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Gur.'JiAU. f:- AP-'noACH T<J TH^ 3^LXTIO:: OF 

PROPULSION oYST^-Ui FOR AIRCRAFT 

ABSTRACT 

\ 
\ 

The generalized approach conaiders the pa^erplant in temus of the 

performance and application requirements of the aircraft,    A pcverpLMit 

choice for a given coabination of these ryquirer.er.ts represents a compro- 

ndse between powerplant weight,  frontal area,  ß/id fuel consvmptioo. 

Parameters relating to the performance and application requlrementB 

of aircraft are used  in simplified  endurance equations, which encoap&ss a 

broad range of applicationc, in combination with powerplant charactoristica. 

By use of electronic calculating oquipoent,  aysteaatic evaluation of each 

poworplant typo and variation within type is establiahed for each seloctud 

combination of aircraft perfonr.anco and  application requirepenta,    Th« powaav 

plant is selected on the basis of maxlirrum endurance which,  under the method 

used,  is equivalent to miniinum total weight of powerplant plua fuel weight. 

The powerplant spectrum is represented by seven powerplant typea; 

Rocket, Raa-. Jet,  Afterburning Turbojet, Turbojet, Ducted Fan, Turboprop with 

varying power division between oropcller and  Jet, and Reciprocating,    Effect» 

of compressor pressure ratio and  turbine inlet tenperature on the character- 

istics of the gas turbine faaily are considered, 

X- 
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area, powerplant maximum frontal, iquar« fc«t 

W 
f net  propell ine  specific  f\iel  consumption    ■=. pp 

n "  p 

- drag, pounds 

evaluation parameter 

net propelling thrust, F - D , pounds 

- net pcverplant thrust, pounds 

- altitude 

ratio of weight of tanks and plumbing to fuel weight 

- lift, pounds 

- Fach number 

- revolutions per tnir.ute 
L0 

- maneuvering aerodynamic load factor   rr- 
o 

- pressure  ratio, compressor 

- compressor inlet total pressure, #/ft 

2 
compressor outlet total pressure, ij/tt 

- reserve fuel,  percent of total 

- shaft horsepower 

specific  fuel consumption 

- portion of  flight time, hours 

- total flight time, hours 

- velocity, miles per hour 
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W        -    air flow rate, Ibs/eiecand 

W        -    powerplanl   aysten wei^lit,  pounds 

i\'        -    fuel  weight,  pounds 

ß - parameter 

cf - ratio of aribient  to sea level  standard pressures 

r\ - efficiency 

0 - rat.o of ambient to «»a  level   standard Rankin teirperatures 

\ - ratio  of cruise time to total   flight time 

n - ratio of propulsion system to initial rross wcighta 

Subscripta 

a - augraentor 

f - fuel 

£ - climb 

n - net 

p - powerpl&nt 

r - cruise 

t - total 

0 - majcimum speed 

1 - initial 

2 - conprossor inlet 

3 - compressor outlet 
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The gcnaralizad approach aa presented here is Intondod to examine the 

aircraft operational and design requlronents affecting the selection of a 

powerplant and to detcmine  the regions in which sono of the require.aenta 

are important and require careful consideration and the ro(jions in whioh 

some are inoonsitive and may be ignored.    The absolute level of powerplant 

comparisons presented should bo etudlod with the thought that the powerplant 

infomation used here is noeossarily from unclassified sources and that 

airframe design and oporation possibilities are still required to provide 

values for the airframa parameters described herein. 

The primary purpose of any aircraft powerplant is to achieve a propelling 

force on the ai' frazno connected to it.    It would be most desirable to achieTO 

this propelling force with no expenditure of fuel, a weightless engine, with 

no voliane and »ero frontal area.    We cannot reallre these conditions oo we 

must accept penalties of powerplant weight, size and fuel consumption as 

necessary to achieve a propelling thrust.    However, with the large variation 

of powerplant types that exist today and the numerous variations within each 

type, WJ do have a choice of selecting a powerplant that will nlnimlfie the 

c»agnAtudo of these penalties for any choson aircraft application. 

