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*3TtIGlIT COIIIPA2ISON OF mEY)RWCE AND COOLING CHARACTERISTICS 

OF EXHAUST -EJECTOR INSTALLATION WITH 

EXHAUST ..COLLECTOR -RING INSTALUTION 

By ~ o r e r ,  W. Acker and Ilenneth S. Kleinknecht 

Flight and ground investigations have been made t o  compare 
an exhaust-ejector installaScion with a standard exhaust-collwtor- 
r ing ins ta l la t ion  on air-cooled a i r c r a f t  engines i n  a twin-engine 
airplane. The grour-d investi.gation allowed that ,  whereas the 
standard engine woulc? have overheated above 600 horsepower, the ' 

engine with exhaust e jectors  cooled at take-off operating condi- 
t ions  at zero ram. The exhaust e jec tors  provided as much cooling 
with cowl f laps  closed as  the conventional cowl f laps  induced when 
f u l l  open a t  low airspeeds. The propulsive thrust  of the exhaust- 
e jec tor  ins ta l la t ion  was calculated t o  be s l ight ly  l e s s  than the 
thrust  of the collector-ring Ins ta l la t ion .  

INTRODUCTION 

A s  par t  of a program requested by the Bureau of Aeronautics, 
Navy Department, f lzght and ground investigations have been made 
on an exhaust-ejector ins ta l la t ion  i n  a twin-engine airplane. The 
exhaust e jectors  were designed t o  increase the cooling-air flow 
through the engine and were ins ta l led  i n  the l e f t  nacelle, The 
r ight  engine was l e f t  i n  i ts  standard configuration with an exhaust 
col lector  r ing.  The cooling-air pressure drop across the engine 
and the cylinder temperatures were measured in  each ins ta l la t ion  
t o  determine the improvement i n  engine coolingpbtained with the 
exhaust e jectors .  Brake horsepower and exhaust back pressure were 
measured f o r  each ins ta l la t ion  t o  compare the over-all performance. 
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A JM-1 airplane ( s e r i a l  No. 41-55541) (f ig .  I) ar~~iippsd with two 
R-2800 -4.3 engines -sra.i5 usae i n  %he inveat i gab ion. The 3.-2800 -43 engine 
has a nomz,l po:mr re,tins of 1600 horsepo~?er at a speed of 240'3 ~ . p m  

and a manifold pressure of 41 inches of mercury absolute; it has a 
mil i tary take-off ruting of 2600 horeepo~~er  at 2700 rpm an& 52 inchss 
of mercury absolute. The l e f t  m,oelle w 3 s  modified by replacing the 
conventional es:haust-collector-riw ins ta l la t ion  with an exh%ust- 
e jec tor  ins te l la t ion  ( f igs  , 2 and 3).  No mod i f  i catiocs were ma6.e on 
the r igh t  m c e l l e  ( f iga . 4 an& 5) . 

The exhaust-ej~ctor  ins ta l la t ion  consioted of four two-stag3 
e jec tom on each side of th3 nacelle.  Cesign data f o r  exhaust nozzles 
and e2ectors were obtained from referencsrr 1 t o  4, The e jec tors  were 
desigrrza with two stases  i n  oriier - tPa t  xerroval of the f i r ~ t  stage would 
provide access t o  the englne accessories. S p s e  l imitations prevented 
'the use oi' =ore then four e j e c t o ~ s  on eitsh fli3-e of nacelle. Indi- 
vidual cylinder e d ~ a u e t s  were themfore gmi~~p,d i n  t r i p l e  and twin 
stacks es follows: 

This grouptag vas selected because of space l imitations and simplicity 
of oonstruction at the expense of minimuin vslve overlap. ' ~ o z z L e s  with 
an ou t l e t  diameter of 2 inches were welded t o  the end of each group of 
stacks. 

