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FWVGE PERFORMANCE OF BOMBERS POGCERED Bp 

E& Charles W. Cline 

Calculations  have  been made t o  find range?  attainable by bombers  of 
gross  weights from l40,oOO to 300,000 pounds  powered by turbine-propeller -: 

power  plants. Only conventional  cdnfigurations  were  considered and 
emphasis was placed  upon using data for  structural and aerodynamic char- 
acteristics  which  are  typical  of modern militazy  airplanes. An effort 
was made to  limit the various  parameters invoked in the  airplane  con- 
figuration  to  practical  values.  Therefore,  extremely  high  wing  loadings, 
large  amounts  of  sweepback,  and  very  high aspect ratios  have  not  been  con- 
sidered.  Power-plant  performance w a s  based  upon  the  performance  of a 
typical  turbine-propeller  engine  equipped  with  propellers  designed to 
maintain  high  efficiencies  at  -high-subsonic  speeds. 

. . .  

" 

Results  indicated, in general,  that  the  greatest  range,  for a given 
gross weight, is obtained by airplanes of high wing loading, unless  the 
higher cruising speeds  associated  with  the  high-wing-loading  airplanes 
require-the upe  of thm-e w i n g  sections.  Further results showed  the 
effect of cruising at-high speeds,  of  operation  at  very  high  altitudes, 
and  of  carrying m e  bomb  loads. 

3 - 
INTRODUCTION 

In view of recent progress in turbine-propeller  power-plant  develop- 
ment and especially the research  indicating  the  high  propeller  efficiencies 
available  at  transonic speeds, it  seems likely that  the  problem of long 
range  at  high  speeds  might be somewhat  more  optimistically  undertaken 
using  bombers  powered by turbine-propeller  power  plants.  Accordingly, 
this  paper  gives  the  results of calculations or ranges  for  typical  medium 
to  heavy  bombers  powered by turhine-propeller-engines whose performance 
is representative of present-day  turbo-propeller design. These  engines 
drive  the  thin-bladed,  high-efficiency  propellers  described in reference 1, 



2 NACA RM LsOF12 
a .a 

a .  a 
a .  a 

u 0 0. 

a. ..a. a which give unusuLLy high  efficiencies in the  transonic  speed  range. 
a .  Because of the  importance of power-plant  performance on range, the tal- 

a. a. culations f o r  both  engine performance and propel ler   eff ic iencies  have 
a .  
. a  a 
. a  been more rigorous  than is usual f o r  generalized performance study. 

Fr ic t ion  losses in the  intake  duct and in the t a i l  pipe have been con- 
sidered, as w e l l  as power-plant operation at conditions other than ideal. 

Emphasis has been  placed upon employing values f o r  the aerodynamic 
and s t ruc tura l   charac te r i s t ics  of the bombers that a re   t yp ica l  of 
present-day airplanes tn order that the  usefulriess of the turbine- 
propeller power plant  may be properly evaluated. No design features  
which might be d i f f i c u l t  to apply  to   actual  bombers have  been considered, 
such as very  large amounts of sweepback o r  extremely high wing loading; 
furthermore,  the  bomters f o r  which the  calculat ions have been made are 
r e l a t ive ly  high-speed airplanes,  requiring thin wing sections and high 

power-plant weight. Consequently, t h e   r a t i o s  Initial weight Lift 
Final  weight Drag 

a d  - 
are not as high as would be des i rab le   for  bombers designed solely f o r  
long range. A n  example of the  range of values-of these parameters for 
the bombers of this report  is given in  the  following table: 

- 

. -. - .. - . -. .- . . , . .. . & . . 

Gross weight Initial w e i g h t  Wing loading Number of 
.L (E)- Final- weight (lb/sq f t  engines O b  1 

. .  . .  

1 

16.4 t o  17.6 1.62- t o  1.44 100 t o  60 4 200, o o o .  t o  ao;  000 

21.5 t o  19.7 1.79 t o  1.63 100 t o  60 2 200,000 to ~ 0 , ~  

"- .. 

SYMBOLS . 

- 
a speed of sound,. feet  per  second 

A duct  cross-sectional area, square feet 

AR aspect r a t i o 5  - 
- 

b wing span, feet 

C spec i f i c   fue l  consumption, shaft h pounds fuel per hour 
orsepower 
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drag coefficient 

increment  of drag  coefficient  due  to  compressibility 

profile-drag  coefficient . 

lift  coefficient 

drag, pounds 

maximum fuselage diameter, feet 

prozeller " . diameter,  feet - 

induced-drag  efficiency  factor 

duct  friction  coefffcient (AH/q) - 
effective  inlet-duct  friction  coefficient 

gross jet  thrust, pounds 

net jet  thrust, pounds 

acceleration  due  to gravity, feet per  second  per  second 

loss in total  pressure in a duct,  pounds  per  square  foot 

jet  horsepower 

fuselage  length,  feet 

. .  

.. 

lift, pounds 

mass f l o w  of gas through tail pipe,.slugs  per  second 

airplane Mach number (u/a) 

engine  speed,  revolutions  per  minute - 
design  load  factor 

pressure,  pounds per square foot " 

" 
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dynamic pressure, pounds per square  foot 

feet2 OF gas  constant, 
second 2 

area upon which drag coeff ic ient  i s  based, square feet 

engine  shaft power, horsepower 

temperature,, OF absolute 

f l u i d  velocity, feet per second (without subscript, u is 
airplane ve loc i ty - in   f t / s ec )  

airplane velocity, mile-s per  hour 

air flow through engine, pounds per second 

airplane w e i g h t ,  pounds . 

weight of load and s t ructures   carr ied i n  o r  on wing, pounds 

airplane gross weight minus weight of f u e l  and bombs, pounds 

'JC airplane gross weight, pounds ' 

WW wing weight, pounds 

Y r a t i o  o f  specif ic   heats  of a gas 

6 re la t ive   p ressure   ra t io  p 

T propel ler   eff ic iency 

( T 2 I 2 9  
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e relat ive  temperature   ra t io  

