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NACA FQ4 No. E6L02a 

f o r  the  

A i r  Materiel  Command, Amy A i r  Forces 

S W A m D  ALTI- ~ S T I G ~ I O N  OF S2!!3WART -W.lRlER 

MOmL 906-B COMBUSTION H!U.T!ZX 

By Frederick R. Eborsbach and Adolph 3 ,  Cervenka 

An invest igat ion has been conducted t o  determine t1;emal and 
pressure-drop performance and the  operational  cha r ac t e r i s t i c s  of a 
Stewad-Warner model 906-B combustion heater ,  The performance t e s t s  
covered a range of ven t i l a t t ng -a i r  flcws from 500 t o  3135 pounds p r  
hour, combustion-air pr9ssure d r o p  from 5 t o  35 inches of water, 
and pressure al t i tu.des from sea  l e v e l  t o  41,000 f ee t .  The operational  
cha r ac t e r i s t i c s  investigated were the  combust ton-air f ~ C I T S  f o r  s i z s  - 
t a ined  combustion and f o r  consis tent  ign i t ion  covering f u e l - a i r  r a t i o s  
ranging from 0.033 t o  0.10 and pressure a l t i t ~ l d e s  from sea  l e v e l  t o  
45,000 f e e t .  

Rated heat output of 50,000 Btu per  k0u.r was obtained a t  pressure 
dlCitudes up t o  27,000 f e e t  f o r  vent i la t i i -4-a i r  flows g r ea t e r  than  
300 pounds per  hour; r a t ed  outpxt w a s  not obtained a t  ven%ila t ing-ai r  
flow below 800 pounds per  hour at any a l t i t u d e ,  

The maximum heater  e f f i c iency  was fo:xnd t o  be 60.7 percent a t  a 
f u e l - a i r  r a t i o  of 0.050, a sea- level  pressure a l t i t ude ,  a ven t i l a t ing-  
a i r  temperature of 00 F, combust ion-ai r  temperature of 140 F, a 
ven t i l a t i ng -a i r  flow of 690 pounds per  hour, and a ccjrrb7~stikn-air flow 
of 72.7 pounds yer  hour. 

The mlnim?nm combustion-air flow f o r  sustained z~m3.astion at  a 
pressure a l t i t u d e  of 25,000 f e e t  was about 3 pounas per  hour f o r  f ue l -  
air r a t i o s  between 0,037 and 0.099 and a t  a 2ressure a l t i t u d e  of 
45,000 f e e t  increased t o  18 pounds per  hour at a f ~ ~ e l - a i r  r a t i o  of 
0.099 and 55 p ~ u n d s  per  hour a t  a, f u e l - a i r  r a t i o  of 0.036. Combustion 
could be sustained at combustion-air f l ovs  abcve vall-~es of p r a c t i c a l  
i n t e r e s t .  The maximum flow was l imited,  liowever, by excessively high 
exhaust-gas temperature o r  high pressure drop. 
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Both m a x i m u m  and minimum combustion-air flaws f o r  consis tent  
i gn i t i on  decrease with increasing pressure a l t i t u d e  and the  two curves 
i n t e r s ec t  a t  a pressure a l t i t u d e  of approximately 25,000 f e e t  and a 
combust ion-a i r  flow of aaproximately 28 pounds per hour, - - 

A s  a p a r t  of the  general  program requested by the  A i r  Materiel  
Command, Army A i r  Forces, t o  determine the  performance and operational  
cha r ac t e r i s t i c s  of a i r c r a f t  combus-tion heaters,  an  invest igat ion of a 
Stewart-Warner model 906-3 combustion heater  ra ted  at 50,000 Btu per  
hour w a s  cond~icted a t  the  NACA Cleveland laboratory.  The cha.racter-. 
i s t i c s  investigated were: thermal and rressure-drop performance at 
pressllre a l t i t u d e s  from sea l eve l  t o  41,000 f e e t ;  f u e l - a i r  r a t i o  f o r  
bes t  heater  eff iciency;  minimum and maxlwurn combusi;ion-air flow f o r  
sustained combustion over a range of f u e l - a i r  r a t i o s  from 0.033 t o  0.2-0 
and pressure a l t i t u d e s  from sea l e v e l  t o  45,000 f e e t ;  and minimum and 
maximum combustion-air flow f o r  consis tent  ign i t ion  a t  f ue l - a i r  r ak ios  
from 0.033 t o  0.10 and pressure a l t i t u d e s  from aea l e v e l  t o  30,000 foe%. 

