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MR No, 2;4~18 

i n  speed of a  g rea te r  m ame a l t i t u d e  an5 

explain t b s e  var ia t ions  in speed, considerably more 
t e s t i n g  and 'analys is  were cam,ied .o.ut, _ 

.  his f u r t h e r  study showed thgt* near the  hkimum 
levd l - f l i gh t  speed a  sudden r i s e  i n  cD/? ( r a t i d o f  a i r -  
plane drag coef f ic ien t  t o  propulsive e f f i c i ency )  goourred 
t h a t  could be explained e i t he r  by an increase i n  drag 
coef f ic ien t  o r  a decrease i n  propel ler  efficient$. -:It . . 
i s  sksown t h a t  j s ~ ~ h  abrupt Sncrease i n  drag coer f ic ien t  
i s  unl ikely  and t h a t  t h i s  ' e f fec t  i s  more probably due 
t o  rapidly  decreasing prope l le r  ef f ic iency.  Because no 
torquemeter* was avpilable f o y  these t e s t s ,  th& value of 
the  'f'l3ght-test da t a  as a measure of changes i n  drag 
coe f f i c i en t  o r  propelker e f f ic iency  was considerably 
reduced by apparent inaccuracy i n  estimates of 'engine 
power, Irl s p i t e  of t h i s  I fmi ta t ion,  however, the 
analysls  of the da t a  does ind ica te  t ha t  &ppreciabbe 
losses  i n  propel ler  e f f ic iency  were encountered i n  the- 
maximum level-f l ight-speed condition near high blower 
c r i t i c a l  a l t i t u d e .  



A t  t he  reques t  of t h e  Army Air Forces, Air Technical 
Serv ice  Comand, f l i g h t  t e s t s  were conducted by the  
National Advisory Committee f o r  Aeronautics t o  check the  
improvement of 3 o r  4 miles  p e r  hoirr i n  the  maximum speed 
of t h e  P -~IB ai rp lane  t h a t  was ind ica ted  by f u l l - s c a l e  
tunnel  t e s t s  ( r e fe rence  1) t o  b s  t h e  r e s u l t  of s e a l i n g  
t h e  wing-gun access doors and f l ap - spa r  l i g h t e n i n g  ho les ,  
Because of l a r g e  a r b i t r a r y  v a r i a t i o n s  i n  speed a t  t h e  
same a l t i t u d e  and w i t h  the '  same es t imated  engine power, 
it was n o t  poss ib le  t o  measure any such small  improvement, 
I n  an attempt t o  f i n d  t h e  cauaes of these  v a r i a t i o n s  i n  
speed, a i rp lane  polars  were made a t  5000, 10,000, 20,000, 
and 31,000 f e e t ,  and an extens ive  m a l y s i s  of t h e  t e s t  
d a t a  was undertaken wi th  a view t o  i s o l a t i o n  of the 
e f f e c t s  of var ious  f  ac,tora susp.ected .of con t r ibu t ing  t o  
the  inconsis tency o f  the  ' a i r p l a h e j s  performance. The 
t e s t  d a t a  and analys is  a re  presented he re in ,  . .. 

AIRPLANE 

General views of the  P-513 a i rp lane  a re  shown i n  
f i g u r e s  1 t o  5. The long  airspeed boom on the.' r i g h t  
wing was removed f o r  a l l  of t h e  speed t es t  f l i g h t s .  
Additional d a t a  p e r t i n e n t  t o  the  t e s t s  a re  as  fo.llows: 

, ,  

1, Gross wei h t  a t  take-off inc luding  180 gai lonsL'&f . 
gas, '88b0 pbunds. - 

# % 

2. Engine; ~ a c k a r d - b u i l t  Rol ls  Royce, model V-1650-3, 
AiFe NO* 43-49089. 

3 .  Carburetor ;  BendEx-Stromberg ~ ~ 1 8 ~ ~ 1 ,  p a r t s  l i s t  
No, 395200-6 except with No. 47 bleed i n  dens i ty  
compensating sys tern, S e r i a l  No,  142204. 

4. Prope l l e r ;  Hamilton-Standard ~6487-24,  f o u r  blades,  
11 f e e t  2 inches i n  diameter. ( s e e  f i g .  1.) 

5. Wing-gun p o r t s  and wing-rack f i t t i n g s  taped over as 
shown i n  f i g u r e  6 .  

6 ,  Free--air  r e s i s t a n c e  bulb thermometer i n s t a l l e d  on 
under sur face  of wing. ( s e e  f i g s .  6 and 7. ) 



7. %peciaL sh0r-t;-boom ~airapesd head i n  f ron t  of l e f t  
wing, (See f i g .  7 , )  

8. Service airapeed head under right wing, (See g@nar& 
viaws . ) 

9,  Wing s u ~ f a c e  smootb&d t o  th@ @xt@nt o f  e l iam&%ing 
accidental  scrat;obes and Z31emishes acquired a f t e r  
manufancture, P r io r  t o  f l i g h t s  5, 8, sbnd 51  the  
wing was ca re fu l ly  ref in ished,  pu t t ing  glazZdg 
pu t ty  i n  cracks and dents and removing protuberances 
w i t h  sand paper. 

L O 8  For f l i g h t s  5,  6 ,  and 7 the wing-gun access doors, and 
the  f lap-spar li htening holes were no t  sealed. 
Pr io r  t o  f l i g h t  8 , ce l lu lose  tape was placed over 
t h e  wing-gun access doors and f a b r i c  was doped 
over the f lap-spar l ightening holes.  A l l  subsequent 
f l i g h t s  were made with t h i s  configuration. 