P f luid  densi ty ,  slugs per cubic  foot 

T wing thickness r a t i o  Wing t h i c h e  s 
Wing chord 

Subscr ipts   refer   to:  

1 

2 

3 

7 

a 

f 

n 

t 

T 

W 

Ill 

w1 

engine  diffusor  inlet  

engine  conipressor inlet  

engine  turbine inlet  

e n g b  tail-pipe  -entrance 

free  stream 

fuselage 

nacelles 

tail 

t o t a l  

wing 

. ." 

with  tail-pipe losses nl . 

without  tail-pipe  losses bn 

muysrs 

All ranges  calculated are optimum ranges,  during which the airplane . 

is  assumed t o  be flown at the  speeds  and  altitudes  corresponding  to  the 
most efficient  operation.  possible  (within its operating  capabili t ies).  
For the most par t ,   th is   entai ls   operat ion at the  speed giving maximum 
lift-drag r a t i o  at as high an a l t i t ude  as possible, using ra ted  power in 
all engines.  Consequently, t h e  airplane is  i n a  very  slight  climb as 
f u e l  consumption steadily  reduces i ts  weight. However, since satis- 
factory  engine  operation a t  al t i tudes  greater   than 40,003 feet  i s  not 
guaranteed i n   t h e  engine specif icat ions,  no ranges or  portions of ranges 
were flown above h0,OOO f ee t .  This rest r ic t ion  causes  an increase i n  
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specific  fuel  consumption-and a consequent loss in efficiency of  oper- 
ation. No allowances  have been made for   fue l   requi red   for   t ake-of f ,  
combat maneuvering, or  landing reserve; therefore,   the  ranges  for any 
conventional military operation-mag be expected t o  be  lower than those 
shown i n   t h i s  paper. 

No unusual  airplane  configurations o r  radical  departures  from con- 
ventional  design  procedure  have been considered.  In  the  determination 
of specif ic  bomber configurations, aspect ratios, which have a s t rong ,  
influence on both  the aerodynamic and s t ruc tu ra l  weight properties of 
the  airplanes,  have. been selected t o  give an optirmun compromise, i n  each 
case, between s t ruc tu ra l  w e i g h t  and lift-drag r a t i o .  Wing thiclmesses 
T are e i the r  10, 12- o r  15 percent, and were selected by one of two 

different  cri teria:   For two-engine bombers, whkh  a re   re la t ive ly  low- 
powered and are designed  primarily  for  long  range, the wing thicknesses 
were selected s o  as t o  keep the  wings free from  compressibility drag 
rise at the  highest  bomber cruising  speeds.  For  four-engine bombers, 
which are r e l a t ive ly  high-powered and are  designed p r i m a r i l y  f o r  high 
performance, the  wing t&icknesses were selected-.to keep the  wings free 
from, or  at l e a s t  to minimize, compressibility drag rise a t  the top - 

bomber speeds a t  target..weight at an a l t i t u d e  of 35.,000 f e e t .   I n  all 
cases,  the bombers were considered t o  have wings of 30' sweepback. 

1 
2' 

Data required  for  the  range  calculations  can be c l a s s i f i ed   i n to  
three general divisions: (1.) s t ructure  and  useful-load weights, ( 2 )  aero- 
dynamics, and (3 )  poweryplant  performance.  For this paper the   s t ruc ture  
and useful-load-weights da t a  were abtained from an analysis of exis t ing 
modernmilitary  airplangs,  plus some estimations-of  certain  useful-load 
requirements,  such as crew s i z e  ( 5  t o  7 men),  armament provisions (2.2 per- 
cent of gross w e i g h t ) ,  and number of free . guns ( 5  t o  7 ) . 

Aerodynamic data have  been obtai ied from a general survey of wind- 
tunnel, f l i g h t ,  and bomb-drop tests on wings, nacelles, and bodies of 
revolution.  Attention  has been given t o  .adjusting  the  results of model 
t e s t s   t o  realistic values attainable with  production-manufactured 
airplanes.  

Power-plant  performance has  been  calculated-@ using general per- 
formance charts  of a typical turbine-propeller  engine  and  theoretical 
analyses of p rope l l e rk f f i c i enc ie s  at high-subsofiic  speeds. The engine 
performance was ca lcu la ted   for  i n l e t  losses  of 10 percent  of  the  inlet 
dynamic pressure . .. . and tall-pipe  losses of b percent of the  tai l-pipe 
dynamic pressure. Some typ ica l  curves of engine  performance are shown 
i n   f i g u r e  1. I n  Calculating  propeller performance ful l  advantage has 
been taken of the  high  eff ic iencies  shown by reference 1 t o  be attain- 
able a t  high-subsonic  speeds. The findings of reference 1 indicate,  
f o r  example, propel ler   eff ic iencies  of  0.85 a t  forward Plach, numbers as 
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high as 0.75. Since, in order   to  r ea l i ze  these  high  efficiencies,   the --. 
propeller must be  o-perakd a t  the  proper advance r a t io ,  it has been 
assumed t ha t   t he  power-plant  gearbox  could  be a l te red  from one instal- 
l a t ion   to   another  to gLve the  required  design.$ropeller  speed  without 
incurring  additional power-plant w e i g h t .  It should be noted  that   th is  
procedure  gave the optimum propeller  operation for a specific  configu- 
ra t ion  but  it did  not  give peak efficiency f o r  all cruise  conditions of 
a given  configuration. 

Details of these  calculations  are  presented i n  appendix A. 