As a general rule the selection of most aircraft powerplants can bo 

oonsidered as representing a conpronise between fuel consumption, weight and 

size or frontal area.    The weight and fuel consumption unfortunately are 

generally contradictory in nature.    Engineering methods of accomplishing a 

decrease in one usually lead to an increase in the other.    This la 

particularly true of the gas turbine type of powerplant.    A look at the 

propulsion spectrum with lightweicht, high fuel oonsumption rocket 
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powerplants at one extreae and heavy, very low fuel consumption nuclear 

powerplants at the other shows the contradictory nature of fuel conamnption 

and weight. 

Any powerplant selection method must arrive at a suitable compromise of 

the powerplant's characteristics of thrust, fuel cjnr-umction, weicht and bite 

or  fro-.tal area. The basis for cstablishinp this compromise is primarily 

dependent upon performance and desirn requirements of the aircraft..  Once 

these requirements have been established then various powerplants can bo 

studied in conjunction with these requirerce-.ts a^d evaluated. The choice of 

proper rowerplant evaluation factors is a difficult one; they may be factors 

which deal the desirn possibilities of the entire powerplar.t spectrum or the 

choice may be based on such factors as nowerplant availability, cost or 

maintenance. 

We will assume here that the chnic3 of powerplant evaluation factors is 

dependent upon the desirn possibilities of the propulsion spectrum. 

In a generalized approach to the selection of the powerplant we should 

express the operctior.al and desirr requirements of the aircraft in as nearly 

a generalized fashion as possible.  This is done by considerinc the aircraft 

operation to consist of three regimes as follows: 

1. Climbing flight. 

2. Cruising f3ipht at cruising altitude. 

3. Maneuvenric hirh speed flirht at cruisinp altitnde at 

maximum power. 

The criteria for powerplant selection shall be maximum endurance 

considering all flicht regimes over which the povernlant must operate.  Under 

the methods developed this is equivalent to selecting a powerplant on the 

«™wj i" ■ mil" — 



o 

( 

-3- 

basis of miniir.u". propulsion weight (powerplant plus fuel plus assorlated 

tankage and plumbing). 

The powerplanl characteristics most affecting the performance of the 

aircraft and therefore of primary importance ir. the problem of engine 

selection are defined as follows: 

W 
\\J       -?■ specific engine weight 

n 

W 

n 

lb 
lb 

w > 
\2J        ~-    specific fuel consumption     —irr— 

A        ...,., ft 
lb 

Mj   p~    specific frontal area 

lb 

2 

In general the emphasis to be attached to the  individual encine 

characteristics varies vith airfra^e desien.    For instance^ \\j ia o* 

major importance fo^ applications of short duration, \2j for applications 

of long duration and MJ for hiph speed applications. 

The relative weight to be assigned to each engine characteristic in 

deteminins' the best propulsive  system  for a given application is determined 

by the use of an evaluation equation which leads to the choice of propulsion 

system yieldinr maximum endurance when the ai-frame design  narameterB ar« 

specified.     Py systematic variation of these airfrs-ae design parameters many 

applications may be defined.    The  optimum propulsion  system is the one whose 

characteristics maximize the evaluation expression to follov for any given 

set of airfrarae parameters. 

Fowerplant size or frontal area  characteristics  are combined vith those 

of specific weight and specific fuel consumption by defininr tha latter 

characteristics on the basis of powe-riant thrust minus  powerplant drag: 
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Net  propellinF  specific weight 

Net  propellinr  specific   fuel ccnaurnption    - 

F    - D n        p F 

W. 

F    - D n       p 
-    C 

The values of draz  penalty  associated with  each  powerplant ar© 

calculated with the aid of Figure 39, Appendix  I.     The  powerplanta  are 

considered as nacelle  installations  in all  cases  except  for rocket  typea. 

This assumption  entails  little  loss  in generality and  preatly simplifies the 

problem of consideration  of powerolant  sire or  frontal  area effects vpon 

powerplant  selection.     Internally housed powerplants  recuire individual 

consideration of co-arrar.pere-.t with fuel, payload,  ducting, crew quarters 

and allied «ear and such housing  is difficult  of generalization  in assessing 

vize or dracr penalty.     Kocket  installations are assumed  internally housed 

and  charged with no drag penalty. 

