g  i n  a  

volume of 40 gal lons .  

I n  t h i s  r e p o r t  tbe  t e s t  f a c i l i t y  t h a t  was u s e d t o  test both  t h e  

components and t h e  water hea te r  assemblies i s  described,  together  with 

t h e  procedures used f o r  t e s t i n g  t h e  u n i t .  These include '  t e s t s  f o r  

both performance and opera t ing  c h a r a c t e r i s t i c s .  Resul ts  from both'  

component and system t e s t s  a r e  described including the.developmenta1 
I 

work performed i n  order  t o  a t t a l n  t h e  prototype conf igura t ion .  

A t  t h e  end of t h i s  r epor t , .  t h e  s ign i f i cance  of t h e  test r e s u l t s  

i s  discussed compared with p r o j e c t  goals .  . . 
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I 

2. Water Heater Test Facility and Procedures 

2.1 Test Facility 

The facility for conducting all performance tests is shown in Figure 1. 

This figure illustrates the various components comprising the flow loop and 

associated instrumentation. Table 1 summarizes the instrumentation, including 

specific detailed information. The facility is capable of being run in one 

of three modes. It can be run as an open loop for "steady state" flow tests; 

it can be used for ."heated volume!' recovery tests; and it can be run. in a 

standby mode for evaluating off-cycle losses. 

Hot and cold inlet water were mixed to control inlet.temperature to.the 

water heater. All water flowrates were measured using three standard rota- 

meters with ranges of 0-0.267J.12 and 4.8 gallmin. For gravimetric'tests, 

a low capacity (20 kg) and a high capacity (1000 lbs) balance-type  scale^' ' 
were used. Water flowed through .the water heater and .was discharged. Prior 

to initiation of the testing, all the rotaineters were calibrated- using the ' 

timed-fill of a weigh tank. 

Water heater tank volumeswere determined by taking several weighings 

of the empty tank. and the tank' f iiled with water. All water pressures were 

measured with 0-100 psig Bourdon-tube pressure gages. Naturai gas'flow'was 

measured using a standard displacement-type cumulative flow meter with reso- 

lution to 0.05 scf. The gas meter was checked at the Boston Gas Company 

calibration facility and found to be within it specification. All gas pres- 

sures were measured with Magnehelic gages calibrated in inches of water. 

Copper-constantan (ANSI Type T) thermocouples were used to measure temp- 

erature. Where possible, commercial sheathed and grounded thermocouples 

were used. In all other cases thermocouples were formed by inert gas welding 

of 30 ga. wire. A Doric Model 415A-F digital temperature indicator was 

used in conjunction with a rotary thermocouple switch to measure individual 

temperatures during testing. This instrument was equipped with an internal 

reference junction and offered +.5OF accuracy. During standby loss testing, 
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TABLE L Tes.t Ins t rumenta t ion  

Instrument  Manufacturer Model No. Range Resolu t ion  Accuracy 

' Temperature 

D i g i t a l  Temp. I n d i c a t o r  rpor i c  4 15-4 0-700°F . 1°F .5OF 

Temperature Recorder Lee& 6 Yorthrup 250 0-200°C ..5 " C 1°C 

P re s su re  

Water P re s su re  Gage 

Gas P re s su re  Gage 

0-60 p s i g  1 p s i g  - 
0-5 I N .  W.C. .05 I N  W.C. .1 I N  W.C.  

I 

* 
I Flow 

Water Flowmeters F ischer  P o r t e r  10A35 55 0-4.8 GPM 1% FS 1% FS* 

Gas Flowmeter 

Emissions 

C02 Analyzer 

F ischer  P o r t e r  1083555 0-1.12 GPM. 1% FS 1% FS* 

Singer AL-17'5 - .05 F T ~  +2% of 1CF 

CO Analyzer Backman 865-14-3-6 0-1000 ppm 1% FS 1% FS 

0-100 ppm 

NOX Analyzer Matheson/ 8041 0-350 ppm 1 PPM 1 0  PPM* 

K i t  zgawa 

* Cal ib ra t ed  ..- 



a 24 p o i n t  c h a r t  r eco rde r  w a s  used. This  r eco rde r  provided a 0-200°C 

range  wi th  +l°C accuracy. 

S ince  t h e  p l a s t i c - l i n e d  pro to type  tank  d i d  not  a l low p e n e t r a t i o n  

from t h e  s i d e  f o r  mounting s tandard  thermocouples, a m u l t i p l e  j unc t ion  

thermocouple probe was cons t ruc ted  and i n s e r t e d  from a f i t t i n g  a t  t h e  

top  of t h e  tank. The thermocouple probe was cons t ruc ted  of s e c t i o n s  

such as t h e  one shown i n  F igure  2. A l l  copper cons t ruc t ion  was em- 

ployed i n  t h e  a r e a  of t h e  bead t o  provide  a uniform temperature d i s -  

t r i b u t i o n .  S i x  of t h e s e  s e c t i o n s  and s e v e r a l  l eng ths  of s t a i n l e s s  s t e e l  

tubing were jo ined  toge the r  by compression f i t t i n g s  t o  l o c a t e  t h e  

thermocouples a t  t h e  d e s i r e d  tank l e v e l .  The type  304 s t a i n l e s s  s t e e l  pro- 

vided r i g i d i t y  and reduced a x i a l  conduct ion i n  t h e  probe. This  probe 

was c a l i b r a t e d  i n  a flow r i g  piccured i n  F igure  3.  With bo th  h o t  and 

cold water t h e  probe y ie lded  c o n s i s t e n t  and r e p e a t a b l e  temperature 

i n d i c a t i o n .  

The lower p a r t  of F igure  1 shows t h e  sample handl ing  and .measuring 

system used i n  ana lyz ing  t h e  products  o f  combustion. A continuous sample 

of combustion products  was drawn from t h e  exhaust  f l u e  by a diaphragm pump. 

The sample f i r s t  passed through a cold t r a p  t o  remove l i q u i d  water  and then  

through a d e s s i c a n t  chamber t o  remove t h e  remaining water .  Downstream of 

t h e  pump, t h e  sample passed through a f i l t e r  and then  en tered  t h e  CO and 

CO ana lyze r s .  F i n a l l y ,  t h e  sample was discharged from t h e  ana lyze r s  i n t o  2 
t h e  room.. Carbon d ioxide  a n a l y s i s  w a s  accomplished us ing  a Beckman Model 864 

I n f r a r e d  Analyzer wi th  ranges  of 0-5 and 0-20 percent  C02. Carbon monoxide 

con ten t  w a s  determined us ing  a Beckman Model 865 In f r a red  Analyzer wi th  

ranges  of 0-100 and 0-1000 ppm CO. 

Nitorgen oxides  content  was analyzed i n  a d i f f e r e n t  fash ion .  Since 

NO2 i s  s o l u b l e  i n  water ,  a n  e r r o r  i n  measurement occurred i f  a sample was 

drawn through t h e  cold t r a p  which was p a r t i a l l y  f i l l e d  wi th  water .  Conse- 

quent ly ,  samples f o r  NOX a n a l y s i s  were drawn. 
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d i r e c t l y  from t h e  exhaus t  f l u e  w i t h  a  hand pump i n t o  a p l a s t i c  sample bag. 

Ana lys i s  w a s  then  performed wi th  a  Matheson Model 8041 NO sampling system X 
i n  conjunct ion  w i t h  NO/NO chemical r eagen t  tubes .  2  

I n  a l l  c a ses ,  c a l i b r a t i o n  of a n a l y s i s  equipment was accomplished us ing  

"standard" gases .  I n  t h e  c a s e  of  CO*, a 9.8% mixture  i n  n i t r o g e n  was used. 

For CO, a  250 ppm i n  a i r  sample was used. For a zero  p o i n t  p u r i f i e d  N was 
2 

used .  The samples were e i t h e r  passed d i r e c t l y  through t h e  sample system o r  

were placed i n t o  a sampling bag and then  pumped through t h e  a n a l y s i s  equip- 

uleut. Thc CO and CQ anaLy7~rs were c a l i b r a t e d  a t  l e a s t  weekly dur ing  t e s t  2 
p e r i o d s  and more f r e q u e n t l y  i f  i t  was necessary  f o r  a  pa , s t i cu l a r  test ,  

Since t h e  measured l e v e l s  of NO and NO2 were so  minute (< 20 ppm) i t  - 
was e s s e n t i a l  t o  e s t a b l i s h  a r e g i o n  of confidence i n  t h e  chemical reagent  

method. By r epea t ed  t r ials  w i t h  t h e  reagent  tubes  and c a l i b r a t i o n  gases  

i t  appears  t h a t  measurements w i t h i n  10  ppm could be made. So, a confidence 

band of 210 ppm should be used i n  i n t e r p r e t i n g  any NO da t a .  
X 

2.2 Water Heater  Tes t ing  Procedures  

This s e c t i o n  w i l l  b r i e f l y  d e s c r i b e  t h e  test procedures  used t o  o b t a i n  

water h e a t e r  performance i n  the  a r e a  of recuvery e f f i c i e n c y ,  standby Lnsses. 

and c a p a c i t y  o r  usage.  A more d e t a i l e d  d e s c r i p t i o n  of t h e  t e s t  procedures 

i nc lud ing  d a t a  s h e e t s  and r e q u i r e d  c a l c u l a t i o n s  i s  given i n  t h e  Appendix. 

2 . 2 . 1  Recovery Ef f i c i ency  Test Procedures  

The bulk  of t h e  recovery e f f i c i e n c y  d a t a  was taken by h e a t i n g  a  cons t an t  
# ,  

volume of water  through a  90°F temperature r i s e .  This  was de~crrn incd  ucing 

a probe capable  of measuring t h e  i n i t i a l  and f i n a l  water temperature i n  

s i x  equal  volume tank  l o c a r i o n s .  The r a t i o  of t h e  hcnt  absorbed by t h e  

water  d iv ided  by t h e  measured f u e l  consumed i s  t h e  recovery e f f i c i e n c y .  

This  t e s t  i s  common bo th  t o  ANSI 221.10-1975(~)  and t h e  D.O.E. (2 )  test 

procedure.  
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A second procedure using a steady-state flow test was attempted several 

times. Largely inconsistent and invalid results were obtained. Several 

factors were responsible for, these results. First., the success of such a 
, . 

test depends on the achievement of truly'steady-state conditions in the tank 

and system. Such long time constants are involved, if a storage.volume is 

used,:that . . achieving this.condition was practically impossible. Second, 

maintaining a flowrate constant to the,.accuracy necessary for consistent re- . . 
sults was very difficult'. l'"I'ird,. . maintaining a constant inlet temperature 

by mixing hot and cold water was also difficult since the hot water supply 

came from another s'tandard water heater . 

Since the constant volume recovery test worked :the:best,-this method was 

selected for the testing.. 

2.2.2 Standby Loss Test Procedure 

Two types of tests were performed to obtain,water heater loss data. The 

first of these were cooldown tests which helped analyze component performance. 

The second was the standby loss determined with the water heater assembled 

and the burner operating off the thermostat. 

In.the cooldown test, the storage tank was filled with water at a con- 

trolled temperature and the tank was allowed to cool down over a period of 

time. Tank and room temperatures were measured at the beginning and end of 

the test period. By varying the length of cooldown time and the initial 

tank water temperature, a wide range of data was obtained defining heat loss 

as a function temperature difference between the tank and 'the room. These 

tests were run under several sets of conditions. In some cases only the tank 

was used without the heat exchanger or other fittings. This provided "tank 

only" losses. Other tests were performed with the tank, heat exchanger, and 

fittings attached. This yielded tank and fitting losses. This latter test 

was performed with and withuut pilot input, allowing determination of pilot 

energy recovery. 

The second type of standby loss test conformed closely to the D.O.E. 

test procedure. (2 )  Water heater operation was initiated and when operating 
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t empera tures  were reached,  a  c h a r t  r eco rde r  &as turned on t o  o b t a i n  taxik 

and room tempera ture  h i s t o r i e s  dur ing  a 48 hour test per iod  du r ing  which 

t h e  water  h e a t e r  opera ted .  i n  t h e  "standby" (no water draw) mode. 

The tempera ture  r eco rd ings  were analyzed a t  1 5  minute i n t e r v a l s  and t h e  

a v e r a g e  tank  and a i r  tempera tures  were determined. These were used i n  com- 

b i n a t i o n  w i t h  t h e  gas  consumed dur ing  t h i s  t e s t  t o  determine standby l o s s  

(S-%/HR) . 
I 

2 . 2 . 3  Capaci ty  T e s t s  

Two d i f f e r e n t  typos o f  capacity t e ~ t s  were completed. They w e r e :  

1. F i r s t  Hour D r a w  Capaci ty Test  

2.  Tes t  of t h e  a b t l i t y  of the u n i t  t o  del,j,ver: 

a .  2 gal lmin  f o r  10  min 

b. 40 g a l  i n  1 h r  

c.  80 g a l  i n  4 h r  

d .  Maintain a d e l i v e r y  temperature tif 150°F i n  

a l l  of  t h e  above t e s t s .  

Test  1 above w a s  in tended  t o  d e f i n e  t h e  d e l i v e r y  capac i ty  of t h e  u n i t .  

The procedure g iven  below fo l lows  as c l o s e l y  a s  p o s s i b l e  t h e  D.O.E. test 
( 2 )  s p e c i f i c a t i o n s  

Test  (2a)  above w a s  accomplished by e s t a b l i s h i n g  a flow of 2 gal lmin a t  

150°f50F and con t inu ing  t o  draw water  f o r  10  min whi le  record ing  o u t l e t  

temperature.  'l'ests (b) and (c) were accomp~ished  by e s t a b l f s h i n g  a flow of 

.67 ga l lmin  a tUA0+50F  and con t inu ing  t o  draw a t  t h a t  r a t e  f o r  two hours .  

This  r e s u l t e d  i n  an  accrued volume of 48 g a l  i n  one huui s l ~ d  80 gal; i n  LPSS 

t han  four  hours .  
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3. Component Development and Tes t ing  

The b a s i c  components of the  water hea te r  a r e  the  a s p i r a t o r ,  t he  burner 

o r  f l a m e h o l d e r , ~ p i l o t ,  t a n k , ' h e a t  exchanger, the  exhaust system, inc luding 
. . .  

t he  s t ack  and the  con t ro l  system including t h e  flame s a f e t y  and i g n i t o r .  

Figure 4 shows the  component p a r t s  of the  water hea te r  while t h e  burner,  

p i l o t , ,  and c o n t r o l  system a r e  shown i n  more d e t a i l  i n  Figure 5. 

A b r i e f  d e s c r i p t i o n  of water hea te r  opera t ion  i s . d e s c r i b e d  here  t o  pro- 

v ide  an understanding of the  re la t ionshi ;  between components. Watei h e s t e r  

0peratio.n is i n i t i a t e d  when the  . thermostat  senses  a temperature below the  

s e t  point .  This causes the  gas va lve  t o  open admitt ing gas t o  the . ' aspi ra tor .  

The gas e n t r a i n s  a i r  which mixes wi th  the  gas i n  the  a s p i r a t o r  and is  ign i t ed  

a t  the  su r face  of the  burne'r screen by t h e  p i l o t .  The ho t  combustion products 

pass  over the  heat  exchanger . . su r faces  heat ing  the  water and c r e a t i n g  n a t u r a l  

c i r c u l a t i o n  of the  water through the  hea t  exchanger and back i n t o  the  tank. 

When the  tank reaches the  thermostat cut-out s e t t i n g ,  the  gas va lve  i s  closed.  

Exhaust gases a r e  co l l ec ted  i n  a shroud which surrounds the  hea t  exchanger 

and d i r e c t s  t h e  e x h a u s t ' i n t o  t h e  s tack .  

Flame s a f e t y . i s  accomplished by having t h e  p i l o t  hea t  a thermocouple. 

The thermocouple output  keeps a solenoid valve open, allowing gas t o  e n t e r  

t h e  main gas va lve  which i s  con t ro l l ed  by t h e  thermostat .  I f  the  p i l o t  ex- 

t inguishes ,  t h e  solenoid v a l v e , c l o s b s  and water heater  opera t ion  ceases.  The 

p i l o t  is  ign i t ed  using a p i e z o e l e c t r 2 ~  i g n i t i o n  system which prpduces a . high . 

vo l t age  spark hetween an  c lee t rode  and the  thermocouple sheath.  

. : 

3 .1  Aspirator  Development ' 

The main development goal  set f o r  t h e  a s p i r a t o r  was t o  e n t r a i n  s u f f i c i e n t  

a i r  f o r  a f i r i n g  r a t e  of about 40,000 BTUIHR using the  j e t  formed by the  gas 

aL normal p ressu re  r egu la to r  s e t t i n g .  The only a d d i t i o n a l  a s s i s t  was the  

s t a c k  d r a f t  produced i n  a 42 inch sLack a t  an exhaust temperature of 300°F. 

A secondary goal  was t h a t  the  g a s l a i r  mixture de l ivered  t o  the  burner be w e l l  

mixed so  t h a t  complete combustion and low carbon monoxide emissions co~ i ld  

be a t t a i n e d .  During t h e  course of t h e  p r o j e c t ,  low oxides of n i t rogen emissions 

were added t o  the  goal .  
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FIGURE 5. R i l o t d B u r n e r  C o n f i g u r a t i o n  



Figure  6 p re sen t s  t h e  va r ious  a s p i r a t o r  conf igura t ions  t e s t ed .  I n i t i a l  

c a l c u l a t i o n s  ind ica t ed  t h a t  high system pressure  drops would not  permit 

100% a i r  a s p i r a t i o n .  The f i r s t  conf igura t ion  t e s t e d  was t h a t  shown i n  

F igure  7 (a ) .  This was done t o  provide a  low impedance pa th  by which s t ack  

d r a f t  would d i r e c t l y  draw room air  around t h e  a s p i r a t o r .  This conf igura t ion  

was t e s t e d  a t  s e v e r a l  f i r i n g  r a t e s  from 30,000 BTU/HR t o  45,000 BTU/HR, 

y i e l d i n g  uns tab le  and i n c o n s i s t e n t  r e s u l t s .  It employed a  commercially 

a v a i l a b l e  a s p i r a t o r  i l l u s t r a t e d  i n  Figure 6 (a ) .  Since t h e  conf igura t ion  

w a s  extremely draft-dependent,  i t  was necessary t o  begin wi th  e i t h e r  ho t  

water In t h e  tank o r  on extremely t a l l  s t ack .  Af te r  s e v e r a l  minutes of very 

l e a n  burning, t h e  a i r f l o w  would begin t o  decrease.  Soon loud acous t i c  o s c i l l a -  

t i o n s  would occur and operat id* would end in flash-back. Though t h i s  arrange- 

ment occas iona l ly  displayed acceptab le  operat ion,  i ts  i n s t a b i l i t i e s  and 

h igh  no i se  l e v e l s  demanded i n v e s t i g a t i o n s  of o ther  conf igura t ions .  

The next  a s p i r a t o r  arrangement involved p lac ing  the  burner sc reen  d i r e c t l y  

on t h e  o u t l e t  of t h e  same a s p i r a t o r  as shown i n  Figure 7(b) .  This  arrange- 

ment involved us ing  t h e  a s p i r a t o r  t o  d r i v e  100% of combustion-air without 

Lhc annular  flow pa th  of Figure 7(a) .  I n i t i a l l y  t h i s  arrangement was bench 

t e s t e d  wi th  s e v e r a l  sc reen  geometries ( see  "Burner ~ c r e e n "  sec t ion  f o r  de- 

t a i l e d  r e s u l t s ) ,  r e s u l t i n g  i n  t h e  s e l e c t i o n  of a 60' c y l i n d r i c a l  cone with 

39% operiaarea.  l'his a s p i r a t o r  and burner combination produced a f i r i n g  

r a t e  of up t o  33,000 BTU/HR wi th  80% excess  a i r  (maximum pumping powe~)  and 

20 ppm CO a t  40% excess  a i r  (design condit ion)  a s  i nd ica t ed  i n  Table 2.  

This  arrangement proved s a t i s f a c t o r y  f o r  a l l  f i r i n g  r a t e s  l e s s  than 35,000 

BTU/HR. However, a t  low excess  a i r  an aud ib l e  acous t i c  n s c i l l a t i o n  of - 300 

Hz occas iona l ly  occurred. Though t h i s  nnfse was unacceptably loud, i t  did not  

seem t o  a f f e c t  combustion. Also, t h i s  a s p i r a t o r  geometry would not  produce 

s a t i s f a c t o r y  a i r  a s p i r a t i o n  a t  f i r i n g  r a t e s  h igher  than 35,000 BTU/HR. 