The Stewart-Warner model 906-B combustion heater ,  the  operation, 
and t he  t e s t  equipment a r e  described i n  the  lollowing paragraphs: 

Heater operation and a l t i t u d e  chamber. - A diagram of the  Stewart - 
Warner model 906-B combustion heater ,  which i s  ra ted  by the  manufacturer 
a t  50,000 Btu per  hour at a combustion-air flow of 90 pourlds per  hour 
and a f u e l  pressure drop across solenoid valves and nozzles of 15 ~ o u n d s  
per  square inch, is  presented i n  f igure  I. The heater  cons i s t s  of a 
gasoline burner and a s p i r a l l y  arpangeh cross -flow p la te  -type heat 
exchanger. Combustion a i r  en-ters the  burner t angen t ia l ly  an& mixus 
with f u e l  as it passes through t he  mixing cone, R1e1 i s  in jec ted  i n t o  
the  burner through a spray nozzle and i s  ign i ted  by means of a glow 
c o i l .  A t  t h i s  point combustion t a b s  place and the  exhaust gases 
s p i r a l  through the  heat exchar-&er and a r e  exhatxsted normal t o  tjle longi-  
t ud ina l  hea te r  ax i s .  The ven t i l a t i ng  a i r  f l ~ w s  p a r a l l e l  t o  the  longi-  
t ud ina l  heater  a x i s ,  The b u r  and the  heat exchanger ar.= contained 

i n  a cy l i nd r i ca l  jacket 7 inches i n  diameter tind 17; inches long. Auto- 
L 

matic controls  f o r  the  heater  a r e  mounted on the  heater' jacket and 
include a combust ion-ai r  regula tor  (consis t ing of a bellows -operated 
b u t t e r f l y  valve, which maintains a constant flow of combustion a i r  
regardless  of va r ia t ions  i n  t he  d.iffurences i n  pressure between the  
i n l e t  and exhauot), and two f u e l  valves i n  s e r i e s .  Each f u e l  valve is  
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operated by a solenoid; one is used as a shut-off valve and t he  
o ther  is used t o  r e s t r i c t  t he  f u e l  flow t o  approximatel;. 60 percent 
of the  r a t ed  flow when low heater  output is des i red,  

The setup used is shown schematically i n  f igure  2,  The heater  
w a s  enclosed i n  a cy l i nd r i ca l  alti-tude chamber 4 f e e t  long and 

2k f e e t  i n  diameter i n  order t o  minimize heater  leakage and a l l  
2 

apparent leaks  i n  the  hea te r  case were sealed.  

A i r  supply and control .  - Vent i la t ing a i r ,  combustion air, and 
altitude-chamber cooling air  were supplied by the  r e f r i ge r a t ed -a i r  
system of the  laboratory and a f t e r  passing through .the setup were 
discharged i n to  the  a l t i t u d e  exhaust system. 

Vent i la t ing a i r  w a s  supplied and exhausted through 7 -inch s t e e l  
ducts  with a s a i t ab l e  t r a n s i t i o n  from an 8-inch supply duct ,  Com- 
bustion air  w a s  supplied t h r ~ u g h  a 2-inch s t e e l  duct and the  2roduCts 

of 'combustion were exhausted. through a 2A-inch s t a i n l e s s - s t e e l  duct ,  
2 

The altitude-chamber cooling a i r  w a s  supplied and exhausted through 
2-inch ducts, which were insula ted with 2 inches of h a i r  f e l t .  The 
v e n t i l a t  ing-ai r -exi t  and combust ion-ai r  -exhaust ducts were insula ted 

wi th  1/2 inch of asbestos and 2 inches of h a i r  fe1.t) and 1 inches of 
L, 

asbestos,  respect ively .  

The pressure of the  ven t i l a t ing  a i r  a-nd combustion a i r ,  the  flow 
of the  ver l t i la t  ing a i r ,  combust ion air, and a l t  l tude -chamber cooling 
air,  and the  combusticn-air pressure drop were control led  by valves 
upstream and downstream of t he  a l t i t u d e  chamber. The ven t i l a t i ng -a i r  
and combustion-air flows were measured wltn th in -p la te  o r i f i c e s  
ins ta l led .  i n  aocordance with A.S .M.E. s ~ e c i f i c a t i o n s  , The tempeyature 
of the  ref r igera ted--a i r  supnly was control led  by e l e c t r i c a l  preheaters.  

Fuel s u s ~ r .  - The f u e l  used w a s  AN-F-28, Amendment-2; the  flow --- 
was measured wi% a r o t m e t e r  and w a s  control led  by means of a neodle 
valve.  The f u e l  w&s c ~ o l e d  by passing it through a. zoi.3 of l/$-inch 
copper tu-bing located i n  the  altitude-chcmber cooling-air  duct .  Fuel 
pressure was obtained by pressurizing the  f u e l  tank wi th  nitrogen.  
Fuel temperatures were measured with s ing le  tk~emocsuples both before 
and a f t e r  the  solenoid valves. 

Power su.pply t o  the  glow c o i l  was vayied with a sl ide-wire rheo- 
stat and measured with an m e t e r  and a voltmeter. 

