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INTRODUCTION 

Environmental cons idera t ions  d i c t a t e  t h a t  combustion processes  
increase  energy e f f i c i e n c y ,  reduce p o l l u t a n t  emissions from 
f o s s i l  f u e l s  and u t i l i s e s  a l t e r n a t e  f u e l s  t h a t  generate  fewer 
p a r t i c u l a t e s  and v o l a t i l e  organics .  These cons idera t ions  w i l l  
receive g r e a t e r  a t t e n t i o n  than t h e  opera t iona l  c o s t s  a s  t h e  
environmental awareness of a concerned publ ic  i n c r e a s e s .  All 
combustion processes  a r e  p o t e n t i a l  a i r  p o l l u t i o n  sources  and m o s t  
of the  major f u e l  consuming u n i t s  a r e  covered by government 
regulat ions,  t h e  r e s i d e n t i a l  hea t ing  appl iance being one of t h e  
few except ions.  In Canada, with i t s  co ld  winter  c l imate ,  energy 
i n  t h e  form of e l e c t r i c i t y  and hea t ing  f u e l  f o r  domestic 
requirement makes up  f o r  about one- f i f th  of t h e  t o t a l  n a t i o n a l  
energy consumption. Energy conservat ion i n  t h e  r e s i d e n t i a l  s e c t o r  
i s  encouraged n a t i o n a l l y  and an average homeowner sees  i t s  d i r e c t  
e f f e c t s  a s  immediate d o l l a r  savings.  However, t h e r e  i s  a need t o  
increase  t h e  p u b l i c  awareness on t h e  environmental impact of 
reduced energy consumption s ince  it i s  not as evident  a s  i n  c o s t  
reduct ion.  

The Combustion and Carbonization Laboratory, a f e d e r a l  research 
f a c i l i t y  long a s s o c i a t e d  with research  programs t o  promote 
e f f i c i e n t  use of energy, provides  t e c h n i c a l  information including 
publ ica t ions  on conservat ion s t r a t e g i e s  and p o l l u t i o n  emissions 
i n  r e s i d e n t i a l  o i l  hea t ing  (1, 2 ) .  Data from f i e l d  s t u d i e s  
revealed t h a t  t h e  most e f f e c t i v e  s t r a t e g i e s  f o r  both f u e l  saving 
and emission reduct ion  are t h e  use of a high e f f i c i e n c y  low 
excess a i r  burner ,  lowering t h e  overnight  thermostat  s e t t i n g  
s i g n i f i c a n t l y ,  and by reducing t h e  burner  f i r i n g  rate.  As f o r  
reduction of seasonal  emissions of carbon monoxide and 
p a r t i c u l a t e s ,  a combined s t r a t e g y  of reduced f u e l  consumption and 
reduced cyc l ing  frequency was suggested. The authors  observed 
t h a t  t h e s e  emissions were cont r ibu ted  equal ly  by c y c l i c  emissions 
and s teady-s ta te  emissions a t  combustion a i r  l e v e l s  g iv ing  
s teady-s ta te  smoke numbers c lose  t o  one. 
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A similar study by other researchers reported that particulates, 
carbon monoxide, and hydrocarbons decrease in concentration as 
the excess air level increases and that hydrocarbons tend to 
increase once excess air level reaches a certain level and beyond 
( 3 ) .  An apparent linear correlation between particulate emissions 
and final boiling point of the fuel at low excess air conditions 
was also suggested. The present study focuses on laboratory 
measurements of startup transient emission levels at different 
burner on/off cyclic operations. The purpose is to determine the 
effect' of burner cyclic pattern, especially "off" period on 
emission concentrations. This work is part of the ongoing 
research program on fuel quality and combustion characteristics 
of middle distillates at the Combustion and Carbonization 
Research Laboratory. 

MATERIALS AND METHODS 

Fuel Types and Properties 

Eight specific fuels with different characteristics (Table 1) 
were selected for this work. Fuels N, Q, HH, and FF are 
commercial No. 2 heating fuels purchased locally. Three other 
fuels (00, CC, PP, EE) were contributed by various Canadian oil 
companies. The origin of crudes and the refinery processes 
utilized to produce the fuels vary depending on the company and 
location. They were specially blended to obtain a wide range of 
properties especially varying aromatic concentrations. Fuel FF 
was used in combustion tests with variable cyclic pattern and 
the rest were used in simulation tests for reduced overnight 
thermostat cut-back (lowering of setting) situations. 