The next  conf igura t ion  t e s t e d  used a  commercially-available, cast- i ron 

a s p i r a t o r  w i th  dimensions presented i n  Figure 6(b) .  A t  f i r i n g  r a t e s  of 

42,000 and 33,000 BTU/HR t h i s  a s p i r a t o r  would nor s u s t a i n  s t a b l e  operat ion a s  

shown i n  Table 2 .  Audible o s c i l l a t i o n s  would i n i t i a t e  upon s ta r t -up  and 

cont inue,  wi th  no opera t ing  po in t  having long-term s t a b i l i t y .  
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Figure  6 : Asp i r a to r  Geometries 
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Figure 7: Burner/Aspirator Interface Configurations 



Table 2. Summary of Aspi ra tor  Performance 

ASPIRATOR . FIRING RATE MAX. ATTAINED CO EMISSIONS COMBUSTION (1) 

REFERENCE (Btu/hr) '  EXCESS AIR  ' . AT 40% EXCESS  CHARACTERISTICS 
(%I A I R  (PPM) 

'Fig.  6(aS ' 

Fig. 6(b)  

Fig.  6 ( c )  . 

Fig. 6(d) 

Fig. 6(e) 

Fig.  Q ( f )  

-S tab le  ope ra t i on ;  
no isy  below 30% 

. . excess a ir  

A t  -4.3" H,O Gas Regulator Output Press .  
L 

Not OperableAt ,These  Conditlons ; . 

- ~ l a m e h o l d e i  
overhea ts  

-Not a s  s t a b l e  as 6 (a )  

- (2) 

-Stable ,  low emissions,  
no isy  below 35% excess  
a i r  

-Excel lent  s t a b i l i t y ,  
low emissions,  noisy 

. 'below. 35% excess  air 



The a s p i r a t o r  shown i n  Figure 6 (c )  was then constructed.. The design 

of t h i s  u n i t  was based on a flow a n a l y s i s  to  produce optimum pressure  recovery 

a t  design condi t ions .  However, t h i s  u n i t . d i d  not  perform a t  f i r i n g  r a t e s  

, . h i g h e r  than 32,000.  oliow wing t h i s  u n i t ,  the  a s p i r a t o r  shown i n  Figure 6(a)  

was scaled-up experimental ly u n t i l  t h a t  shown i n  ~ i ~ u r e  6(d) was obtained. 

A$ shown i n  'Table 2 0  t h i s  w a s  an improvement over the  previous uni'ts 

b u t  t h e  excess a i r  l e v e l s  a t t a i n e d  wi th  t h i s  u n i t  were s t i l l  lower than 

des i red .  

I n  an at tempt t o  improve performance, t h e  e f f e c t  of .d i f fe ren t  gas nozzles 

and t h e  n o z a ~  &-to-throat spacing (dimension ~ ' 2 n  .Figure 6.) . was -;Lnvestfgated. 

Figure  8(a)  shows t h e  standard "spud type" g a s . o r i f i c e - u s e d  normally with 

t h e  a s p i r a t o r .  The i n v e s t i g a t i o n  of nozzle-to-throat spacing showed t h a t  

a wide range of spacings w e r e  acceptable.  Minimum and maximum 'values were 

defined f o r  acceptable  opera t ion with a range of k.5 i n  of t h e  dimensions 

shown i n  Figure 6. However, q u a l i t a t i v e  observation noted t h a t  concen t r i c i ty  

of jet and t h r o a t  and pa ra l l e l i sm of j e t  and t h r o a t  axes were much more sen-.  

s i t i v e  parameters, 

The tapered nozzle (Figure 8b) was t r i e d  t o  see i f  nozzle blockage was 

c r e a t i n g  a problem. A two s t a g e  a s p i r a t o r  was attempted by using the  nozzle 

shown i n  Figure 8 (c ) .  I n  urder t o  Improve the effir . iency of the  a s p i r a t o r  

by improving mixing, t h e  multi-hole o r i f  i c e  shown i n  r i g a r e  18 (d)  laas uacd . 
However, none of these  nozzles proved b e t t e r  than the  standdrd nozzle. 

I 

A t  t h i s  po in t ,  an extensivc a s p i r a t o r  development program funded by 

Amtrol was undertaken t o  t r y  and f u r t h e r  optimize the  a s p i r a t o r  design. 

This r e s u l t e d  i n  t h e  a s p i r a t o r s  shown i n  Figure G(e) and ( f )  which had firing 

r a t e s  of 45,000 BTU/HR a t  100% excess a i r .  

The performance of these  u n i t s  a s  shown i n  Table 2 (e  and f )  was equal 

when a sweep elbow (di f fus ing)  was used a t  t h e  e x i t  of the  d i f f u s e r .  When 

a standard 3" elbow was used t h e  performance of t h e  a s p i r a t o r  shown i n  

Figure 6(e)  de te r io ra ted .  This was a t t r i b u t e d  t o  pressure  recovery s t i l l  

occurring i n  the  elbow. Because of i n s t a l l a t i o n  problems, a d i f fus ing  elbow 

could not be used. Thus t h e  a s p i r a t o r  shown i d  Figure 6 ( f )  was chosen f o r  

i n s t a l l a t i o n  i n  t h e  prototype u n i t .  

P DVANCEO MECHANICAL TECHNOLOQZ-IN( 



a )  Standard "Spud"-type O r i f i c e  

b) Tapered Nozzle 

G )  Tapered Nuzzle With Smali Asp i r a to r  

d)  Three-Holed O r i f i c e  

F igu re  8: G a s  I n j e c t i o n  Conf igura t ions  



During t h e  cou r se  o f  t h i s  Amtrol funded s tudy ,  t h e  cause  of t h e  300 Hz 

a c o u s t i c  o s c i l l a t i o n  a t  low excess  a i r  w a s  discovered.  The mechanism f o r  

o s c i l l a t o r y .  behavior  was t h e  "Rayleigh phenomenon"(3) i n  which an o s c i l l a t i n g  

rate o f  h e a t  r e l e a s e  was a c o u s t i c a l l y  tuned t o  t h e  column of a i r / g a s  mixture 

upstream of t h e  bu rne r  sc reen .  The r e s u l t  was t h a t  35% excess  a i r  cond i t i ons  

were such t h a t  a  con t inu ing  a c o u s t i c  O s c i l l a t i o n  of  t h e  a i r  column occurred.  

Th i s  phenomenon w a s  v e r i f i e d  by p l ac ing  a Helmholtz r e sona to r  on t h e  a s p i r a t o r ,  

which e f f e c t i v e l y  "detuned" t h e  a i r  column from t h e  o s c i l l a t i o n  and suppressed 

t h e  no i se .  Even though i t  was demonstrated t h a t  n o i s e  could be suppressed 

u s i n g  a p rope r ly  cons t ruc t ed  r e sona to r ,  a  s u p e r i o r  s o l u t i o n  was t o  a s s u r e  t h a t  
I 

a i r - f u e l  r a t i o  s t ayed  above 40%, thereby e l i i a in t l~ l l l g  the  "tuned" cnndi.t ions 

which produced a c o u s t i c  o s c i l l a t i o n s .  

When t h e  p r o t o t y p e  u n i t  w a s  f i t t e d  w i t h  t h e  a s p i r a t o r  shown i n  Figure 

6 ( f )  and t e s t e d ,  i t  w a s  found t h a t  an  o s c i l l a t i o n  of magnitude s u f f i c i e n t  

t o  e x t i n g u i s h  t h e  f lame e x i s t e d  a t  a  frequency much lower than  t h e  300 Hz 

o s c i l l a t i o n  desc r ibed  i n  t h i s  s e c t i o n .  It w a s  d i scovered  t h a t  t h i s  n o i s e  

occurred  when t h e  exhaus t  system w a s  v e r y  t i g h t l y  s ea l ed  and t h a t  i t  was no t  

a f u n c t i o n  of  a s p i r a t o r  performance. The e l imina t ion  of  t h i s  o s c i l l a t i o n  

i s  desc r ibed  i n  s e c t i o n  3.6. I n  a d d i t i o n ,  che a s p i r a t o r  would on ly  produce 

50% excess  a i r  a t  42,000 Bfulhr .  This  w a s  l e s s  than  t h e  100% excess  a i r  expected 

based on t h e  t e s t  r e s u 1 . t ~  i11 Tablo 2. This lower a i r  f low w a s  due t o  a  h igher  : 

system p r e s s u r e  drop f o r  t h e  p ro to type  u n i t  when compared t o  t h e  bench t e s t  

system used t o  o b t a i n  t h e  r e s u l t s  r epo r t ed  i n  Table 2 .  This  h ighe r  p re s su re  

drop  was due t o  d i f f e r e n c e s  i n  t h e ' h e a t  exchangers used i n  t h e  two u n i t s .  

The h e a t  exchanger i s  shown i n  Figure 1 4 ' a n d  cons t ruc t ion  d e t a i l s  a r e  given 

i n  Table 5. The bench t e s t  system used t h e  h e a t  exchanger descr ibed  i n  

Table 5 ( a )  wh i l e  t h e  p ro to  type  used t h a t  . i n  Table 5 (b) . While they should 

have  been dimensional ly s i m i l a r ,  i n  b raz ing  t h e  assembly, t h e  tube  spac ing  

i n  5(b)  decreased  which inc reased  t h e  p re s su re  drop r e s u l t i n g  i n  a reduced 

p ro to type  system flow a s  compared t o  t h e  bench t e s t  system. I n  add i t i on ,  

t h e  p ro to type  h e a t  exchanger had a  h ighe r  e f f e c t i v e n e s s  due t o  t h e  c l o s e r  

t ube  spac ing  which decreased t h e  s t a c k  temperature and conscquent ly t h e  

s t a c k  d r a f t .  This  caused a . f u r t h e r  decrease  i n  system flow. 
. 

3.2 Flameholder (.Burner) Development 

F igure  9 i l l u s t r a t e s  t h e  shapes of v a r i o u s  burners  t e s t e d .  I n i t i a l  

work employed t h e  c y l i n d r i c a l  shape shown i n  9 ( a ) .  
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played  r easonab le  f lameholding p r o p e r t i e s ,  overhea t ing  of t h e  flameholder 

occurred .  It w a s  suspec ted  t h a t  t h e  top  overheated f i r s t  because i t  was 

s o l i d ,  and then  conducted h e a t  over  ' the t e s t  of t h e  flameholder.  The top 

was i n s u l a t e d  i n  o r d e r  t o  e l i m i n a t e  t h e  overhea t ing ,  bu t  t h e  r e s u l t s  were 

inconc lus ive .  The f lameholders  shown i n  F igures  9(b  and c )  were a l s o  

t e s t e d  w i t h  unsuccess fu l  r e s u l t s .  A l l  of t h e s e  t e s t s  were done wi th  t h e  

b u r n e r l a s p i r a t o r  ' con f igu ra t ion .  shown i n  F igure  7 (a )  i n s t a l l e d  i n  a h e a t  
' 

exchanger.  It w a s  d i f f i c u l t  t o  e v a l u a t e  bu rne r s  i n  t h i s  con f igu ra t ion  

because of  t h e  e a r l y  system problems encountered wi th  t h i s  a s p i r a t o r / b u r n e r  

coupling c6nfPgura t ion .  Bnr t h i s  reason ,  a  second set of t e s t s  were 

performed w i t h  t h e  c o n f i g u r a t i o n  shown i n  F igure  7(b)  i n  open a i r  ( i ~ o  

h e a t  exchanger) w i t h  t h e  bu rne r s  shown i n  F igure  9 ( a  t o  c ) .  The s h o r t  

cone (F igure  9c)  r a n  a t  32,000 BTu/HR wi thout  overhea t ing .  A l l  of t h e  

o t h e r s  overhea ted  a t  t h i s  f i r i n g  r a t e .  

A t h i r d  s e t  of t e s t s  were performed us ing  t h e  appara tus  p i c tu red  i n  

F igure  10.  Th i s  w a s  done t o  decouple the a s p i r a t o r  performance from t h e  

burner .  I n  t h i s  F a c i l i t y ,  a  well-mixed a i r -gas  mixture  of known propor t ions  

could be supp l t ed  t o  t h e  blirner and i ts  flameholding c h a r a c t e r i s t i c s  could 

b e  observed. Again t h e  s h o r t  cone (F igure  9c) performed b e s t ,  huL a t  

I i r i n g  rates g r e a t e r  than  32,000 BTU/HR, t h e  flame l i f t e d .  This  was 

c o r r e c t e d  by i n c r e a s i n g  t h e  cone he igh t  t o  thar s l~uwa  i n  Fi@i  re  9 (d) . 
The f lame w a s  s t i l l  a  l i t t l e  " l i f t y " ,  bu t  i t  w a s  f e l t  t h a t  t h i s  would be 

e l imina ted  when i t  was i n s t a l l e d  i n  t h e  h e a t  exchanger. The flameholder 

temperature wou1.d be  h ighe r  under t h e s e  cond i t i ons  and for t h i s  reason 

thp re  w ~ u l d  b e  less of  a tendency f o r  t h e  flame t o  l i f t .  

F i n a l l y ,  each cone was t e s t e d  i n  t h e  h e a t  exchanger f o r  a c t u a l  system 

performance. I n  both  cases ,  t h e  flame appeared l e s s  " l i f t y "  i n  t he  h e a t  

exchanger than  t h e  same a i r - f u e l  r a t i o  c a s e  i n  t h e  open-air combustion t e s t s .  

I n  a d d i t i o n ,  t h e  t a l l  cone cont inued t o  show g r e a t e r  s t a b i l i t y ,  l e s s  l i f t - o f f  

a t  h igher  a i r - f u e l  r a t i o s ,  and lower carbon monoxide l e v e l s .  Therefore,  

t he  large-cone geometry was s e l e c t e d  f o r  a l l  f u r t h e r  t e s t i n g .  
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During l a t e r  a s p i r a t o r  t e s t i n g  a l a r g e r  cone was cons t ruc t ed  from a 

s l o t t e d  p e r f o r a t e d  m a t e r i a l .  The s l o t s  were a r ranged  i n ' a  s t r a i g h t  row pa t -  

t e r n  w i t h  31% open a r e a .  The cone was cons t ruc t ed  t o  y i e l d  t h e  same flow 

a r e a  as t h e  39% open area l a r g e  cone. This  s l o t  p a t t e r n  provided a  well-  

s e a t e d  flame. The CO l e v e l s  were g e n e r a l l y  lower than  those  a t  corresponding 

a i r - f u e l  r a t i o s  w i t h  t h e  round-hole s c reens .  However, s i n c e  t h e  s l o t t e d  cone 

was much t a l l e r ,  i t  d i sp l ayed  a tendancy toward flow m a l d i s t r i b u t i o n ,  wi th  

t i p  ove rhea t ing  and a  s l i g h t  l i f t - o f f  a t  t h e  base.  Overlapping a band of 

s c r e e n  a t  t h e  base  provided improved f low d i s t r i b u t i o n .  Since t h e  round- 

p a t t e r n  cons eras more completely t e s t e d  and performance more w e l l  def ined ,  

f u r t h e r  work w i t h  t h e  s l o t t e d  sc reen  w a s  c u r t a i l e d  u n t i l  a f u r t h e r  date ;lad 

t h e  burner  shown i n  F igu re  6(d)  was used i n  both  the  prc-prototype and 

p ro to type  rests. 

3.3 P i l o t  Development 

F igure  11 i l l u s t r a t e s  t h e  two p i l o t  , de s igns  used f o r  t e s t i n g .  Design ( a )  

employed a n  o r i f i c e  d r i l l e d  i n  a blanked-off tube.  The p i l o t  j e t  used t h e  

bu rne r  s c r e e n  f o r  f lameholding and en t r a ined  a ir  f o r  combustion between t h e  

p i l o t  t i p  and t h e  sc reen .  A s t a b l e  f lame occurred  only  on t h e  o u t s i d e  of 

t h e  sc reen  and enveloped t h e  t i p  of t h e  p i l o t  thermocouple. However, s i n c e  

t h e  j e t  d iameter  was of t h e  same o r d e r  a s  t h e  sc reen  h o l e  d iameter ,  t h i s  de- 

s i g n  was extremely s e n s i t i v e  t o  t h c  pos i t3bn  01 Lhe gno j e t  r e l a t i v e  t o  t h e  

s c r e e n  h o l e  p a t t e r n .  The r e s l l l t i n g  flame w a s  i n c o n s i s t e n t  and d i f f i c u l t  t o  

i g n i t e .  

To avoid  t h e s e  problems, t h e  des ign  p i c t u r e d  i n  F igure  l l ( b )  was 

cons t ruc t ed .  Th i s  p i l o t  f e a t u r e d  v e ~ ~ L ~ ~ i ' i - ~ t y p c  p a r t i a l  p r b a r y  a i r  a s p i r a t i o n .  

Th i s  p i l o t  opera ted  a t  f lows down t o  220 BTU/HR and w a s  n o t  dependent on 

s c r e e n  geometry. The flamo could h e  d i r e c t e d  a t  t h e  thermocouple and provided 

s u f f i c i e n t  h e a t  t o  hold t h e  gas  v a l v e  open a t  a p i l o t  i n p u t  of 220 BTU/HR. 

The p i l o t  f lame was l o c a t e d  n e a r l y  half-way up t h e  s i d e  of t h e  cone. 

I n  a l l  ca ses ,  good i g n i t i o n  of t h e  main burner  fiame occurred w i t h  no ex- 

c e s s i v e  amount of  combust ible  mtx tu re  b u i l d i n g  up p r i o r  t o  i g n i t i o n .  

I g n i t i o n  was smooth and flame spread  evenly over  t h e  cone s u r f a c e .  
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P i l o t  recovery  e f f i c i e n c y  was determined us ing  t h e  procedures  descr ibed 

i n  Sec t ion  4.1.  F i n a l  p i l o t  recovery  e f f i c i e n c y  f e l l  somewhere from 30-40%. 

Though t h i s  d i d  n o t  s a t i s f y  t h e  des ign  c r i t e r i o n ,  f u r t h e r  improvement of 

t h e  p i l o t  h e a t  recovery  system was postponed t o  l a t e r  development e f f o r t s .  

3 .4 S torage  Tank D e s c r i p t i o n  

Three d i f f e r e n t  t ypes  of tanks  were used f o r  t e s t i n g  as p i c t u r e d  i n  

F i g u r e  12(a-c) .  "Proof-of-Concept" t e s t i n g  used a n  open, un insu la t ed  tank 

t o  f a c i l i t a t e  d i r e c t  obse rva t ion  of water  c i r c u l a t i o n .  This  arrangement 

proved u s e f u l  f o r  t e s t i n g  of burners ,  a s p i r a t o r s  and h e a t  exchangers. 

The second w a s  a  pre-pro to type  tank  employing. the a c t u a l  s t e e l  tank 

s h e l l  t o  he used in t h e  f i n a l  p ro to type  conf igu ra t ion .  However, t h i s  tank 

d i d  n o t  have e i t h e r  a  p l a s t i c  l i n e r  o r  i n t e r n a l  i n s u l a t i o n .  In s t ead ,  t h e  

t ank  was , coa t ed  i n s i d e  w i t h  a n  epoxy-based primer and overcoa t  t o  prevent  

i n t e r n a l  co r ros ion .  The r e s u l t i n g  tank  volume w a s  50 ga l lons .  One inch  

of r i g i d  polyure thane  p i p e  i n s u l a t i o n  was app l i ed  t o  t h e  tank  s i d e s ,  wi th  

3-112 inches  of f i b e r g l a s s  i n s u l a t i o n  on t h e  top  and bottom. A l l  thermocouples 

p e n e t r a t e d  t h e  s i d e  w a l l s  and extended t o  t h e  middle :of t h e  tank. Water 

i n l e t  and o u t l e t  connec t ions  were l o c a t e d  a t  t h e  bottoiii and top  r e s p c c t i v e l y ,  

The p ro to type  t a n k  employed both  i n t e r n a l  insul .a t ion  and molded poly- 

e t h y l e n e  l i n e r .  The i n t e r n a l  i n s u l a t i o n  measured 0.75 .ir.lches -on t h e  s i d e s '  w i th  

some th inn ing  o u t  of t h e  i n s u l a t i o n  a t  t h e  top. This  tank  had a s t o r a g e  

volume of 40.8 g a l l o n s .  The thermocouple probe (descr ibed  i n  Sec t ion  2)  

was mounted i n  one of t h e  upper p e n e t r a t i o n s  and extended downward i n t o  

t h e  , tank.  