APPARATUS 

Special  equipment i n s t a l l e d  f o r  these t e s t s  included 
synchronized NACA pressure recorders f o r  airspeed, 
a l t i t u d e ,  manifold pressure,  and carburetor metering 
pressures ; control-posi t ion recorders on coolant and 
o i l  shu t t e r s ;  recording revolution counter f o r  engine 
speed; l i m i t  switches on the  f r o n t  of the wheel-well 
closures connected t o  l i g h t s  i n  the cockpit;  thermo- 
'couples and ind i ca to r s  f o r  manifold temperatures beeore 
and a f t e r  the a f te rcoo le r ,  and l a rge  s ens i t i ve  ind ica t ing  
a l t imete r  and sens i t i ve  airspeed indicator .  

O i l  and coolant tesnperatures Were measured with the 
service  i n s t a l l a t i o n s ,  

Free-air temperatures were measured with the  f r ee -a i r  
r e s i s t m c e  bulb thermometer ( f i g s ,  6 and 7 )  i n s t a l l e d  an 
the  lower surface of the l e f t  wing, To e s t a b l i s h  the  
r i s e  i n  temperature indicat ion due t o  f o r w a ~ d  speed, ths 
i n s t a l l a t i o n  was ca l ib ra ted  i n  f l i g h t  a t  a l t i t udes  of 
5000 and 30,000 f e e t ,  The r i s e  obtained was approximately 
70 percent of the t heo re t i ca l  adiabat ic  rLse and was 
independent of a l t i t u d e  ( f i g ,  8) ,  



MR No. L4tI.8 

The airspeed head used f o r  these  t e s t s  cons is ted  of 
a Kollsman head mounted w i t h  t h e  s t a t i c  ho les  0.35 chord 
l e n g t h  ahead bf the wing ( f i g .  7 ) .  The d r a i n  hole  i n  the  
head was plugged t o  remove the  small  e r r o r  i n  t o t a l  head 
due t o .  t h i s  cause. The p o s i t i o n  e r r o r  of the s t a t i c  s i d e  
of tbe:head was c a l i b r a t e d  by observat ion of the  a l t . i m e t e ~ : ~  
i n  f l $ g h t s  a t  d i f f e r e n t  speeds p a s t  a re ference  landmark 
of knom e leva t ion .  Tes t s  were mad8 t o  determine t h e  
v a r i a t i b n  i n  the p o s i t i o n  e r r o r  wi th  a l t i tude- .  because of 
t h e  change i n  the  pressure  f i e l d  forward of the  s t agna t ion  
po in t  of t h e  wing with a change i n  f ree-s t ream Mach number 
a t  a cons tant  ind ica ted  airspeed.  Another boom with t h e  
s t a t i c  o r i f i c e s  0.94 chord ahead of t h e  wing was 
i n s t a l l e d  f o r  these t e s t s  t o  measure a r e f e r e n c e  s t a t i c  
pressure.  8,tatl.c pressures  a t  t h i s  s t a t i o n  show n e g l i g i b l e  
changes witki changes ' in  IvIacYj'nwnber "(Yief-eeence 2) .  . 
Figure 9 shows .the p b s i t J i o q , . e r r ~ r  determined a t  .sea l e v e l  
and a l so  the  ' e r r o r  a t  5000"ancl 30,000 f e e t ,  Tmnd1; d a t a  
( r e fe rence  2)  were used as  a guide Lo f a i r  t h e  f l i g h t  
t e s t  po in t s .  The c o r r e c t i o n  increased  with a l t i t u d e  
but  a t  30,000 f e e t  amounted t o  only 1.4 mi les  pe r  hour 
a t  the  h ighes t  l e v e l - f l  i g h t  speed. 

TESTS . , 

The t e s t  prbgram cons is ted  of l eve l - f ,1 igh t j  high- 
speed runs - a t  m i l i t a r y - r a t e d  power. (61  i n .  Hg .a%' 3000 rpm) 
o r  f u l l  t h r o t t l e  a t  pressure  a l t i t u d e s  ranging from . 
29, OM. t o  33,0;0Q feet and ~ p e e d - ~ o - w e r  po la r s  a t  .?jOOzQ rpm,: '  
a t  pressurb alt2,tudes of 5000, 10:,0'0*,- 20,000, 'and: f21.5 r i i i i ?  

31,000 f e e t  . Above 25,500 f e e 6  the  engine was o p e ~ a t e d -  - 
i n  hLgh blower -and below .25,500 f e e t  i n  low blower. In  
addi t ion ,  one f l i g h t  was inade i n  h igh  and low bl.ower a t  
25,500 f e e t  and one f l i g h t  a t  3000 and 2700 rpm a t  
31,000 f e e t .  The a i rp lane  was i n  t h e  high-speed condi t ion  
throughout, f l a p  and 'ge'ar up, with the pres tone  shu-t ter  
s e t  a t  7.9 inches gap (d i s t ance  from t h e  fuse lage  &Q -the 
t r a i l i n g  edge of the  s h u t t e r ) .  The o i l  s h u t t e r  contxol  
was s e t  i n  automatic and '.the &&buretor  mixture confir01 . 