The a i r  and exhaust-gas temperatures :erere measured by themo-  
couples located at s t a t i o n s  upstream and downstream of the  hea te r  i n  
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the  ven t i l a t i ng -a i r  and combustion-air ducts,  as shown i n  P igwe  2.  
I n  the  ven t i l a t i ng -a i r  duct at the  upstream s t a t i o n  t he  i n s t a l l a t i o n  
conqisted of a rake of three  thermocouples and a-G the  downstream s-ta- 
t i o n  ths  i n s t a l l a t i o n  consisted of two rahs  of f i ve  thermocougles 
each. Combustion-air i n l e t  and o u t l e t  (exhaust) temperatures were 
obtained wit11 a s ing le  thermocouple at  s t a t i o n s  I,. 2, an& 3 of f i g -  
ure . The t!~ermocouples were u-nshielded i ron  constantan with the  
exception of the  exhaust; thermocouple, which w a s  shielded chrome1 
alumel. A l l  thermocouples were connected individually through a 
s e l ec to r  switch t o  a self-balancing di rect - reading potentiornetor, The 
average reading f o r  each rake was 03tained by cornpitation. A so t  of 
barf l e s  was i n s t a l l e d  between the  hea te r  and the  ven t i l a t  i.ng - a i r  - 
ou t l e t  thermocouples t o  enable obtailwent of a b e t t e r  value of the  
average ou t l e t  tompersture . 

The s t a t i c  ~ r e s su - r e  of the  vonti1atin.g a i r  a p t r e a n  and d-ow-stream 
of the  heater  and of the  combustion a i r  upstyearn ( s t a t i o n  I, f i g .  I )  
and downstream ( s t a t i a n  2)  of thc  combt; st ion-ai r  regula tor  rfhs obtained 
from plezometer r iqs  02 f o a r  t ap s  each. The t ap s  f o r  each piczometer 
r i ng  were circumfcrsn5Paily spaced 90°. Tho s t a t i c  pressure of the - 
exhaust gases doimstream r ~ j .  the  hea te r  (3-tation 3) w a s  obtained v i t h  a 
s ingle  pressure t a j .  Tho f u e l  pressure droy across solonoid valves 
and nozzles was measu-red 8.8 a d i f f e r e n t i a l  p u s s u r e  botwcen a l ~ o i n t  
d i r e c t l y  upstream of th, sclenoid valves and a ~ ~ o i n t  i n  the combustion- 
a i r  duct near t he  n o z z l ~  o u t l e t .  

Three gro6.p~ of m n s  were conducted f o r  rangzs of a l t i t u d e  and f ~ r e l -  
a ir  r a t i o  t o  dc ternnine : 

( a )  Performance of the  hea te r  

(b )  Minimum and maximua combust ion-ai r '  flows for sustained corn- 
bust ion 

(c ) Minimum and m a x l m ~ ~ m  combust ion-ai r  flows ?or consis tent  
i g n i t  ton 

Throughout the  m n s  coiobixstion- and vent l iaking-ai r  temperatures 
were held as c losely  as possible t o  values reqv-c;s"ud by the  A i r  Materiel  
Command, Althougli t hc vent i la t  ing-ai.r temperat nres wLre nsld near t h e  
des i red vaLues, it TJQS Pmpossiblc t o  control  combustion-air tunperatures 
accurate ly  because of high rc la t iv t .  heat gains and 1.ossas from the  
combust ion-ai r  ducts.  
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Perfomnance Character is t ics  

The thermal and pressure -drop performance of the  heater  with 
controls  was  determined f o r  pressure a l t i t l ~ d e s  ranging f r o 3  sea l eve l  
t o  41,000 f e e t .  Vent i la t ing-ai r  flaw was varied from 500 t o  
3185 pounds per hour and combustion-air pressure drop was  vcrled 
from 5 t o  35 fnches of water. With controls  removed, t he  f u e l - a i r  
r a t i o  f o r  bes t  heater, e f f i c iency  and the  t h e m a l  and pressure -drog 
performailce a t  sea-level  pressure a l t i t u d e  with t h i s  f ue l - a i r  r a t i o  
was determined. 

Tne thermal and pressure -drop performance of the  heater  with 
automatic colitrols i n s t a l l ed  was obtained f o r  a range of pressure 
a l t  2i.tde s with the  veisb i l a t  ing - inle t -air temperature m a 5  ntaineir at 
approxima,tely 59O F and the  combustion-air temperatare a t  approxi- 
mately 75O F, A t  each a l t i t u d e  the  ven t i l a t ing-a i r  flow and t he  
combust ion-a i r  pressure drop were varied t o  s Taulate tne  operat 1% 
conditions a f fec t ing  Lhe heater  when i n s t a l l ed  i n  e;n a i q l a n e  i n  
f l i g h t ,  These nominal conditions a r e  as f'ol3-ows: \ 

?re s s ~ ~ r e  drop 
LcrGsx regula- 

or  an6 heater  

I t .J 

1-5 
! 2 5 

41,000 1 700 I I 5 
1100 15 

These nuns wme made with the  r e s t r i c t i n g  f u e l  solenoid open and 
closed and wlth t he  fuel-feed :Jressure 15 9ound.s ner sqirare inch above 
canbust ion-ai r  s t a t i c  pressure , 
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Af te r  completion of these  runs, the  combustion-air regula tor  anii 
t h e  r 6 s t r i c t i n g  solenoid valve i n  t he  fuel-supply duct were removed 
f o r  -the remainder of the  program. The f u e l - a i r  r a t i o  f o r  be& :lttttt:r 

e f f i c iency  was determined at  nominal operating conditions: sea- level  
pre3surc a%t  ituCe; vent i l a t i n g - a i r  tempera-l;~rre, approximately O0 3; 
combust ion-a i r  temperatt?.re, approximately 12O F; a;nd vent i la t  fng- and. 
combustion-air flows of 690 and 72.7 pounds per  hour, respectively. 
Thelmal and pressure-drop performance of the  hea te r  were obtained with 
the  f u e l - a i r  r a t i o  f o r  bes t  hea te r  ef f io iency and a t  the  combustion- 
and ven t i l a t i ng -a i r  conditions previously given with t he  excepticln of 
the  venJ~ilat ing-szir  flow, which was varied froro about 500 t o  1500 p~v-nds 
per  hour i n  s i x  s t eps .  