Assuming for the most general case a ccnposite propulsion system 

consisting of one type  employed  for cruising  and  another type for thrust 

augmentation during periods  of maximuti power,  the  fuel weight is «riven by 

;;f 

1       V   Pc 
1*K 

♦ W     > 

-hi (i) 

whsr* 

fuel weight,  pounds 

ratio of propulsion system weight  (fuel, tanks, 

plumbing  and  powerplant)  to  iritial rross weight, 

dimensionless 
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initial  proas weight  (take-off),  pounds 

W ■    welrht  of  priir.ary  (cruise)  powerplar.t,  pounds 
Po 

pa 
■    weifht  of augmentinR powerplantt  pounds 

K -    ratio of ta-.ks a^.d pluT.binf weight  to fuel 

weirht,  dimensionless 

The   fuel available  for   flicht  is considerea  as the total   fuel  load 

rrinus the   fuel held  in  reserve and  is arproxinated by the  following oruation: 

C, 
(1-R) '.•.'.    -   ~ b    v;.   ♦t(CF*CF)*tCF (2) 

f V.ol        ooo        a    a rrr 

wher« 

R   - percent fuel held in reserve 

r* • n        r      -x it IbS/hr C ■    average specific  fuel  consurption,  '  lbs thrust minus drag 

V        •    clinr.bir.R  speed, miles per hour 

h a    altitude  rained durir.p  climb, miles 
o * 

W,       *    initial  cross veipht, pound» 

t        "'    time, hours 

F        ■    thrust minus nacelle dratj,  pounds 

subscript    /    ■    climb 

o    ■     prii.-Ty  powerflant   at  maximum power 

r    ■    c-uise condition  of primary  powerrlant 

a    -    augrre'-.tor powerplant 

equation 2 assumes that  cruise  flirht terins at, altitude  i^sta^tly upon 

take-off v.-ith a sacrifice of fuel  to achieve altitude.    The real  climb  is 
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replaced  by  an   iir.arlnary  vertical  aid   instar.taneous  climb plus   a  period  of 

cr.ise  which  a; nrox rrr tes  the  t irre,   distance  and   fuel  used   in  the   actual 

case  in ■ hich  best   clLiib   nneed   is  e-ployed.     Firure  1   illustrates  this 

concert   of  fuel   u-^ed   and  distance   flown  duri. c  the  climb  rortior.   of  flirht. 

The  time  ana  distance   covered  dnrin.-   an  actual   climb   is  credited   to the 

cr.iise  portion  of  flight   in  this  anproxirruatio--. 

c /vv/yf 

t! f-y 
^' 

,' 

^1  / 

o 

./ 

FIGURE    1 

Substitution of '.'  as defined in _quatio;. 1 i-to ;^uation 7  yields; 

1-R 
*  W 

M - 

C        t(CF*CF)*tCF t , ooo   aa    rrr 
V£ o ^ (3) 
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o        a 

and  observinc;  that 

F    *  F 
o        a 

. !i f^\ i 

where 

1 pross weight at   full  nower conditi on 

'A -    airfra-Tie  (without  nacelles)  lift-drasr ratio 

at   full  power condition,  and 

"    steady "na-.euverinß aerodyrair.ic load  factor at 

TAximurr speed, 

equation  3 may be rearranged as  follows: 

o 

n 

P P    F __2 *    a 
F      * FT 

1-R 

o  \^   o a F 
O' 

* S ^ r 
i ♦^ 

F 

F 

(O 
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Kurther  rearranreraent  of  equation U ahowa 

l-R 

"H (I) wi 
n   I  D /    is 

>_    \   /o    0 

o 1*K 
n    l-R H) 

w 
po 

F 
0 

K8    a 
- ^      F 

a      o 

t     f C    ♦ C    T^ )   ♦ t    c   / 
oV0        ft f   / rrF ^ o7 o 

(5) 

If  this  equation   is  multiplied  by  total  time   ":ent   in   flight  and  the 

ratio of cruise  to  total time  be  denoted by    X, 

l-R 
T     - 

id 
n 

L )? 
o    o 'l "o 

/ \   ho 1.K1     , ,        . W          p F 
2         a a 

' F ' F F 
o        a o 

\ C r/.(i-x) C    ♦ C 
o        a 

(6) 