RESULTS AND DISCUSSION 

The r e su l t s  of the calculat ions  are  shown i n  f igures  2 t o  8. Unless 
otherwise  specified, a l l  bomb loads are 5000 poIids. While this i s  a 
very smal l  load, by present-day  standards, it has been  used in the  present 
calculations  because  the emphasis of t h e   p a p r  has been in   the  a t ta inment  
of long ranges with high-performance  airplanes.: The e f f ec t  of bomb load 
upon range i s  shown subsequently.,  Figure 2 shows >he ranges  attainable 
by bombers powered by two engines. The discontinuity i n  the  curve  for  
the  a i rplanes of 10Q-pound-per-square-foot wing loading is caused by a 
s h i f t  i n  wing thickness f r o m  0.125 t o  0-.150, mi& possible by the  lowar 

s ion of the  curve  for a wing thickness of 0.125, which shows the  ranges 
whkh w d d  have  been at ta ined if the  s W t  i n  wing thickness had not 

foot  wing loading indicates   the important effect of wing thickness on 
range. The longest  range shown i n  figure 2, 8730 miles, is at ta ined by 
the  bomber with 200,000-pound gross weight and 100-pound-per-square-foot 
wing loading a t  an average  cruising  speed of 425 miles  per  hour.  This 
bomber has a t a r g e t   a l t i t u d e  of 39,000 f e e t ,  and  a top  speed a t   t a r g e t  
w e i g h t ,  35,000-foot a l t i tude ,  using ra ted  power, of  485 miles-per  hour. 
As the  gross w e i g h t  decreases,  the  range  decreases, but other performance 
parameters improve. The  bomber with 160,000-pound gross weight and 
100-pound-per-square-foot wing loading,  capable  of-a  range of 8000 miles 
at an average  cruising  speed of  455 miles per hour, has a t a rge t   a l t i t ude  
of 40,000 f e e t ,  and a top  speed at target-weight., 35,OOO-foot a l t i tude ,  
using  rated power, of 521 miles per hour. This sams airplane, if it had 
used a wing thickness af 0.125 would have had 400 miles less range, and 
a top speed, a t   t a r g e t  w e i g h t ,  35,000-foot  altitude, using rated power, 
only  7 miles  per hour higher. 

1 speed a t  which the heavier bombers cruise.  The- dot ted  l ine fs an exten- 

. been-made. Comparison of  these two curves  for  the 10.3-pound-persquare- 

The explanation  for  the longer ranges at ta ined by the   a i rplanes of 
higher wing loading a t  most of the gross weights shown l ies  primarily in 
the  lower s t ruc tu ra l  weight  and the lower s p e c i f i c   f u e l  consumption of 
these bombers. The lower s t ruc tu ra l  weight i s  a result of the smaller 
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wing and tail areas used on the high-wing-loading b o a r s ,  and the  
lower spec i f ic  fue l  consumption is due to the  higher  cruising  speed 
and t o   t h e   f a c t   t h a t   t h e  high-wing-loading bombers reach 40,000 f e e t  
a t  a lower  weight  than  the low-wing-loading bombers and  consequently 
spend less time  cruising at reduced power set t ings.  

Figure 3 shows the  ranges a t ta ined  by bombers powered by four 
engines. It is apparent  that, similar t o   t h e  two-engine bombers, the 
longest  ranges are at ta ined by the  bombers of  highest w i n g  loading. 
The  much lower  ranges  achieved by the  four-engine bombers are due t o  
the  heavier power-plant and s t ructural   weights   resul t ing from the  addi- 
t i o n  of two  more engines  and the reduction of the  h g  t h i c h e s s   r a t i o  
t o  10 percent. However, t he  performance of thcfour-engine bombers i n  
other  respects is far super ior   to   tha t  of the  two-engine  airplanes. 
For instance,  the bomber with  the 200,000-pound gross  weight  and 
100-pound-per-square-foot wing loading i s  capable of a top  speed a t  
t a rge t  weight,  35,ON-foot a l t i tude,   us ing  ra ted power, of 579 miles 
per  hour,  and  the bomber with  the 160,000-po~11d gross w e i g h t  and 
100-pound-per-square-foot w i n g  loading is  capable of  a top speed, under 
the  same conditions, of 592 miles per hour. Further  indication of the 
advantage in performance, other  than  range,  that  the  four-engine  air- 
planes  enjoy  over  the two-engine airplanes is shown i n   f i g u r e  4, which 
compares the rates of climb of various bombers a t  25,000-foot a l t i t ude .  

Figure 5 indicates  the  ranges  attained by the bombers with  four 
engines and 300,000-poiUnd gross weightk,  and their corresponding aver- 
age cruising  speeds. At t h i s  gross weight, th s  maximum range i s  given 
by the 80-pound-per-square-foot wing loading.  This optimum wing loading 
is a r e s u l t  of a compromise between two fac tors ;  as the wing loading 
increased, it w a s  necessary t o  decreaae  the  design wing thickness i n  
order t o  avoid  compressibility losses a t  high  speed. This resulted i n  
higher  structural’  weight  for  the bomfiers of high wing loading. However, 
the  increased  cruising speeds associated  with  the high-wing-loading 
airplanes  yield lower spec i f i c   fue l  consumption. A t  80 pounds per 
square  foot  the optimum compromise between these  factors is reached  and 
the  range becomes maximum. 

As has  been  previously  mentioned, a l l  bombers were required to 
l eve l  off after  reaching a ~O,OOO-f00t altitude.  This  procedure  resulted 
i n  operation a t  reduced power settjngs and therefore at higher  specific 
f u e l  consumption. An example of the penalty in range which t h i s  pro- 
cedure  involves i s  shown in f igure  6, which sho& the  ranges  attained by 
bombers with  four  engines and 2OO,oOO-pound gross weights  with  and  with- 
out  the  40,000-f00t  al t i tude  l imitation. Note tha t   the  bomber with  the 
LOO-pound-per-square-foot w i n g  loading shows a gain i n  range of about 
I20 miles i n  sp i t e  of t h e   f a c t  that it encountered  compressibility  drag 
rise a t  the  higher  altitudes.  Figure 6 also ind ica tes   tha t   the   ga in  i n  
average cruising speed f o r  these bombers is around 45 miles per hour, 
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unless  compressibil i ty  effects are encountered. For some bombers the 
gains i n  going  to  higher  al t i tude may be expected t o  be greater  than 
those shown in figure 6, but for   o thers ,  particularly the high-powered, 
high---loading a i r p l a n e s ,   l i t t l e   o r  no gain may result, due to   t he  
compressibility drag r ise  encountered at the  higher  al t i tudes.  