The f i r s t - s tage  ejectors,  shown mounted on the accessory skin panel 
a: 7 i n  f igure 6, a re  14- square inches in cross-sectional area and $6- inche 8 

-4 8 
long ( f ig .  7 ) .  . Fluah with the out le t s  of the f i r s t  stages a re  the 
eecond-s%age duots, which are  35 square inches i n  cross-secDiona1 area 
and 20 inches lor&. DifZusera 9 inches long with a,n expansion xbtio of 
1 .a ape wslded t o  the ends of the s e c ~ n d  s tases  . Pivoted at  the  'diffuser 
e x i t s  are controllable ex i t  f laps  15 i a ~ h e s  long tha t  open approximately 
20'. These f laps  pmvi&e an out le t  area of 210 square inches when 
closed and 350 square inches when f u l l y  open. 
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Xngine cylinder-baffle t o t a l  pressures at  the forward l i p  of 
the front -row cyiincler bmff les ,  engine cylinder-baff l e  s t a t i c  pres- 
sures 4n the rear  cur l  of -the mar-row cy1ind.e~ baffles,  and t o t a l  
and wall s t a t i c  pressures i n  the eJector ducts about 4 inchos i n  
front  of the diffuser  section ( f ig .  7 )  'were measured with l iquid 
maw~meters. The exhaust baalr pressures were obtained with i'lush 
o r i f i ces  i n  the  ex5aust pipes at s ta t ions  13  an& 2! inches from the 

exiiauat ports of the f rant -row and rear-rox cylinders, respect 5voly. 
Exhaust back pressnres wore recordod from OTfferential-pressure 
gages f o r  the modified engirw and frou a l iquid manometer f o r  the 
standard englne. 

/ 
' Temperatures of %be rear-spark-plug gasket, the ejectors,  the 

carburetor acreen, anrl %he c~ l i f ide r s  were measured by thennocouples 
and recofied' by a %ligl:t --toat r eoo~der  . The ejector  themocou~)les 
were located on the se,rse rakes a s  ths total-pressure tubes. A 
resistance-balb theimgmeter was instal led under the nose of the air- 
plane f o r  measurirg f ree  -strewn air  t s ~ p e ~ a t u r e .  

Fresaures f o r  measuring a l t i tude  and indicated airspeed were 
~ rov ided  by swiveling a%atl.c-press~ire and shrouded total-pressure 
tubes, located 1 chord length ahearl of the right-wing t i p .  Engine 
charge-air flow was determined by carburetor metering..nressure data 
aqd air-box calibrations.  Carburetor i m ~ a c t  total-pressure anti 
carburetor uncompensated mgt,erJng-pressure d i f fe rent ia l s  were obtained 
from sensftive absolute-presn!irc gages and differential-pressure gages, 
respectively. Engine manifold pressures were measured by sensi t ive 
absolute-pressure gages. 

A pos!.tion transmitter w a s  used t o  measure cowl-flay opnings ,  
A deflecting-vane-type fue l  f lo~mote r  w8.a instal-led i n  the f i e 1  Line 
between the carburetor and inJection nozzle t o  measure fue l  flow. 
Bralre hor.sepow$r was determined from Pra t t  & Wiitney t;c.rqueme-l;ers 
and sensit ive tachomettirn. 

All instruments were calibrated bsf ore i n s t a l l a t  ion i n  the a l r  - 
plane. With the excepLion of torque Fressure, cowl-flap openi ng, 
and engine temperature, a l l  data were recoraed on photographic fi lm. 