Heat l o s s  t e s t i n g  w a s  performed on t h e  pre-prototype tank  w i t h  t h e  h e a t  

exchanger i n s t a l l e d .  The tank  was f i l l e d  w i t h  h o t  water  and allowed t o  

c o o l  overn ight .  Tank and room temperatures  were measured a t  t h e  beginning 

and end of  each test. Values f o r  t h e  d a t a  obta ined  a r e  presented  i n  Table 

3, a long  w i t h  a d e s c r i p t i o n  of system cond i t i ons .  S ince  t h e  tank configura-  

t i o n  was q u i t e  d i f f e r e n t  from t h a t  intended f o r  t h e  pro to type ,  t h e s e  r e s u l t s  
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Table 3:  Pre-Prototype Tank & F i t t i n g  Cooldown Tes t  R e s u l t s  

TANK TEMPERATURE 
INITIAL - FINAL 

(OF) 

AIR TEMPERATURE 
INITIAL - FINAL 

. . ( OF) ' . .  . 

FLUE CONDITIONS 

. . . . . . . 

TEST 
NO. . 

TANK A? 
FITTING LOSS 
( ~ t u / h r . )  

Open, Shroud Not 
I n s u l a t e d  

Blocked, Shroud 
I n s u l a t e d  

Blocked 

Open 

Blocked, (Shutte.r 
Closed) 

Blocked, (Shu t t e r  
Closed) 

Blocked, (Shu t t e r  
Closed) 

(Shu t t e r  open) 

Sealed Combustion 

Sealed CuuL~stisn 
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were no t  s i g n i f i c a n t  i n  a n  abso lu t e  sense .  They d i d ,  however, p rovide  two 

important  p i eces  of  da t a .  The f i r s t  was t h a t  t h e  f l u e  con f igu ra t ion  seemed 

t o  have l i t t l e  e f f e c t  as i s  evidenced i n '  Table 3. Various f l u e  cond i t i ons  

were t e s t e d  inc lud ing  completely blocked, open, and s e a l e d  combustion. Any 

e f f e c t  t h i s  had was less than  t h e  s c a t t e r  i n  t h e  d a t a .  The second r e s u l t  

was t h e  u s e  of t h e  d a t a  t o  o b t a i n  p i l o t  recovery.  The pre-prototype tank  w a s  

t e s t e d  wi th  and wi thout  a  p i l o t  which allowed t h e  de te rmina t ion  of p i l o t  r e -  

covery e f f i c i e n c y .  This  a n a l y s i s  i s  inc luded  i n  Sec t ion  4.1 where t h e  pre-  

p ro to type  system t e s t i n g  i s  descr ibed .  

The p ro to type  tank  was t e s t e d  i n  two ways: as a s e p a r a t e  component and 

a s  p a r t  of t h e  system. For t h e  f i r s t  case ,  t h e  tank  w a s  f i l l e d  wi th  h o t  

water and allowed t o  c o o l  f o r  a  per iod  of time. Tank and room temperatures  

were measured a t  t h e  beginning and end of t h e  t ime per iod .  'Room-to-tank 

temperature d i f f e r e n c e  and t ime d u r a t i o n s  were v a r i e d .  The r e s u l t s  of 

t hese  t e s t s  a r e  presented  i n  F igure  1 3  and l i s t e d  i n  Table 4 ( a ) .  These r e -  

p r e s e n t  tank l o s s e s  wl thout  f i t t i n g s .  Also shown i n  F igure  1 3  i s  a range of 

p red ic t ed  v a l u e s  f o r  t h e  tank  l o s s e s  with0.75 inches  of i n s u l a t i o n .  The top  

boundary of t h e  p red ic t ed  va lues  r e p r e s e n t s  t o t a l  h e a t  l o s s e s  from t h e  top ,  

s i d e s ,  and bottom of t h e  tank.  The lower band does n o t  i nc lude  l o s s e s  from 

t h e  bottom. It was f e l t  t h a t  t h e  a c t u a l  va lues  would f a l l  between t h e s e  

two l i n e s  because temperature s t r a t f f l c a t i o n  would favor  lower bottom h e a t  

l o s s e s .  

The a c t u a l  l o s s e s  were h igher  than  expected.  While t h e  cause  of t h i s  

i s  n o t  c e r t a i n ,  i t  is  thought t h a t  t h e  i n s u l a t i o n  i s  less than0.75 inches  

a t  t h e  top and t h a t  t h e  conduc t iv i ty  3 s  h ighe r  than  t h a t  used i n  t h e  a n a l y s i s  

(k =0.015 BTU/HR-FT-OF). The tank could n o t  be c u t  a p a r t  f o r  a n a l y s i s  

because i t  was t h e  only  one a v a i l a b l e  f o r  t e s t i n g .  New tanks  w i l l  have 

s l i g h t l y  t h i c k e r  i n s u l a t i o n  a t  t h e  top  and an  improved chemical composition. 

It i s  hoped t h a t  t h e  new tank  w i l l  have h e a t  l o s s e s  c l o s e r  t o  t h e  p red ic t ed  

va lues .  
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Figure 13: pro to type  Tank Heat Losses 



Table 4: Prototype Tank Cooldown Test Resul ts  
. . 

Table 4(a)  ' ~ r o t o t ~ ~ e  ~ a n k  Only Heat L s s e s  
. . , . 

Type of Test Time Average Tank I n i t i a l  Heat Loss 
t o  Air Temp. Tank Temp. (Btu/hr) 
Difference (OF) 

(h r s )  (OF) 

Long Duration 

Long Duration 

Long Duration 

Long Duration 

Long ' ~ u r a  t i o n  

Long Duration , 

Short Duration 

Short Duration 

Short Duration 

Short Duration 

Short Duration 

., .. 
Table 4(b) prototype Tank and F i t t i n g  H e a t  Losses 

. . 

Long Duration 17.4 7 1 

Long Duration 16.9, 7 0 

Long Duration 14.3 72 
2 ' ' ,  

. . 
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The prototype tank was a l s o  t e s t e d  as p a r t  of t h e  o v e r a l l  water heater  

system (with tank and f i t t i n g  l o s s e s ) .  These tests w e r e  performed both 

' a s  cool-down t e s t s  s i m i l a r  t o  those performed on the  tank alone and a s  

standby-loss tests wi th  burner input .  The r e s u l t s  from t h e  cool-down t e s t s  

f o r  tank and f i t t i n g  l o s s e s  a r e  shown i n  Table 4(b) 'and a r e  i n  Figure 

13. The standby-loss tests wi th  burner input  a r e  described i n  t h e  prototype 

system t e s t s  which can be found i n  Section 4.2. 

3.5 Heat Exchanger Development 

Figure 14 i l l u s t r a t e s  t h e  b a s i c  design of t h e  hea t  exchanger used i n  

a l l  water hea te r  t e s t i n g .  In a l l  cases Ll~e Lasic geometry remaincd conotont,,  

w i th  t h e  number and diameter of f in tubes  and t h e  header, riser and down- 

comer m a t e r i a l  changing. Four v a r i a t i o n s  w e r e  t e s t e d  a n d . t h e ' k e y  design 

d e t a i l s  and performance r e s u l t s  are shown i n  Table 5 .  A l l  of the  u n i t s  

were fabr ica ted  from Amtrol manufactured copper integral-f inned tubsng. , 

For hea t  exchanger A and B t h e  718 inch O.D. f i n  tubing w a s  used. The 

headers used i n  design A w e r e  s t a i n l e s s  steel while cooper headers w e r e  - 
used i n  design B. Heat exchangers C and D had a d i f f e r e n t  number of:3/4. . 

inch O.D. f inned tubes. Table 5 shows t h r e e . s e t s  of values  fo r  t h e  the rmal  . 

performance of these  u n i t s . .  This i s  done t o  simulate a c t u a l  hea t  exchanger 

opera t ion  wi th  a cold  tank temperature, an  in termedia te  temperature, and .a 

h igh  water temperature. The t h r e e  important t e s t ' r e s u l t s ' s h o w n  i n  Table 5 

are t h e  exhaust temperature, thermal  of s rack efficiency, and maximum tubc 

w a l l  temperature (measured).,. The design goals  f o r  these  parameters w e r e  

a 300°F exhaust temperature, an  84% thermal e f f i c i ency ,  and a non-boiling 

<270°F @ 40 poig) w a l l  te'mperatat~..  (=WALL 
. . 

Heat exchanger A, t he  f i r s t  vers ion,  was t e s t e d  with an open tank , . 

conf igura t ion ("proof-of-concept"). Thermally, t h e  u n i t  performed well  

and m e t  a l l  of t h e  performance c r i t e r i a .  One problem with t h i s  design 
. . 

Is .. t h a t  t h e  s t a i n l e s s .  s t e e l  headers a r e  'expensive .and -a re .  'too l a r g e  t o  

accomodate the  p i l o t  i g n i t i o n  system. I n  additson,  f o r  manufacturing con- 

s i d e r a t i o n s ,  Amtrol requested t h a t  t h e  heat  exchafiger should use 314" f i n  

O.D. ,tubing r a t h e r  than 718" O.D. This r e s u l t e d  i n  the  design and t e s t i n g  
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Table 5: Heat Exchanger Performance Tes t  Resu l t s  

---------.-- ------ "- -, - .- CONFIGURATION 

i A 1 B 

Header Ma te r i a l  304 S t a i n l e s s  Copper S t e e l  
F in  Tube O.D. .875 .875 

No. Tubes 21 21 

1 

D 

Copper 

.75 

24 

~~- HI 

32000 

4 0 

Operat ing Temp. 

F i r i n g  Rate (BTUIHR) 

Excess A i r  (%) . 
Water I n l e t  Temp. (OF) 

Water O u t l e t  Temp. (OF) 

C 

Ccpper 

.75 

2 5 

- LOW - MED - H I  

- ~ o l O O O  

46 

Exhaust Temp. (OF) 

Thermal Stack Eff .  

Ef fec t iveness -  

Water Flow (LBIHR) 

Max. Tube Wall Temp. ('Fj 

152 

173 

316 

.83 

.94 

1280 

- 

7 6 

104 

288 

.84 

.93 

950 

- 

7 2 

[ 102 

115 

1 4 0 .  

*299 

.84 

.94 

1070 

- 

104 

130 

- LOW - MED - HI 

45300 

48 

137 

159 

- LOW - MED - HI 

42000 

4 8 

212 

.88 

.96 

1030 

194 

180 

198 

7 5. 

104 

226 

.88 

.97 

1170 

222 

139 

170 

241 

.87 

.95 

1250 

-187 

. a . 68 

104 

133  

151  
I 

256 

.86 

100 

129 

260 

.84 

.94 

1300 

205 

192 

.89 

293 

.84 

.94 

2000 

-235 

310 222 

.:34 

.95 
, -. 96 

1 1 7 0 .  

209 

.87 

.95 .96 

890 

190 

- 
238 

990 

171 



of exchanger C i n  t h e  pre-prototype conf igu ra t ion .  T h i s . u n i t  m e t  :a l l  de- 

s i g n  goa l s  bu t  proved too  e f f e c t i v e  and r e s u l t e d  i n  too low a s t a c k  tempera- 

t u r e .  To c o r r e c t  t h i s ,  h e a t  exchanger D was b u i l t  w i th  one less tube  than  C.  

The r e s u l t s  f o r  t h i s  u n i t  i n  Table 5 a r e  f o r  a f i r i n g  r a t e  of 32,000. A t  

t h i s  f i r i n g  r a t e ,  t h i s  would be a good design.  However, a t  h ighe r  f i r i n g  

r a t e s  t h e  s t a c k  temperature of t h i s  u n i t  would be  h igher  than  d e s i r e d .  

For t h e  pro to type  u n i t ,  i t  was decided t h a t  t he  h e a t  exchanger should 

have t h e  thermal  performance of A wi th  t h e  header  des ign  used i n  exchangers 

C and D. Thus, h e a t  exchanger B was cons t ruc t ed  f o r  t h e  p ro to type .  The 

u n i t  should have had a thermal  performance s i m i l a r  t o  A .  However, t h e  as-  

b u i l t  tube spac ing  w a s  s l l g h t l y  lower than  t h a t  of A, r e s u l t i n g  i n  a h igher  

e f f e c t i v e n e s s  and lower s t a c k  temperature.  The r e s u l t s  presented  i n  Table 

5(b)  r e f l e c t  h e a t  exchanger performance wi th  some exhaust  g a s  bypassing t h e  

h e a t  exchanger (pass lng  from t h e  combustion chamber d i r e c t l y  t o  t h e  exhaus t ) .  

This  arrangement w a s  used I n  o rde r  t o  keep exhaust  temperature h igh  enough 

t o  prevent  condensat ion and t o  provlde  adequate  d r a f t .  These r e s u l t s  establ. i .sh 

t h e  f a c t  t h a t  c o n t r o l  of mlnlmum f i n - t i p  spacing i s  important  t o  t h e  proper  

func t ion ing  of t h e  w a t e r  h e a t e r ,  and w i l l  have t o  be  w e l l  c o n t r o l l e d  i n  

manufacturing. 

3 . 6  Exhaust System 'Development 

Four d i f f e r e n t  systems f o r  exhaus t ing  combustion products  were t e s t e d  

a s  shown i n . F i g u r e  15. Each was employed fnr a d i f f e r e n t  application. 

The s tandard  system (a )  w a s  used f o r  e a r l y  open-tank t e s t i n g  and much 

of t h e  pre-prototype and pro to type  t e s t i n g .  A s t a c k  he igh t  of a t  l e a s t  42 

i nches  w a s  used i n  almost  a l l  s t y l e s  t o  provide  the proper d r a f t .  On occas ion  

s h o r t e r  stacks were cmployec? f u r  b r i e f  t imes, which r e s u l t e d  i n  4 w e r  a i r  

f l o w r a t e s .  This  con f igu ra t fon  worked well i n  a l l  i n s t a l l a t i o n s .  Conflgura- 

t i o n  (b) ,  s ea l ed  combustion, w a s  employed t o  e l i m i n a t e  e x f i l t r a t i o n  l o s s e s  

and provide  some exhaus t - to- in le t  thermal r egene ra t ion .  It cons i s t ed  of 

two concen t r i c  duc t s  w i t h  t h e  h u t  exhaust  products  i n  t h e  c e n t e r  f l u e  and 

the  i n l e t  a i r  i n  t he  annulus surrounding t h e  s t ack .  Sealed cnmbustion, 
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Figure l5: Exhaust System Configurat ions 



was only  t e s t e d  on the .p re -p ro to type  u n i t . .  With sea l ed  combustion, i t  . .  . 

w a s .  found t h a t  t h e  pre-prototype u n i t  would n o t  o p e r a t e  above f i r i n g  r a t e s  

of 33,800 BTU/HR. This  w a s  below t h e  des ign  f i r i n g  r a t e  of 45,000 BTU/HR. 

Table 6 summarizes t h e  performance o f  t h e  s e a l e d  combustion system. A s  in-  

d i ca t ed  about  14% of t h e  energy i n  t h e  exhaust  was t r a n s f e r r e d  t o , t h e . i n l e t  

a i r .  However, accompanying t h i s  r egene ra t ion  was an  i n c r e a s e  i n  system .£.low 

r e s i s t a n c e .  The annular  . i n l e t  flow duc t  caused increased  f r i c t i o n  p r e s s u r e  

drop. I n  a d d i t i o n , . t h e  lower. s t a c k  temperature r e s u l t e d  i n  reduced s t a c k  

d r a f t .  The n e t  r e s u l t  o f  t h e s e  e f f e c t s  w a s  t o  l i m i t  t h e  u n i t  t o  running a t  

less than  34,000 BTuIHR. Sealed combustion was n o t  t e s t e d  on t h e  pro, totype 

u n i t  w i th  t h e  improved a s p i r a t o r .  

Conf igura t ion  ( c )  employed a pa r t i a l l y -duc ted  a i r  i n l e t  . to  provide 

temperature e q u a l i z a t i o n  w i t h i n  t h e  c o n c e n t r i c  d u c t s  t o  reduce n a t u r a l  c i r cu -  

l a t i o n  through t h e  u n i t  dur ing  standby. It was t e s t e d  on both t h e  pre- 

pro t o  type  and p ro to type  u n i t s .  This  ex'hauk t system exh ib i t ed  i d e n t i c a l  
. - . . 

behavior  t o  t h a t  descr ibed  w i t h  sea l ed  combus'tion;' t h a t  is,  o p e r a t i o n  a t  

t h e  des ign  f i r i n g  rate of 45,000 BTU/HR would n o t  b e  a t t a i n e d .  
. 

The las t  conf igu ra t ion  (d) w a s  a  modified v e r s i o n  of ( c )  which allowed 

t h e  u n i t  t o  o p e r a t e  a t  t h e  design cond i t i ons .  Its performance w a s  i d e n t i c a l  

t o  t h a t  shown i n  F igure  15(a). However, i t  s e r v e s  t h e  a d d i t i o n a l  f u n c t i o n  

of s h i e l d i n g  t h e  h o t  exhaust  p ipe  and may o f f e r  some b e n e f i t s  i n  reducing  

of f -cyc le  h e a t  exchanger l o s s e s .  This  w a s  t h e  exhaust  con f igu ra t ion  used 

i n  t h e  pro to type  tests, 
. . 

. . 

Each of  t h e s e  exhaust  systems contained two common elements:  t h e  ex- 

haus t  shroud and t h e  f l u e .  The exhaust  shroud was t e s t e d  i n  t h e  v a r i o u s  

forms i n d i c a t e d  i n  F igure  16. Conf igura t ion  ( a )  used i n  t h e  proof-of-concept 

model placcd t h e  h e a t  exchanger downcomer o u t s i d e  t h e  shroud. This  r e s u l t e d  

i n  t h e  s m a l l e s t  shroud and one which could be formed cy l . l nd t i ca l ly .  The 

disadvantages of t h i s  des ign  were t h e  h e a t  l o s s  from t h e  downcomer dur ing  

burner o p e r a t i o n  and t h e  requirement of  a  complicated s e a l i n g  arrangement 

where t h e  downcomer en te red  t h e  shroud. 
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Table '6 :  'Sealed ~Combustiori riOperating Condit ions 

T e s t  - ID0507 

F i r i n g  Rate - 33800 

Recovery Rate  - 86.4% 

TEST CONDITION 

Temper atarP (OF) 

Heat Exchanger Water I n l e t  71.6 112.8 144 ..8 
. . 

H e a t  Exchanger Water O u t l e t  103  140.0 169.5 

A i r  I n l e t  (Ambfent) 75.6 77.1 . 80.. 5 . , 
A i r  I n l e t  (Combustor) 85.2 105.3 109 

8 , . .  
Exhaust Gas (Exchanger O u t l e t )  208.6 235.1 253.7 

'., 
Exhaust Gas (Vent) 145. 161:9 ' 

, ,  i 7  2 .,4 

Excess A i r  4 0 40 
. , 

40 
. . 

N e t  H e a t  Recovery* 

Jt Expressed a s  a p e r c e r ~ t a g e  of s t a c k  h e a t  l o s s  
. .. r e f e renced  t o  ambient cond i t i ons .  
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Inlet 

Figure 16: Exhaust Shroud Configurations 



Conf igura t ion  B was designed t o  overcome t h e  disadvantage of t h e  

p rev ious  shroud. It w a s  i n i t i a l l y  cons t ruc t ed  with t h e  4" exhaust  t eed  d i -  

r e c t l y  o f f  t h e  shroud.  L a t e r ,  i t  was modif ied t o  i nc lude  t h e  en larged  d i s -  

charge  when i t  was suspec ted  t h a t  t h e r e  might be i n s u f f i c i e n t  f low a r e a  near  

t h e  exhaust  d i scha rge .  This  w a s  t h e  shroud used i n  a l l  t h e  pre-prototype 

tests. Conf igura t ion  ( c )  was a  " t e a r  drop" shape which w a s  designed t o  have 

ample d i scha rge  f low a r e a ,  s imple cons t ruc t ion ,  and minimum volume. This  

was t h e  v e r s i o n  used i n  t h e  p ro to type  des ign .  