The isothermal ven t i l a t ing-a? r  pressure drop was ob%ained a t  sea-  
level' i n l e t  pressure and at  a tcmpera t~ne  of approximately 0" F f o r  
flows ranging from 500 t o  1500 pou-nas :)or hour, 

Combustion-Air Flow Limits f o r  Sue-taincd Combustion 

~5nimum combustion-air flows f o r  sustained combustion ?:era de te r -  
mined f o r  pressure a l t i t u d e s  ranging from sea  l e v e l  t o  45,000 f e e t  
f o r  f u e l - a i r  r a t i o s  of 0.10, 0.066, 0.05, O.Ct4, and 0.036. The 
ven t i l a t i ng -a i r  flow w a s  kept constant a t  apnrozimately 1100 pounds 
per hour and the  v c n t i l a t i q - a i r  t e m p e r s t ~ r c  w a s  kept corlstzlnt st 
approx-imate.lg. -65" F. Combustion-air tom>eratures varied. from Z0 t o  
-48' F an6 f u e l  tornperature' varied from 14' t o  -2.5' F. 

The procedure; followed f o r  each s e t  of conditions consisted i n  
i n i t i a l l y  operating the  hea te r  at a normal $low and su.bsequontly 
reducing combustion-air and f u e l  flows (maintafning a constant f u e l -  
a i r  r a t i o )  u n t i l  the  t e ~ p e r a t u r e  of the  hea tc r  oxhaus-t ind.ieatcd t h a t  
combustion ha& ceased-. A value of combust ion-a i r  f1.s-i~ s l i g h t l y  higher 
than the  point  a t  which combl~stion ceased was considered tho minimum . 

flow 1 i m i t ,  The hea te r  was then re igni ted ,  tht. corohustion-air and 
f u e l  flows were s e t  a t  t h i s  s l i g h t l y  h i g k r  value, and cornplctu per-  
formance data  f o r  these  coniiitions were recorded. 

The o r ig ina l ly  plunncd yroccdure f o r  doterminirig tilo m:a.i.rj~m flows 
f o r  silstajned combustion w a s  similar t o  t h a t  ou.tlinad i n  thc  prlcceding 
paragraph except -that the  combustion-air flow w a s  t o  b~ incrca.sl:d t o  a 
value? wiiem burning ceased. Tho ac tua l  progrcxu was cuf ' t a I l~d ,  hcrwcver, 
i n  view of the  rosu l t s ,  which arc. described l a t e r ,  
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Combust ioo-Air Flow Limits f o r  Consistent I gn i t  :on 

R.x~.s t o  determine the  combustion-air-flow l i m i t s  f o r  consis.tent 
i g c i t i o n  srere made f o r  a range of pressuye a l t i t u d e s  u.p t o  30,000 foe-b 
and f o r  f u e l - a i r  r a t i o s  ranging from 0,10 t o  0.033, Ve r~ t41~ t ing -a i r  
flow w a s  held at 1100 pounds per hour and temperature a't rt:~._nroxi- 
mately -65O F, The combustion-air-inlet temperatures range& f roa  
-71" t o  -29' F. The f u e l  tempera,ture var ied  from -70° t o  -28O F. 
The voltage across  t he  i gn i t o r  was kept a t  28.5 vo l t s .  

I n  order t o  determine a combustion-alr-flov l i m i t  f o r  consistent 
igni t ion,  the  heeter  was o p o ~ a t e d  normally t o  burn u13 f u e l  f m  the  
previous run, the  f u e l  flow was  s e t  by t he  neeale valve at  the  r e q ~ ~ i r e d  
f u e l - a i r  r a t i o ,  and then the  f u e l  was shct  off  by the  solenoid valve. 
The combust ion-ai r  flow w a s  then s e t  at  a -particular t e s t  value and 
the  i gn i t o r  and f u e l  simultaneou.sl;~ turned on f o r  at  l e a s t  1 minxte . 
I f  i gn l t i on  occurred, as indicaLed by a progressive r i s e  i n  t he  e x h a ~ s t  
temperature, the  f u e l  and i g n i t o r  were ti-mled off  and the  accumulated 
f u e l  i n  the  hea%er allowed t o  burr1 out. After  a l l  the  f u a l  had been 
burned and the  heater-exhaust tsmprat:.re kLad dropped t o  below O0 F, 
a second at tempt at i gn i t i on  was made, Af te r  the  th i r r l  attempt the  
combustion-air Plow was changed. In  the  event that ign3tion d ld  not  
occur in  the  i n i t i a l  attempt, the  c m d i t i c n s  were so changed t h a t  
i gn i t i on  would occar and allow tlze acc1.amlated .rue1 t o  b~rn out .  The 
o r i g ina l  conditions would then  be r e se t  and another start attemp-ted. 
Three attemrjts were made even though i gn f t  ion d id  not occur on the  
f i r s t  attempt. 