Combustion Experiments 

All combustion experiments were carried out using the procedure 
and facilities developed at the Combustion and Carbonization 
Research Laboratory ( 4 ) .  The schematic of the experimental 
facilities is shown in Figure 1. The experimental procedure can 
simulate the actual usage pattern of residential oil heating in 
Canadian homes. A typical experimental run starts with an 
initial burner startup (cold start) lasting one hour (steady 
state), immediately followed by five consecutive cyclic 
operations with selected on/off time pattern. Flue gas emissions 
and temperatures at specified locations of the test rig are 
continuously monitored over the entire run. The following 
experimental equipment and operating conditions were used. . 

i 

Fuel temperature: 15 2 2 OC 
Nozzle oil temperature: 
Fuel pump pressure: 100 psi 
Oil nozzle: 0.65 US gph, 80" spray angle 
Combustion air: Set to obtain a No 2 smoke at 

steady-state with Bacharach 
tester for each fuel 

'7 - 20 OC for cold start 
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Cold a i r  r e t u r n  temp: 15 2 1 OC 
Burner: Beckett domestic gun type burner 

with Are0 AFC-2 flame r e t e n t i o n  
head 

Furnace : Forced a i r  type .  Brock model 
LO-lM, 74 ,000-120,000 Btu/h, 
with concent r ic  tube type 
hea t  exchanger. 

Furnace d r a f t :  1 mm ( 0 . 0 4  i n )  of water column 

Equipment for Emission Monitoring 

The oxygen analyzer  was a paramagnetic type instrument while t h e  
carbon d ioxide  and carbon monoxide analyzers  used t h e  i n f r a r e d  
de tec t ion  p r i n c i p l e .  Nitrogen oxides i n  t h e  f l u e  gas  were 
measured by a chemiluminescent type instrument .  P a r t i c u l a t e s  were 
measured manually with a Bacharach smoke tester and cont inuously 
w i t h  a Celesco model 107  i n - l i n e  smoke opaci ty  meter. Temperature 
of t h e  o i l  i n  t h e  nozzle l i n e  was measured continuously using a 
"K" type thermocouple i n s e r t e d  through a hole  i n  t h e  nozzle 
adaptor loca ted  a s  c l o s e  as poss ib le  t o  t h e  nozzle .  

The burner c o l d - s t a r t  operat ion was s imulated i n  t h e  labora tory  
by cool ing t h e  appl iance,  e s p e c i a l l y  burner and combustion 
chamber by a b l a s t  of c h i l l e d  a i r  u n t i l  they a t t a i n e d  
temperatures comparable t o  those of a r e s i d e n t i a l  basement 
environment. Based on t h e  ac tua l  readings from homes, o i l  
temperature i n  t h e  nozzle  l i n e  was lowered t o  17-20 OC. 

RESULTS AND DISCUSSION 

No t w o  homes w i l l  have t h e  same appl iance on/off  c y c l i c  operat ion 
p a t t e r n  s i n c e  it v a r i e s  depending on numerous f a c t o r s .  The 
appl iance type  and condi t ion,  l e v e l  of home i n s u l a t i o n ,  c l imate ,  
loca t ion ,  u s e r  comfort l e v e l  and l i f e  s t y l e ,  thermostat  
a n t i c i p a t o r  s e t t i n g ,  and overnight temperature s e t t i n g  a l l  
determine t h e  operat ion mode of a r e s i d e n t i a l  burner. The c y c l i c  
p a t t e r n  s t r a t e g y  descr ibed i n  Table 1 at tempts  t o  s imulate  some 
of t h e  p o s s i b l e  s i t u a t i o n s  but by no means represents  t h e  
numerous r e a l  l i f e  condi t ions i n  homes. These p a t t e r n s  a r e  
se lec ted  t o  r e f l e c t  t h e  usage p a t t e r n  of most Canadian homes 
where lowering t h e  thermostat s e t t i n g  before  r e t i r i n g  a t  n ight  i s  
t h e  accepted p r a c t i c e  f o r  energy conservat ion.  

The degree of s e v e r i t y  i n  overnight thermostat  cut-back, however, 
cont ro ls  t h e  length  of t h e  burner cyc les  and consequently t h e  
burner performance a t  t h e  cold-temperature condi t ions .  The 
performance may be  adversely a f f e c t e d  i n  t h e  case of f u e l s  with 
s l i g h t l y  lower grade s p e c i f i c a t i o n s  and of high aromatics a s  have 
been predic ted  f o r  marketing, before  t h e  f a l l  of o i l  p r i c e s  i n  
86 .  Four s p e c i a l  blends were s e l e c t e d  t o  represent  t h i s  sener io .  
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1 

Transient  emissions from c y c l i c  combustion of a NO. 2 f u e l  at 
v a r i a b l e  on/off c y c l i c  p a t t e r n s  