SYMBOLS 

The following sj.mbols are  used i n  the presentation of resu l t s .  
The numerical. subscripts r e fe r  t o  s ta t ions on figure 7 .  
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A exhaust-nozzle o r  exhaust ta i l -pipe area, (sq f t )  

cn specif ic  heat at oonotant pressure, ( ~ t u / (  l b )  (OF) ) 

Fn net  thmat ,  ( l b )  

g acceleration of gravity, (ft/secZ) 

H.1 t o t a l  pressme in  front o f .  engine, ( in .  water gage) 

Hg t o t a l  pressure i n  secoild-stage eJectors, (lb/sq f t  absolute 2r 
in .  water gage ) 

J mechanical equivalent o:? heat, (778), ( f t  - . ~ b / ~ t ~ . l )  

Ma mass af engine cooling-air flow, ( s l ~ ~ s / s e c )  

M, mass of engine chwge-air  flow, (slugs!sec) 

Me mass of engine exhaust-gas flow, (slugs/sec) 

pG f r ee  -streem a t a t i c  pressure, (lb/sq f t  absolute) 

P2 s t a t i c  pressure at cyl inder-befle  ex i t ,  (lb/sq f t  absolute o r  
5-n . water gage ) 

engine exhaust back pressare, ' ( in .  IIg absolute) 

engine manifold pressvre, ( in .  Hg absolute) 

averwe of engine cylinder-head and cylinder-barrel pressure drop 
( in .  water) . 

engine cylinder -head pressure d r o ~ ,  ( i n .  water) 

free-stream dynamic pressure, ( in .  water) 

gas constant f o r  exhau-st, ( f t  - l b ) / ( s l i ~ ~ )  (OF) 

t o t a l  temperature behind engine, (OX) 

t o t a l  temperature i n  e jectdrs, ("R) 

exhaust -gas temperat~re , (OR) 

cyllnder -head temperatv.re, (OF) 
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Vo t rue  airspeed, ( f t /sec)  

V*,, velocity a t  f l a p  exi t ,  e jec tor  engine, (ft /sec) 

V4,s velocity a t  f l ap  sx i t ,  standard engine, (f't/sec) 

- 
Ve moan effect ive exhwxst-gaa vsl.ocity, (ft /aec) 

y r a t i o  of specific heats of air, 1 .4  

T~ 
propeller efficiency 

I r a t i o  of free-stream air density t o  NACA standard sea-level 
air density 

O2 
r a t i o  of a i r  density a t  cylinder-baffle ex i t  t o  NACA atandaxd 

sea-level a i r  density 

METHOD OF CALCULATION 

I n  order t o  determine the over-all performance of each ins t a l -  
la t ipn,  the net thrus ts  of the c ~ o l i n g  a i r  and the exhaust gas were 
calculated by the  following compressible-flow equations. 2he net 
thrust  is the change i n  momentum of the cooling a i r  a& the exhaust 
gases from t rue  airspeed t o  t h e i r  respective e x i t  veloci t ies .  

For the modified engine, 

where 

! ' ! . . 

I n  equation ( I )  the assumption tr-as made tha t  the fluid changed 
isentropically from the tokal  pressure ( f i g  . 8) and the t o t a l  'temper- 
ature i n  the ducts t o  free-stream s t a t i c  presaure and temperature. 

' Any losses tha t  might have occurred i n  the dlffitsers and through the 
closed cowl f laps  were neglected. 

For the standard engine, 
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where 

and 

I n  equation (2)  the t o t a l  pressure was assumd equal t o  the e t a t i c  
pressure behind the engine; therefore, i n  the calculation of cooling-air 
thrust  an isentrspic  change of the f lu id  w a s  assumed from the  s t a t i c  
pressure ( f ig .  9) and temyerature behind the engine t o  frae-stream s t a t i c  
pressure and temperature. The losaes throvgb the closed cowl i'laps were 
again neglected. The exhaust velocity was marely a function of exhaust- 
gas tempere,ture, free-&ream ~ t a t i c  -pressure, and mass of engine exhaust- 
gas flow. 