. .  . 

Exhaust/Combustion Sysrem IL i s t ab i l i t y  

I n  t h e  s e c t i o n  d i s c u s s i n g  t h e  a s p i r a t o r  development, an  o s c i l l a t o r y  in-  

s t a b l l i t y  a t  about  300 Hz was descr ibed .  I n  t h i s  s e c t i o n  a  much lower f r e -  

quency ('-50 Hz) o s c i l l a t i o n  I s  desc r lbed  which became apparerit i n  t h e  proto-  

t y p e  u n i t .  When t h e  exhaus t  system was made more l eak - t igh t  than  convent ional  

p r a c t i c e ,  a n  o s c i l l a t i ' o n  occurred  whfch had ampl i tude  s u f f i c i e n t  t o  ex t ingu i sh  

t h e  flame a t  t h e  des ign  a 3 r I f u e l  ra t i 'o .  A t  h igh  r a t e s  of  excess  a i r  (>60%) 

t h i s  behaviour was n o t  g e n e r a l l y  observed. However, i n  t h e  r eg ion  between 

30-60% excess  a i r ,  t h e  o s c i ' l l a t i o n s  were p re sen t .  Uni t s  such a s  t h e  pre-prototype 

and "proof-of~concept"  whIc11 u r f g i n a l l y  d i d  not e x h i b i t  t h i s  behavior  were 

t e s t e d  a . f t e r  be ing  thoroughly sea l ed  and a l s o  showed t h i s  i n s t a b i l i t y .  It 

i s  d i scussed  h e r e  because t h e  suppress ion  technique employed involved a  modi- 

f i c a t i o n  t o  t h e  exhaus t  systew. 

When t h e  i n s t a b i l i t y  was confirmed, a  v a r i e t y  of d i f f e r e n t  techniques 

were t e s t e d  t o  i n v e s t i g a t e  t h e  source  of t h e  i n s t a b i l i t y  and i ts  suppression.  

At prasen t  the = a c t  mechanism of o s c i l l a t i o n  remains unknown. However, a s  

i n d i c a t e d  below, a n  e f f e c t i v e  method of suppress ion  was d i s c u v e r ~ d .  Holes  

d r i l l e d  i n  t h e  exhaus t  shroud (2-.375 I n  d i a )  shortened the  a c o u s t i c  l eng th  

of  t h e  system and thereby  decoupled t h e  apparent  rosonatnr  ( s t ack )  from 

t h e  u n f d e n t i f i e d  source.  With t h e  h o l e s  no a u d i b l e  o s c i l l a t i o n s  o r  accom- 

panying h i g h  CO l e v e l s  were de t ec t ed  a t  any f i r i n g  rate. I f  t h e  h o l e s  were 

plugged a n  o s c i l l a t i o n  of magnftude s u f f f c i e n t  t o  ex t ingu i sh  t h e  flame began. 

Thus, even though t h e  exac t  source  w a s  uadetermlned, t h e  ho le s  funct ioned 

a s  an  e f f e c t i v e  suppressi'on dev3ce, The sma l l  amount of in- leakage flow 
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from t h e  atmosphere was n o t  s u f f i c i e n t  t o  d i l u t e  t h e  ho t  f l u e  gases  nor t o  

d e s t r o y  t h e  chimney d r a f t .  I n  a d d i t i o n ,  s i n c e  i n t e r n a l  exhaust  p r e s s u r e  was 

always nega t ive  w i t h  r e s p e c t  t o  t h e  atmosphere,  no out- leakage of exhaust  

could occur .  Fu r the r  work may uncover t h e  mechanism f o r  i n s t a b i l i t y  and/or  

more e f f e c t i v e  suppress ion  techniques .  

3.7 Gas Cont ro l  Valve, Flame Sa fe ty  and I g n i t e r  
. . 

Gas Valve and Temperature Cont ro l  

F igure  5 shows t h e  e s s e n t i a l  e lements  of t h e  water  heat-er c o n t r o l  system. 

The gas  v a l v e / p i l o t  o p e r a t i o n  i s  i l l u s t r a t ' e d  i n  F igu re  17 .  

Two s tandard  commercial gas  . v a l v e s  . were employed f o r  a l l  t e s t i n g  a s  

p i c t u r e d  i n  F igu re  18.  Type ( a ) ,  a  s tandard  Robertshaw U n i t r o l  RllORT 

c o n t r o l  f o r  domestic water h e a t e r ,  was used f o r  a l l  proof-of-concept and pre-  

p ro to type  t e s t i n g .  S ince  t h e  p ro to type  tank  d i d  n o t  permi t  mounting a  con- 

t r o l  from t h e  s i d e ,  a v a l v e  us ing  a  remote, hyd rau l i ca l l y - ac tua t ed  temperature  

sensor  was used i n  a l l  t e s t i n g  on t h a t  u n i t .  The Robertshaw 7000-ASR c o n t r d l  

used was a  space  h e a t i n g  c o n t r o l  w i th  a  s p e c i a l  temperature  s ens ing  bulb 

c a l i b r a t e d  f o r  t h e  h o t  water temperature  ranges.  Both u n i t s  d e l i v e r e d  su f -  

f  i c i e n t  gas  flow a t  an adequate  and cons tan t '  manifold p re s su re ,  allowed in-  

dependent a d j  us tmknt of p i l o t  f ldwra tes ,  . and ope ra t ed  w e l l  w i th  a low-f low 

(230-270 BTU/HR) p i l o t .  . . , .  

The major d i f f e r e n c e  between t h e  two c o n t r o l s  l a y  i n  t h e  water  tempera- 

t u r e  c o n t r o l  band. Unit  ( a ) ,  t h e  s tandard  c o n t r o l ,  opera ted  on a  37OF 

d i f f e r e n t i a l ,  wh i l e  u n i t  (b)  opera ted  on a  nominal 10°F d i f f e r e n t i a l  w i th  

i t s  bulb  d i r e c t l y  immersed i n  water and 34°F when i n s t a l l e d  i n  a  w e l l .  

For f i n a l  s tandby l o s s  t e s t i n g ,  t h e  temperature  probe shown i n  F igure  

18(b)  was d i r e c t l y  immersed i n  water a b o ~ ~ t  1.1 i n  from the tank bottom. The 

ope ra t i ng  band width i n  t h i s  con f igu ra t i on  w a s  5-10°F, based on average tank  

temperature .  Ia o r d e r  t o  determine t h e  e f f e c t  of t h i s  narrow temperature  

band an a n a l y s i s  was performed. The main s tandby l o s s  due t o  a  narrower 

c o n t r o l  temperature  band was t h e  h igher  cool.down l o s s e s  i n  the  hea t  exchanger 

due t o  t h e  increased  number of cyc l e s .  When t h i s  e f f e c t  was taken i n t o  
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account, t h e  standby losses  decreased by only 3.4% when the control  tempera- 

t u r e  band w a s  varied from 5 O F  t o  30°F. Based on these r e su l t s ,  the  e f f ec t  

of temperature control  band w a s  found t o  be negligible.  

Flame Safety 

Proof t h a t  the  p i l o t  was lit was accomplished with a standard p i l o t  

thermocouple arrangement, a s  pictured i n  Figures 5 and 17. P i l o t  f i r i n g  r a t e s  

var ied from 23W275 BTU/HR. I n  a l l  cases the  p i l o t  produced enough heat to  

hold open t h e  gaa valve v i a  Ll~r Lhermcouplc-powered re lay .  Since d i r ec t  

observation of t he  flame is very d i f f i c u l t ,  the  thermocouple and a spccial  

0-16 mV voltmeter w e r e  used t o  indicate  p i l o t  flame. This meter had 

s u f f i c i e n t l y  high in t e rna l  res i s tance  t o  minimize loading of the  themcouple .  

Ign i t e r  

A p iezoe lec t r ic  spark generator was used to  i g n i t e  the  p i l o t  flame. 

Different models of spark generators were tes ted and found to  be equal i n  

performance, varying only i n  r e l i a b i l i t y .  The d i f f i c u l t y  i n  implementing 

t h i s  ign i t ion  system l a y  i n  providing a well-insulated electrode rn carry 

t h e  high-voltage to  t h e  a r c  location.  However, given an adequately insulated 

electrode,  t he  p iezoe lec t r ic  s y s L u  proved t o  be an effective method fo r  

p i l o t  igni t ion.  
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4. Pre-Prototype and Prototype System Tests 

The water heater system tests consisted of recovery efficiency, standby 

loss, and water delivery capacity. The test procedures are described in 

Section 2.2. For the early development system, a pre-prototype water 

heater was tested which did not include an internally insulated and lined 

tank. At that time, the internally insulated and lined tank was not yet 

available. The system tests that were performed with this unit were reco- 

very efficiency, cool-down loss and pilot recovery tests. Standby loss 

testing with burner heat input was not performed, nor were water delivery 

tests. When the prototype tank became available it was installed and the 

test unit became the prototype water heater. The full complement of tests 

were performed on this unit and the results from these tests are the ones 

used to report the final prototype performance and project'service effi- 

ciency. Table 7 lists the components which were used in both the pre- 

prototype and prototype systems. 

4.1 Pre-Prototype System Tests 

The in;trumented pre-prototype water heater is shown in Figure 19. The 

tank consisted of a 50 gallon steel shell (with-internal insulation and liner 

this would become a 40 gallon tank) which was epoxy painted inside and insu- 

lated with 1" of foam insulation on the outside. Thermocouples were placed 

inside the tank using side penetrations as can be seen in Figure 19. One 

other difference between the pre-prototype and prototype was the type nf 

control used. Both are water heater controls, however, the pre-prototype 

control uses the thermal expansion of a bimetallic rod to operate the gas 

valve while the prototype control uses the thermal expansion of a Liquid. 

The remainder of the pre-prototype components were similar to the ones used 

with the prototype, 

The pre-prolotype water heater is shown being tested in Figure 20. 

The test facilities consisfed of a flow and temperature measuring module 

and emission testing equipment. These are also pictured in Figure 20 and 

are described in more detail in Section 2.1. 

~uring the testing of this unit the burner subassembly had not been 

developed to the point of operating consistently at 40,000 BTU/HR and con- 
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Table 7: Componentra Used In The Pre-Prototype and Prototype System 

Component Figure References 

Component 

1. Aspirator 

2. Gas Orif i c e  

3. Burner 

4. P i l o t  

5. Tank 

6. Heat Exchanger 

7. Exhaust System 

8, Exhaust Shroud 

9. Gas Control Valve 

Pre-pro to type 

Bigure 6(d) 

Figure 8(a)  

Figure !I(<? and d) 

Figure 11 (a and ti) 

Figure 12(b) 

Table 5(c) 

Figure 15 (a,b and c) 

Figure 16(b) 

Figure 18(a) 

Pro t o  type 

Figure 6(f) 

Figure 8(a) 

Figure 9(d) 

Figure l l ( b )  

Figure 12(e) 

.Table 5(b) 

Figure 15(d) 

Figure 16(c) 

Figure 18(b) 



--) Tank 

Tank 
Themcouples 

Caglbustion System/Heat Exchanger Assembly 

Figure 19 : Instrumented Pre-Pro to type Tank 



Pre-Pro to  type 
Ftater IEaa5ar 

Figure 20 Pre-Prototype Water Heater Installed in Test 
Facility 
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sequent ly  much of t h e  t e s t i n g  done on t h i s  u n i t  was f o r  a  f i r i n g  r a t e  of 

32,000 BTUIHR. Some . . t e s t i n g , w a s  done a t  40,000 BTUIHR b ~ t h ~ u s i n g  n a t u r a l  

d r a f t '  and us ing  fo rced  combustion. The forced  combustion tests were r u n  

w i t h  t h e  t e s t  r i g  shown i n  F igu re  1 0  t o  provide  a well-mixed a i r - g a s  mixture  
. . 

t o  t he  . 'burner , i n  o r d e r .  t o  examine mixirig..'.ef f e c t s  ., Cool-d0.h l o s s  t e s t s  

were performed w i t h  and wi thou t  t h e  p i l o t  t o  measure p i l o t  recovery.  Actua l  

tank  and f i t t i n g  l o s s  measurements w i t h  th5s  u n i t  had l i t t l e  s i g n i f i c a n c e  

because t h e  tank  c o n f i g u r a t i o n  w a s  s o  d i f f e r e n t  from t h e  p ro to type  u n i t .  

The pre-prototype test r e s u l t s  a r e  desc r ibed  below. 

, , 

Pre-Prototype Recovery E f f i c i e n c y  . . 

The recovery  e f f f c i e n c y  f o r  t h e  pre-prototype u n i t  a r e  shown i n  Table .  , 

8. A s  can be  s e e n  i n  t h i s  t a b l e  t h e  recovery  e f f i c i e n c i e s  r e p r e s e n t  a  wide 

r a n g e , o f  o p e r a t i n g  c o n d i t i o n s  and c o n f i g u r a t i o n s .  I n  F igure  21 t h e s e  recovery 

e f f i c i e n c i e s  arc p l o t t e d  v e r s u s  excess  a i r . "  The f i r i n g  r a t e  f o r  each p o i n t  ' -  

i k  r ep re sen ted  u s i n g  d i f f e r e n t '  symbols and t h e  p o i n t s  r e p r e s e i t i n g  s e a l e d  

combustion a r e  h i g h l i g h t e d .  A s  can b e  seen ' f rom t h e  f i g u r e ,  a l l  of t h e  

p o i n t s  a r e  c o r r e l a t e d  us ing  excess  a i r  ve r sus  recovery effic5iency w i t h i n  a :  ' '  

' b and  of 22%. o t h e r  parameters  such as f i r i n g  r a t e ,  sea led 'combust ion ,  . . 

. , 

n a t u r a l  d r a f t  v e r s u s  forced  d r a f t  seem t o  have a n  i n f l u e n c e  l e s s  than  t h e  ' ' 

s c a t t e r .  This  i s - n o t  t o  s ay  t h a t  they  h.a& no e f f e c t ,  b u t . , t h a t  t he  e f f e c t s '  ' 

were i n d i s t i n g u i s h a b l e  i n  t h i s  s e r i e s  of t e s t s .  From t h e  f i g u r e ,  t h e  r e -  

covery e f f i c i e n c y  w a s  w e l l  above t h e  des ign  goa l  of 82%. This  was mainly 

due t o  t h e  h e a t  exchanger module be ing  more e f f e c t i v e  than  d e s i r e d  and i s  

no t  cons idered  a problem. 

The tempera ture  d i s t r i b u t i o n  of . t h e  tank  dur ing  o p e r a t i o n  wi th  t h e  

hea t  exchangerlburner  module dur ing  a  recovery  'test. i s  q u i t e  good a s  

can b e  seen  i n  F i g u r e  22. The tempera ture  f i ' e l d  at d i f f e r e n t  t ime i n t e r v a ' l s  

i a  shown as a f u n c t i o n  of  p o s i t i o n .  The temperature.distribution i s  

r e l a t i v e l y  even w i t h  no s t a c k f n g  a t  t h e  top  ( p o s i t i o n  6) .  There i s  a 

,higher  t h a n ' a v e r a g e  tempera ture  a t  p o s i t i o n  2. This  i s  near  t h e  

d ischarge  p l a n e  of  t h e  h e a t  exchanger and t h i s  r e g i o n  i s  always h o t t e r  . 
(when the  burner  i s  on) t han  t h e  average  tank  temperature,  
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Table 8: Pre-Prototype System Recovery Tes ts  

Tes t  No. Excess Air F i r i n g  Rate ' Energy Recovery Test 

(%) (BTUIHR) .. ( x )  Condition 

. . 

(1) Natura l  Draf t  

(2)  . Heated Volume Recovery Test  . . . 

(3) Forced Combustion Test Rig Use.d - .  

(4) Steady-State Flow Recovery Test 

(5) Sealed Combustion . . . . 
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0 - Above 40,000.  BTU/HR* 

- 35000-40000 BTU/HR 

- 30000-35000 BTU/HR 

A - Sealed Combustion 

- 
\ 0 . .  *includes ~orced 

Combustion Tests 

- 

- Design Goal 

I. I I I I I I 
1 0  20 30 40 5 0 60 - 70 

Excess Air (%) 

Figure 21: Pre-Prototype Recovery Efficiency versus Excess Air 



BOTTOM 4 - - TOP 

TANK POSITION 

FIG. 22 TANK TEMPERI\TIIRES DURING RECOVERY TESTS 



a s  expected. I f  t h e  top  most curve (burner  o f f )  is examined, i t  can be seen 

t h a t  t h e  e n t i r e  tank  is c l o s e  t o  t h e  thermosta t  s e t t i n g  a t  t h e  end of a  

hea t ing  cyc le .  Thus, t h e r e  was no evidence of s t a c k i n g  du r ing  t h i s  t e s t .  

P i l o t  Energy Recovery 

A s  explained previous ly ,  t h i s  tank  was no t  p r o t o t y p i c  and because of 

e a r l y  developmental problems w i t h  t h e  burner ,  unat tended burner  ope ra t ion  

was n o t  attempted. Tes t s  were run,  however, t o  o b t a i n  t h e  p i l o t  recovery 

e f f i c i e n c y .  The h e a t  exchanger con f igu ra t ion  for t h e  p ro to type  was s i m i l a r  

t o  t h e  pre-prototype, so  t h a t  p i l o t  recovery d a t a  would be  meaningful.  F i r s t  

t h e  tank  and f i t t i n g  l o s s e s  were measured by a  cool-down t e s t  of s t o r e d  ho t  

water ,  wi th  t h e  r e s u l t s  as shown i n  Table 3. This  was done w i t h  t h e  p i l o t  

burner  turned o f f .  The t e s t s  were then  repea ted  wi th  t h e  p i l o t  ope ra t ing  

near  t h e  des ign  h e a t  i npu t .  These r e s u l t s  t oge the r  w i t h  those  of ' kb l e  3 

a r e  shown p l o t t e d  i n  F igure  23. The a b s o l u t e  l e v e l  of l o s s e s  f o r  t h e  tanks  

is  n o t  s i g n i f i c a n t  f o r  de te rmina t ion  of p i l o t  energy recovery,  however t h e  

d i f f e r e n c e  between t h e  two cond i t i ons  i s  t h e  n e t  h e a t  ga in  due t o  t h e  p i l o t .  

A s  can be  seen  from t h e  f i g u r e ,  t h i s  was from 75 t o  100 BTU/HR f o r  a  275 BTUIHR 
p i l o t .  This  r e s u l t s  i n  a , p l l o t  recovery e f f i c i e n c y  of 30-36%. Since t h e r e  is  

some s c a t t e r  t o  t h e  d a t a  i t  was decided t o  assume t h e  lower l i m i t  of p i l o t  

e f f i c i e n c y  of 30% f o r  any energy p r o j e c t i o n s  r e q u i r i n g  a  p i l o t  e f f i c i e n c y .  

4.2 Pro to type  Water Heater System Tes t s  

The pro to type  water h e a t e r  tank and s k i r t  wi thout  t h e  bu rne r lhea t  ex- 

changer module f i l s r a l l e d  Is s l ~ o ~ i ~  i n  F igu re  24. This  u n i t  i s  shnm 

assembled and on t e s t  i n  Pi'gure 25. The t e s t i n g  f o r  t h e  pro to type  u n i t  

was done i n  t h e  same f a c i l i t y  descr ibed  i n  e a r l i e r  s e c t i o n s .  The pro to type  

was a  complete o p e r a t i o n a l  u n i t  so t e s t i n g  cen te red  more on de f in ing  t h e  

system performance a s  opposed t o  component eva lua t ion .  The main t e s t i n g  

f o r  t h e  pro to type  u n i t  cons i s t ed  of recovery tests and s tandby l o s s  t e s t s  

which followed c l o s e l y  t h e  DOE c e s t  proceduceo f o r  water  h e a t e r s ( 2 ) .  The 

t e s t  p l an (4 )  w a s  followed f o r  capac i ty  o r  usage t e s t s .  I n  add i t i on ,  t he  

DOE t e s t  f o r  t h e  f i r s t  hour r a t i n g  ( capac i ty )  f o r  t h e  water  h e a t e r  was a l s o  

performed . 
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1 I I 
P i l o t  - 275 BTU;HR 

I 
0- No P i l o t  - With P i l o t  
A - Sealed Comhustion 

P i l o t  ~ e c o v e r y -  
fl A.A 1 ' .  A 

Stored J a t e r  Temperature To A i r  Temperature Di f fe rence  (OF) 

-. 