Introduction  of corrected  quantities  for the  powerplant  characteristics 

allovs  for altitude effects  on  propulsion  system selection  where    <f  and    0 

are the  standard ambient  pressure  and temperature  corrections  respectively. 

ll 
l-R 

- fjl T 
D /   W o " V'     A   I C 

.     /Q        O /       O   V 
n 

o  1*K    r 

~ ITR   % 1 
F 

W Wp F 

Y        o      F o F 
o a o 

C    F 
r    r 

/e Fo 
(l-\) 

c      c   F 
o        a    a _  ♦ _ _ 

/e   /So 

(7) 

Th« 
1^. 

e  term    -—-    cT/ö T    we   shall   term the  evaluation   parameter    E   . 

Airframe design and  performance  factors entering the  powerplant evaluation 

expression are: 

\i ,     propulsion w.?lpht.  to rross weight  ratio 

n ,     high  speeo maneuvering load factor 
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r j      ,     hlgli speed  lift-drag  ratio 

,     cruising lift-drag  ratio 

h , des lei  operating  altitude 

K , ratio  of tanks  ar.d   plumbing  to  fuel  weicht 

R , percent  reserve  fuel  requirement 

X , ratio of cruise  time   to total   flirht   tiin« 

, cruise I'.ach number 
"r 

M ,     maximum flirht Mach number o ' 

Wl — ,    weight  ratio,  take-off to hi^h Sf)eed condition 
o 

The engine  characteristics  er.terinr  the evaluation  expression are net 

propelling  specific weight  at the  high  speed  condition and the value; of 

specific fuel  consumption at  cruise  and  at hi^h  speed condition.    These ar« 

mainly functions of engine type. 

Mathematically,  the expression  used to evaluate powerplants would be 

exact  only  if thrust  and  specific  fuel  consumption  renai-.ed  fixed during each 

separate  portion  of  flirht  (climb,   cruise  and maximum speed).     Since,  for 

flight at  constant    L/D,  the thrust must  continuously decrease,   it  is apparent 

that the adopted  expression  is an approximation.    However,  the  same powerplant 

characteristics which riaximize the approximate expression  to all  practical 

purposes also maximize the :rore  complicated  logarithmic  endurance  eou&tion. 

This was established by trial and  is  rot  subject lo mathematical  proof. 

Since in a  practi   ^1  sense  the  same  results  would be  indicated by either 
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raethoa,   the  more  sLiiple  r.quation  7  was  adopted,   for  the  saving   in   effort   in 

handli-F   the  number  of  computations   involved   is   considerable. 

For the   iarre number  and   ra^res  of variables   it  was desired to 

investirate,   approx LT.ately   ?6,000  separate   calculations  were necessary. 

Electronic   calculating  machines  were  utilized  to make   the work  feasible. 

For  punched  card method  of  calcilal'.on  on   IBM machines,  Equation  7  has 

the  /cm 

31  (1  ♦ 02) - , 

W W 
P0 Pft 

^o - F-"    ^o P2 a 

/W    3 
(1-X) 

c      c (8) 

'^here    E      is the evaluation  parameter,     ß    and    X    are parameters whose 

ranges  of values are  selected  to cover a wide  ran^e of applications of 

propulsion  systems to aircraft       p.     reflects  fuel  carrying ability,     ß- 

fixes  augmentation  ratio and     ß-     the  thrust   ratio of primary engine 

between   crjise  and  full  power  conditions.     Together    ß.    and    ß_     reflect  th« 

ranp.e  of  thrust  over which  the   propulsion   system  is  called upon  to operate 

durinp   flight  and    k    reflects  the  duration of rrjaximun) thrust. 

(a)     ß,     depends upon  aerodynamic  and  struct'iral  capabilities  of 

the airframe as well  as  performance  requirements.     It   is a  function  primarily 

of oHitüde,   flight   speed,   aerodynamic  ma: euvering   load   factor and  total 

propulsion  weight  to rross vei^ht.     This  parameter may have values between 

1.0 and  10.0 at   sea  level   and  between  0.10 and   ?.^  at  35,000 feet.     This 

"fuel   carryinc;  ability"  parameter,  which  strongly   influences  propulsion 

system choice,   is  seen  to decrease with  increasinr  altitude, with  increasing 
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fli^ht   speed,  with   i^creasin^ maneuverinff  load  factor and with  increasing 

ratio of proas wea^ht  at majci^iuJTi speed to pross  weight at take-off. 