I n  order t o  determj.ne the t h r ~ ~ s t  t ha t  might be expected f r o m  j e t  
exhaust 82;acks on a standard engine, calcuLatlons were based'on the assump- 
t i o n  tha t  the exhaust stacks used with the ejectoru were ins ta l led  on the 
standard engine i n  place of the col lector  ring. The following equation 
was used: 1 

Fn = HgVq,s + %% - (Ma + Me) Yg (3)  

where 

(see reference 4 ,  ) 

With an assumed p o p e l l e r  efficiency of 0.85, the t o t a l  net thrust  
horsepower available w a s  caloulatea f o r  each ins ta l la t ion  by 

F 2 0  thp = - +  bhp 7 
550 73 
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PROCEDW 'AND DISCUSSION 

Cool-ing-Blower Investigation 

I n  ord-er t o  determine the re la t ion  between cooling-air flow and 
engine pressure drop, EV portable engine-cooling blower was used. This 
b!.ower was s e t  up -in fllont of each engine (f ig .  10); the blower oxt le t  
w a s  sealed t o  the cowling in lo t  b3; a rubber casing and the blower vas 
operated at various air flows. Engine pressure drop was multiplied 
by the density r a t io  at the cylinder-baffle e x i t  t o  include the e f fec t  
of a l t i t ude  and engine ternperat1,u-o on cooling-air flow, Engine cooling- 
air pressure drop and behind the engines were measu.red i n  
f l igl i t  and used i n  conJunction wi.ttl the data of figure I1 t o  obtain 
cooling-air flow under f l igh t - tea l  conditions, 

C;rot:nd l ~ ives  t ight ion 

A ground 5nvestigation was made t o  tletermine the cooling charac- 
t e r i s t i c s  of each ins ta l la t ion  at a condition of' zero ram. The r e su l t s  
of t h i s  investigation a t  a f ree-a i r  t'empsrature of 35' F with cowl 
f laps  open a re  ahown i n  figure 12  where the available cylinder-head 
pressure drop ooAph, fue l -a i r  r a t i o  f o r  both enginss, and the maximum 
cylinder-head temaerature Th f o r  %he exhauot-ejector engine are 
plotted agalnst brake horsepower, If porraittied t o  s tab i l ize ,  the  
cylinder-head temperatures on the standard engine would have oxceeded 
the manufactu.rert s maximum l i m i t  of 500° F at t e s t  conditione using 
about 600 brake horsepower o r  moro; therefore, no cylinder-head tem- 
perat1.1ro data  f o r  t h i s  engine were obtained. A s  shown i n  figure 12, 
%n increase i n  brake horsepower produces a greater increase i n  head 
pressure drop i n  the modified engine than i n  the standard engine. 
Despite s l ight ly  leaher fue l -a l r  ra t ios ,  the modified. engine cooled 
f a r  be t t e r  than the standal*d engine f o r  a l l  powere. For example, a t  
take-off condZtions (maximum power) with cowl f laps  f u l l  open, the 
modified-engine ins ta l la t ion  provlaed a cylinder-head pressure drop 
of 5,5 inches of water; whereas the cowl f laps  on the standard engine 
induced a pressure drop of only 2.5 inches of water. With a cylinder- 
head pressure drop of 5.5 inches of water, the maximum cylinder tem- 
perature f o r  take-off coniiitions was 4.90' F. 

Flight Investigation 

The available cooling-air cylinder-head pressure-drop r a t i o s  
bPh/q i n  Plight f o r  standard and modified engines are  shown in  
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figure 13  at  a l t i tudes  of 5,000, 10,000, and 15,000 f e e t ,  I n  order t o  
cornsare the ins te l la t icns ,  th3 curves f o r  the standard ins t a l l a t ion  
were superimposed, witilout t e s t  points, over those f o r  the e jec tor  
ins ta l la t ton .  