A s  reported i n  t h e  l i terature ,  gaseous and p a r t i c u l a t e  emissions 
of a r e s i d e n t i a l  burner are higher  a t  t r a n s i e n t  s t a r t u p s  and 
shutdowns than s teady-s ta te  condi t ions .  The peaking of emissions 
a t  s t a r t u p  i s  due t o  t h e  co ld  temperature condi t ions,  mainly low 
f u e l  v o l a t i l i t y  leading t o  a poor f u e l / a i r  mixing, before  t h e  
combustion zone temperature rises. Immediately upon shutdown, 
incomplete combustion products r e s u l t  due t o  an excess  f u e l  
condi t ion c rea ted  by t h e  high pressure  o i l  pump and lack o f  
combustion a i r  supply. These emission peaks a r e  d i f f i c u l t  t o  
reproduce by a burner and concentrat ions between f i v e  consecut ive 
cyc les  show v a r i a t i o n s  with a r e l a t i v e  s tandard devia t ion  of  5% 
t o  2 0 % .  The r e p r o d u c i b i l i t y  of emission da ta  from c o n t r o l l e d  
c y c l i c  operat ions i s  much b e t t e r  f o r  t y p i c a l  commercial f u e l s  
than those of lower grade f u e l s .  

Data i n  Table 3 show p a r t i c u l a t e  and gaseous emissions a t  
d i f f e r e n t  t r a n s i e n t  s t a r t u p  condi t ions .  Each value represents  t h e  
average of data  from a minimum of t h r e e  experimental runs, each 
run having f i v e  consecutive cycles. Opacity % reported i n  Table 3 
represents  t h e  average maximum opaci ty  reading a t  t h e  peak of 
t r a n s i e n t  p a r t i c u l a t e  emissions a s  recorded by t h e  smoke opac i ty  
meter. The r e p r o d u c i b i l i t y  of opaci ty ,  ca lcu la ted  a s  r e l a t i v e  
s tandard deviat ion,  between each run ranges from 7% t o  26%. 
Despite t h i s  moderate e r r o r  margin, t h e r e  appears t o  be a gradual  
t r e n d  t o  increas ing  p a r t i c u l a t e  l e v e l s  with t h e  increase  i n  
burner cooling-down time. A not iceable  increase  i n  p a r t i c u l a t e  
emissions was noted a f t e r  a 7 t o  1 0  hours burner "off"  per iod  
(s imulat ion of an extreme overnight thermostat  cut-back 
c o n d i t i o n ) .  A gradual  decrease i n  t h e  o i l  temperature i n  t h e  
nozzle l i n e  was noted a s  t h e  burner of f  per iod  increased.  This  
cooling- down process  i s  dependent of t h e  combustion chamber 
design among o ther  var iab les .  S imi la r  v a r i a b l e  c y c l i c  tests i n  a 
d i f f e r e n t  appliance may o r  may not f i n d  t h e  same observa t ions .  
Data i n d i c a t e  t h a t  severe  thermostat cut-back could increase  
p o l l u t i o n  emissions from a r e s i d e n t i a l  o i l  burning u n i t .  
However, t h i s  emission increase  i s  compensated, by severa l  
magnitudes, by t h e  t o t a l  emission reduct ion r e s u l t e d  from t h e  
long burner "off"  per iod.  

These combustion tests were c a r r i e d  out using Fuel FF under 
i d e n t i c a l  s teady-s ta te  p a r t i c u l a t e  concentrat ions of Bacharach 
smoke number 2. This condi t ion provided an s teady-s ta te  
e f f i c i e n c y  of 84% and an excess  a i r  of 36% (equivalence r a t i o  of 
about 1 . 4 ) .  During a one hour s teady-s ta te  run before  cycl ing,  
t h e  CO emissions were between approximately 30 ppm and no 
de tec tab le  hydrocarbons were recorded. CO and hydrocarbon 
emissions a t  t r a n s i e n t  s t a r t u p s  a r e  s i g n i f i c a n t l y  higher  t h a n  
s teady-s ta te  l e v e l s .  They appear t o  be similar i n  magnitude f o r  
a l l  v a r i a b l e  c y c l i c  opera t ions .  Nitrogen oxides concentrat ions 
a r e  cons is ten t  i n  a l l  s teady-s ta te  and t r a n s i e n t  emissions. 
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I 

Transient  emissions f r o m  c o l d - s t a r t  and c y c l i c  combustion of 
d i f f e r e n t  d i s t i l l a t e  o i l s  