.vy.as s e t  i n  automatic r i c h  f o r  a l l  runs,  

Records were taken only a f t e r  allowing s e v e r a l  
minutes t o  be c e r t a i n  of r e a o h h g  s t a b i l i z e d  condi t ions.  
The p i l o t  maintained constant  a l t i t u d e  and a i rspeed  as 
c l o s e l y  a s  poss ib le  by re fe rence  t o  a l a r g e  s e n s i t i v e  
a l t i m e t e r  and a s e n s i t i v e  airspeed indf c a t o r ,  
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A 

BHP 

exhaust j e t  t h r u s t  horsepower est imated 
according t o  reiferenos 4 minus horsepower 
r equ i red  t o  s t o p  kh@ 1n~amh-q charge a i r  
r e l a t i v e  t o  t h e  a i rp lane  2' . 

c D 
CL a i rp lane  drag c o e f f i c i e n t ,  C D ~  + 

CDO assumed p ro f  i l e -d rag  c o e f f i c i e n t  a t  zero l i f t  

($)I 
aerodynamic refinement p 

a i rp lane  l i f t  c o e f f i c i e n t  

power c o e f f i c i e n t ,  5 5 0 ,  BHP 
pn3D5 

engine cy l inder  diameter,  inches 

e  a i r p l  

FHP engine f r i c t i o n  ho 

acc cond 

IHP engine ind ica ted  horsepower 

2 s t roke ,  inches 

r) propulsive e f f i c i e n c y  

p1 pressure  a t  carbure tor  top  deck, inches o f  mercury 

pm an manifold p r  of mercury 



PHP 

SHP 
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s t a t i c  pressure of fpee stream 

s t a t i c  pressure reg i s te red  by airspeed head 

t o t a l  pressure of f r e e  stream 

P$' - Ps 

pressure drop from c m b w e t o r  top deck t o  boost 
ventur i  th roa t ,  inches of mercury 

pumping power of engine; r e l a t i v e  ne t  power 
output of induction and exhaust s trokes . 

t r ue  impact pressure of f r e e  stream 

measured impact pressure of f r e e  stream 

wing area, square f e e t  

horsepower absorbed by supercharger 

ambient f r ee -a i r  temperature 

observed f ree -  a i r  temperature 
\ 

Tr - T 
0 a i r  temperature a t  carburetor  top deck, F 

t r u e  speed, miles per hour 

engine displacement, cubic f e e t  

t i p  speed of supercharger i npe l l e r ,  f e e t  per second 

weight charge a i r  ,flow, pounds per  hour 

weight charge flow, pounds per  hour 

spec i f i c  weight. of charge a i r  a t  carburetor  
top deck, pol;lnds per cubic foot  

f r ee -a i r  densi ty,  s lugs/psr  cubic foo t  

f r e e - a i r  densi ty r a t i o  



Engine Power 

Because no t o r q u e m ~ t e r  Was avallt3ble f o r  t h a s e  t e a t s ,  
t he  engine power wag est imated from Wright F i e l d  power 
c h a r t s  ( r e fe rence  3 )  a t  the  m m i f o l d  pressure ,  engine 
speed, and pressure  alti-tsude of t h e  t e a t .  The measured 
manifold temperature var ied  wldely m&ar apparent ly 
i d e n t i c a l  condi t ions  and i n  such a way t h a t  t h e  e f f e c t  
of the  measured d i f fe rences  i n  speed was exaggerated by 
the  apparent change i n  power. To avoid using these  
e r r a t i c  manif old temperature readings,  the c h a r t  power 
was co r rec ted  by the  square r o o t  of the  r a t i o  of s tandard  
f r e e - a i r  temperature t o  observed ca rbure to r -a i r  temperature. 
The assumption of cons tant  af t e r c o o l e r  e f f e c t i v e n e s s  with 
cons tant  s h u t t e r  p o s i t i o n  was necessary.  When char t  
Dower i s  used h e r e a f t e r .  i t  i s  t o  be understood t h a t  t h e  
ca rbure to r -a i r  'temperat;re co r rec t ion  i s  invof ved. 

When the  d a t a  were reduced us ing  t h i s  c h a r t  power, 
c e r t a i n  p e c u l i a r i t i e s  were i n  evidence which could have 
a r i s e n  from e r r o r s  i n  e s t ima tes  of power, A comparison 
of the power es t imates  with the  measured weight a i r  f low 
t o  the  engine brought out the f a c t  t h a t  nea r  f u l l  power 
i n  high blower a t  3000 rpm the s p e c i f i c  a i r  consumption 
increased  f a r  more r a p i d l y  than could be accounted f o r  by 
the  changes i n  f u e l - a i r  r a t i o ,  Furthermore, s p e c i f i c  
a f r  consumption was d i f f e r e n t  f o r  h igh  and low blower 
opera t ion  a f t e r  t h e  d i f fe rence  i n  supercharger  power was 
a110 o r  ( f i g .  1 0 ) .  

It was expected t h a t  an es t imate  of' power based, on 
measured charge weight a i r  f low might remove some of t h e  
p e c u l i a r i t i e s  noted i n  the  d a t a  based on cha r t  power. The 
d l r e c t  measurement of  charge weight a i r  flow, however, 
pradbcbd no more Logic a1 r e s u l t s ,  Because n e i t h e r  method 
of poker e s t ima t ion  i s  s a t i s f a c t o r y  i n  a l l  r e s p e c t s ,  t h e  

* - ' folldwing ana lys i s  i s  made with regard  t o  both  methods. 