The standard engine had a constant pressure-drop r a t i o  of approxi- 
mately 0.419 with cowl f laps  f u l l  open and about 0.23 with cotrl f laps  
closed, This pressure-drop katio appeared t o  be constant f o r  a11 a l t i -  
tudes. The pressure d ~ o p  available on the modified engine waa a function 
of brake horse.power. The ejector  pumping action f e l l  off s l igh t ly  with 
alt.itude because of the' increased specif ic  volume of cooling air  a t  
higher alt i t i ldes.  For a given horsepower the yressure-drop r a t i o  was 
higher at low airspeeds, such as those encountered during climb o r  take- 
of f .  A t  normal xated conditions, an a l t i tude  of 5000 fee t  and an indi- 
cate6 aimpeed of approx3mately 165 miles per hour, (q = 12.0 in .  of 
water) tile pressure -drop r a t i o  was 0.62 with f laps  open and 0.40 with 
f laps closed. Thus a t  5000 fee t  and a low airsyeed, the e jec tors  induced 
nearly as m~ch pressme drop acroes tho engine with ex i t  f laps  closed ae 
conv@ntional  COT?^ f l aps  t h a t  are  f u l l  open, 

.. . 
Ths average cylinder-head tempexaturea a re  plotted against  f ree-  

stream dynamic pressura q f o r  normal rated and tnaximum cruise powers 
a t  an a l t i t ude  of 5000 fee t  i n  Pi$um'e 34. These cilrves show-that, at 
1460 brake horsepower and at a low airspeed oorrtisponding t o  a dynamic 
pressure q of about 12.0 inches of water, the lncdified engine with 
cowl f laps  closed runs about LSO F cooler than the standard engine with 
cowl f l aps  f u l l  open. 

The exhaust back pressures measured on each engine at 5000 f e e t  a re  
show in figure 15. Because of the res t r ic ted  exhaust nozzles, the back 
pressurs 1s  c3nsidlerably higher i n  the modified engine than i n  %he stand- 
ard engine. Separate curves a m  shotm with cowl f laps  open and closed 
f o r  the modified engine because the cxha;ast gas is discharged through the 
e x i t  f laps,  which affect  the s t a t i c  pressure at the exhaust-stack out le t .  
Engine cal ibrat ion curves a t  an a l t i t ude  of 5000 fee t  a re  given f o r  the 
standard and modzfied engines i n  figure 16 from which the e f fec t  of back 
pressure on engine performance may be seen. A loss  of 100 brake home- 
oowep existed f o r  the modified engine a t  2400 rpm. The resu l t s .of  thrust  
calcula-tions a t  each a l t i tude  are shown i n  figures 17 and 18. These 
curves show the drag, o r  thrust,  of the coolzi.ng air and exhaust gases f o r  
each type of ins ta l la t ion ,  

The f o l l ~ w i n g  table shows the t o t a l  net thrust  horsepower f o r  both 
ins1;allations wjth cowl f laps  closed a t  an a l t i tude  of 5000 f e e t  and a 
t rue airspeed of 265 miles per hovcr, with each engine operating at the 
same speed and manifold pressure: 
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E x i n e  I bhp 1 Fn 1 thp 
---- , !W 

The data shotr t ha t  the loss  of 3-00 brake horsepower due t o  high 
exhaust back yretmxre is almost a l l  rsgzined by the momentun increase 
of the' cooling azr on the monified engine and a lso  tha t  more thrus t  
may be obtained f r ~ m  a stanla,-& engine with j e t  exhaust stacks t h d  
from the esktaust-ejector ins ta l la t ion .  A t  low airspeeds the cowl 
f laps  on the stahdard engine must be open t o  provide suff ic ient  engine 
cooling and thus tkey inmeasa the form dr1ag. Inesmuch as no form* 
drag measuremsn.te were maCe in  f l ight ,  a quantitative thrust  analysia 
a t  low airspeeds could not be mats. 

Staz2&rd 
Mod-if ied 
Standard with 
;st atacla  

Repreeentative .tem>a~ature ail& presswe patterns f o r  the two 
i n s t a l l a t  ions unCer similar operat ir?;l; cozdftions aTe sho-m i n  f i g -  
ures 19 an3 29. !;lo s e r i o u ~  ef fec t  on -Lempsrs,t;ure and pressure h i s t r i -  
butions resulted from the  uee of the exhaust-egeclior ins ta l la t ion .  