Closer examination  of  the  parameter    ß       is  Justified  since  it 

will  be   shown  that   it   is  one  of  the major  factors   in  the  selection  of 

propulsion   systems  and  is  an   important  link  between  the  airframe  and pow«rplant 

variables.     (It   is  alv^ays  equivalent   to the  weight   of powarplants  plus   fuel 

plus   fuel   instal lat ion  weight   remaining  after  climb,   divided by comcted 

thrust  required by the airfrane minus nacelles at the dcsifn naximum speed.) 

It will  be  important  to keep this  in mind when   interpreting  the  rather large 

effect  of this  parameter upon  the  relative merits  of poverplanta. 

(b) ß      varies  between 0 and 2.0.     '•.'hen    3      is tero,  sirele 

propulsion  systems   result.     This  is  the  case  in  the majority of calculations. 

(c) ß.,    depends upon  speed at  c~uise and  speed at maximum power, 

upon the  change  in    i/o    with flight  speed,  upon  steady-state ma,,euYering 

load  factor and upon the  capabilities of the  e.irine type under co-.sideration. 

All values of thrust  ratios are  covered by co-sidering only maximum power at 

maximum speeds.     The  reciprocal  of    ß-    will  be  called the thrust  ratio. 

(d) The  following  table  shows  the  speeds  considered for each 

engine typ«: 

Engine Type Sea Level  Mach Numbers Altitude Mach '.'umbera 

Reciprocating .25 .75 .25    .50    .75 

Turboprop .25    .50    .75    1.0 .25    .50    .75    1.0 

IntennodlAt« 
Turboprop .50    .75    1.0 .50    .75    1.0 

Turbojet .50 .75 1.0 .50 .75 1.0 

Ducted Fan .75 1.0 

Afterburning 
Turbojet .5      .75    1.0    1.5    2.0 .5    .75    1.0    1.5    2.0 

Afterburning Turbojet with Ram Jet Augmentation 1.0    1.5    2.0 

Afterburning Turbojet with Rocket Augmentation 1.0    1.5    2.0 
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(e)     Cruiainp   flight  and  high  speed   flight  are  performed  at the same 

altitude, 

(f) Cruise  speeds  are  equal  to  or  less   thai  the  maxlmora  speeds  in 

all   cases  but  never greater than  Mach  1.0. 

(g) Cruiae-to-total-time   ratios  vary  between   zero  and  unity  in  th« 

followinp   steps: 

0 .6 .8 .9 .95 1.0 

(h)     Altitudes  considered are  sea  level anu 35,332  feet. 

(i)     The  rainimum  power  output   of  =ny  powerpl-.nt  considered  is 

forty  percent  of maximujn. 

The  simple  case  of  findinr  the  best  propulsion   system when the  entire 

flipht   is at   craise  speed   (X - 1.0)  and  cruise power  (F /F    - 1.0)   for the 

si-ple  engine type  application  (no aurmentation)  may be  illustrated 

graphically. 

(VJM-tf) 

//     n.l/    fC Site U 11'f •>     CX/r 

> MA.'XAC rrmtsrsct 
\ 

\ 

 i  

<f P, 

f-fGune    2. 
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A tangent  to the  curve  of powerplant  characteristics  from a  point  on the 

abscissa equal to the value  of    0.     locates the  best engine and method of 

operation with type  "A"  since  it tnaxlmiaea  the  ratio 

W 

■vf 

n fuel  load ,Qs. 
fuel  flow rate 

/5  (Fn - D) 

The  powerplant  characteristics chosen  for use  in the evaluation  equation 

were plottea on curves with  net  propelling  specific   fuel consujnption as the 

ordinate and net  propellinc  specific  velrht  as  the abscissae. 