The effect of cruis ing at high speed i s  shown i n  figure 7. Fig- 
ure 7(a) i s  a p lo t  of the  ranges  of  three  different  four-engine bombers 
as a function of the  cruis ing speed. The end points of the  curves w e  
the  top  speeds, a t  r a t ed  power and full gross w e i g h t  of the   par t icular  
bomber represented. It should  be  noted  that  the drastic reduction i n  
range which accompanies the  Fncraased  cruising Speeds is due almost 
en t i r e ly   t o   t he  loss h. L/D of  the  a i rplane,   ra ther   than  to  amy power- 
p lan t   d i f f icu l t ies .  T h i s  point is  brought out in f igure  7 (b) , which 
shows the  average L/D of the same three airplanes  represented  in   f ig-  
ure '7 (a),  as a function of cruising speed. Furthermore, the  large 
decrease i n  L/D which accompanies the higher c r u i s i n g  speeds could be 
minimized by redesigning  the bomber f o r  each  speed. The new designs 
would incorporate  such things as thinner wing sections,   larger sweep 
angles, and-higher wing loadings  than have been considered in t h i s  
paper. 

In a l l  the  previously  discussed results the'bomb  load has been 
5000 pounds. It i s  des i rab le   to  estimate what the   e f fec t  of increased 
bomb load i s  on the  range of the bombers. The decrease i n  range f o r  a 
given  addition of load will natural ly  be much mare severe   for  a l i g h t  
bomber than for a heavy bomber. In  the preparation of  f igure  8, the 
two bombers were s e l e c t e d   t o  show the  maximum and minimum effect of 
bomh load on range of  all the bombers discussed ih this paper. The 
airplanes  represented i n   f i g u r e  8 w e r e  not redes2gned f o r  each new  bomb 
load, b u t  continued to have su f f i c i en t  tankage t o  acco-modate all the  
f u e l  ctazried in the 5000-pound-bomb-load conditicni. 

CONCLUDING REMARKS 

1. The calculations show the   poss ib i l i ty   tha t  a range o f  8700 miles 
a t  an average  cruising  speed of 425 miles per h o w  can  be  attained by 
a bomber of 200,ooO-pound gross weight. 

2. Medium bombers capable of ranges of 4000 miles have top  speeds; 
a t  ra ted  power, in the  neighborhood of 600 miles per hour. 

" 

3. The longest  range,  for a given gross w e i g h t ,  is generally 
achieved by bombers of highest   practical  wing loading, except when the 
high speeds  associated  wfth  high-wing-loading a i rmdt  require  the use 
of thinner w i n g  sections.  
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4. Large decreases in range  accompany very high cruising  speeds, 
but  these  decreases are due almost  entirely  to  a  decrease in airplane 
lift-drag  ratio rather than difficulties with  the  turbine-propeller 
power plant. 
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Charles tl. Cline 
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APPENDIX A 

DETAIIJ3D REVIEW OF NETHOD OF CALCULATIONS 

A l l  ranges were computed using  the  equation: 

which y ie lds  a value Fn miles. The behavior of the various parameters 
involved in the  equation indicates the  procedure  for  obtaining  the 
Wum range f o r  a given  airplane.   Specific  fuel consumption c 
decreases  with  increasing altitude, velocity,  and  percent  rated power. 
mum drag is  a constant  (barring  compressibil i ty  effects),   but  the 
ve loc i ty   requi red   t a  fly a t  minimum drag increases with increasing 
a l t i t ude .  The term ( -q + g) - remains fairly constant  with  changing 

a l t i t ude  and flighC  speed.  Consequently, i n  order   to  maximize the  
m 

I T + -  
expression - sHp, a l l  bomber ranges were c-onsidered t o  be flown 

D c  
at the   h ighes t   a l t i tude  at which the  velocity  required for flight a t  
minimum drag  could be a t t a ined   u shg   r a t ed  power in all engines. How- 
ever,  since  the.  engine  specifications  used i n  the  computations  state 
that   the  engines were not  guaranteed t o  operate.properly above an alti- 
tude of 40,OG-O f e e t ,   t h i s  procedure was not  followed whenever it required 
tha t  a plane be flown above tha t   a l t i tude .   Ins tead ,  that portion of 
the  range which would have  been flown above an a l t i t ude  of 40,000 f e e t  
w a s  flown a t  40,000 f e e t  a t  the  velocfty which gave a maximum value of 

JHP n + -  
I '  - f o r   t h a t   a l t i t u d e .  .. 

D c  
". 

Because f u e l  consumption continuously  decreased  the w e i g h t  of the 
bomber throughout  the  range, that part ton of  the  range flown below 
40,000 f e e t  was flown i n  a continuous  climb. T h i s  steady climb required 
an increment of power over that used t o  overcome the  drag,  but  since 
the maximum rate of climb found necessary i n  aqy of the  range computa- 
t ions  was less than 35 feet  per  minute, t h i s  increment of power w a s  
neglected i n  the  calculations.  "" 
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Certain  ranges were computed in which the bomber was not  required 
t o  level off at 4O,OOO f e e t ,   i n   o r d e r   t o  determine  the  additional range 
possible if the  engines w e r e  able  to  function  properly above t h e i r  
guaranteed  altitude. - -  . 

. .  

In  computing the  ranges  for   the  char t  of range  against  cruising 
speed, the  airplanes were considered t o  be flown a t  the  maximum alti- 
tude a t  which the  particular  speed was at ta inable  us- ra ted  power 
(but  not  higher  than 40,000 f t ) .  These ranges w w e  flown at  constant 
speed  and  not  necessartly a t  minimum drag. 

In a l l  cases, only absolute  ranges have  been calculated; no allow- 
ance has been made for.  f u e l  required f o r  take-off,  climb, combat, or 
landing  reserve. 

Rates of climb for   var ious bombers a t  an a l t i t ude  of 25,000 f e e t ,  
using ra ted  power, have a l so  been computed, using the  equation: 

which-yields a value in feet per  minute. 