Figu r s  23: ?re-.Prototype Tznk and F i t t i n g  Losses With and Without P i l o t  
'V 



Skirt 

Figure 24: Prototype Storage Tank 
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Water and - 
Temperature 
Tnstfumentati 

Figure 25: ,Prototv~e Water 
In Test Faci l i ty  
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While tank  and f i t t i n g  l o s s  t e s t s  s i m i l a r  t o  those  s p e c i f i e d  i n  t h e  

t e s t  p l an  were performed, t h a t  is,  a cool-down type  t e s t ,  i t  was f e l t  t h a t  

t h e  DOE s tandby l o s s  t e s t  w a s  more v a l i d .  This  w a s  because i t  included 

a l l  t h e  l o s s e s  and d i r e c t l y  measured t h e  gas  consumption dur ing  s tandby a s  

opposed t o  measuring t h e  l o s s e s  s e p a r a t e l y  and then  combining them t o  calcu-  

l a t e  t h e  standby l o s s .  The recovery e f f i c i e n c y  t e s t  descr ibed  i n  t h e  test 

p l a n ( 4 )  was n o t  used. This  was due mainly t o  problems i n  maintaining a 

s t e a d y - s t a t e  cond i t i on  wi th  t h e  l a r g e  volume of water  s t o r e d  i n  t h i s  water  

h e a t e r .  

Pro to type  Water Heater Recovery Tes t s  

The recovery e f f i c i e n c y  t e s t s  performed on t h e  pro to type  water h e a t e r  

a r e  shown i n  Table 9. These were a l l  performed a t  t h e  des ign  f i r i n g  r a t e  

and wi th  t h e  hea t  exchanger shown i n  Table 5 (b ) .  

A l l  of t h e s e  t e s t s  were performed w i t h  a d r a f t  d i v e r t e r  (no sea l ed  

combustion). The s t a c k  temperature shown i n  t h e  t a b l e  is  t h e  va lue  measured 

a t  t h e  end of t h e  recovery t e s t  be fo re  burner  ope ra t ion  stopped. Var i ab le s  

such a s  carbon monoxide and excess  a i r  va ry  dur ing  t h e  t e s t , , a n d  t h e  range . 

of va lues  encountered a r e  shown i n  t h e  t a b l e .  The d a t a  p o i n t s  numbered 1, 2 

and 7 encoun te red .uns t ab le  combustion dur ing  t h e  t e s t s ,  as ind ica t ed  by t h e  . 

high  CO va lues .  The f i n a l  w a t e r  temperature i n  t e s t s  3 and 4 w a s  below 

150°F, which caused h igher  than  normal recovery e f f i c i e n c y .  'The remaining 

t e s t s  (5, 6, 8 ,  9, 10)  r e s u l t  i n  a n  average recovery e f f i c i e n c y  of 82%. 

Tes t s  8 ,  9 and 1 0  a r e  more i n d i c a t i v e  of t h e  f i n a l  u n i t  performing 

proper ly  a s  most of t h e  combustion problems had been remedied by t h i s  time. 

T h f ~  wouid i n d i c a t e  t h a t  a recovery e f f i c i e n c y  h igher  than  82% might be 

expected. However, t h e  s t a c k  temper.ature f o r  t h e s e  tests was s t i l l  a 

l i t t l e  Iow, and when t h e  des ign  temperature is achieved,  t h e  recovery 

e f f i c i e n c y  w i l l  be c l o s e r  t o  82%. 

Standby Losses 

The s tandby l o s s e s  were measured and c a l c u l a t e d  as descr ibed  i n  t h e  

Appendix. I n s t a l l a t i o n  of t h e  u n i t  was s i m i l a r  t o  t h a t  descr ibed  i n  t h e  

DOE t e s t  procedure f o r  water  h e a t e r s ( 2 ) ,  t h a t  is,  t h e  i n l e t  and o u t l e t  
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T a b l e  9: P r o t c l t y p e  ' S y s t e m  Re'covery E f f i c i e n c y  T e s t s  

FIRIXG RATE EXCESS A I R  CO STACK TEMP. blA TEE TEMP. (OF) ENERGY RECOVERY 
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connect ions had h e a t  t r a p s  i n s t a l l e d  and t h e  l i n e s  were i n s u l a t e d .  

Two 48 hour s tandby l o s s  t e s t s  were run  wi th  t h e  u n i t ,  These t e s t s  

r e s u l t e d  i n  s tandby l o s s e s  of 2.7% p e r  hour f o r  bo th  t e s t s .  Table 1 0  

shows some of t h e  d e t a i l s  of t h e s e  t e s t s .  

Capacity Tes t s  

The t e s t  p l an (4 )  f o r  t h i s  p r o j e c t  included water  h e a t e r  draw t e s t s  of 

2 g a l l o n s  per  minute f o r  1 0  minutes,  40 g a l l o n s  i n  one hour,  80 ga l lons  i n  

4 hours ,  a l l  wh i l e  main ta in ing  a  150°F d e l i v e r y  temperature.  I n  a d d i t i o n ,  
(5) . t h e  DOE one hour recovery r a t i n g  f o r  t h e  water h e a t e r  w a s  performed . 

Figure 26 shows t h e  w a t e r , o u t l e t  temperature and t h e  water  temperature 

a t  6 l o c a t i o n s  i n  t h e  tank  dur ing  a  2 g a l l o n  per  minute draw. A s  can be seen 

from t h e  f i g u r e ,  t h e  hot  water  o u t l e t  s tayed  above 150°F f o r  12 minutes and, 

i n  f a c t ,  was s t i l l  c l o s e  t o  150°F a f t e r  14  minutes.  The temperature d id  

s t a r t  dropping a t  t h i s  po in t ,  because a t  40,000 BTU/HR w i t h  a n  82% e f f i c i e n c y  

recovery,  t h e  draw r a t e  r equ i r ed  t o  keep d e l i v e r y  temperature cons t an t  was 

.67 gpm. The temperature d i s t r i b u t i o n  w i t h i n  t h e  tank  remains s t r a t i f i e d  

dur ing  t h e  draw, which shows t h a t  t h e  co ld  water  i n t a k e  was e f f e c t i v e l y  d i s -  ' 

persed a t  t h e  bottom of t h e  tank. 

The requirement  of a . 4 0  g a l l o n  and 80 g a l l o n  draw i n  one and fou r  hours  

r e s p e c t i v e l y  w a s  s a t i s f i e d  by s e t t i n g  a  draw r a t e  of Q67 g a l l o n s  pe r  minute 

and l e t t i n g  t h e  u n i t  o p e r a t e  w i th  t h e  thermosta t .  A s  can be seen  from 

Figure  27, t h e  u n i t  could have opera ted  ~ o n t i n u o u s l y  i n  t h i s  mode, t h a t  is ,  

40 g a l l o n s  i n  1 hour, 80 g a l l o n s  i n  2 hours ,  e t c .  The temperature d id  

droop below 150°F a t  t h e  22 minute p o i n t  and a t  t h e  90 minute p o i n t .  This  

was t h e  r e s u l t  of a  c o n t r o l  a c t i o n  and was n o t  due t o  any recovery l i m i t a t i o n .  

The c o n t r o l  could have been r e s e t  h igher  and t h e  t e s t  r e r u n  b u t  t h i s  was 

n o t  considered s e r i o u s  enough t o  run  t h e  t e s t  again.  

The l a s t  of t h e  capac i ty  t e s t s  run  w a s  t h a t  r equ i r ed  f o r  t h e  one hour 
(5) 

r a t i n g  accord ing  t o  t h e  amended DOE t e s t  procedures  f o r  water  h e a t e r s  - 
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Table 10: Prototype Standby Loss ~ e s t  Results 

Test Number : 

Standby Loss (S-%/HR) 2 :7 2 . 7  

Tank V~lume (GAL) 40.8 40.8 

Average Water 'l'emp. (OF) 144 144 

7 1 Av~.rage Air Temp. (OF) 7 2 

Water Temperature Control Range (OF) 140-150 140-150 

Air Temperature Range (OF) 

T e s t  Duration (HRS) 
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Water D e l i v e r y  
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O 'V Burner o n  

E lapsed  Time (MIN) , 

F i g u r e  26: D e l i v e r y  and Tank Tempera ture  Dur ing  2 GPM Draw 
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I n  t h i s  t e s t ,  water i s  drawn from t h e  u n i t  a t  a  r a t e  of 5 g a l l o n s  per  minute 

and t h e  t i m e  r equ i r ed  f o r  t h e  d e l i v e r y  temperature t o  drop 40°F below t h e  

i n i t i a l  temperature i s  determined. For t h e  p ro to type  water  h e a t e r  t h i s  was 

6.2 minutes as can be seen  i n  F igure  28. Using t h i s  r e s u l t  wi th  t h e  burner  

f i r i n g  r a t e  and recovery e f f i c i e n c y ,  t h e  water  h e a t e r  had a one-hour draw ,. 

capac i ty  of 70.6 g a l l o n s  based on t h e  DOE t e s t  p ~ o c e d u r e  (See Appendix f o r  

c a l c u l a t i o n  procedure) .  

A t  t h i s  time, d a t a  from convent iona l  water h e a t e r s  i s  n o t  a v a i l a b l e  f o r  
. . 

comparison w i t h  t h e  p r o j e c t  water  h e a t e r  w i t h  r ega rds  t o  draw capac i ty .  

Since t h e  l a b e l l i n g  law w i l l  be  i n  e f f e c t  i n  May 1980, t h e  p r o j e c t  water  

h e a t e r  draw c a p a c i t y  can then  be compared wi th  convent ional  u n i t s .  It i s  

expected t h a t  i t  w i l l  b e  b e t t e r  than  convent iona l ;40  ga l lon  h e a t e r s  s i n c e  

t h e  burner  i n p u t  is  t h e  same and recovery i s h i g h e r .  I n  a d d i t i o n ,  t h e  one- 

hour draw r a t i n g  should be  h igher  s t i l l  than  t h e  ' cur ren t  h igh  e f f i c i e n c y  u n i t s  

s i n c e  they  have a. lawer burner  i n p u t  ( t y p i c a l l y  30,000 BTU/HR) and a lower 

recovery than  t h e  p r o j e c t  water  h e a t e r .  

P qVANCED MECHANICAL TECHNOLOGY.-% 
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5. Se rv i ce  Ef f i c i ency  P r o j e c t i o n s  .and Emission Test  Resu l t s  

5 . 1  Serv ice  Ef f i c i ency  

The s e r v i c e  e f f i c i e n c y  r e s u l t s  presented  i n  t h i s  s e c t i o n  w i l l  apply  t o  

t h e  pro to type  u n i t .  The s e r v i c e  e f f i c i e n c y  i s  based on a  75 ga l lon  d a i l y  

draw,, a  water  o u t l e t  temperature of  150°F, and a  water  i n l e t  temperature of 

60°F, a d ' a n  ambient-of 70°F.' The p r o j e c t  goa l  i s  a s e r v i c e  e f f i c i e n c y  of 

70% inc lud ing  t h e  e f f e c t  o i ,  e x f i l t r a t i o n .  For r e f e rence ,  a .comparison of 

t h e s e  cond i t i ons  and t h e  DOE t e s t  cond i t i ons  is  shown i n  Table 11. The t e s t s  

descr ibed  i n  t h i s  r e p o r t  u se  t h e  Program t e s t  cond i t i ons  and  t h e  

DOE t e s t i n g  procedures(2) .  Had t h e  DOE test cond i t i ons  been used, t h e  

s e r v i c e  e f f i c i e n c i e s  would be  lower than  those  r epo r t ed  i n  t h i s  s e c t i o n .  

The s e r v i c e  e f f i c i e n c y  i.5 def ined  as fo l lows:  

QNET - n e t  h e a t  r equ i r ed  f o r  d a i l y  water  h e a t i n g  (BTU~DAY) 

QTOT - t o t a l  d a i l y  energy r equ i r ed  f o r  d a i l y  water h e a t i n g  (BTU~DAY) 

where Q = GxkxAT1, 
NET 

G - Daily 'Water Usage (GPD) 
BTU 

k - Volume Based S p e c i f i c  Heat (8.25 O ~ - G A L  

AT1 - Water Temperature R i se  (OF) 

and Q + S x A T 2 x V x k x t  TOT = 'NET' . 

Er - Recovery Ef f i c i ency  of t h e  Water Heater  (%) 

3 - Standby Loss (Z/HR) 

AT2 - Temperature Dif fe rence  Between Stored Water and Room 
Temperature (OF) 

V - Water Heater Tank Volume.(GALS) 

t - Daily Time a t  Standby ope ra t ion  . (HRS) 

where Q i s  t h e  burner  i n p u t  (BTUIHR) 
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Table 11 : Comparison of. program' Plan and, D .O . E. 
Test Conditions For Water Heaters ' 

Parameter . Program Plan D.O.E. 

1. Water Usage 75 GPD ' .  ' 64.3. GPD 
. .. . 3 .  , 

2. Water Temperature Rise 90°F 9 0 " ~  

3. Water to Air ~emp. Difference. 80°F ' 

For Standby Loss 

4. Stored Hot Water Temp. 

5. Exfiltration Considered Yes 
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Figure 29 shows t h i s  equat ion  p l o t t e d  as s e r v i c e  e f f i c i e n c y  v e r s u s  

recovery e f f i c i e n c y  f o r  v a r i o u s  standby l o s s e s .  This  f i g u r e  does n o t  inc lude  - 
t he  e f f e c t s  of e x f i l t r a t i o n .  E x f i l t r a t i o n  i s  accounted f o r  by inc reas ing  t h e  

p r o j e c t  goa l  from 70% (wi th  e x f i l t r a t i o n )  t o  78% (without e x f i l t r a t i o n ) .  This  

i n c r e a s e  i n  e f f i c i e n c y  was based on a 9600 Btulday pena l ty  f o r  e x f i l t r a t i o n  

(4) us ing  a  simple model(6) which was p a r t  of t h e  program p lan  requirement . 
More r e c e n t  work(9) i n d i c a t e s  t h a t  t h i s  model may p r e d i c t  rwice t h e  a c t u a l  

e x f i l t r a t i o n  l o s s  making a  goa l  o f  74% (without  e x f i l t r a t i o n )  more r e a l i s t i c .  

I n  o rde r  t o  be c o n s i s t e n t  w i th  previous ana lyses ,  however, t h e  c u r r e n t  model i s  

used and t h e  s e r v i c e  e f f i c i e n c y  goa l  excluding e x f i l t r a t i o n  i s  78%. 

Shown i n  F igure  29 i s  t h e  p r o j e c t  goa l  of 78% and t h e  measured pro to type  

r e s u l t  of 66.4%. For r e f e rence ,  a  conventio.na1 water  h e a t e r  w i th  a  s e r v i c e  

e f f i c i e n c y  of 51.3% and a  c u r r e n t  (high e f f i c i e n c y )  u n i t  w i th  a s e r v i c e  

e f f i c i e n c y  of  61% a r e  shown. A s  can b e  seen,  t h e  p r o j e c t  water  h e a t e r  f a l l s  

s h o r t  of t h e  p r o j e c t  goa l  by 11.6 percentage  p o i n t s .  Fur ther ,  while  t h e . u n i t  

meets t h e  energy recovery  goa l ,  t h e  s tandby l o s s e s  of 2.7% pe r  hour a r e  above 

t h e  va lue  needed t o  reach  t h e  e f f i c i e n c y  goa l .  Thus, t h e  de f i c i ency  i n  s e r v i c e  

e f f i c i e n c y  of t h e  pro to type  i s  due to h igher  s tandby l o s s e s  than  expected 

and t h e  e l imina t ion  of s ea l ed  combustion as a des ign  f e a t u r e .  

I n  r ega rds  t o  s ea l ed  combustion, t h e  pro to type  conf igu ra t ion  d i d  no t  

i nc lude  t h i s  o p t i o n  because t h e  use  of s e a l e d  combustion a t  f i r i n g  r a t e s  

above 30,000 BTU/HR w a s  found d i f f i c u l t  t o  achieve  a s  descr ibed  i n  Sec t ion  3. 

Cons idera t ion  of t h e  r e l a t i v e  importance of sea led  combustion l e d  t o  i t s  

temporary she lv ing  u n t i l  s a t i s f a c t o r y  performance could b e  demonstrated. 

Thus, based on sea l ed  combustion t e s t s  w i t h  the 'pre-pro to type ,  t h e  pro to type  

could have been developed with sea l ed  combustlok a t  a  f i r i n g  r a t e  . . . . of . . about  . . 

30,000 BTU/HR jn whirh t h e  s e r v l c e  efficiency of the u n i t  i-ricludinp, 

e x f i l t r a t i o n  would be 66.4% v e r s u s  a  p r o j e c t  goa l  of 70%. This  would f a l l  

s h o r t  of t h e  p r o j e c t  goa l  by 3.6%. 

F igure  30 shows t h e  standby l o s s  as 'a func t ion  of tank  and f i t t i n g  

l o s s e s  and p i l o t  energy recovery.  A s  can be  seen  i n  t h e  f i g u r e ,  t h e  tank 
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,Tank. and F i t t i n g  Loao ' = .  Q,, (DTUIHR) 

Figure  30: Standby Loss as a Funct ion of Tank 
and F i t t i n g  ~ o s s e s  and P i l o t  Recovery 



and f i t t i n g  l o s s e s  were. 450 BTu/HR versus  a goal of 300 BTU/HR and t h e  p i l o t  

recovery was 30%-36% v e r s u s  a goal  of 80%. The tank and f i t t i n g  l o s s e s  should 

n o t  be  considered f i n a l  va lues  because the  tank is still undergoing development 

a t  Amtrol. The new tank w i l l  have a d i f f e r e n t  i n s u l a t i o n  composition and 

t h e  th ickness  a t  t h e  top  w i l l  be  s l i g h t l y  increased.  This should decrease 

t h e  t ank  and f i t t i n g  l o s s e s  s l i g h t l y . ,  

Because of developmental problems wi th  the  combustion system, extens ive  

development of  p i l o t  energy recovery was not  attempted. The p i l o t  system 

was debugged t o  t h e  p o i n t  t h a t  i t  was opera t iona l  and t h e  p i l o t  e f f i c i ency  

was measured. There was no at tempt t o  inc rease  i t s  e f f i c i ency .  

Emission Tes t  Resu l t s  

Emissions, s p e c i f i c a l l y  CO and NO w e r e  measured f o r  the  .water heater  
X ' 

dur ing  t h e  e n t i r e  development e f f o r t .  These measurements were made t o  

determine proto type  compliance wi th  code requirements. 

The A N S I  code f o r  water h e a t e r s  r e q u i r e s  t h a t  the  u n i t  e m i t  l e s s  than 

200 ppm CO dur ing  low t e s t  gas p ressu re  t e s t s  and less than 400 ppm CO a t  

gas  p ressu re  12% above normal. These values  a r e  co r rec ted  t o  zero excess 

a i r .  I n  a d d i t i o n  t h e r e  a r e  t e s t s  with gases o the r  than n a t u r a l  gas a t  the  

same values.  The AGA combustion t e s t s  w e r e  not  performed with the  p rv jec t  

water  hea te r ,  b u t  CO emissions were cons tant ly  monitored and are,shown com- 

pared t o  these  s tandards  i n  Figure  31. The r e s u l t s  Shawn were obtained 

dur ing t h e  proto type  recovery t e s t s .  These a r e  t y p i c a l  f o r  va lues  measured 

during t h e  p r o j e c t  and a r e  wel l  below s p e c i f i c a t i o n s .  