In  the appendix ' t he re  i s  given a d i scuss ion  of the  
metkiod of measuring the  charge weight a i r  flow and i ts  
use i n  the  es t imat ion  of engine power. 
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EFFECTS OF ITiIPORTANT FACTORS ON SPEED 

In order  t o  determine the  e f f e c t  of changes i n  a 
given a i r p l a n e ,  i t  i s  convenient t o  express  t h e  
power-drag r e l a t i o n s h i p  i n  the  form 

V = 52.73 

where 

V t r u e  speed, mi les  per  hour 

BHP engine brake horsepower 

AHP exhaust j e t  t h r u s t  power est imated according t o  
re ference  4 minus horsepower r equ i red  t o  s top  
t h e  incoming charge a i r  r e l a t i v e  t o  the a i rp lane  

LT f r e e - a i r  dens i ty  r a t i o  

7q propuls ive  e f f i c i e n c y  

CD a i rp lane  drag c o e f f i c i e n t  

S wing g e a ,  square f e e t  

In  t h i s  form, speed i s  d i r e c t 1  r o p o r t i o n a l  t o  two XEB 1/3 BHP + - 
parameters: t h e  f i r s t ,  (-+) , measures t h e  

con t r ibu t ion  of t h e  engine,  supercharger ,  a i r  scoop, and 

exhaust j e t s ;  the  second, ( ,  i s  i me asuremen t of 

t h e  aerodynamic refinement of t h e  a i rp lane  and p rope l l e r .  
Since the  propulsive e f f i c i e n c y  e n t e r s  i n t o  t h e  power 
parameter, t he  aerodynamic refinement parameter i s  n o t  
e n t i r e l y  independent. A t  the  h i g h e s t  a l t i t u d e s  f o r  this 
a i rp lane ,  however, the  magnitude of t h e  h E ~ / l q  term i s  
never g r e a t e r  than 17 percent  of the  whole power parameter, 
assuming a propulsive e f f i c i e n c y  of 80 percent .  An 
overestimate of propulsive e f f i c i e n c y  of 10 percent  would 
the re fo re  decrease the  power es t imate  and the value of 
c ~ s / ~  by 2.5 percent .  



The p o s s i b i l i t y  t h a t  deteriorat ion,  o f  the wing 
surface might accrount f o r  the  change i n  aerodp-iarnic 
refinement was invest igated,  ,-Before f l i g h t s  5 and 8, 

which show the higher (&)"' values, the  wing s u r f  ace 

was f i l l e d  and sanded. Before f l i g h t s  6 and 7, and 9 and 
10, no addi t ional  f i l l i n g  was done, but the wing was 
wiped off and any protuberances were sanded smooth, Before 
f l i g h t  11, spec ia l  care was taken i n  re f in i sh ing  the 
wing i n  an e f f o r t  t o  r e  ain the h i g h e . ~  speeds of f l i g h t s  

5 and 8, but the  
1% 

(&) values were again i n  the lower 

group. Other th& kLeping the  wing f r e e  from d i r t  and 
protuberances, no re f in i sh ing  was done a f t e r  f l i g h t  11 
and no fu r the r  decrease in aerodynamic refinement was 
noted.' In view 'of the  care taken w i t h  the wing f i n i s h ,  
i t  was considered unlikely t h a t  the condition of the 
wing surface  was responsible f o r  the large  changes i n  
speed and aerodynamic refinement, espec ia l ly  sfnce tihe 
indicated spread of 9 percent i n  ( C  ~ / q )  would requ i re  
about 27 percent change i n  the  p r o f i  e  drag of the wing 
a1 ane , 

f 

The p o s s i b i l i t y  of a  progressive l o s s  i n  powep , 

output of the  engins which would not be r e f l ec t ed  i n  the 
a i r  flow or manifold pressure measurements was a lso  
invest igated.  The spark plugs were replaced and the  
i gn i t i on  timing and valve c lewances  were adjusted t o  
the  optimum conditions a f t e r  f i i g h t  11. Speed and 
aerodynamic refinement; remained the same on ~e subsequent 
f l i g h t ,  f l i g h t  12. Aa a fu r the r  check on i t s  power 
outpu%, the  engine wais returaed t o  the  Packard Motor 
Company f o r  duplicat ion of the  o r ig ina l  run-in t e s t s .  The 
r e s u l t s  of these t e s t s  are presented i n  t ab le  I. No 
s ign i f i can t  change i n  engine power was noted i n  the  
check runs a t  those power conditions f o r  which da ta  vrgP2s 

avai lable  from the  o r ig ina l  run-in t e s t s .  



Because both the  speed and the  power e8timate8 depend 
on the  measured value of f r e e - a i r  t empera tu re , i t  was 
considered poqbsible t h a t  random e r r o r s  i n  the  temperature 
could account f o r  the i n c o n s i s t e n t  values of aerodynamic 
cleanness  shown i n  f i g u r e s  11 and 12, The temperature 
i n s t a l l a t i o n  was checked on the  ground f o r  t h e  e f f e c t  of 
ambPent temperature on the i n d i c a t o r ,  S imi la r  ~ e s i s t m c e  
bulbs were mounted a t  seve ra l  o the r  po in t s  on the a i r p l m e  
f o r  comparison i n  f l i g h t ,  The reading  of one r e s i s t a n c e  
bulb  was checked agains t  an alcohol  thermometer during 
the  same f l i g h t  t e s t s .  These checks revealed no 
p o s s i b i l i t y  of random e r r o r  i n  temperature g r e a t e r  than 2' F. 
Er ro r s  of the  order  of 10' F would be necessary  t o  
account f o r  the  spread of aerodyn'amic cleanness  shown, 
i n  f i g u r e s  11 and 12. The v a r i a t i o n  of f r e e - a i r  
temperature with a l t i t u d e  observed during the i n i t i a l  
por t ion  of the  t e s t  program i s  shown i n  f i g u r e  13. 