All performance-was  calculat-ed f o r  an NACA standard  atmosphere. 

Further  examination of the  equation  used-to compute range  indicates 
t h a t  three separate divisions of data are required: q, JHP, SHP, and 
c  are power-plant data, WG and WE are s t ruc tu ra l  data, and D is 
aerodynamic data. The methods used in obtaining and applying  the data 
of these  three divisions are discussed in the  following sections. 

Power plant 

Engine  performance w a s  calculated from the  general performance 
curves  presented in reference 2 for the  XT35-WL3 turbine-propeller 
engine. . Both intake-duct  and  tail-pipe  friction  losses were included 
and were handled i n   t h e  computations as explained in  appendix B. The 
intake-duct losses were considered t o  be a constant 10 percent of the  
inlet  m c  pressure, and the  tai l-pipe losses were 4 percent of t he  
tail-pipe  dpamic  pressure. The engines were considered t o  be operated 
a t  maximum allowable  turbine-inlet  temperature since this gives a spe- 
c i f i c   f u e l  consumption c lose   to   the  minimum, as shown in appendix c. 
No allowance was &de f o r  power t o  run  the  accessories. 

. .  

The propellers  used are the  thin-bladed,  high-efficiency  propellers 
reported i n  reference . .  1 and the   e f f ic ienc ies  q were calculated using 
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r e fe rences - l  and 3.  The assumption was used that  the  engine-to-propeller 
gear  ratio  could be changed from that   g iven in reference 2 without  incur- 
r ing  a weight  penalty, and t he   gea r   r a t io   fo r  any par t i cu la r   i n s t a l l a t ion  
was f ixed   t o  give propeller advance r a t i o s  producing  the  best  average 
propel le r   e f f ic iency   for   tha t  airplane. - 

It should be noted  that   the  propeller  profile  efficiencies  calcu- 
l a t ed   i n   r e f e rence  1 are-optimum  efficiencies  and it is necessary t o  
operate at a canstant  value of propeller  disk  loading t o  continuously 
real ize   these optimum profile  efficiencies  throughout  the  variation of  
power se t t ings ,   a l t i tudes ,  and ve loc i t ies  flown at over  the  entire  range 
af a given  airplane. However, since the maximum t o t a l   v a r i a t i o n  in  pro- 
peller-disk  loading  throughout any range  problem-calculated in  th i s   r epor t  
was less than 15 percent, ind  since the e f f ec t  of a var ia t ion of this 
magnitude on prof i le   eff ic iency i s  very slight, the   e f fec t  w a s  considered 
negligible and w a s  no t  considered tn the  calculations.  

Similarly, the  induced  propeller  efficiencies  given in reference 3 
are for  propellers  having optimum blade  loading, and therefore will not 
be continuously  realized as the  loading  varies from the  design  condition. 
Nevertheless, this e f f e c t  is  likewise small and has been neglected  in   the 
computations. The combined maximum error  incurred i n  making the above 
approximations has not been evaluated  but i s  believed t o  be between 0 
and 2 percent. 

For ease of calculation, and because  the  structural problems associ- 
ated  with  extremely thin propeller  blades are largely unexplored, 1;srge- 
diameter,  single-rotating  propellers have  been ussd in a l l  cases  rather 
than  contrarotating  propellers.   In &st case-s  .these  large-diameter pro- 
pe l l e r s  would be perfect-  satisfactory,  but for the  light  four-engine 
bombers, the  propeller diameters necessary  to  give  satisfactory effi- 
ciencies are Unauly large,  and these bombers would necessarily have t o  be 
equipped  with  dual-rotating  propellers of a smaller d i a m t e r .  Provided 
that  these  thin-bladed  dual-rotating  propellers c-an be s a t i s f a c t o r i l y  
developed, l i t t l e -  o r  .no loss in range would result. 

Structures  and Weights . 

The s t ructures  and  weights of a l l  the bomber configurations  studied 
i n   t h i s   r e p o r t  were a r r i v e d   a t  through analysis o f - a  number of  present- 
day m i l i t a q   a i r c r a f t .   I n   o r d e r . - t o  arrive at a reasonable estimate f o r  
the gross and empty weights of a specific  configuration,  the  weights of 
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the  following  compnents were analyzed  separately  and  their  weights 
summed to give  values  for  the  airplane  weight fur any par t icu lar  
condition: 

(a )  wing 
(b)  Fuselage 
(c) Tail 
(d) Engine  and accessories 
( e )  Propellers 
(f ) Nacelles 
( g )  Landing gear 
(h) Hydraulic, e l ec t r i c ,  and 

communication s y s t e m ,  
and  cabin  furnishings 

( i )  Cabin pressurizing 
equipment . 

(j) Surface  controls 
(k) Anti-icing equipment 

t”’ Armament provisions 
m) Fuel s y s t e m  

(n) o i l  system 
(0 ) Oxygen equipment 
(PI Crew 
(9) Instruments 
(r ) Gunfire armament 
( s )  Bomb 
(t) Fuel 
(u)  o i l  

Component (a).- The wing weights of various..military aircraft are 
presented i n  f igure  9.  The parameter  against which the  wing weights 
are-presented is an  empirical  modification of a parameter which arises 
in   the   theore t ica l   so lu t fon  for the  weight of a u n u o r m l y  loaded, 
tapered,  cantilever beam. The line drawn among the poin ts . i s   the   var i -  
a t ion  of wing  weFght used i.n the  calculations.  FDr all bomber configu- 
r a t ions  i n  the present  analysis  the  design  load f,actor is 3.25, the  
t a p e r   r a t i o  is  2.5, and the   d i s t r ibu ted  weight WD is  the  weight of the  
power plants   plus  12.5 percent of the  landing-geir  weight (tandem-type 
landing  gearj, plus 10 p r c e n t  of the-  fue.1  wight.  The aspec t   ra t io  is 

w 
varied  to   give a maxim value of (5) log 2, aS explained i n  appen- 

mafL WE 

Component (b).-  Fuselage geometry appears to-depend sollzewhat upon 
wing loading as seen i n  figure 10, a p lo t  of fuselage  length  over w i n g  
span  against wing loading. However, f o r  purposes of the  present  anal- 
ysis, it was f e l t  that a more logical comparison  between airplanes of 
d i f fe ren t  wing loading  could be made if fuselage &nensions, and hence 
volumetric  capacity, depended only upon the  gross-weight of the airplane 

and not upon the w i n g  loading. Consequently a Fuselage  length r a t i o  
wing span 