The code requirements f o r  oxides of n i t rogen a r e  set by the  South Coast 

A i r  Qual i ty  Management D i s t r i c t  (SCAQMD)(7) and only  apply t o  Southern C J i -  

f o r n i a  a f t e r  December 31, 1982. The code requirements a r e  shown i n  Figure 32 

toge the r  wi th  va r ious  d a t a  c o l l e c t e d  on t h e  p r o j e c t  water hea te r .  As  can be 

seen,  oxides of  n i t rogen  emissions were wel l  below the  standard i n  component 

tests and s y s t  en tests. Emissions from conventional water heaters(8)  a r e  a l s o  

p l o t t e d  (correc ted  f o r  excess a i r )  i n  Figure 32. The a c t u a l  excess a i r  r a t e s  

were not  given f o r  t h e s e  t e s t s ,  but they were probably run a t  about 40% excess 

a i r .  I n  add i t ion ,  they should be increased by about 25% t o  account f o r  recovery 

ef f i c i e n c y ( 8 ) .  Thus, t h e  p r o j e c t  water hea te r  e m i t s  about one ha l f  the  code 

requirements f o r  NO while conventional water hea te r s  e m i t  60% higher NOX X ' 
emissions than t h e  code allows. 

- 70 - 
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Excess A i r  (I) 

Figure  31: Water Hea te r  Carbon Monoxide Emissions 
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Appendix - Project Test Procedure for 
Water   eaters ' 

A .  Recovery Efficiency 

B .  Standby Loss 

C .  First Hour Draw Capacity Test 
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A. - Recovery Efficiency Determination Test 
. . 

. . DATA SHEET: Recovery Eff ic iency Test  Data Sheet 

. . I. Procedure: Experimental 

A. Verify t h a t  a l l  instrumentat ion i s  functioning properly and 

t h a t  t h e  s t o r a g e  tank is  f i l l e d  with water with a l l  a i r  

. . . . vented. . . 

. . 
B. Verify t h a t  t h e  tank thermostat i s  set t o  c o n t r o l  a t  an average 

tank temperature nature  of 150°+50F. 

. , C. F i l l  the  tank with water a t  a temperature of 60°?150F and al low 

t o  reach s teady temperatures. 
. . 

. , D. Record a l l  temperatures and m e t e r  readings required  by data  

s h e e t .  

E. P lace  water hea te r  i n  norma1,operation (ON pos i t ion)  and allow 

t o  run t o  cut-out . ~ e c o ' r d  required  opera t ional  parameters. 

F . ,  Allow tank temperatures t o  reach steady s t a t e  and record a l l  

readings required by daLa ahcc t . 
. . 

1 .  Procedure: Calcula t ions  

A. Average i n i t i a l  and f i n a l  tank temperatures 

B. Determine gas consumption i n  cubic f e e t  

. . 

C. Calcula te  recovery e f f i c i e n c y  from t h e  following formula: 
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where 

V a Total tankvolume, 

C = Speci f ic  heat of water 
g 
- 
Ti = Average f i n a l  tank temperature 

- 
Ti = Average i n i t i a l  tank temperature 

Qng = Gas Cons~lmp t ion  £ t 3  , 

HHV = Higher heating volume of natural gas B T U / £ ~ ~  
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P a r a m e t e r  

T e s t  No: 
P e r f o r m e d  By: 
Da te :  

Recove ry  E f f i c i e n c y  T e s t  D a t a  S h e e t  

Time o f  Day 

Tank  I n l e t  Temp. 

Tank  O u t l e t  Temp. 

T 1  (Tank ~ e m p e r a t u r e s )  

T2 

T3  

T4 

T5 

T6 

E x h a u s t  Temp. 

Room Temp. 

Gas Consumpt ion  

- E l a p s e d  T i m e .  

Range  D u r i n g  T e s t  

E x c e s s  A i r :  

I n i t i a l  F i n a l  

co : PPm 

Gas O u t l e t  P r e s s . :  i n  H20 

Exhaust Temp.: -- - O F  

NO : /pm 

NO2! /pm 
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B. Standby Loss Determinat ion Test  

Procedure: Experimental 

A. Connect a l l  tank thermocouples t o  t h e  c h a r t  r eco rde r .  

. . 

B. Ver i fy  t h a t  a l l  i n s t rumen ta t ion  is  func t ion ing  p rope r ly  and 

t h a t  t h e  s t o r a g e  tank  is  f i l l e d  wi th  water  w i th  a l l  a i r  

vented.  

C. Ver i fy  t h a t  tank  thermosta t  i s  s e t  t o  c o n t r o l  average tank  

temperature a t  150°+50F. 

D. P l ace .wa te r  h e a t e r  i n  normal o p e r a t i o n  (ON pos i t ion) .  and a l low 

water  t o  h e a t  up t o  cut-out.  

E. Immediately fol1owing:cut-out i n i t i a t e  ope ra t ion  of c h a r t  re -  

corder  and record  gas meter reading .  

F. ' Allow t e s t  t o  cont inue  f o r  48 hours .  

G. A t  t h e  end of 48 hours ,  t e rmina te  ope ra t ion  of c h a r t  r eco rde r  

and r eco rd  gas  meter reading .  I f  t h e  burner  i s  on, a l low 

ope ra t ion  t o  cont inue  t o  cut-out,  and .tank temperatures  t o  

s e t t l e  p r i o r  t o  reading  gas m e t e r .  

11. Procedure: Ca lcu la t ions  

A. Determine and record  average tank temperatures  and room temp- 

e r a t u r e  a t  1 5  min. i n t e r v a l s  dur ing  t h e  48 hour t e s t .  

B. Ca lcu la t e  t h e  fo l lowing  parameters:  

- 
1. Tt Average tank temperature dur ing  t e s t  
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- 
2 .  Tm Average room temperature during t e s t  

- 
. '  4. Ti 

. . 
I n i t i a l  average tank temperature 

i - 
5 .  Tf . F i n a l  average tank temperature OF 

. , 

7. ' Qng Total. gas  consumption f  t3 

8 ,  t: Tota l  time dura t ion  h r  

C. Calcula te  standby l o s s  using t h e  following firmula: 

where : 

lIEIV = Higher heat ing  va.l.ue of n a t u r a l  gas BTu/ft3 

C = S p e c i f i c  hea t  of water 
8 

V = Tota l  tank volume . . BTUIgnl-OF 

E~ = Unit =ecovery e f f i c i e n c y  (dim, ) 
. . 
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C. First Hour Draw Capacity Test 

I. Procedure: Experimental 

A. Verify that the tank is full of water with all air vented and 

that all instrumentation is functioning properly. 

B. Initiate burner operation and allow tank to heat up to cut-out 

at 150°+5"F. . . 

C. After cut-out initiate water draw at 5 gallmin. Record water 

outleq temperature at two-minute intervals. 

D, Continue test until water outlet temperature falls to less than 

40°F below initial delivery temperature. 

11, Procedure: Calculations 

A. Plot water delivery temperature vs. time and determine the 

time at which water delivery temperature fell below 40°F less 

than initial delivery temperature. 

B. Determine the following parameters: 

1. P Unit firing rate BTUIHR 

2. Er Unit recovery' efficiency (-1 

3. C Specific heat of water Btulgal-OF 
P; 

4. ATS Temperature rise of water 90°F 

5. Q Draw rate gallmin 

6. tf Time duration determined 111 min 

A above 
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C. C a l c u l a t e :  

1. G ( g a l )  = Q x tf 

where K = 8.25 Btu/gal-OF 

3 .  F i r s t  hour draw r a t i n g  (GALS.) 
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1.0 INTRODUCTION AND SUMMARY 

The Phsse 2 program plan comprises the  design,  f abr ica t ion ,  and 

f i e ld - t es t ing  of production-like water heaters .  This plan a l s o  includes 

endurance t e s t i n g  of the  water heater  and i ts  components. It i s  f e l t  t h a t  

t h i s  w i l l  provide a more highly-developed f i e l d - t e s t  u n i t  and w i l l  

obta in  g r e a t e r  r e l i a b i l i t y ,  both of which w i l l  i n sure  a more successful  

f i e l d  t e s t .  

Figure 1 shows t h e  timlng planned f o r  Phase 2. Phase 2 cornprfses 

two main tasks .  The f i r s t  t a sk  c o n s i s t s  of the  const ruct ion of 10 prototypes 

by Amtrol (manufacturing subcontraetor)  t o  AMTI's (contrac tor)  design. 

These u n i t s  w i l l  be b a s i c a l l y  the same a s  the  prototype u n i t  developed i n  

Phase 1. Once the  u n i t s  a r e  opera t ional ,  they w i l l  be eva lua tedby-bo th  

Amtrol and AMTI. Amtrol wkll. use i ts  u n i t s  t o  f a m i l i a r i z e  i ts  personnel 
. . 

with t h e  water heater ,  t o  evaluate  f ts manufacturabil i ty,  and. t o  conduct 

independent tests. AMTI w i l l  s e t  up a u n i t  f o r  endurance t e s t i n g  and w i l l  

use another f o r  advanced developmental work. Current plans,  which a r e  

contingent on development s t a t u s  and scheduling, a r e  t o  submit one of the  

preliminary prototypes to  AGA's research labora tory  f o r  e a r l y  evaluat ion of 

the  design. 

The second t a s k  cons f s t s  of.  t h e  deslgn, const ruct ion,  .and f i e l d  t e s t i n g  

o,f t h e  production design. Based on inpu t s  from t h e  f i r s t  task,  a  production 

protytype w i l l  be designed by AMTI and 30 u n i t s  w i l l ' b e  b u i l t  by Amtrol.' 

Twenty of these  w i l l  be .used. f o r  f i e l d  t e s t i n g  and the  remainder w i l l  be 

used f o r  AGA c e r t i f i c a t i o n ,  labora tory  t e s t i n g ,  demonstration, and spare  

pa r t s .  The f i e l d  t e s t i n g  w i l l  emphasize demonstration of energy savings and 

w i l l  include comparisons with "high ef f ic iency"  u n i t s  cu r ren t ly  being sold .  

A t  t he  end of t h e  f i e l d  tests, the  r e s u l t s  w i l l  be disseminated through a s  

marly channels as poss ib le  t o  c r e a t e  publ ic  awareness of the  u n i t .  This 

w i l l  serve  t o  generate i n t e r e s t  i n  the  technology and a i d  i n  i ts  in t roduct ion 

t o  the marketplace. 
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2.0 Pro to type  Manufacture and Tes t  

P r i o r  t o  t h e  design,  manufacture and f i e l d  t e s t i n g  of t h e  product ion 

v e r s i o n  of t h e  water  h e a t e r ,  t e n  water  h e a t e r s  w i l l  be b u i l t  t o  t h e  

engineer ing  pro to type  des ign  developed i n  Phase 1 of t h e  c u r r e n t  c o n t r a c t .  

These u n i t s  w i l l  be  used t o  eva lua t e  t h e  des ign  from a manufacturing 

s t andpo in t  dur ing  t h e  cons t ruc t ion  phase. Some of t h e  u n i t s  w i l l  remain a t  

Amtrol and be used by them f o r  independent eva lua t ion  of t h e  u n i t .  o t h e r s  

w i l l  be  used by AMTI t o  perform endurance t e s t s  which w i l l  y i e l d  informat ion  

t h a t  can be used i n  t h e  des ign  of t h e  f i e l d  t e s t  u n i t s  t o  i n s u r e  t r o u b l e  

f r e e  ope ra t ion .  I f  t h e  pro to type  des ign  i s  s u f f i c i e n t l y  c l o s e  t o  t h e  

product ion design,  a u n i t  w i l l  be taken t o  AGA f o r  eva lua t ion .  

2.1 Pro to type  Construct ion . . 

I n  o r d e r  t o  e v a l u a t e  t h e  des ign  of t h e  water  h e a t e r  from a manufacturing 

viewpoint ,  Amtrol w i l l  b u i l d  t e n  p ro to types . '  AMTI w i l l  supply t h e  working 

drawings f o r  t h e  combustion system, h e a t  exchanger module, and s t a c k  . 

conf igu ra t ion .  

The c u r r e n t  p l an  i s  t o  u se  modified "off-the-shelf" components f o r  

some p a r t s  and smal l  l o t  f a b r i c a t i o n ' t e c h n i q u e s  f o r  o t h e r s .  The i n t e r n a l l y  

i n s u l a t e d  tanks w i l l  be  produced' on a  f u l l - s c a l e  product ion l i n e .  ~ a b i e  1 

shows a l i s t  of t h e  major components and t h e  intended f a b r i c a t i o n  techniques.  

2.2 Design hva lua t ion  and Refinement 

The o b j e c t i v e  o f . t h i s  t a s k  i s  t o  e v a l u a t e  t h e  p ro to type  u n i t s  both a s  

t o  ,average u n i t  performance and r e p r o d u c a b i l i t y  of performance. The evalua- 

t i o n  w i l l  i nc lude  d i f f e r e n c e s  i n  energy recovery,  s tandby . losses ,  c o n t r o l  

a c t i o n  and f i r i n g  r a t e .  A l l  t e n  u n i t s  w i l l  be checked o u t  by AMTI. Any 

r equ i r ed  modi f ica t ions  w i l l  be  made a t  t h i s  t i m e .  Seven u n i t s  w i l l  then  be 

s e n t  t o  Amtrol f o r  a  s e p a r a t e  eva lua t ion .  The remaining t h r e e  u n i t s  w i l l  

DVANCED MECHANICAL TECHNOLOGY. INC. 



1. Tank and Stand 

2.. Heat Exchanger 

Tubing 
Header o 
Shroud 

TABLE 1 

Ten Pro to type  Manufacturing Plan  

Burner 
Asp i r a to r  
P i l o t  
I g n i t e r  

4. Cont ro l  

5. P ip ing  and Valving 

F a b r i c a t i o n  Technique 

Amtrol Manufactured Component 

Amtrol Manufactured component 
Modified Plumbing F i t t i n g s  
Hand Fabr ica ted  From Sheet  Metai Stock 

.Hand Fabrica~et l  k-om Fe r fo rn t cd .Shee t  Stock 
Modified Plumbing F i t t i n g s ,  Spinnings 
Purchased and Mod'if i e d  
Purchased and Modified 

Purchased 

Purchased 

. .  
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be used by AMTI f o r  t h e  endurance t e s t i n g  and advanced development. 

2.3 Manufacturer 's  Evaluat ion 

Up t o  t h i s  po in t ,  Amtrol has  no t  had a p ro to type  u n i t .  This was 

due t o  t h e  e x i s t e n c e  of on ly  one pro to type  a t  AMTI and even t h i s  u n i t  was 

cons t an t ly  be ing  changed dur ing  Phase 1. It i s  planned t h a t  Amtrol w i l l  

r un  pro to type  u n i t s  i n  t h e i r  p l a n t  s o  t h a t  t h e i r  engineer ing ,  manufacturing, 

and des ign  personnel  can e v a l u a t e  t h e  u n i t .  Evaluat ion w i l l  involve  both  

t e s t i n g  t h e  u n i t s  a t  t h e  p l a n t ,  and a f t e r  s u f f i c i e n t  confidence i s  gained 

i n  t h e  r e l i a b i l i t y  of t h e  u n i t s ,  Amtrol w i l l  p l ace  some i n  r e s idences  t o  

e v a l u a t e  performance i n  a f i e l d  s e t t i n g .  

2.4 Endurance T e s t i n g  

P r i o r  to. committing t o  a product ion des ign  and f i e l d  t e s t i n g  u n i t s ,  

a u n i t  w i l l  be  set up i n  t h e  l abo ra to ry  t o  e v a l u a t e  i t s  performance both  

f o r  s a t i s f y i n g  r e s i d e n t i a l  household. demands a n d . f o r  unat tended long term 

usage. 

I n  o rde r  t o  run  t h e  u n i t  over  extended pe r iods  of t ime and f o r  v a r i o u s  

duty  cyc les ,  a series of timers and so l eno ids  w i l l  be set up a s  p i c t u r e d  

i n  Figure 2. Thermocouples w i l l  be  placed i n  t h e  tank,  on h e a t  exchanger 

s u r f a c e s ,  and burner  s u r f a c e s  a s  shown i n  t h e  f i g u r e .  An e lapsed  t imer 

w i l l  be used t o  keep t r a c k  of burner  ope ra t ing  times. The t imers  w i l l  be  

programmable t o  a l low vary ing  cyc le s  and draw r a t e s  t o  be s imulated.  For 

example, i t  is  planned t o  s e t  up t h e  h e a t e r  t o  o p e r a t e  a t  an  a c c e l e r a t e d  

pace t o  s imu la t e  one-year 's burner  ope ra t ion .  Dai ly burner ope ra t ion  

f o r  a 64.3 G P D ' ~ )  draw and a burner  i n p u t  of 40,000 B T U / H ~  i s  about  1 .7 

h r s .  o r  622 hours per  year .  With a 10  minute tank  d r a i n  t ime and a 1 hour 
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burner on-time t o  hea t  up the  tank, about 20 cyc les  per  day could be 

programmed. This would r e s u 1 t . h  1 8  hours of burner opera t ion  per  day 

o r  622 hours i n  35 days. By monitoring temperatures and gas and water 

consumption, the  performance of t h e  u n i t  ,as a funct ion  of time can be 

evaluated.  Temperature of the  heat  exchanger surfaces  and of the  

water temperature drop across  the  hea t  exchanger w i l l  g ive  an e a r l y  

i n d i c a t i o n  of fou l ing  o r  sca le .  

A t ' t h e  end of t h i s  time the  u n i t  w i l l  be examined f o r  p o t e n t i a l  

problems. Burner components w i l l  be examined f o r  overheating.  Surfaces 

exposed t o  the  combustion gases w i l l  be examined f o r  corrosion. .  The 

hea t  exchanger w i l l  be cu t  a p a r t  t o  examine 'it f o r  evidence o'f s c a l e  and 

foul ing  . 
Other t e s t i n g  which w i l l  be done on t h i s  r i g  w i l l  be t o  s imulate 

var ious  usage p a t t e r n s  and t h e  u n i t ' s  response t o  these  pa t t e rns .  

Combinations of var ious  draws f o r  plumbing f i x t u r e s  can be run t o  eva lua te  

the  a h l l i t y  o f  t h e  h c a t e r  t o  meet household demands. A s e r i e s  of  shor t  

draws of s u f f i c i e n t  length  . t o  i n i t i a t e  burner .operat ion,  but  not  long 

enough t o  change a l l  the  water i n  the  tank w i l l  be used t o  evaluate  the  

"stacking" tendency of the  water hea te r .  Energy consumption t e s t s  can be 
(2) made using a draw p a t t e r n  such a s  t h a t  i n  Table 2. . ' 1  

While many performance te.sts. w i l l  be  planned f o r  t h i s  u n i t , .  t h e  

primary purpose w i l l  be t o  i n s u r e  the  success of the  f i e l d  t e s t i n g  by 

i d e n t i f y i n g  and e l iminat ing  problems wi th  the  design. 

2.5 AGA Design Review 

While i t  w i l l  be premature t o  seek AGA c e r t i f i c a t i o n 0 ) ,  an e a r l y  

i n d i c a t i o n  of c e r t i f i c a t i o n  d e f i c i e n c i e s  would be  valuable  i n  designing 

the  production u n i t .  Some p o t e n t i a l  problems have already been i d e n t i f i e d  

by a consul tant  f a m i l i a r  with the  ANSI  desi.gn standards.  These cen te r  

mainly on p i l o t l b u r n e r  a c c e s s a b i l i t y  and servic ing.  Also p i l o t  l i g h t i n g  

was i d e n t i f i e d  a s  a p o t e n t i a l  problem area.  

Af te r  an evaluat ion of t h e  prototypes by both Arntrol and AMTI a 
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TABLE 2 

Time - .  Flow - 
(Min (GPM) 

' .  Total. Gallons 
. . . . 71 ' 

. . Ambient Air Temperature (OF)' .7O .. 
. ' Water Temperature (OF) 60 , 
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decis ion w i l l  be made whether i t  w i l l  be worthwhile submitting the  &it ' to  

AGA. I f  sb, a u n i t  w i l l  be submitted t o  AGA's research l a b s  f o r  evaluat ion 

ins tead of being entered i n  t h e i r  c e r t i f i c a t i o n  f a c i l i t i e s .  This u n i t  

w i l l  be run through the  ANSI t e s t s ,  and de f ic ienc ies ,  i f  any, w i l l  be 

reported.  This i s  an informal procedure o f fe r red  by AGA t o  provid'e an 
' 

e a r l y  ' indica t ion of c e r t i f  f a b i l i t y  . 
I f  Amtrol A d  W I  f e e l  the re  w i l l  be s u f f i c i e n t  d i f fe rences  between ' the 

prototype and production u n i t  t o  render the  AGA t e s t s  meaningless, 

u n i t  w i l l  not  be sen t .  
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3.0 PRODUCTION VERSION MANUFACTURE AND FIELD TEST 

This s e c t i o n  forms the  main p a r t  of t h e  Phase 2 P ro jec t  Plan. This 

i s  t o  perform a f i e l d  demonstration test of t h e  high-efficiency.water , 

h e a t e r .  The f i r s t  t a s k  of t h e  plan improves t h e  u n i t  from a manufacturing 

and opera t iona l  viewpoint.  A production design w i l l  - ,  ,then be performed 

and production prototypes  w i l l  be  manufactured. Laboratory e f f i c iency  

t e s t s  w i l l  e s t a b l i s h  u n i t  performance. These u n i t s  w i l l  . .  then.be . f i e l d  

t e s t e d  f o r  one year.  A t  t h e  end of these  :f i i l d  tests, r d s u l t s  w i l l .  be 

disseminated . . . . . 