. Airplane po1ars.- A s e r i e s  of t e s t s  was made a t  
31,00?l ' f e e t  a t .  3000 rpm and varying t h r o t t l e  openings i n  
an attempt t o  def ine t h e  v a r i a t i o n  i n  aerodynamic 
cleanness a t  and near  t h e  maximum speed condit ion.  
Comparative t e s t a  were a l so  made a t  lower a l t i t u d e s .  The 
d a t a  are  presented i n  f i g u r e s .  14 t o  19. Airplane po la r s  
were cons t ruc ted  by p l o t t i n g  C=S/Y), the inverse  cube 
of the  aerodynamic refinement parameter, aga ins t  the 
square of the l i f t  c o e f f i c i e n t ,  FOP the por t ion  of the 
speed range shown f n  the  f igures ,  a i rp lane  d r a g  c o e f f i c i e n t  
should vary l i n e a r l y  with the square of the  l i f t  c o e f f i c i e n t .  
The do t t ed  l i n e  i n  f i g u r e s  14 and 15 shows t h e  v a r i a t i o n  
t h a t  might normally,be expected wi th  a p ro f i l e -d rag  . 
c o e f f i c i e n t  a t  zero l i f t  of 0,017, a cons tant  p r o p e l l e r  
e f f i c i e n c y  of 0,80, and an a i rp lane  e f f i c i e n c y  f a c t o r  
of 0.85. 

The d a t a  i n  f i g u r e s  14 and 1 5  depar t  from t h e  
expected values both in  magnitude and in s lope ,  The 
unreasonable values of c ~ s / ~  a t  low speeds a t  each 
a l t i t u d e  i n d i c a t e  t h a t  t h e  power es t fmates  a re  too low 
i n  this region. The increase  i n  C~S/TJ as the speed m d  
power a r e  increased  may a l so  be due t o  inaccuracy i n  t h e  
es t imate  of power but s e v e r a l  t r ends  are  present  which 
l e a d  t o  t h e  b e l i e f  t h a t  o the r  causes are  a l s o  p resen t ,  

The r.apid r i s e  i n  nea r  f u l l  t h r o t t l e  a t  ' 
31,000 f e e t  shown i n  f i g u r e  14 and t o  a l e s s e r  degree 

, I n  f i g u r e  15 cou1d be ascr ibed* wholly t o  inaccuracy i n  



The general trends of the  polars  i n  f igures  1h 
and 15  are what would be expected i f  bhe drag coef f ic ien t  
were inareas ing o r  the  propel ler  ef f ic iency decreasing 
with increase i n  Mach number; t h a t  i s ,  the values of 
C ~ / q  lncrease  as the speed increasea md as the 
a f t i t ude  increases.  Because a port ion of the increase 
in  cD8/q i s  due t o  inadequate power measurement and. i s  
no t  defined, i t  i s  d i f f i c u l t  t o  draw concLusions concerning 
the remaining por8ion. It is  more probable, however, 
t h a t  a r i s e  i n  ~ $ 3 / ~  aacompanying an increase i n  Mach 
number would be caused by a l o s s  i n  propel ler  e f f ic iency  
with the  propel ler  operating a t  t i p  Mach fiwbera up t o  
1.07 r a t h e r  than a r i a e  i n  airplane drag coaff iCien% with 
the  maximum airplane Mach number of 0.65.. 

The ?-percent r i s e  i n  C s/r] near f u l l  t h r o t t l e  a t  
31,000 f e e t  shown i n  f i gu re  le i s  greatel. than would be. 
expected from the avai lable  t e s t  d a t a  on propel lers  ( r e f -  
erences 5 md 6 )  f o r  a, ahange Ln foxlwmb OF t i p  gach ' 

number af  0.01, Even wf t h  ~ o n a i d e r a t i ~ n  of t he  fncreeise 
of 10 percent i n  power coef f ic ien t ,  q deicrea?se in 
propel ler  ef f icfenoy of not  mom than 2 percent; would be 
expected, The r i s e  In C 8/q Show Sn f igure  1 5  f o r  
the same condition i s  of ? he same order but the estimated 
r i s e  i n  power coef f ic ien t  i s  l e s s ,  If the 3-to 5-percent 
r i s e  i n  C ~ / q  i s  actu81ly present as a r e s u l t  of 
decrease i R  propel ler  ef f ic iency,  the propel ler  must be 
operating i n  a more? c r i t i c a l  region with regard t o  Lach 
n w b e r  md power coeffic9ent  thm my propel ler  blade 
form ye t  t es tad ,  

The only appreciable change i n  operating condition8 
s h a m  in  f i gu re  14 f o r  the f u l l ~ t h r o t t l e  runs a t  31,000 f e e t  
i s  a ohange i n  propel ler  t i p  Uzch number of O,02, Because 



t h e  b ighes t  speeds were ob%a%ned w t  t h s  h i g h s a t  f r e e - a i r  
temperatures,  the  pirplane Mach number chh$@d l i t t l e .  
For ,the conslxnt  p rqpe l l aa  rotati.ona+X apw&d used, %ha t i p  
Mach number da.creased a8 t h e  free-.&r tampera twe - 
increased.  BecausB the  e f f e c t  on a f f i c j e n c g  of change i n  
power? coeff iaBent  and @ h a g @  i n  t i p  Mach number a re  
i n t e r r e l a t e d % ,  the  same conclusions applf t o  ths f u l l *  
t h r o t t l e  t e s t s  as a re  drawn from the  a i rp lane  po la r s ,  