\ 



t o  - = 80 lb/ft2 in  f i g .  , and AR = 9, and wG 

sw 
a 

calculate  fuselage dimensions far each gcross weight. These dimensions, 
together  with figure 12,  were used t o  arrive a t  fuselage  weights. The 
dimensions  and  weights are shown in the  following  table: 

Fuselage  length 
Fuselage max. diameter 

variation as shown in f igure 11 w a s  used t o  

Component ( c > . -  T a i l  area w a s  chosen t o  be 35 percen% of  the wing 

area, as shown by the  straight l ine of figure 13,- and tail weight t o  be 
4.15 pounda per square foot ,  represented by the  line labeled *fHigh-speed 
a i r c r a f t f f   i n  figure U. 

Component (d).- The engine dry weight is given by the  engine speci- 
f icat ions  ( reference 2) as 5950 pounds, and an a rb i t r a ry  250 pounds has 
been  added f o r   a c c e s s o r i e s ,   t o t a l h g  6200 pounds per engine, 

- 
Component (e).-  Propeller diameters, because-of  the high-power, 

high-altitude  operation ctf these bombers, are  Unusually l a r g e .   S h c e  
no aircraft propellers CLf this s i ze  exist a t  the  present time the  weights 
used are estimates. All propellers used are six-bladed  single-rotating. 
The weights  and diameters are as follows: 

I . . . I  -. . -. . .. 
. 1. 

. .  . -  
i 

wG P2opeller weight !P 
O b )  

- Ob1 (ft 1 
300, OOo 

1575 22 .o Il0,OOO 
1600 22.3 l6QJO0O 

1.675 23.0 200,000 
1675 23 .O 

18a, OOO 1635 22.7 

L , .. . 
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Component (f).- Nacelles  used ta accomda te   t he  XT3s-W-3 have a 
length of a f e e t  and a f r o n t a l  area of 25 square feet. The weight was 
computed using figure 15. 

Component (g).- The landing-gear  weight is 5.62 percent of t he  gross 
weight as shown by the   s t ra ight  line of figure 16. 

Component (h).- Hydraulic, communications,  and e lec t r ica l   Sys tem,  
and  cabin furnishings comprise 5.1 percent of the gross weight as seen 
i n  figure 17. 

- 

Component ( i ) . - 
of the  gross weight, 

Cabin  pressurizing equipment w e i g h t  is 0.a percent 
from f igure  18. 

,Surface-control  weight is given by the  equation: Component (j).- 
Weight of surf ace  controls = (740 + O.lO3Sw) pounds, which is the  line 
labeled "With- hydraul ic  boost" i n  f igure  19. 

Component (k).- Anti-icing equipment weight i s  given by (-345 * 6.75B) 
pounds. This is the straight l i n e  shown in figure 20. 

Component (z).- Armament provisions are 2.2 percent of gross w e i g h t .  

Component .(m).- Fuel-system  weight is 1 pound-per gallon of  fuel. 

Component (p).- C r e w  weight is 250 pounds per-man; all bombers of 
gross weight 200,000 pounds o r  less carry a five-man crew; all bombers 
of 300,000-po~nd gross weight carry a seven-man c r e w .  

Component (q).- Instruments weigh 180 pounds. 
Component (r).- The weight of the  gunfire armament is 2060 pounds 

fo r  bombers of 200,000 pounds o r  less gross weight, and 2900 pounds f o r  
3OO,Oo-pound gross w e i g h t .  This is equivalent   to-f ive free .SO ca l iber  
machine guns and 53Oq rounds 6f ammunition, and t o  seven guns and 
7400 rounds  of ammunition, respectively. 

Component (s).- Bomb load is 5 W O  pounds unless otherwise  specified. 



e ..*e*. 
e .  

Component (t) .-   Fuel weighs 6.0 pounds p e r g a l l o n .  

Component (u).- O i l  weighs 7.5 pounds per gallon and t h e   r a t i o  of 
gallons of o i l   t o  gal loas of f u e l  i s  O.OO9. :" 

It should be noted  that   the   calculat ions of this paper  required 
extrapolation of  some of  the weight curves, and the  maximum extrapolation 
value of the  ordinates as a percent of the  ordfnate a t  the abscissa of 
the  last data point are listed below: 

Figure 

9 
I l l  
17 
18 
19 
20 

Subject 
1 Extrapolated I 

Wing weight 
Tail weight 
Hydraulic, etc. 
Cab& pressurizing 
Surf ace  controls 
Anti-icing 

136 - -  

234 - 

160 
160 
116 
106 - 

Aerodynamics 

Following a method similar t o   t h a t  used i n  the  estimation of 
structural   weights,   the aerodynamic charac te r i s t ics  of the  various 
bomber configurations  studied were arrived at by summing the  separate 
aerodynamic charac te r i s t ics  of the wing, nacelles,  fuselage, and tail, 
and assudng  tha t   the   in te r fe rence  drag resul t ing from the  assembu of 
these components could be minimized to a negligible  quantity by proper 
design. It w a s  a l so  assumed tha t   t he  drag coeff ic ient  w a s  given by 

where - - I  
sn sf St + -  'Do 'Do, s, 'Don ' S, cDOf S, CDot 

S 
C% = c4.r, f 2 cx f s, sf CDfl f  + s, St c",L, 
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The aerodynamic charac te r i s t ics  of the  separate components were 
arr ived at, whenever possible, by analysis  of experimental data, a s  
explained in the  following paragraphs. 