Af t e r  th ree  ssuccessful at tempts a t  e t a r t i ng  were made f o r  each 
f u e l - a i r  m t f o  a t  a constan% r a t e  of corcbustion-air flow, the  pressure 
a l t i t u d e  o r  the  combustion-air flow was changed a r~d  t he  m1.ns ~ e p e a t e d  
u n t i l  t h e  min-&am and maxtmwn flows were obtained. 

F-~rthr runs -irere made t o  determine the  e f f ec t  on i gn l t i on  of 
energizing the  i gn i t o r  bofore f u e l  was admitted t o  t he  hcater .  The 
-runs were male at a, pressure a l t i t u d e  of 25,000 f ee t ,  combustion-air 
temperature of -65O F, combustion-air flow of 30 ?oxnds per hour, an6 
f u e l - a i r  r a t i o s  of 0.10 and 0.066, The l ) r o ~ e & ~ w e  roll-cwed w a s  similar 
t o  the  ot!ier i&nitj.cn runs with the  exception t h a t  the  i gn i t o r  w a s  
enargized a'uoi2.t 30 seconds before .the P ~ e l  solenoid vas opened. This 
period w a s  the  5ime required f o r  -the c u r ~ ~ i l t  ii?-?dL:t t o  the  i gn i t o r  t o  
reach a minimum, which indicated %h&t "t.i?e igni tor  c a i l  had reached i t s  
equilibrium temperature. 

The heater  oiltput was calcula ted frmi the  t e ~ p e r a t u r e  increase 
and weight flow of t he  ven t i l a t i ng  air and a specif  ic-heat  v a h e  of 
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0.24 Btu :?er pound per  OF. The hea te r  e f f i c iency  w a s  ca lcula ted by 
dividing tine hea te r  output by the  heat  content of t he  fue l .  A lower 
heatlng value of 18,500 Bta per  pound and a higher heating v a h e  of 
20,000 Btu per  pound were used when the exhaust-gas temperab~re  was 
more o r  l e s s  than 212' F, respect ively ,  

~ S U Z T S  AND DISCUSSION 

Perf ormaace Charac te r i s t i c s  

The important data  indicat ing the  a l t i t u d e  -performance cliaracter- 
i s t i c s  of the  com5ustion hea te r  a r e  given i n  t ab l e  I and i n  figo-res 3 
t o  5. 

Heater with axtomat i c  con%rola. - T;:e heater1 perf orroc.nce f o r  
unres t r i c ted  and restr ic ' ted f u e l  Tim stnd f o r  combustion-air and 
ven t i l a t i ng -a i r  pressure a l t i t u d e s  of ,  sea  l e v e l  and 10,000 f e e t  i s  
shown i n  f ig-3-re 3 .  The heat  output is pLotted against  ven t i l a t ing-  
a i r  flow; the  corre spanding val-aes of the  ~0mb~s. i ;  ion a i r -p re  ssure Crop 
(across  regulate;. and l ieater) ,  which was s e t  p r i o r  t o  -the y.1111, and the  
r e su l t i ng  combust ion-ai_r Iolow a r e  included, The heat output increases 
with increasing venti lat i-%-air  o r  f u e l  flow. A s  the  pres,yure drop 
across  the  combustion chamber an& regu la to r  is  increesad from 5 t o  
15 inches of water, the  combustion-air f l o v  shars a general  but  e r r a t i c  
increase; however, f o r  pressure drops frsm 15 t o  35 inches of wtt'cer, 
the  regu la to r  holds a near ly  constant flow, These erras-t ic  t r ends  may 
bo due t o  f r i c t i o n  i n  the  movrng ?arts of the r e p - l a t o r .  S t a t i c -  
pressure drop of the  combustion air through the  regula tor  and combus- 
t i o n  chamber as given i n  both f igure  3 and t a b l e  I 1.s ~~ncorrected.  f o r  
d i f ference i n  cross-sect ional  a rea  of flow sect lon.  A r a t ed  heat oa t -  
put of 50,000 Btu per  hour was obtained a t  pressure a l t i t u d e  :~p  "uo 
27,000 f e e t  f o r  ven t i l a t i ng -a i r  flows greater than 800 pounds per how; 
ra ted  otxt'p'cxt was  not  obtained at  ven-bilating-air f l o ~ s  below 800 p c ~ n d s  
per hour at  any a l t i tuCe  ( t ab le  I ) .  