Additional evidence t h a t  the  p r o p e l l e r  eff icieficy i s  
a f f e c t e d  by opera t ion  a t  h igh  Mach number! was obtained by 
comparison w i t h  r e s u l t s  of t e s t s  21% 2700. rpm. PolaPs 
obtained a t  3000 and a t  2700 rpm during the  same f l i g h t  
a re  shown i n  f i g u r e s  16 t o  19. The reduct ion f n  ~ $ / q  
due t o  change i n  p r o p e l l e r  r o t a t i o n a l  speed from 3000 
t o  2700 r p m  i s  of the  order  of 10  percent ,  Comparison 
wi th  e x i s t i n g  d a t a  on p r o p e l l e r  e f f i c i e n c i e s  a  a in  
i n d i c a t e s  t h a t  t h i s  change i s  g r e a t e r  by 3 o r  t percent  
than would b$ expected, e s p e c i a l l y  i n  view of t h e  
20 p e ~ c e n t '  rnhrease i n  power c o e f f i c i e n t  when opera t ing  
a t  2700 rprn.;, The f a c t  remains, however, t h a t  approximately 
t h e  same speed was obtained a t  f u l l  t h r o t t l e  a t  
31,000 f e e t  with 3000 and with 2700 rpm even thou@ t h e  
est imated power f o r  2700 rpm was of the  order  of 
10  percent  l e s s ,  There can be no question ,of changes 
i n  drag c o e f f i c i e n t  a t  t h e  same speed and . a l t i t u d e  
during the same f l l g h t ;  the  exact  magnitude of the  change 
i n  p r o p e l l e r  e f f i c i s n c y ,  however, depends on the  
accuracy of the  power es t imate .  

Evidence of l o s s  i n  p r o p e l l e r  t h r u s t  as far. inboard 
-as the 0.6 rad ius  a t  forward Nach numbers as low .-as 0.66 
was f o m d  in:  a  pressure  survey behind the propell@b' 
c u f f s  r epor ted  i n  r<ef"erence 7. The condi t ions  of ' 

opera t ion  were approxinz'atbly the  sane as those-  f o r  t h e  - 
high-speed condi t ion  a t  T1,000 f e e t ,  except t h a t  the  
d a t a  Were taken during a shallow dive.  , ',A 

C0NC:f;CTDTNG ?MARKS 
* i' 

, . 

In s p i t e .  oT t he  quest ionable  accuracy of the  es t imates  
of power used i n  the  ana lys i s  of t h e  d a t a  of t h i s  repor.t,  
considerable  evidence i s  presented whf ch i n d i c a t e s  t h a t  . 
apprec'iable 1os.s-est i n  p r o p e l l e r  e f f  i c f  ency were 
encountered In  the maximum leve l - f l igh t - speed  condit ion 
due t o  h igh  p r o p e l l e r  Mach number, The gain i n  maximum 



speed obta inable  by r e d u c b g  the. p r o p e l l e r  r o t a t i o n a l  
speed should be s u f f i c i e n t  t o  warrant a change i n  
p r o p e l l e r  reduct ion gear ing  from i t s  present  value 
of 0.477 t o  a t  l e a s t  0 , 4 2 ~  as i s  used ~n t b  Werlin 
68 engine. This change i s  comparable t o  opera t ion  a t  
2700 rpm w i t h  t be  p r e s e n t  r e4z lc t lo '~  g@ar5n$. 

Whether t h e  p r o p e l l e r  e f f i c i e n c i e s  obta inable  a t  
t h e  reduced r o t a t i o n a l  speed w e  reasanalcxllgr h i g h  cannot 
be determined d s f i n i t e l y  unless prolpsllar t e s t s  are 
made with a t h r u s t  survey and a torquemeter. It is 
recommended t h a t  th is  be done i n  order  t h a t  t h e  
p o s s i b i l i t y  of f u r t h e r  improvement can be determined. 

Langley Memori al Aeronautic a1 'Jaboratory 
National Advisory Committee f o r  Aeronautics 

Langley F i e l d ,  Va., December 18, 1944 

Aemmautical Engineer 

-,,-- - , , + - , & C  

Edward C 1  3. ~ a n f o h h ,  111 
Aeronautical  Engineer 

, ' 

Approved: 77,r  L,AL 2. $P,~-,. 
Melvin N. G O U ~ $  

ch ie f  of'- f l i g h t  Research Divis ion 



AFPBNDIX 

. C ATJUCATION 0-F BRAKE HORSEPOWR - '  

FROM NEASURED WEIGHT N R  F50W 

I f  the  e f f e c t s  of v a r i a t i o n  of i g n i t i o n  mdkpor t  ' 

t iming with engine speed a r e  ignored and i f  changes i n  
f u e l - a i r  r a t i o  a re  small  enough s o  a s  t o  have a  
n e g l i g i b l e  e f f e c t  on thermal e f f i c i e n c y ,  t h e  i n d i c a t e d  
horsepower of' an* engine may be considered t o  vary 
l i n e a r l y  wi th  the  amount of a i r  consumed, These condi t ions  
a re  met i n  t h e  p resen t  t e s t s  s i n c e  t h e  e f f e c t  of changes 
i n  f u e l - a i r  r a t i o  over t h e  opera t ing  range i s  small  and 
a l l  t e s t i n g  was done with engine speeds of 3000 and 2700- rpm. 

The weight' f ldw of charge ' a i r  'was determined by 
measurement of t h e  p ressu re  d i f f e rence  between the  
carbure tor  deck and the  boost v e n t u r i  t h r o a t ,  The 
carbure tor  was c a l i b r a t e d  by t h e  NACA Ai rc ra f t  Ehgine 
Saboratory a t  Cleveland, Ohio. The c a l i b r a t i o n  i s  
presented i'n f i g u r e  20 as' an adaptat ion of t h e  method 
proposed i n  reference  8 which makes t h e  c a l i b r a t i o n  
appl icable  t o  any i n l e t  temperature. Because the  
ca l fBra t ion  based on carbure tor  top-deck pressure  was 
not wel l  def ined  i n  the  regioq of maximum power a t  
h igh  blower c r i t i c a l  a l t i t u d e  ( A P / P ~  between 0.50 
and 0.60), t h e  c a l i b r a t i o n  based on ~ e a s u r e m e n t  of 
carbure tor  total-head c o l l e c t o r  skioh'  i n  f i g u r e  20 :, 

was used as a -guide  i n  f a i r i n g  the c a l i b r a t i o n  used,,  

A s p e c i f i c  a i r  consumption of 5.7 pounds p e r  
i n d i c a t e d  horsepower hour was chosen from cons idera t ion  
of dgnamometer t e s t  d a t a  on t h i s  engine furn ished  by 
Packard Motor Car Company. 