Wing.-  The prof i le-drag  coeff ic ients   for  the w i n g s  of a l l  the - 
bombers calculated is 0.0065. No account of the   var ia t ion  of prof i le  
drag  with-wing  thickness or  plan form was made.- The f ac to r  + is 
0.85 ir-all cases and the aspect r a t i o  is varied as explained in 
appendix C. i s  shown i n  figures 21, 22, and 23 f o r  w i n g  

The c% 
thicknesses of 10, 121 and 15 percent,  respectively. These curves 

2’ 
are based upon extrapolations of high-speed tunnel tests on an 
U C A  65-210, AR = 9, t = 2.5, 30° sweptback w i n g  (as shown in refer-  
ence 4) t o  wings of different  thicknesses.  The extrapolations are 
somewhat a rb i t r a ry  but are guided by a su rvey  of experimental data on 
the  ezfect  of wing thickness-on  compressibility  drag rise. 

Nacelles.- T h e  nacelle profile-drag  coefficient  for all nacelles 
i s  O . m b a s e d  upon the experiments  reported in reference 5. The 
effect of angle of a t tack  on prof i le   drag was considered  negligible. 
I n  the  absence of r e l i ab le  data on three-dimensional.  ducted  bodies 
i n  transonic  flow, the assumption w a s  made that C 9z, = C%. 

Fuselage.-  Fuselage  profile-drag  coefficieit  varies  with  the 
f ineness   ra t io  of the  fuselage If  Idf according. to   the  equat ion 

cDof = ,.Os+ + .  0.152(5 - 61, which is a good approximation,  within 
the  range of f ineness   ra t ios   used,   to  low-speed data on bodies of revo- 
lu t ion .  The e f fec t  of angle  of  attack on fuselage  drag w a s  calculated 
by the  method of reference 6, which gives the  value of l/ef as a 
function of fuselage  f rontal  area and w i n g  aspect   ra t io .  The compressi- 
b i l i t y  drag r ise on the  fuselage C i s  shown in f igure  a. These 

curves are based on bornb-drop tests of streamline  bodies of revolution, 
as reported in reference 7. 

DM, 

- T a i l . -  Tail   profile-drag  coefficient is.taken as 0.0065. The 
induced drag of t h e   t a i l  is accounted f o r  by l e t t i n g  A = 0.029, which 

gives a combined induced ef f ic iency   fac tor  f o r  both  the wing and tail 
e,+t = 0.83. The coeff ic ient  CD i s  70 percent of 

t a i l  airfoil sections cazl be bui l t   th inner   than  the w i n g  a i r f o i l  
sections. 

et 

Mt cD%’ since the 
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METHOD OF CALCULATING E N G m  DUCT FRICTION LOSSES 

Because moslG duc t   t es t s   ind ica te   tha t   the  friction coeff ic ient  fc  
is essent ia l ly  a constant up t o  Mach numbers very close t o  1, f r i c t i o n  
losses in the  diffusor and tail pipe were calculated on the basis of 
f = 0.10 f o r  the diffusor and f, = 0.a f d r  the t a i l  pipe. On 

this basis, an implici t   re la t ionship between p ram pressure  ra t io  

with  f r ic t ion  losses ,  and engine air f l o w  w, can be developed using the 
equations of one-dimensional, isentropic flow: 

c1 7 

T? Ip7 r, 

” . 

where 

and 

Using the above equations, and knowing the altitude, airplane 
speed, diffusor inlet area, and engine air flow, p may be computed. 

’ ~ 2 1 ~ 7  

T2 IPa 
is then  obtained: i n  the following manner 

p7 = p, * fc797 
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(assuming a constant   veloci ty   in   the  ta i lpipe)  and since, by def ini t ion,  
the  gross jet thrus t  Fg i s  the  momentum flux of the  exhaust  gases out 
of the t a i l  pipe, 

” 

or - . -  ” 

Theref  ore 

Consequently,  with  the  additional knowledge of the  ta i l -pipe  area and 
engine gross thrust the   r a t io  p ~ 2  Ip7 can be computed. 

From the  foregoing, and from the  consideration that increasing ram 
pressure  ra t io   increases  shaft power, it is seen that tail-pipe  losses 
decrease  the  shaft  power. If, however, t he  assumption is made t ha t  
available  energy i n  the  gases  immediately ahead of the  turbine i s  inde- 
pendent  of the ta i l -pipe  losses  and tha t  all of t h i s  energy i s  converted 
t o   s h a f t  power and kinetic  energy of the-exhaust  gas regardless of ta i l -  
pipe  losses;  then any decrease i n  shaft power due-to lowering of the  ram 
pressure  ra t io  from p 

increase i n  k ine t ic  energy of the  exhaust gas. T h a t  is: 
T 2 I p a  to pT /p7 

must be accompanied by an 
2 

and 

(Fg)nl = mu7 
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e o  t h e  mass f low of the  exhaust  gases-is equal to  the  engine mass a i r  flow 
...... 0 Combining equations (I), (2), and (3)  and making the  assumption t h a t  

.a .a (neglecting  the f us1 added), 
0 .  0 
0 0  
. a  

The tail-pipe  losses also const i tute  a d r a g  on the  airplane,  equal 
t o  the  difference i n  t o t a l  pressure between the-entrance and exi t  t o  
the  tail pipe times the ta i l -pipe  cross-gect iopl  area (assuming a con- 
stant velocity  throughout the pipe) .  