From comparative f l lgh t  and g r ~ u n d  investigations of an exhaust-- 
e jec tor  ins ta l la t ion  and a standard exhaust-collector-r!.ng ins t a l l a -  
t l c n  on air-cooled englnes i n  a twin-engine airplane, the following 
reeul ts  wera obtained: 

1.560 
1450 
1460 

1. A t  take-off operating conditions at zero xem on the ground, 
the ejectors  provided a pressare drop across the engine of 5.5 inches 
of water with the ex i t  f3.aap3 f u l l  open, which vas suff ic ient  t o  cool 
the engine 20' F belot: the manufacturer's l i m i t  of 500' F a t  a f ree-  
air t e ~ p s r a t u r e  of 35' F; whereas the standard engine would have over- 
heated at above 600 brake horsepower. 

2. A t  low airspeede, such as encountered durir.. tale-off and 
clinijb, the ejectors  p-dmped approximately as much cooling a i r  acroes 
the engine with the e x i t  f laps  closed aa conventional cowl f laps  
pumped when ful l .  open. 

i 

-51 
65 

362 

3 .  The propulsive thrust  of the exhaust-eJector ins ta l la t ion  was 
calculated -to be s l ight ly  l e s s  than the thrust  of the collector-ring 

1300 
1286 
1355 
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installation because the thr~tst obtained from the ejectors was slightly 
less than the loss jn 'Li~zke korsepower Cue to high exhaust back pressure 
caused by the restricted outlet aTea of the exhaust stacks. 
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S t a t l o n  3 B 
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le Thermocouple 

o Static-pressure 
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o r i f i c e  

T -. 
Figure 7. - Schematic d iagraa  o f  exhaust-ej ec to r  i n s t a l l a t i o n  i n  l e f t  nacel le  o f  t e s t  a i rp lane .  NATIONALADVISORY ' f ,  

COMMITTEE FOR AERONAUT ICS 
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Figure 9. - Average static pressure behind standard engine 
with cowl flaps closed. 
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(a) Altitude, 5,000 feet. 

Figure 13. - Available engine cylinder-head cooling-air pressure 
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Free-stream dynamic pressure, q, in. water 

( c )  A l t i t u d e ,  15,000 feet. 

Fighre 13.- - Concluded. Available engine cylinder-head 
coollng-air pressure.drop. 
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Brake horsepower 

Figure15. - Variation o f  exhaust baek pressure with engine 
power at altitude of 5000 feet. 

F i g .  1 5  
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Figure 16. - Engine calibrations at altitude of 5000 f e e t .  
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NAT I ONAL AOV l SORY 
COMMITTEE FOR AERONAUT ICS 

Engine 
- - -  - Standard Modif led 
Brake horsepower Brake horsepower 

d 1480 0 1460 
d 1000 1000 
d 700 0 700 

Free-stream dynamic pressure, q, in. water 

(a) Altitude, 5,000 feet, 

Figure 17, - Comparison of net thrust of cooling air and 
exhaust gas for modified and standard engines, 
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10 . 15 20 25 30 35 
Free-stream dynamic pressure, q, in.  water 

(a) Altitude, 5,000 feet .  
Figure 18. - Cornparison of net thrust of coolfng a i r  and - 

exhaust gas for modified engine and standard engine with 
jet  stacks. 
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Figure 18. - Continued. Comparison of net thrust of cooling 
air and exhaust gas for plodifled engine and standard engine 
with jet stacks. 
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Free-stream dynamic pressure, q, in. water 

(c) Altitude, 15,000 feet. 

Figure 18. - Concluded. Comparison of net thrust of cooling 
air and exhaust gas for modified engine and standard engine 
with jet stacks. 
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Figure 1% - ~ ~ ~ i b a l  cylinder-head temperature distribution. 
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Figure 20. - Typical cooling-air pressure distribution over engine cylinders. 