In casej where the gas turbine  powerplant  operates  in rore than one 

regime of flight  it   is  assumed that  the  conpressor pressure  ratio  is 

constant,  that  the  corrected  airflow at  the  compressor inlet  is  linear with 

corrected r.p.m.  and that  the actual  r.p.m.  of the powerplant  is  conatant. 

These conditions  plus a  knowledge of the cycle  conditions enable the 

computation  of thrust and  fuel consumption  of the  same powerplant  at other 

regimes of flight to be made. 

The turbojets  consider compressor pressure  ratios  from 2 to 1^ and a ptak 

turbine  inlet temperature  of 1800 F.    Minimum turbine  inlet  temperatures are 

as low as 800 F.    The  speed  range considered  is  from a flight V.ach number of 

.5 to 1.0 at altitudes  of sea  level and  35,000 feet.     Figures 3,  U and  5 

illustrate typical characteristics used while Appendix I lists the methods 

and assumptions used to obtain the turbojet  characteristics. 

The afterburning turbojets also consider  compressor pressure  ratios  from 

2 to 18,  1800 F maximum turbine  inlet temperature and a maximum afterburner 

temperature of 3200 F.     The  speed range   is  from a  flight Mach number of  .5 to 

rjr-agrr.," 
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2.0 3.1  altitudes of sea level and 35,000 feet.  Firures 6 and 7 illuatrato 

typical characteristics used while Appendix I lists the methods and 

assumptions uaed. 

The turboprop powcrplants consider corrpressor pressure ratios from 6 to 

1c and a peak turbine inlet temperature of 1P000F. The division of power 

between propt;ler and jet is varied with the maximum portion to the propeller 

at the pjint of minimum- specific fuel consumption at the fllrht speed 

considered.  Firure U0  illustrates the effect of power distribution upon 

the turboprop characteristics. 

The speed range for the turboprop powerplants is from a flight Mach 

number of .25 to 1.0 at altitudes of sea level and 35,000 feet.  Fl^uraa 8, 

9 and 10 illustrate typical characteristics of this type of encine. The 

methods and assumptions used in compiling these characteristics and obtaining 

the weight of the propeller and reduction rear are presented in Appendix I. 

The characteristics assigned to reciprocating engines are: 

W 
a. r-r—;  - 1.2 at 100 percent power 

5nr 

b- X 225 
lbs 

rt2 

5 FC ,75 —-f-r- at  100 percent power 

,60 

.^5 

,60 

at 80 percent power 

at 60 percent power 

at    40 percent power 

d.     supercharged to 35,332 feet. 

These assumptions  are  simple but  thought  reasonable a-d adequate  for the 

purpose.     Figure  11   illustrates  the  characteristics of the  reciprocating 

powerplant. 



BBS! 

r 
-15- 

For the  rocket  powerplant, weight   per unit thrust   is  assumed to b«  .03 

and specific fuel  consumption  18 pounds  per hour per pound  of thrust.    No 

dr&z  penalty  for the  rocket  powerplant  has  bee.  considered. 

Ducted   fan  powerplant  characteristics  were obtained   for  overall  compresoor 

ratios  of 6,  10 ana  16 with a  constant  turbine  inlet  terrperature of 1600 P. 

The  ratio  of  fan   flow to turbine   flow  is   2:1.     All  ducted   fan   power-plants  are 

considered  to afterbum  the   fan  air  al   the •naxiraura power  condition.     Lmpirical 

relations  based  on  dimensional analysis  fix tne weights  of components not 

comnon  to the  turbojet   engine.     The  speed  ranp.e covered   is   from a  flight Mach 

number of  „75  to 1.0 at  35,000 feet altitude. 

T'..e  characteristics  of  ramjet   powerplants  were  established  by cycl« 

calculation usin«  assumed component  efficiencies and  a  combustion  chamber 

outlet  temperature  of 35uO F.    Computations were made  for  five Kach numbers 

from 1.0 to 3.0 at   tvo altitudes,  0 and  35,000 feet.     Appendix  I  lists the 

assumptions used   in obtaining  the ramjet  characteristica  illustrated in 

Firure 12. 

The nacelle dra^f and  frontal area methods and assumptions of all 

powerplants are also presented in Appendix I. 