This development t a sk  Is required  p r i o r  t o  t h e  production design and 

w i l l  inc lude t h e  fol lowing subtasks: 

Evaluate sea led  combustion. 

Improve se rv ic ing  of t h e  Unit. 

Improve r e l i a b i l i t y  of the  Unit. 

Lower manufacturing cos t s .  

Perform c r i t i c a l  AGA t e s t s .  

Improve servi-ce e f f i c iency .  
. . 

Service '.Ef f l C % O f i C y  ' C4w1. 

. . 
The s e r v i c e  efficiency goal  f o r  t h e s  p ro jec t  is 70% including t h e  

e f f e c t  of e x f i l t r a t i o n .  This has  been evaluated f o r  a draw of 75 gal lons  
. . 

per  day a t  a water in le t  temperature of 60°F, an ambient temperature 05 

70°F, and 90°F water temperature r i s e .  Figure 3 i s  a , p l o t  of se rv ice  

e f f i c i e n c y  versus  'energy recovery f o r  these  condit ions excluding e x f i l t r a t i o n .  

I n  order to  account f o r  e x f i l t r a t i o n  losses ;  t h e  p r o j e c t  goal i s  increased 

t o  7 8 ~ ' ~ )  when r e s u l t s  a r e  presented excluding e x f i l t r a t i o n .  Shown on t h i s  

p l o t  a r e  t h e  revised p ro jec t  goal  of '78% and t h e  measured prototype r e s u l t s  

of 66.4%. ,For  reference ,  a conventional water hea te r  with a se rv ice  

e f f i c iency  of 51.3% and a cur ren t  "high ef f ic iency"  u n i t  with a se rv ice  

e f f i c i e n c y  of 61%. A s  can be seen, t h e  p ro jec t  water hea te r  f a l l s  shor t  

of t h e  p r o j e c t .  goal  by 1.1.6 percentage points .  The e l iminat ion of sealed 

combustion a s  a design f e a t u r e  accounts f o r  8 of the  1.1.6 percentage points  
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while t h e  remaining 3.6 points  a r e  due t o  higher than expected standby 

l o s s e s .  

Figure 4 shows t h e  standby l o s s  a s  a funct ion of tank and f i t t i n g  l o s s e s  

and p i l o t  energy recovery. A s  can be seen i n  t h e  f i g u r e  t h e  tank and f i t t i n g  

l o s s e s  were 450 BTU/HR versus a goal  of 300 BTUIHR and t h e  p i l o t  recovery 

was 30% versus  a goal  of 80%. The tank and f i t t i n g  l o s s e s  should not  be 

considered f i n a l  va lues  because t h e  tank i s  s t i l l  undergoing development 

a t  Amtrol. The new tank w i l l  have a d i f f e r e n t  i n s u l a t i o n  composition and 

t h e  thickness a t  t h e  top w i l l  be increased.  This should decrease. t h e  tank 

and f i t t i n g  l o s s e s .  Also, during t h i s  t a sk ,  an evaluation will. be made of 

h e a t  t r a p s  f o r  use on the  water heater  t o  evaluate  t h e i r  impact on the  

standby l o s s e s .  

Because of  developmental problems with the  combustion system, extensive 

development of  p i l o t  energy recovery was not  performed. The p i l o t  system 

was debugged t o  t h e  point  t h a t  i t  was opera t ional  and the  p i l o t  e f f i c i ency  

was measured. There was no attempt t o  add t r a n s f e r  surface  t o  the  heat  

exchanger t o  improve t h i s  e f f i c i e n c y  nor was the  placement of t h e  p i l o t  var ied  

nor was t h e  a i r - f u e l  r a t i o  i n  the  p i l o t  optimized. I n  t h e  advanced develop- 

ment task  t h i s  w i l l  be done. 

During Phase 1, with sea led  combustion, f i r i n g  r a t e s  above 30,000 BTU/HR 

w e r e  d i f f i c u l t ,  t o  achieve. Consideration of t h e  r e l a t i v e  importance of 

sea led  combustion l e d  to  its temporary shelving u n t i l  s a t i s f a c t o r y  performance 

couid b e  demonstrated. However, t h e  use of, a concentric  sec t ion  t o  a c t  a s  a 

thermal check va lve  was lcept i n  t h e  design. While t h i s  does not s top the  

l o s s  of conditioned a i r  and t h e  hea t  l o s s  from t h e  heat  exchanger during 

t h e  standby cycle .  

/ 

Using a simple model, t h e  savings due t o  .seal.ed combustion were estimated 

i n  Phase I t o  be about 9-10%. While nothing has been found t o  change t h i s  

r e s u l t ,  i t  i s  f e l t  t h a t  t h i s  opt ion should be re-examined.during t h i s  phase 

of t h e  p r o j e c t .  A c o s t l b e n e f i t  ana lys i s  f o r  t h i s  opt ion w i l l  thus be performed 
(5) t o  update t h a t  performed during Phase 1. 
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Tank and  itt tin^ Loss - QT, ( B T U / ~ ~ )  

Figure 4 . : :  Standby Loss a s  a' Function of Tank 
and Fitt ing Losses and P i l o t  Recovery 



Improving Servic ing of The Unit  

Improving s e r v i c i n g  of the  u n i t  c e n t e r s  p r imar i ly  around the  burner/  

a s p i r a t o r f p i l o t  assembly. The p i l o t  and p i l o t  thermocouple a r e  i n s t a l l e d  

i n  t h e  burner by feeding the  u n i t s  through a tube on which t h e  burner i s  

mounted and up i n t o  t h e  burner.  They a r e  mounted i n t e g r a l  wi th  the  s u r f a c e  

of  t h e  flameholder sc reen  a s  can be seen i n  Figure  5. .This was done t o  

p l a c e  the  p i l o t  h igh i n  t h e  burner/heat .exchanger assembly t o  promote s t r a -  

t i f i c a t i o n  of t h e  p i l o t  exhaust products  and thus  promote high p i l o t  recovery. 

This  conf igura t ion  w i l l  be re-examined t o  t r i  and divorce  the  p i l o t  from 

t h e  burner assembly w i t h  the  o b j e c t i v e  of improving s e r v i c i n g  of the  u n i t .  

With t h e  c u r r e n t  des ign the  e n t i r e  b u r n e r l p i l o t  assembly ~ n ~ i u d f n g  rhe asp ira~or  

h a s  t o  be removed from the  u n i t  i n  o rde r  t o  s e r v i c e  t h e  p i l o t .  An approach 

w i l l  be evaluated  i n  which t h e  p i l o t ,  t h e  thermocouple and the  i g n i t e r  a r e  

mounted i n  a ceramic base  which is  i n s t a l l e d  from t h e  bottom .of the  u n i t .  

The l a r g e  s i z e  of the  a s p i r a t o r  causes some d i f f i c u l t y  during i n s t a l l a t i o n .  

I n  o r d e r  t o  achieve a h igh e f f i c i e n c y  i n  t h e  a s p i r a t o r ,  a very  long mixer/ 

d i f f u s e r  w a s  used. An a t tempt  w i l l  be made t o  shor ten  t h i s  length  by e i t h e r  

us ing  m u l t i p l e - g a s  o r i f i c e s  o r  by using an a s p i r a t o r  wi th  dual  mixer and . 

d i f f u s e r  assemblies.  

Another a r e a  which r e q u i r e s  improvement is  p i l o t  l i g h t i n g .  The AGA 

code r e q u i r e s  i g n i t i n g  the  p i l o t  with a paper match. With the currenc 
u n i t  t h i s  i s  d i f f i c u l t  t o  achieve.  

An a r e a  r e q u i r i n g  improvement i n  r e l i a b i l i t y  is  t h e  b u r n e r l p i l o t  sys- 

t e m .  The main problems wi th  burner r e l i a b i l i t y  are coupling t h e  hea t  ex- 

changer alld exllaus L duc Llug. Because ul: ~ l l r  c l l a ~  acLer ul: L I ~  L U L  c t l  d ~ a l :  t , 
i t  i s  d i f f i c u l t  t o  t r e a t  these  components a s  s e p a r a t e  elements. Commonly, 

a l a r g e  p ressure  drop (or  "con t ro l l ing  o r i f i c e " )  would be used t o  minimize 

o r  "uncouple" the  burner from t h e  o t h e r  components. Because the  burner is  

n a t u r a l  d r a f t ,  decoupling i n  t h i s  fashion i s  i m p r a c t i c a l  due t o  the  low 
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FIGURE 5. PilotIBurner Configuration 



a v a i l a b l e  system head. Moreover, t h e  flow r e s i s t a n c e  i n  a l l  of t h e  components 

i s  t h e  same o r d e r  of magnitude as t h a t  found i n  t h e  burner .  This  may favor  

bu rne r l sys t em i n t e r a c t i o n s .  Fu r the r  work. i s  r equ i r ed  t o  f i n d  methods o t h e r  

t h a n  l a r g e  p r e s s u r e  drops  t o  i n s u r e  r e l i a b l e  burner  ope ra t ion .  

Another p o t e n t i a l  r e l i a b i l i t y  problem l i e s  w i th  t h e  p i l o t .  The "strength" 

of  t h e  p i l o t  i s  low due t o  low BTU inpu t .  Thus, i t  is s u s c e p t i b l e  t o  d r a f t ,  

wind, and o t h e r  environmental  f a c t o r s .  Adddit ional ly,  t h e  p i l o t  i s  i g n i t e d  

us ing  a p i e z o e l e c t r i c  i g n i t i o n  system i n  combination wi th  a  high vo l t age  

e l e c t r o d e  which u s e s t h e  p i l o t  thermocouple s h i e l d  a s  the .ground.  Because 

t h o  i g n i t o r  i c  i n  t ho  pa th  of h o t  ~ s m b u s t i o n  gases thoro  i s  a potent ia l  for 

c o r r o s i o n  o r  f o u l i n g  of  t h e  h i g h  vo l t age  e l e c t r o d e .  This  is  a l s o  t r u e  of 

t h e  p i l o t  thermocouple s h i e l d .  This would r e s u l t  i n  a  weak spa rk  decreas ing  

t h e  r e l i a b i l i t y  of t h e  i g n i t i o n  system. While t h i s  has  n o t  been a problem 

i n  Phase 1, i t  may b e  t h a t  w i t h  heavy usage t h i s  w i l l  become a problem. 

Lowering Manufacturing Costs  

The a r e a s  of manufacturing c o s t  which have been p o i n t e d . o u t  by Amtrol 

as r e q u i r i n g  a t t e n t i o n  a r e  t h e  h e a t  exchanger assembly, t h e  b u r n e r l a s p i r a t o r  

assembly i n c l u d i n g . t h e  p i l o t ,  and t h e  s t a c k .  With regard t o  t h e  h e a t  ex- 

changer ,  t h e  main a r e a s  of concern are t h e  upper and lower headers  and t h e  

e x t e n s i v e  u s e  of brazed  j o i n t s .  Amtrol has  suggested t h a t  t h e  headering 

arrangement be examined t o  s e e  i f  i t  could be made i n  a d i f f e r e n t  conf igura t ion .  

One sugges t ion  would b e  t o  u se  square mi t red  tub ing  i n s t e a d  of t h e  c u r r e n t  

"donut" c o n f i g u r a t i o n  used. Another would' be t o  use  a  r o l l e d  seam f o r  t he  

heade r  ha lves  i n s t e a d  of t h e  p r e s e n t  brazed.seam. 

There a r e  two major c r i t i c i s m s  of .  t h e  b u r n e r l p i l o t  design.  The f i r s t  

i s  t h e  shape  of t h e  burner .  The c o n i c a l  shape being used would be expensive 

t o  manufacture and should be examined t o  s e e  i f  another  flameholder shape o r  

t ype  of bu rne r  can be  used. The c r i t i c i s m  concerning t h e  p i l o t  r e l a t e s  t o  

t h e  i n t e g r a t i o n  of  t h e  p i l o t  w i th  t h e  burner .  This has  been c i t e d  i n  the  

p rev ious  s e c t i o n  concerning s e r v i c i n g  of t h e  u n i t  and w i l l  be examined t o  

s e e  i f  t h e  p i l o t  can be made s e p a r a t e  from t h e  burner .  
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These a r e  some of t h e  sugges t ions  by Amtrol and are d iscussed  he re  t o  

i l l u s t r a t e  t h e  kind of a c t i v i t i e s  in tended  f o r  t h i s  t a s k .  Any major changes 

w i l l  be t e s t e d  on t h e  unit.prior'to,:inelusion i n t o  t h e  product ion  design.  

Perform C r i t i c a l  AGA T e s t s  

While i t  w i l l  n o t  be worthwhile t o  r u n '  a l l  of t h e  AGA t e s t s ( 3 )  on t h e  

u n i t ,  i t  f e l t  adv i sab le  t o  perform some of t h e  more c r i t i c a l  t e s t s  e a r l y  

t o  uncover p o t e n t i a l  problem a reas .  These tests inc lude :  "Wind" t e s t s  

t o  determine a b i l i t y  t o  wi ths tand  downdrafts and o t h e r  e x t e r n a l  p e r t u r b a t i o n ,  

combustion t e s t s  w i t h  a l t e r n a t e  gases ,  and emissions tests. 

3.2 .Pre-Production Design 

This  t a s k  invo lves  t h e  f i r s t  des ign  of t h e  water  h e a t e r  in tended  f o r  

product ion.  While t h e  pro to type  des ign  w a s  n o t  in tended  t o  vary  s i g n i f i c a n t l y  

from a product ion  design,  i t s  development was more' concerned wi th  performance 

and o p e r a t i o n  than i t  was wi th  product ion  cons ide ra t ions .  This  des ign  w i l l  

d i f f e r  from t h e  engineer ing  pro to type  i n  two a r e a s .  The f i r s t  a r e a  invo lves  

t h e  manufac tu rab i l i t y  of t h e  u n i t .  P r i o r  t o  t h e  product ion  des ign ,  i n p u t  

from Amtrol w i l l '  have been rece ived  from t h e i r  eva lua t ion '  of t h e  pro to types .  

Any changes f o r  product ion  which a r e  recommended w i l l  b.e incorpora ted  i.nto 

t h e  product ion des ign .  Any design change'which might a f f e c t  t h e  performance 

w i l l  be t e s t e d  on t h e  advanced development u n i t  p r i o r  t o  being included i n  

t h e  product ion des ign .  

The second a r e a  which t h e  product ion des ign  w i l l  address  w i l l  be t h e  

A G A ( ~ )  code. There a r e  many d e t a i l s  conta ined  i n  t h e  code which were beyond 

t h e  scope of t he  engineer ing  pro to type  design.  These inc lude  such t h i n g s  

a s  s h e e t  meta l  t h i ckness  of t h e  va r ious  components, t h e  s i z e  and n a t u r e  of 

acces s  ho le s ,  and o t h e r  such d e t a i l s .  During t h i s  des ign  phase, t h e s e  code 

d e t a i l s  w i l l  be i nco rpora t ed  i n t o  the  des ign  of  t h e  u n i t .  

A t  t h e  end of t h i s  des ign  t a sk ,  a f u l l  s e t  of drawings c o n s i s t i n g  of 

assembly, subassembly, and d e t a i l  drawings w i l l  be  turned  over t o  Amtrol. I 

They w i l l  review t h e  drawings and then  b u i l d  a  "proof of design" u n i t  a s  a  

f i n a l  check on t h e  drawings p r i o r  t o  b u i l d i n g  t h e  f i e l d  t e s t  u n i t s .  
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3 . 3  Pre-ProducfiBn P ro tc j type 'Fab r i ca t ion  

The c o n s t r u c t i o n  of  t h e  product ion  pro to types  w i l l  t a k e  p l a c e  a t  Amtrol 

u s i n g  a  combination of  product ion  techniques.  P a r t s  of t h e  u n i t  w i l l  use 

s t anda rd  Amtrol manufactured components, 'and o t h e r s  w i l l  be  made i n  t he  pro- 

d u c t i o n  c o n f i g u r a t i o n  us ing  smal l  q u a n t i t y  f a b r i c a t i o n .  techniques.  Spec i f i -  

c a l l y ,  t h e  tank  assembly inc lud ing  t h e  l i n e r ,  i n s u l a t i o n ,  s t and ,  and f i t t i n g s  

w i l l  be a  s t anda rd  manufactured sub-assembly. The h e a t  exchanger tub ing  i s  
, . 

a c u r r e n t  Amtrol product .  The remainder of t h e  components w i l l  be  s p e c i a l l y  

f a b r i c a t e d .  F igure  6 shows a  schematic  of the  water  h e a t e r  showing t h e  

v a r i o u s  component p a r t s .  Amtrol i s  now i n  t h e  process  of se t t ing-up  an 

automated product ion  f a c i l i t y  f o r  t h e  manufacture of i n t e r n a l l y  i n s u l a t e d ,  

p l a s t i c  l i n e d  s t e e l  t anks  which w i l l  be  used f o r  t h e s e  u n i t s .  A new p l a n t  

h a s  been b u i l t  f o r  t h e  manufacture of t h e s e  tanks  a s  w e l l  as o t h e r  product 

1 i n e s  . 

Table 3 shows t h e  major components of t h e  wa te r  h e a t e r ,  t h e  techniques 

expec ted  t o  be used f o r  t h e  product ion  p ro to types  and one o r  more manufac- 

t u r i n g  o p t i d n s  f o r  t h e  product ion  ve r s ion .  A t ank  assembly w i l l  be  made of . 

deep-drawn s t ee l  ha lves ,  a  one-piece molded l i n e r ,  and molded i n s u l a t i o n .  

The i n s u l a t i o n - w i l l  be  r e a c t i o n  i n j e c t i o n  molded i n  two ha lves  and i n s e r t e d  

between t ank  and l i n e r  be fo re  t h e  ha lves  a r e  welded. The h e a t  exchanger 

heade r s  i n c l u d i n g  ' t h e  r i s e r  and downcomer w i l l  be b u i l t  from copper tubing 

and s t anda rd  f i t t i n g s  i n  t h e  product ion  pro to tupes .  The headers  w i l l  probably 

be  stamped i n  t h e  f i n a l  product ion  ve r s ion .  The f inned  tubing  is  a l r eady  

a n  Amtrol product .  The combustion chamber housing w i l l  b e  made by r o l l i n g  

and welding f o r  t h e  product ion  pro to types ,  whi le  they would be deep-drawn 

f o r  l a r g e  q u a n t i t y  product ion.  

The a s p i r a t o r  w i l l  b e  spun o r  r o l l e d  and welded f o r  t h e  pro- 

t o t y p e s ,  wh i l e  a  stamping o r  formed tube  can be used i n  product ion.  The 

bu rne r  f lameholder  w i l l  be r o l l e d  and welded bo th  f o r  t h e  product ion proto- 

t y p e  and f o r  t h e  f i n a l  product ion  u n i t .  Purchased components such as the  

p i l o t ,  i g n i t i o n ,  gas  va lve  and thermosta t ,  e t c .  w i l l  be purchased and 

modif ied f o r  t h e  product ion  pro  to types ,  whi le  t h e s e  i t e m s  w i l l  be purchased 

i n  t h e i r  f i n a l  form on an OEM b a s i s  f o r  a product ion run. The p a r t s  lisl: 
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FIGURE'6. SCHEMATIC OF WATER HEATER AND COMPONENTS 



TABLE 3. High E f f i c i e n c y  Water Heater  - Product ion Plan 

~omponen t /Pa r  ts  L i s t  Pro to type  Product ion Technique 

Product ion Pro to type  F i n a l  Product ion 

A. Tank 
1. S h e l l  (Domes) 
2.  L i n e r  
3. I n s u l a t i o n  
4. S k i r t  
5 .  Flange 

B. Heat Exchanger 
1. Headers . . .  

2. Riser and Downcomer 
3 ,  Finned Tubing 
4. Flange 
5 .  I n s u l a t i o n  
6. Exhaust Can (Shroud) 

C. Burner 
1. Asp i r a to r  
2. Flanges 
3. Gas O r i f i c e  
4. Flameholder. 
5 .  P i l o t  
6.  E l ec t rode  

Deep-Drawn 
Molded . 