The d i f f e r e n c e  i n  t r a n s i e n t  p a r t i c u l a t e  emissions from c o l d - s t a r t  
and c y c l i c  combustion experiments using d i f f e r e n t  f u e l s  i s  seen 
i n  Table 4 .  Data i n d i c a t e  t h a t  c o l d - s t a r t  p a r t i c u l a t e s  a r e  higher  
than c y c l i c  emissions f o r  a l l  f u e l s .  This could be mainly due  t o  
t h e  combustion temperature  d i f f e r e n t i a l  between t h e  two 
operat ions.  The a c t u a l  thermocouple reading recorded during an 
experimental run showed tha t  t h e  o i l  temperature  i n  t h e  nozzle  
l i n e  w a s  between i7-21 O C  a t  c o l d - s t a r t  ana between 35-65 "C 
during c y c l i c  opera t ions  following a one hour s teady-s ta te  run. 
The s i g n i f i c a n t  e f f e c t  of o i l  temperature  a t  i g n i t i o n  on 
p a r t i c u l a t e  emissions of r e s i d e n t i a l  burners  was reported 
elsewhere ( 5 ) .  Favourable warm temperatures of t h e  o i l  and 
combustion zone al lows e f f i c i e n t  burner i g n i t i o n  and reduced 
incomplete combustion products .  

Data i n  Table 4 a l s o  i n d i c a t e  t h a t ,  us ing t h e  same burner, higher  
c o l d - s t a r t  smoke emissions r e s u l t e d  from f u e l s  with higher  
aromatics. Cycl ic  t r a n s i e n t s  of t h e  f u e l s  a r e  comparable ( F i g . 2 ) .  
Smoke opaci ty ,  r e s u l t i n g  mainly from soot  i n  t h e  f l u e  gas ,  i s  an 
i n d i c a t i v e  combustion parameter s ince  o ther  incomplete combustion 
products e x h i b i t  similar emission t r e n d s .  Although t h e  f u e l  
aromatics a r e  not  included i n  cur ren t  s p e c i f i c a t i o n s ,  volumetric 
concentrat ions of aromatics  of N o .  2 hea t ing  f u e l s  f a l l  within 2 0  
t o  4 0 % .  Spec ia l  blends have aromatics concentrat ions higher  than 
4 0  %. 90% b o i l i n g  poin t  of t h e  f u e l s  appear t o  be p r o p o r t i o a l  t o  
aromatics. Data sugges ts  t h a t  c o l d - s t a r t  emissions may be of 
concern i f  t h e  f u e l  aromatics reaches about a 60 % l e v e l .  The 
s t rong  inf luence  o f  f u e l  v i s c o s i t y  and aromatics  on burner 
performance have been reported previously by t h e  author (6). It  
was shown t h a t  off-spec,  low q u a l i t y  f u e l s  generate  higher  
emissions of incomplete combustion products  such a s  p a r t i c u l a t e s ,  
carbon monoxides and hydrocarbons than  normal f u e l s .  A complex 
r e l a t i o n s h i p  among f u e l  proper t ies  such as aromatics, v i s c o s i t y ,  
b o i l i n g  poin t  range,  carbon residue,  and g r a v i t y  inf luences  
combustion emissions.  This paper i s  l imi ted  t o  t h e  scope of 
burner performance a t  var ious c y c l i c  p a t t e r n s .  

The following conclusions can be drawn from t h i s  study; 
1. Transient  emissions from varying burner on/off  c y c l i c  

p a t t e r n s  show a s l i g h t  increas ing  t r e n d  of p a r t i c u l a t e  
emissions a s  t h e  burner cooling-down per iod  increases .  

more than  7 hours, s imulat ing a severe thermostat  cu t  back 
s i t u a t i o n  genera tes  higher  emissions than c y c l i c  operat ion.  
Cold-s ta r t  t r a n s i e n t  emissions increase  with increas ing  
f u e l  aromatics  and f i n a l  b o i l i n g  poin t  but  c y c l i c  
emissions a r e  less a f f e c t e d  by 

2 .  Cold-s ta r t  i g n i t i o n  a f t e r  a burner cooling-down per iod  of 

3 .  

f u e l  p r o p e r t i e s .  
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Fue l  D e n s i t y  V i s c o s i t y  A r o m a t i c s  90: BP C a l o r i f i c  Value 
Kg/L @ 15OC c S t  @ 38°C V o l  % C MJ/kg ..................................................................... 

N 0.845 2.09 30.3 322 44.3 
Q 0.846 2.59 30.6 325 45.5 

F F  0.855 2.52 31.4 311 44.5 
HH 0.861 2.82 39.2 308 45.1 
cc 0.902 2.70 54.2 315 43.9 
00 0.914 2.56 55.2 304 43.7 
PP 0.916 2.61 60.0 327 43.2 
EE 0.912 2.90 68.0 368 43.2 
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Rgure 1. Schematic of equipment f o r  combustion 
experiments. 
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Figure 2. Star tup t rans ien t  p a r t i c u l a t e  emissions 
from d i f f e r e n t  fue ls .  
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