The e f f e c t  of pressurs a l t i t u d e  bn t h e  hea te r  perf ormanca is  shown 
i n  f igure  4 f o r  ven t i l a t i ng -a i r  flows of 500 and 1100 noirnds per hoar 
and f o r  combu.stion-air pysssilre drops of 5.0 and 15.0 inciles of water. 
The r a t e  of heat  output is p r ac t i c a l l y  unaffected by prGssure a l t i t u d e  
f o r  coristant vent i la t  i n g - a i r  and f uo l  Slows. C ~ m b i l ~ t  ion-ai r  pressure 
drop through the  combus.t ion chamber increases and combu.st ion-a i r  flow 
and exhaust tempera't:~re decrease with increasing pressure a l t i t i l de ,  

The precsuxe drop of the  venJ l ; i l a t i q  aik. obtained. during the  per-  
formance and add i t iona l  i s o t h e m s l  runs is shown i n  f'igure 5. Data f o r  
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isothermal pressure drop a r e  included i n  t ab l e  11. The values of 
pressure drop BiAP have been corrected t o  standard s ea - l eve l -  
a l t  i tude dens i ty  and a r e  p lo t t ed  agains t  the  vent i la t  ing-a i r  flow 
f o r  various values of ou t l e t  - to - in le t  densi ty  r a t i o  O , / C ~ ~ .  

Eeater  with automatic controls  removed. - The e f f e c t  of f u e l -  
a i r  r a t i o  on heat  output, hea te r  ef f ic iency,  and vent i l a - t  ing- and 
combustion-air pressure drop with controls  removed is given i n  
f igure  6 axd t ab l e  11. A maximum hea te r  e f f i c iency  of 60.7 p ~ r c e n t  
w a s  obtained at  a f u e l - a i r  r a t i o  of 0.05 f o r  ven t i l a t ing-  and 
combustion-air flows of 690 and 72.7 pounds per hour, respect ively .  
Vent i la t ing - and combust ion-ai r  pressure drop increase s l i g h t l y  
with increasing values of f i ~ e l - a i r  r a t i o  because of increasing 
momentum pressure drop. 

Heat output, heater  ef f ic iency,  ven t i l a t ing-  and combust ion-ai r  
pressure drop a t  the  f u e l - a i r  ra-t io f o r  maximum eff ic iency (0.05) 
over a range of ven t i l a t ing-a i r  fiow i s  >resented i n  f igure  7 and i n  
t ab l e  11. The heat output a s  indicated bg t h f s  f igure  is  lower than 
t h a t  obtained i n  normal operation because of the  smaller  f u e l  and 
combust ion-a i r  flows used during t he  invest igat ion (3.6 and 72.7 lb/hr,  
respect ively)  than those at which the  hea te r  is r a t ed  (4.7 and 
90 lb/h~-, respect ively  ) . 

Combust ion-Air Flow Limits f o r  Sustained Combust ion 

A l l  the  important daJi.a obtained i n  invest igat ing the  combustion- 
air flow l i m i t s  f o r  sustained combust ion at  small and large  combust ion- 
a i r  f lows a r e  presented i n  t a b l e s  I11 and I'V, respect ively .  

For pressure a l t i t u d e s  of sea l e v e l  and 10,000 f e e t ,  combustion 
was  s u ~ t a i i l e d  a t  combustion-air flows as low as 13 percent of the  
manufccturer's r a t i ng  of 30 pounds per  hovLr. The minimum l i m i t s  were 
not  determined because the  apparatus d id  not permit a c c u r ~ t e  measure- 
ment of the  small flows a t  the  ex i s t i ng  a i r  dens i t i e s  and modification 
of the  equipment w a s  not warranted beca~rse the  f l 0 ~ ~ 8  &re much smaller 
than  values of p r ac t i c a l  i n t e r e s t ,  For 13ressure a l t i t u d e s  of about 
20,000 f e e t ,  measurable flows were obtained at which combustion 
ceased. The minSmur;l flow f o r  sustainad combustion at  a pressure a l t i -  
tude of 25,000 f e e t  was approximately 9 pounds per h a w  f o r  f u e l - a i r  
r a t i o s  between 0.037 and 0.099; a t  a  pressure: a l t i t u d e  of 45,000 f e e t  
the  combustion-afr flaw l i m i t s  f o r  sustained csombustion var ied  con- 
s iderably  with f u e l - a i r  r a t i o .  A t  a f u e l - a i r  r a t i o  of 0.10 the  l i m i t  
w a s  18 pounds per hour and a t  a f u e l - a i r  r a t i o  of 0.036 the  l i m i t  
increased t o  55 pounds per hour, A t  a l t i t u d e s  below 40,000 f e e t ,  
f u e l - a i r  r a t i o  had l 2 t t l e  e f f e c t  on the  minimum l i m i t .  