Molded 
Rolled and Welded 
Cast 

Fabr ica ted  
Purchased 
Amtrol Product 
Machined 
Purchased 
Fabr ica ted  

Spinning 
Fabr i ca t ed  
Purchased 
Rolled and Welded 
Purchased and Modified 
purchased and Modified 

Deep-Drawn 
Molded 
Molded 
Rolled and Welded 
Cast 

Stamped ur Formed Tube 
Stamped o r  Purchased 
Amtrol Product 
Cast ing o r  Forging 
Purchased . 
Drawn 

Stamped, Pinched o r  Formed 1 
Stamped o r  Drawn 
Purchased 
Rolled and Welded 
Purchased 
Purchased 

D. Cgn t ro l s  
I.. Gas Valve Purchased and MLIdlfied rurchavcd 
2.  ECO Switch Purchased and Modified Purchased 
3.  Thermostat Purchased and Modified Purchased 
4. P i l o t  I n d i c a t o r  Purchased Purchased 
5 .  P i e z o e l e c t r i c  I g n i t o r  Purchased Purchased 

E. S t ack  
1. Intake/Exhaust  Ducting Purchased and Modified Purchased 
2. Dra f t  D i v e r t e r  Purchased and Modified Purchased 

G. P ip ing ,  F i t t i n g s  purchased and Modified Purchased 
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i n  Table 3 i s  r e p r e s e n t a t i v e  of t h e  p ro to type  u n i t  and should be considered 

pre l iminary .  It is  inc luded  he re  t o  show t h e  n a t u r e  of t h e  v a r i o u s  components 

r e l a t i v e  t o  t h e i r  p roduct ion  ve r s ion .  

A f t e r  t h e  u n i t s  have been assembled a t  Amtrol, they w i l l  b e  f i r e d  and 

checked o u t  p r i o r  t o  shipping.  Standard Amtrol q u a l i t y  c o n t r o l  procedures  

w i l l  be foilowed 'dur ing  manufacture of t h e  f i e l d  test u n i t s .  
' 

3 . 4  Laboratory Ef f i c i ency  and F ie ld  T e s t i n g  

A t  t h e  beginning of t h i s  t a s k ,  t h e  recovery e f f i c i e n c y  and Standby l o s s e s  

of t h e  p r o j e c t  water  h e a t e r ,  convent iona l  water h e a t e r ,  and c u r r e n t  "high 
(1) e f f i c i e n c y "  w a t e r h e a t e r  w i l l  be measdred us ing  t h e  D.O.E. test procedure . 

It i s  planned t o  t e s t  two of each u n i t .  This  d a t a  w i l l  then  be used t o  

e s t a b l i s h  water  h e a t e r  performance over  a range of ope ra t ing  condi t ions .  

These w i l l  i nc lude  d a i l y  w a t e r  usage, s t o r e d  water  temperature,  and ambient 

temperature.  This  model w i l l  be v e r i f i e d  us ing  one o r  more of t h e  t e s t e d  

u n i t s  opera ted  over  a usage p a t t e r n  such a s  t h a t  shown i n  Table 2 a t  d i f f e r e n t  

water  d e l i v e r y  temperatures .  This w i l l  be  done on t h e  endurance t e s t  f a c i l i t y  

shown i n  Figure 2.  Once t h i s  model i s  developed i t  can be used toge the r  

w i th  the  f i e l d - t e s t  d a t a  t o  p r e d i c t  sav ings  f o r  t h e  p r o j e c t  water  h e a t e r  i n  

comparison wi th  o t h e r  u n i t s .  

It i s  expected t o  f i e l d  test about twenty u n i t s  a t  va r ious  t e s t  kites, 

some of t h e s e  u n i t s  w i th  t h e  support  o f  gas u t i l i t i e s .  This  p r o j e c t  has  

been d iscussed  wi th  both  Boston Gas and Consol idated Natura l  G a s ,  and both  

have expressed a n  i n t e r e s t  i n  p a r t i c i p a t i n g  i n  t h e  p r o j e c t  i f  t h e  u n i t  and 

f i e l d  t e s t  procedures  meet w i th  t h e i r  approval .  Boston Gas c u r r e n t l y  h a s  

22 s p e c i a l l y  metered test s i t e s  which are being used t o  e v a l u a t e  a new' in-  

t e g t a t e d  hydronic b o i l e r / w a t e r  h e a t e r  des ign  i n  a side-by-side comparison 

w i t h  convent iona l  hydronic b o i l e r s  and s e p a r a t e  gas- f i red  water  h e a t e r s .  

Consolidated has  one hundred t e s t  s i t e s  which a r e  intended t o  be used t o  t e s t  

and e v a l u a t e  new energy e f f i c i e n c t  gas  app l i ances  over  t h e  next  few yea r s .  

Thus, both u t i l i t i e s  a r e  a c t i v e  i n  t h e  f i e l d  t e s t i n g  of  new gas app l i ances  

and should a i d e  g r e a t l y  i n  t h e  f i e l d  t e s t i n g  p a r t  of t h i s  p r o j e c t .  Add i t i ona l ly ,  

t h e  p a r t i c i p a t i o n  of o t h e r  u t i l i t i e s  w i l l  be  e n l i s t e d ,  e s p e c i a l l y  i f  they  

s e r v e  an in tended  market a r e a  of t h e  new water  h e a t e r .  
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The o b j e c t i v e  of t h e  f i e l d  t e s t i n g  w i l l  be  t o  o p e r a t e  t h e  u n i t  under 

r e a l i s t i c  c o n d i t i o n s  and t o  compare i t s  performance a g a i n s t  bo th  convent ional  

u n i t s  and c u r r e n t  "high e f f i c i e n c y "  models t h a t  comply wi th  ASHRAE 90-75 

s t anda rds .  Of t h e  twenty f i e l d  t e s t  s i t e s ,  f i v e  of t h e s e  w i l l  be "side-by- 

s ide"  comparisons w i t h  c u r r e n t . " h i g h  e f f i c i e n c y "  u n i t s .  I f  t h e s e  u n i t s  a r e  

n o t  found a t  t h e  s e l e c t e d  sites, they  w i l l  be  i n s t a l l e d  as p a r t  of t h e  pro- 

j e c t .  p a r t i c u l a r  a t t e n t i o n  w i l l ,  be  pa id  t h e  i n s t a l l a t i o n  of t h e s e  u n i t s .  It 

w i l l  be impor t an t  t o  i n s u r e  t h a t  t h e  u n i t s  a t  each f i e l d  t e s t  s i t e  a r e  i n s t a l l e d  

i n  a s i m i l a r  manner. I n l e t  and o u t l e t  connect ions should be s i m i l a r  i n  

o r i e n t a t i o n  and l e n g t h  t o  make a v a l i d  comparison. The p o s s i b i l i t y  of us ing  

heat t r a p s  and i n s u l a t i o n  on p i p i n g  connect ions a t  some of t h e  test s i t e s  

w i l l  be examined. 

A l l  b u t  two of t h e  test sites w i l l  be set up a s  shown i n '  Figure 7. 

The new u n i t s  w i l l  be i n s t a l l e d  w i t h  s i m i l a r  plumbing arrangements t o  t h e  

e x i s t i n g  u n i t .  P r i o r  t o  s t a r t i n g  t h e  t e s t s ,  t h e  h e a t e r s  w i l l  be t e s t e d  t o  

measure s t a c k  e f f i c i e n c y  and t h e  thermosta t s  w i l l  be  set t o  t h e  same tempera- 

t u r e .  I n  a d d i t i o n ,  a tempering va lve  w i l l  be  used t o  a s s u r e  t h a t  bo th  h e a t e r  

d e l i v e r  water a t  t h e  same temperature.  Gas and water  meters  w i l l  be pro- 

v ided  for e a c h - u n i t  t o  measure consumption dur ing  a c t i v e  and s tandby per iods .  

Weekly r e a d i n g s  of gas  and water  consumption w i l l  be.made. .Thus, t hese  

t e s t s  w i l l  y i e l d  two s e t s  of d a t a  each week: water  h e a t i n g  consumption on 

one h e a t e r  and s tandby l o s s e s  on t h e  o t h e r .  

Two of  t h e  t e s t  s i t e s  w i l l  b e  instrumented t o  o b t a i n  more d e t a i l e d  

d a t a  compared t o  t h e , b u l k  of t h e  sites. This  w i l l  be  done f o r  one s i t e  wi th  

a convent iona l  wa te r  h e a t e r  and one w i t h  a "high e f f i c i e n c y "  water  h e a t e r .  

F igure  8 shows t h e  test set-up which w i l l  be  used a t  t h e s e  two s l f e s .  

This  technique  has  been s u c c e s s f u l l y  a p p l i e d  by AMTI t o  measure r e l a t i v e  and 

a b s o l u t e  performance i n  t h e  f i e l d  i n  an  on-going program. I n  a d d i t i o n  t o  

gas  and water  consumption, BTU meters  w i l l  be  i n s t a l l e d  t o  o b t a i n  t h e  u s e f u l  

h e a t  con ten t  of  t h e  hot  water  d e l i v e r e d  t o  t h e  house. Thus, t h e  s e r v i c e  

e f f i c i e n c y  of bo th  u n i t s  can be  determined accu ra t e ly .  
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FIGURE 7. Simple Field Testing Schematic 



FIGURE 8. Decailed Field Testing Schematic 



A recorder w i l l  be used t o  monitor hot  and cold water temperatures, 

ambient temperatures, and exhaust temperatures. Elapsed t i m e  meters and 

counters  w i l l  be used t o  monitor .burner s t a r t s  and on-time both during water 

heat ing  and standby operat ion.  These w i l l  be ac t iva ted  by sensing exhaust 

temperature. 

Another parameter which w i l l  be t e s t e d  a t  these  two s i t e s  i s  the  

adequacy of the  hot  water.  This w i l l  be accomplished by sensing the  ho t  water 

o u t l e t  temperature and using solenoid valves t o  d i r e c t  t h e  water t o  be 

measured with one meter i f  i t  is  below 120°F (inadequate) o r  wi th  a d i f f e r e n t  

meter i f  i t  is  above 120°F (adequate).  Thus a t  the  end of a test period,  two 

meter readings w i l l  be obtained, water usage below 120°F and usage above 

120°F. A schematic of t h i s  plumbing c i r c u i t r y  i s  shown i n  Figure 8. 

While the  f i e l d  t e s t s  a r e  expected t q  y i e l d  information regarding energy 

savings f o r  water heat ing  u s i n g ' t h e  new u n i t  being developed, of more impor- 

tance w i l l  be t h e  f i e l d  information regarding opera t ion  and r e l i a b i l i t y ,  and 

consumer reac t ion .  Based upon pas t  experience, the  f i e l d  tests w i l l  po in t  

out  t echn ica l ,  app l fca t ion ,  and consumer problems which would no t  have.been 

uncovered i n  the  labora tory .  The f i e l d  tests a r e  expected t o  extend over a 

period of. one year  t o  observe opera t ion  of the  u n i t  under a i i  seasonal  condi- 

t ions .  The t e s t s  a r e  expected, however, t o  y i e l d  va luable  information from the  

beginning, inc luding da ta  on i n s t a l l a t i o n ,  servic ing,  and r e l i a b i l i t y .  T e s t  

' d a t a  w i l l  be reduced a s  i t  i s  acquired so  t h a t  an e a r l y  reading of energy 

savings i s  ava i l ab le .  I n  order  t o  expedi te  o the r  t a s k s  i n  t h e  p ro jec t ,  t he  

d a t a  w i l l  be evaluated a t  t h e  n ine  month' poin t .  Later  t h i s  w i l l  be amended t o  

inc lude  the  l a s t  th ree  months of t e s t f n g .  

3.5 AGA C e r t i f i k a t i o n  

This p a r t  of  t h e  plan involves taking one of t h e  u n i t s  b u i l t  t o  t h e  

production design and s u b m i t t i n g , i t  for'AGA c e r t i f i c a t i o n .  The AGA c e r t i f i c a t i o n  
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procedure c o n s i s t s  of two p a r t s  - t h e  performance and the  cons t ruct ion  of the  

u n i t .  The performance' eva lua t ion  o f , t h e  unit '  inc ludes  minimum energy recovery 

e f f i c i e n c y  and maximum standby l o s s  s tandard$.as  w e l l  a s  proper combustion, 

c o n t r o l s ,  and s a f e t y  f e a t u r e s .  The. u n i t  i s  subjec ted  t o  t e s t s  which include 

abnormal gas l i n e  p ressures ,  wind t e s t s ,  and the  use  of hard-to-light gas/ 

a i r  mixtures. '  This  is  a l l  t o  a s s u r e  t h a t  'the u n i t  can meet minimum standards 

f o r  a  s a f e  design.  The const ruct ion  phase of t'he c e r t i f i c a t i o n  insures  t h a t  the  

des ign of t h e  u n i t  meets sfandards f o r  m a t e r i a l s  of Construction, corros ion 

r e s i s t a n c e  of  p a r t s  l i k e l y  to  be exposed t o  a  co r ros ive  environment, and 

p r o t e c t i o n  of t h e  u n i t  from unauthorfzed a&'cess. 

During t h e  advanced development. pha,se,.some of the  more c r i t i c a l  t e s t s  

w i l l  be performed i n  AMTI'S labora tory .  This w i l l  se rve  t o  i n d i c a t e  any 

p o t e n t i a l  problems and t o  dea l  wi th  them i n  the  production design. P r io r  t o  

submitt ing t h e  u n i t . f o r  c e r t i f i c a t i o n ,  a  h e a t e r  w i l l  be pre-tested i n  a  

consu l t an t s  l abora to ry  near  AGA. This l abora to ry  i s  run by a consul tant  f ami l i a r  

wi th  t h e  code.and who has  the  c a p a b i l i t y  t o . r u n  t h e  u n i t  through the  AGA 

s e r i e s  of tests. This w i l l  p rov ide .an  e a r l y  reading on c e r t i f i c a t i o n  and an 

oppor tuni ty  t o  c o r r e c t  d e f i c i e n c i e s  p r i o r  to ,  submitt ing i t  t o  AGA. After  the  

water hea te r  h a s ' b e e n  s a t i s f a c t o r i l y  .pre-tested it w i l l  be submitted t o  the  

AGA c e r t i f i c a t i o n  lab's. This i s  t h e  s h e  procedure AMTI has . successf u l l y  used 

i n  t h e  pas t  f o r  c e r t i f i c a t i o n  0 f . a  g a s - f i r e d , b o i l e r .  
. . 

The l a s t  p a r t  of c e r t i f i c a t i o n  w i i l  be the  approval of Amtrol's manufacturing 

f a c i l i t y .  Amtrol i s  c u r r e n t l y  i n  the  process of obta in ing approval f o r  the  

cons t ruc t ion  of gas- f i red  b o i l e r s  on another  p r o j e c t  and will be f a m i l i a r  

wi th  t h e  AGA requirements f o r  t h e  manufacturing of gas-f ired appl iances  well  

be fo re  they r e q u i r e  i t  f o r  t h i s  p r o j e c t .  

3 . 6  Water Heater 'Evaluat ion  

The main o b j e c t i v e s  of t h l s  t a s k  w i l l - , b e  t o  provide an ana lys i s  of the  

r e s u l t s  of t h e  f2e ld  test f o r  dissem2nation and t o  de f ine  any remaining problem 
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a r e a s  which have a r i s e n  due t o  a c t u a l  ope ra t ing  cond i t i ons  found i n  t h e  f i e l d .  

While r e s u l t s  from t h e  f i e l d  t e s t i n g  w i l l  be  cont inuous ly  monitored and 

recorded,  a t  about  t h e  six-month p o i n t  an  e v a l u a t i o n  of t h e  water  h e a t e r  des ign  

w i l l  begin. This  eva lua t ion  w i l l  c o n s i s t  of n o t  on ly  t h e  ene rgy . sav ings  of 

t h e  water hea t e r  r e l a t i v e  t o  t h e  u n i t s  i t  is  be ing  t e s t e d  a g a i n s t ,  b u t  a l s o  

w i l l  i nc lude  ope ra t iona l ,  s e r v i c i n g ,  r e l i a b i l i t y ,  and o t h e r  f a c t o r s .  The 

o v e r a l l  l i f e - c y c l e  c o s t  e f f e c t i v e n e s s  of the water h e a t e r  w i l l  be re-evaluated 

i n  l i g h t  of the  f i e l d  t e s t  r e s u l t s .  Any problems encountered du r ing  t h e  test 

w i l l  be  analyzed, and modi f ica t ions ,  i f  any, t o  t h e  des ign  w i l l  be  made. Any 

f u r t h e r  work which might be requi red  t o  a c c e l e r a t e  t h e  implementation of t h e  

improved u n i t s  w i l l  b e  recommended. 

3 . 7  Disseminat ion ' o f  ' F i e l d  :Tes t  ' ,Results* 

The primary t h r u s t  of ~ m t r o 1 " s  market ing campafgn would be  t o  i n s t a l l e r s ,  

d i s t r i b u t o r s ,  and b u i l d e r s .  Promot tona1 ,mater ia l  w i l l  be  prepared us ing  t h e  

r e s u l t s  of t h e  f f e l d  t e s t s  and l a b o r a t o r y  t e s t  d a t a  t o  promote t h e  product .  

To t h e  e x t e n t  poss fb l e ,  t h e  h e l p ' o f  u t t l i t i e s  w f l l  be  e n l i s t e d  . to  a d v e r t i s e  t h e  

energy saving  f e a t u r e s  of ' t h e  desfgn. Pub l i c  gas u t i l i t i e s  w i l l  b e  approached 

t o  he lp  w i t h  t h e  i 'ntroductfon o f . t h e  u n i t  by promoting t h e  u n i t  by gene r i c  

type. Adver t i s ing  of u n i t s  by brand names and s e l l i n g  of u n i t s  can be  done by 

uncont ro l led  u t i l i t f e s ,  and thebe  w i l l  b e  approached t o  promote and/or  s e l l  

t h e  u n i t  i n  t h e i r  market ing a reas .  

AMTI w i l l  p repare  promotional m a t e r i a l - t o  be  used t o  desc r ibe  t h e  des ign  

and ope ra t ion  of t h e  water  h e a t e r  f o r  u se  i n  v a r i o u s  pub l i ca t ions .  These 

w i l l  d e s c r i b e  t h e  p r i n c i p l e  of opera t ion ,  how i t  d i f f e r s  from convent ional  

u n i t s ,  and t h e  r e s u l t s  of t h e  f i e l d  tests, Promotional l i t e r a t u r e  i n  t h e  form 

of brochures  c u r r e n t l y  being used t o  p u b l i c i z e  D.O.E. p r o j e c t s  w i l l  be prepared 

f o r  t h i s  p r o j e c t  . 

Control  of p u b l i c i t y  regard ing  t h i s  water  h e a t e r  w i l l  be i n  t h e  hands of 

* P r i n t e d  m a t e r i a l  r e l a t e d  t o  t h e  p r o j e c t  w i l l  b e  s u b m i t t e d  t o  
OKNL-TM f o r  a p p r o v a l  p r i o r  t o  d i s s e m i n a l i o u .  
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Amtrol 's marketing s t a f f .  The timing of the  var ious  promotional a c t i v i t i e s  

and a r e a s  of t h e  country which w i l l  be se lec ted  f o r  t h e  bulk of these  

a c t i v i t i e s  w i l l  be chosen by Amtrol. The success of the  p r o j e c t  w i l l  depend 

on Amtrol timing t h e  promotional and adver t i s ing  with t h e i r  production and 

s a l e s  p lans .  For t h i s  r e a s o n , ' t h e y  should c o n t r o l  t h i s  p a r t  of the  plan.  
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