The i n d i c a t e d  horsepower may be expressed by t h e  
fol lowing r e l a t i o n :  

w a  
IHP = 5;7 = BHP + SHP + F H P  - PHP 



where 

IHP i n d i c a t e d  horsepower 

Wa weight charge-air  flow, lb /hr  

BHP brake horsepower 

SHP horsepower absorbed by t h e  s u p ~ r c h a r g e ~  

FHP f r i c t i o n  horsepower 

PHP r e l a t i v e  n e t  power output of induct ion  and 
elrhaust s t rokes  

The power absorbed by the  supercharger was 
from the impel ler  t i p  speed and t h e  mass charge 
i s  given by the  fol lowing r e l a t i o n  basred on mome 
cons idera t ions  : 

vt2 a 

SHP = 
IJV, x - 

550 x 3600 g 

where 

V t  impel le r  t i p  speed, f t / s e c  

c a l c u l  a t ed  
flow, and 
n t m  

wc weight charge flow, lb/hr  

g acce le ra t ion  of g r a v i t y ,  f t /sec/sec 

Supercharger power computed i n  this  manner agrees wel l  
with t e s t  d a t a  fu rn i shed  by Packard f o r  a s i m i l a r  
supercharger.  There w i l l  n a t u r a l l y  be some s l i p  p resen t  
which w i l l  cause t h e  power absorbed by t h e  supercharger 
t o  be overest imated by a few percent .  This d i f f e rence  i s ,  
however, l a r g e l y  n u l l i f i e d  by l o s s e s  i n  the  gearing. 
In t h i s  case the supercharger  power may be ovarestimated 
by about 5 percent .  This means t h a t  the values of brake 
horsepower may be 1 percent  t o o  low. 

The f r i c t i o n  horsepower was ca lcu la ted  from t h e  
following r e l a t i o n  which i s  der ived  In d e t a i l  i n  
re ference  9: 

-1 0 HP = 15 x 1 0  nc ( 2  x N x  dl2* 



where 

nc number of cyl inders 

Z s t roke ,  i n ,  

'N englne speed, rpm 

d cylinder d i  m e t e r ,  in.  

The pumping power i s  approximated by the di f ference  
i n  the work done on the pis ton face  by the charge a t  
manifold pressure and the  work done by the  pis ton on the  
exhaust gases a t  engine back pressure. For these t e s t s  
the brake horsepower was adjusted f o r  departures from 
60 inches of mercury manifold pressure and 30 inches 
of mercury bacz pressure. The back pressure was assumed 
t o  be equal t o  the a l t i t u d e  pressure. 

N .  
PHP = 70*73 (,man - P, - 30): Vd, 

33,000 \ . I  

where 

Pmm . manif 0%-d pressure,  in .  Kg 
., . a *  

p s  al tgtude p~esqus;e,, in .  H g  
i ' -  

30 reference m-anifold pressure (60 in .  ~ g )  - - . 
reference - -a l t i tude  pressure (30 i n .  Kg) " 

N engine speed, rpm - .  
Vd engine displacement, cu f t  

I : '  . 

This relati-onshfp' , is a t  bes t  an approximation and may 
give r i s e  t o  a9preciable inaccuracy i n  the  power est imates 
where the  magnitude and the  charige i n  pumping power i s  
large .  In  these t e s t s ,  both the manifold pressures and 
a l t i t u d e  pressures var ied  over a wide range, and a 
c loser  est imate of t h e  pumping power may be necessary f o r  
consis tent  and reasonable r e su l t s .  



The brake horsepower may be c a l c u l a t e d  from 
equat ion (1) by using t h e  r e s u l t s  of equat ions ( 2 ) ,  @4), 

( 5 ) .  

2 % ~  i n d i c a t e d  ~ p e c i f i c  a i r  con8umption may be 
expected t o  vary s l i g h t l y  from low power Lo h igh  power, 
because of changes f n  f u e l - a i r  r a t i o .  The f u e l - a i r  
r a t i d  as determined from t h e  cottipensated alr-metering . 
pressure8 and the  chargehair  f low ' v w i a d  between a 
minimum of 0.075 a t  t h e  lower powers and a maximwn 
of 0.095 a t  high powers. This variation would make the 
est imate of power as  much as 2 percent  t o o  h igh  i n  the 
high-power range and as  much as 2 percen,t %oo low i n  the  
low-p owe r r ange , 

A composite power c h a r t  i s  given i n  f i g u r e  21 
with IHP, BHP, and SHP p l o t t e d  agains t  weight a i r  flow. 
It f s n o t  absolu te ly  c o r r e c t  t o  p l o t  SHP agains t  
weight a i r  flow f o r  t h i s  a i rp lane  s ince  carbure t ion  i s  
accomplished before the  supercharger.  The SHP on t h i s  
cha r t  has been c a l c u l a t e d  on t h e  bas i s  .of a i r  flow and 
increased  i n  the  r a t i o  of 1.085 t o  account f o r  the  
weight of  the  f u e l .  The f u e l - a i r  r a t i o  v a r i e s  
from 0.075 t o  0,095 s o  t h a t  t h e  maximwn df screpancy i n  
the  cha r t  value of SHP w i l l  probably n o t  exceed f l  percent  
i n  SHP o r  approximately f0.3 percent  i n  BHP. 