The range of combustion-air flows and pressure a l t f t udes  over 
which the heater  was operated i n  attempts t o  detemine the  maximlm 
combustion-air flow limits f o r  sustained coilibust ion is presented i n  
iab7-e JV. Combust ton could be sustained at combust ion-ai r  f lo~.rs above 
values of p r ac t i c a l  inte'est, The determination of t he  maxl;mm f l m  
f o r  sustained cornbusti.on, however, w a s  l imi ted by other o p e r a t i o n ~ l  
considerations.  A t  high fue l - a i r  r a t i o s  combustion-air flow was so 
lzrnited by e x c e s s i v e l ~  h i ~ h  exhaust -gae temperatures t h a t  m ~ c : ~ m u m  
combustion-air flows f o r  sustained combustion could not be determined. 
For example, at  a fue l - a i r  r a t i o  of 0.064, a comb us ti or^-air flow of 
2-77 pounfis per  hour (about twice r ~ t e d  flow) produced azl exhaust-gas 
temperature of about 1805O F. A t  lover  values of f ~ e l - a i r  r a t i o ,  tha  
determination of maxTaun cornbustion-air flow was proh5bited by exces- 
s ive  pressure drop. For example, at a 2~1el-a i r  r a t i o  of 0.034 and a 
combustion-air flow of 388 pounds per hour (more than four  t i ~ m s  the  
ra ted  flow) the  pressure drop was 138.7 fnches of water. A maxim-m 
sustained combustion l i m i t  t n s  cbtslned a t  a fu-el-air  r a t i o  of 0,026 
and a combustion-air f l o v  of 514 pouads per  how; the  resu l t ing  yres-  
s12re d r o ~  T J ~ S  196 inclies of water, 

Combustion-Air FLov Limits f o r  Consistent L g n i t  ion 

The combustion-air ?lows for consis tent  ign i t ion  obtained at  
various fue l - a i r  r a t i o s  and -pressure a l t i t u d e s  a r e  >resented i n  f i g -  
ure 8 and t ab l e  V. A t  sea-level  ywssuri! a1 t i tub ,  tile maximam 
combustion-air flow f o r  consistent  i gn i t  i o ~  Fias 280 pounds per  hour 
at a f u e l - a i r  rakio  of 0.05, A mini=lum l i m i t  or' 50 2oixnds z e r  hour 
was obtained at a fv-el-air r a t i o  of 0 .lo. 30th aaxlmir and minimum 
combustion-air flows f o r  consistent  ign i t ion  aecreased with increaalng 
pressure a l t i t ude ,  t he  maxirn~m limit decreasirg nore rapidly.  The two 
l i m i t  curves in tersected a t  a pressum al-iitudc of spproximatoly 
25,000 f e e t  and a comblustion-air flow of 28 po-2.nds per hour, 

The runs t o  determine the  efTect on i gn i t i on  of hee'ting the  
i gn i t o r  t o  i t s  equiPibriirrn temperature p r i o r  t o  the ingoction of 
f u e l  i n to  t he  combustion ciimber indicated t ha t  there was no improve- 
men% over the  i gn i t i on  time obtained with the  s ta idard  ignitio-n pro- 
cedure a t  tke  same c o n d i t i ~ n s .  

T'ne invest  iga t  ion conducted on -the Steuar t  -Warner model 906 -B 
a i r c r a r t  combust ion heater  gives t h e  following reswlt  s : 
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I. A ra ted  heat  output of 50,000 Btu per hour was obtained at  
pressure a l t i t u d e s  up t o  27,000 f e e t  f o r  ven t i l a t ing-a i r  flows 
g r ea t e r  than 800 pounds per hour; r a ted  output w a s  not obtained 
a t  ven t i l a t ing-a i r  flows below 800 pounds per hour at any a l t i t u d e ,  

2. Maximum hea te r  e f f i c iency  of 60.7 percent was obtained at  
a f u e l - a i r  r a t i o  of 0.050, sea- level  pressure a l t i t ude ,  ven t i l a t ing-  
alr t e m p e r a t ~ ~ r e  of 00 F, combustion-air temperature of 14' F, 
ven t i l a t ing-*a i r  flow 3f 690 pounds per  hour, and combustion-air 
flow of 72.7 pounds per  hour. 

3. Tile minimum r a t e  of combustion-air flgw f o r  s:~.stained com- 
bustion at  a pressure a l t i t u d e  of 25,000 f e e t  w a s  about 9 pounds 
per hour f o r  f u e l - a i r  r a t i o s  between 0.037 and 0.099 and a t  a pres- 
sure a l t i t u d e  of 45,000 f e e t  increased t o  18 ~ o u n d s  per hour a t  a 
f u e l - a i r  r a t i o  of 3.10 and t o  55 nounds per how at  13, f u e l - a i r  r a t i o  
of 0.036. Combust ion could be sv.stained a t  combust ion-a i r  flow 
r a t e s  above val-uesr of pract  i c a l  i n t e r e s t ,  The maximum flow was 
l imited,  however, by excessively high exh8ust-gas temperature o r  
high pressure dror, . 

4 ,  Both maximun: and minimum csmbustion-air flows f o r  consis tent  
ign i t ion  decreased with increasing pressure a l t i t u d e  and became equal 
at a pressure al t  i tl,tde of approx.i_matalg ZE,,000 f e e t  and a combust ion- 
air flow of approximately 28 pounds pela hour. 
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TABLE 1 - H U T W  PEKPORHANCE UITH AUTOHATIC CONTROLS IRSTALLED 
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TABLE I1  - HEATER PERFOXNMCE WITHOUT AUTOHATIC CONTROLS INSTALLED 

[~ominal pressure a l t i t u d e ,  sea l eve l l  

Variable Combus- 
t ioa-air 
pressure 
&OP 
( i n .  