Drag on tail pipe = f c  A j q 7  
7 

and  since 

the  drag  can be wri t ten 

Drag on t a i l  pipe = J=f F 
2 c7 g 

Therefore,  the  net jet .  th rus t  of the  engine is;Igiven by: 

(Fg) wl is obtained from equation (4). However, it w a s  found, 

during the .ca lcu la t ions , - tha t   the   ne t   th rus t  camputed using  equation ( 5 )  
s o  closely approximated the  net   thrust   calculated  using  the  equation 

f o r  a l l  typical  operating  conditions,   that   the  error  involved  in  using 
equation (6) t o  compute ne t   th rus t  was negligible and consequently (6) 
w a s  used  throughout the remainder-of  the  calculations. 
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APPENDIX C 

APPROXIMATION USED IN CALCULATING SPECIFIC FUEL 

CONSUMPTION AT REDUCED POWER SETTINGS 

Using the  general performance  curves  given in the  engine  specifi- 
cations  (reference 2)  f o r   t h e  XT3s-W-3 turbine-propeller  engine, a 
char t  of spec i f i c   fue l  consumption c against  SHP/S@ f o r  various . . 

turbine inlet temperatures can be produced f o r  k given ram pressure 
rat io .   Figure 25 i s  such a chart. Notice  that-the  curve for each . 
turbine inlet  temperature  reaches a minFmum and then rises-. The enve- 
lope af these  curves i s  therefore a curve of fiirnum spec i f i c   fue l  con- 
sumption f o r  . a n y .  partgcular value o f  shaft. power- being  used.  Slightly 
above t h i s  minimum l i n e  is t h e  surge line, which represents  the  l ine 
of maximum sa t i s fac tory  pumping a b i l i t y  of the compressor. The surge 
l i n e  i s  a l so  a line of maximum allowable T3 /e up t o  ra ted T3 10, 
where rated T3 = 2160° Fabs. Since  the  surge -=ne is presented on a l l  
the  general performance curves  given i n  the   e rgbe   spec i f i ca t ions ,  con- 
siderably less labor  is involved i n  using it than in using  the line of 
minimum c.  For this  reason, and  because the e r r o r  involved is  less 
than 2.2 percerit  everywhere w i t h i n  the  range of- values of SHP/S\ce  
used, the  surge  l ine was used f o r  calculating e?lgine performance a t  any 
operating power less than that requir ing  ra ted T3/8.  A t yp ica l  graph 
of spec i f ic   fue l  consumption against  percent rated p o w e r  is shown in  
f igure  1. 
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APPENDIX D 

METHOD OF SFXXCTING ASPECT RATIOS 

Examination of t he  range  equation, 

(where I, = w) shows tha t ,  if % I C  i s  constant, maximum range  occurs 
a t  &mum L/D, which, if the  drag  .coefficient is given by 

CL2 CD = CD0 + - nARe 

is  equal t o  

which i s  a constant. The range i s  then  given  by-the  BmWet  solution: 

Now if WF is defined as the  gross weight of the  bomber minus the 
weights of the fuel ,  bombs,-and wing, then: 

The sum of t he  tail, fuselage,  engines, crew, e tc .  WF can be deter- 
mined independently of  the aspect r a t i o  once the  gross weight, number 
of engines, and w i n g  loading have been  decided upon.  The weight Ww, 
hmever is strongly dependent upon aspect   ra t io .  Once the  taper  r a t i o ,  
wing loading, wing thickness, and w i n g  area are determined, Ww I s  a 
function of aspect  ratio  alone.  This  function can be determined 



empirically, using the  straight-line  graph of figure 9 and the  approxi- 
mation WD = 0.136WF, to  be 

This equation,  combined  with  equatlons (7) and (8), yields an 
equation  far  range of the form 

which,  differentiated  and  set  equal  to  zero gives. the following equation 
in aspect  ratia: . .  

3 ( D  - EC)AR3I2 

where . .. . 

WG 
wF 

B = -  

16.07S, 
D = 0.9428 

10% 

c =---*w 
16.07S, 

E =  
lo6. 7; 

This equation must be. sdlved for optimum  aspect  ratio for each 
particular  bomber  configuration. -This method, while not as accurate 
as actually computing ranges far a number of aspkt ratios  to  find  the 
maximum for each  case, gives a reasonable  apprCuEimation  and  saves  much 
labor. 
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(a) Rated shaft power at various altitudes. 
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Figure 3.- Ranges and Sverage cruising speeds of-four-engfne bombers. 
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Figure 4.- Rates of climb of various bombers st full gross weight, using 
rated power at 25,000-foot altitude. 



- Figure 5.- Ranges asd average cruls ing speeds of 300,000 pound gross weight, 
four-engine bcmbers . 
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- Figure 6.- Effect of the 40,000-foot-altitude limitatfon on the range and 
average cruising speeds of  bdmbers with four engfnes and 200,000-pound 
gross weights. 
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(a) Effect of cruising speed on the 
range o f  three different f ou r -  
engine bombers. 

(b)  EPfect o f .  cruising speed on the 
average L/D of three different 
four-engine bmbers . 

Figure 7.- Effect of cruising speed on the range and average L/D of three 
different four-engine bmbers . 
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Figure 8.-. Effect ofbanb - - -  .- load - .. -. on . . the . ... ranges of two selected bombers. 
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Figure 10.- Variation of length/span r a t i o  of recent military aircraft. 
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Figure ll.- Variation o f  fuselage  fineness r a t i o  used in  calculation o f  
Arsehge  sizes. 
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Figure 14.- Tail weights of recent military afrcraft. 
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Figure 15 .- Nacelle weights of recent m i l i t a r y  aircraft. 
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Figure -16.- Landing-gear weights of recent mLlltary aircraft. 
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Figure 17.- Weight of hydraulic, electrical, an& cammunication systems, 
and cabin fufnishings of recent mllitary aircraft. 
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Figure 19 .- Weight o f  surface controls o f  recent military aircraft. 
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Figure 22.- Cmpressibility drag rise for a *- percent-thick wing. 
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Figure 23.- Cmgressibility drag rise  for a 15"percent-thick wing. - 
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Figure 24.- CcanyJressibility drag rise on fuselages. 
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ABSTRACT 

Calculations have been made t o   f h d  ranges at ta inable  by bombers 
of gross weights from lb0,OOO pounds t o  300,000 pounds, powered by a 
typical turbine-propeller power plant.. Results show the effect of wing 
loading, af cruising a t  high- speeds, of operation a t  very high  a l t i tudes,  
and of carryillg la rge  bomb loads. 
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