It i s  n o t  i n f e r r e d  t h a t  brake horsepower c a l c u l a t e d  
by the  weight a i r - f low rnethhd 1s more accura te ,  as f a r  
as genera l  l e v e l  i s  concerned, than t h a t  obtained from 
the  power 'cfiarts; t he  f a c t  t h a t  both es t imates  of power 
give r i s e  t o  abnormally'low-drag c o e f f i c i e n t s  i n  the  
low-speed range i n d i c a t e s  t h a t  n e i t h e r  i s  accurate .  Both 
es t imates  a re  used i n  the  ana lys i s  because ; ' in  genera l , .  
t he  same e f f e c t s  a re  shown; the  d i r fe rence  i s  principally 
one of magnitude. 

. . 
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COMPARISON OF ENGINE PERFORMANCE BEFORE AND AFTm F'LIGHT TBSTS 

Original Run-In Tests 
May 31, 19t3 

i 

Super- Engine 
Man, tempet Observed charger speed,, 'man' 

gear r a t i o  rpm i n ,  Hg OF 
'/A 1 bhp 

Low 2700 46 1 68 0,0832 6890 9% 
High 2700 46 210 ,0804 6805 837 
Low 3000 61 -0891 10190 1367 

I 
Check Run 

October 2, lg& 
I 
1 

I 1 
Super- Engine - 

man, temp charger speed, OF gear r a t i o  rpm in. ~g bhp for  F/A 

LOW 2700 46 6 0.0769 j156 qgo 985 
High 2700 46 210 *0766 6777 871 821 
Low 3000 61 192 .0828 10302 1381 13 64 

Note: Before removal from airplane,  t h i s  engine had accumulated 
50 hours and 45 minutes of f l i g h t  time. 

NATION& ADVISORY 
COWITTEE FOR AERONAUTICS 



Figu re  1,- Fron t  vlew of' P-51B a i r p l m e ,  . 

Figu re  2 ,  - Three-quar te r  f r o n t  view of P-51B. a i r p l a n e .  

F igu re  3. - Side  'v,iew :of P-51B a i r ~ l a n e .  

F igure  4.- Three -qua r t e r  r e a r  view of P-5LB a i r p l a n e .  

F igu re  5 , -  Rear view of P-5lB a i r p l z n e ,  

F igure  6 . -  F ree  a i r  r e s i s t a n c e  bu lb  thermometer i n s t a l -  
l a t i o n  and s e a l s  over  wing gun p o r t s  and wing f i t t i n g s .  

F igu re  7, - S n e c i a l  short-boom a i r s p e e d  head. 

Ffgure  8.- F l i g h t  c a l i b r a t i o n  of' f r e e  a i r  t e m p e r a t u ~ ~ e  
i n s t a l l z t i o n .  

F igu re  9.- 'Posit.ion e r r o r  of s t a t f c  p r e s s u r e  o f .  s h o r t  
boom a i r s p e e d  head. 

Ffgure  10. - V a r i a t i o n  of weight a i r  f low w i t h  I n d i c a t e d  
horsepower a t  3000 rpm based on Wright F i e l d  power'. 
c h a r t s  and c a r b u r e t o r  a i r  t empera ture .  

F igu re  11.- E f f e c t  of d e n s i t y  on performance n e a r  h i g h  
blower c r i t i c a l  a l t i t u d e .  Brake horsepower from 
measured charge a i r  f low. 

Ffgure  12.- E f f e c t  of d e n s i t y  on performance n e a r  h i g h  
blower c r i t i c a l  a l t i t u d e .  Brake horsepower from 
power c h a r t s .  

F igu re  13 , -  V a r i a t i o n  of f r e e  a i r  temperature  w i th  
a l t i t u d e  f o r  i n i t i a l  h i g h  speed f l f g h t s  n e a r  h i g h  
blower c r i t i c a l  a l t i t u d e .  

Ffgure  14,- Airplane p o l a r s  a t  a  s e r i e s  of a l t i t u d e s .  
Brake horsepower from measured charge a i r  f low.  

F igu re  14. - Concluded. 

F igu re  15.- Airplane p o l a r s  a t  a  s e r i e s  of a l t i t u d e s ,  
Brake h o r s e ~ o w e r  from power c h a r t s .  



11.3 No. ~&518 

F I GURS 5$Gs:XDS - - con c 1 ude d 

Figure 16.- Ef feo t  of' reducing p r o p e l l e r  ti? speed a t  
51,000 f e e t  pressure  a l t i t u d e .  Brake horsepower from . measured c h a ~ g e  . a i r  flow, 

Figure 17.- E f f e c t  of seducing 2 r p p e l l e r  t i p  speed a t  
31,000 f e e t  2ressure a l t i t u d e .  Srake horsepower from 
power c h a r t s .  . , .  

Figure 18.- Effecg of reducPng i ~ r o p e l l e r  t i p  speed a t  
3 l , , O O O  f e e t  pressure  a l t i t u d e .  Brake horsepower from 
measured charge, a i r  flow. . 

. . 
Figure 18.- Concluded. 

. . I .  

L 

Figure 19.- E f f e c t  of reducing r r o p e l l a r  t i p  speed a t  
31,000 f e e t  7ressure  e l t i  tude; ' B r a ~ e  .horsep~wer  from 
power c h a r t s .  

Figure 20.- Ca l ib rz t ion  of Bdndfx-Stromberg ~ ~ 1 8 ~ 1  
carbure tor  s e r i a l . n w . b e r  ~ 4 2 2 0 4 .  

Figure 21. - I?owzr c h a r t  bzsed on. t ha  measured weight 
charge a i r  flow. 


















