I water) 
~ e n t i l a t - l - , , , ,  

Fuel 2a0 
Plow 2.1 

2.3 
2.3 
2.7 

Fuel 
I I 1 

Flow Tempe ature HeatLn Heater 
/ I  I 6r1 I tetu$G7'ue I e f f i -  

c Lenc y 
(percent)  

Fuel-alr Fahauot- 
rat io  gas 

t emgera- 
tare  
(9) 
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TABLE I V  - HEATER PERFDMNCZ FOR LARGE CONBGSTION-AIR FLOWS 

l ~ u r t h e r  i n c r e a s e  I n  combustion-air f l o v  f o r  t h i s  f u e l - a l r  r a t i o  was not  a t fempted  
because of excessive extaus t -gas  temperaturee.  

2 ~ r l a l  runs.  

 he oombustlon-alr  flow and p r e s s u r e  d r o p  cona ldered  t o  be above tt.e range of  p r a c t l c a l  
I n t e r e s t .  

l C ~ a t i s f a c t o r y  combustlon, no t  a  llslt. 

5~ombus t lor .  would cease  v l t h  a smal l  i n c r e a s e  In  combustion-alr f low,  hence a oombustlon 
IhmPt .  
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TABLE V - HEATER 
E o l t a g e  across the 

MV1009Ah ADVISWtY 
CWMlVTEf  FQW AEROPIAUT ICS 





h ~ o m b u s t  i o n - a i r  i n l e t  I -I--- 
NATIONAL ADV l SORY 

C O M I Y Y E E  FOR AERONAUTICS 

F i g u r e  1 ,  - Diagram o f  Stewart-Worner model 906-8 combust ion h e o l s t ,  



A 1 t i  tude-chamber 
cool i n g - a i r  exhaust 

/ -Water sprays /- 
Exhaust obseruo? ion tube Flow-measuring o r i  f i ces 

Sh ie lded  thermocouple 
Ref r i g e r o t e d  a i r  supgl y 

A l t i t u d e  chamber 

Combustion h e a t e r  
+ Unshie lded thermocouple  

A S t a t  i c -p ressure  t a p  

p iezo -s ta t  ic r i n g ,  four  taps 

RAT IONAL ADV I SORY 
COMMITTEE FOR AEffONAU?ltS 

f i g u r e  2 .  - S c l e n o t l c  d i o g r o n  o f  t e s t  s e t u p  f o r  combust ion  heater.  
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Fuel solenoid setting Avera e fuel flow 
f l b h r  ) 

0 Unrestricted 
o Restricted 

( a )  P ~ e s s w e  al t f tude,  sea level. 
F i g w e  3, - Heater gerfo~mance with automtic  eoatroPs instalbedt, 

VentIPat bag-a%r i n l e t  tern era tme, 59" F; a p p s a x i m t a  combustion- B aifr Inlet temperatme, 76 Fe 
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- o mestz~fc!,eed 
1 Restricted 

r-j 
t i  

Ventilating-air- f l o w ,  ~ b h  
(b) Pressure a l t i t u d e ,  10,000 feet ,  

Ff p e  3, - Cesecbu.d.ecP, Heater p e ~ f o m a n c e  w i t h  automatic eontro3.s 
%wstaHle&, Ventilat$ng-a$r %nbe% t e n p e ~ a t w e  590 Pq agp~sx%ma%e 
c ~ m b u s & l  m-air i n l e t  temperatu~ep 7 5  FD 

e 

. - 
. - 
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Pressure altitude, 2% 

( a )  Nomlaal venti lating-air (b) Nominal ventilating-air flow, 
f lowp 500 pounds per how;  3.100 pounds per how; nominal 
wodnal combust8oaa-air combustfon-=air presswe &op, 
pressme &ogs 8 ,O fnehes X5,O inches w a t e ~ ,  
watera 

Plgure 4 - Wfeet  of presswe alt itude on heater performance with 
automa$$@ c o n t ~ o b s  fnstalled,  Ven&f%at%ng-air in le t  temperatwe, 
590 F; apaoxllaate combustion-air ln le t  temperature, 1 6 O  F, 
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F i g u ~ e  6 .  -- VentilatLne;alr pressure &ope 
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Fuel-air  r a t i o ,  F/A R 

Ffmre 6, - Effect o f  f u e l - a i r  r a t i o  on heater e l f f c i ency .  Ventf lathg-  
a i r  Inlet t emperatwe ,  O0 F; cornbustlon-als I n l e t  t empesatwe ,  141° Fg 
sea - l eve l  pressure a l t i t u d e ;  v e n t i l a t i n g - a i r  f l o w ,  690 pounds per 
hour; csmbust%on-air f'how, 72.7 pounds p s  koul~,  
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i 

F i g .  7 

Vent1 latizag-air flow, l b b  
Figure 7 ,  - Beat output a t  fuel-air rat io  f o r  m a x i  icfency, o , Q ~ ,  

Ventilatfng-air Inlet  temperature, o0 F; combustion-als Inlet  temper- 
a t m e ,  3.4' F; sea-Pewel presswe al t i tude;  combustion-air f30wB 72,7 
gooands per h o w j  rue% flow, 3e6 pomds per how, 
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