Firures  13  to 38  illustrate the  results  ootained.     Firures 13 to 20 are 

concerned with the  optimum choice of pressure  ratios of the pas turbine 

powerplants,     while  Figures  21  to ?8 are   concerned with  comparison  of the 

optimum, of  each type of powerplant. 

For the  turboprop engine,  Figures  13  and  1U  show the major effects on 

choice  of pressure  ratio  for this type  powerplant to be    ß.     and the high 

flight  speed  requirement.     At values of    0.     above   .5 at  35,000 feet and 

5  at  sea level we  can  say that  the hiph  flicht  speed  requirement   is the aole 

major effect  an  choice  of the  optimum comprsssor pressure  ratio.     As the high 
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flight  speed  reouirement   is   increased,  which means    M       Drogresses  from   .75 
o 

to 1,0, w   see  that  the optimarr   compressor  ratio drops.     Thia  is 

understandable  since  the hiqh   cor.proesion  r^tio  turboprops   in  this  region 

have  a rore   rapia   increase   in   fuel   consumption and  decrease  in  thrust  than 

the lower  compression  ratios  as  either flight  speed  is  increased  or turbine 

inlet  te-nperature   is  decreased.     This  will   be nore  pronounced  at   sea  level 

than at  hisrh altitudes which accounts   for higher optimum pressure  ratios at 

altitude.     It   is  significant  to note  that  in the choice  of optimum corrpression 

ratios  for turboprop engines the value of    X,  thrust   ratio and cruising Mach 

number  within  the  limits  considered  have no effect. 

Firures  13 and 16 for turbojet  tyres at  sea level and  35,33? feet  show 

that optimum  pressure  ratio  is dependent  on    \    at high thrust  ratios and 

must  decrease  vith  increasing  ratios  of erase to  total   flight time.     This  is 

explained  by the   relatively  better specific  fuel   consumption  of lover pressure 

ratio powerplants when operated  at  lov throttle which characteristic  Is 

emphasir.ed  by  lor.rer periods  at   cruise  power.     At  hirh   flifht   speed at  sea 

level  the  18:1  turbojet  is   inferior because of the hip    cocr.rressor outlet 

temperature  which  limits the  amount  of fuel  that  can be burned and  increase» 

specific   fuel   consumption.     Turbojets  at  altitude  show a  similar trend to 

lower pressure  ratios when  required  to produce a large thrust  ratio and 

cruise  power  is  maintained   for almost  the  entire  flight. 

Firures  IT and 19 illustrate  choice  of    P      for the afterburning 

turbojet   at  sea  level.     Higher  flirht   speeds  are  shown  to demand lower 

pressure  ratios.     For high thrust   ratios  and low cruising Mach the  high 

pressure   ratio  powerrlant  has  slightly  better cruise  specific fuel 

consumption at  the  low power condition.     Therefore,   for high values of    X 
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and high thrust ratio, a hiph pressure ratio is superior. At low values of 

X, somewhat lower values of pressure ratio may be superior because of lower 

specific weight and de-emphasis  on cruise time. 

The choice of optimum    P      for afterbuminp turbojet at  altitude  ia 

dictated  larrely  by    p,     and    V      as  shown  by Figure 1°.     Increasing flight 

speed  has the  ceneral   effect  of lowerinr   pressure  ratio as  show-^   in  previous 

curves.    This  is due to  improvir.'-  characteristics  of the lo'er pressure 

ratio engines as  flight  speed  is  increased,     '.'either    \    nor    F /F      have 

much effect  on the choice of optirux pressure  ratio.    At  fl  ght  speeds up to 

and  including Mach -  1.0 the hitrh pressure  ratio turbojets have definitely 

better  fuel  consumption characteristics  both at  full and throttled power.     It 

is  interest ing to note that even at the  hirhest flirK speed the optimum 

pressure ratio does not drop much below 6:1.     This  is because lower oressur« 

ratios have larger diameter combustion  chambers  resultinr  ir  greater frontal 

area and thus the  increased drag offsets any  potential gain  from using a 

lower pressure ratio. 

Figure 20 illustrates the choice of optimum, pressure ratio for the 

afterburning ducted  fan  and  reveals  it  to be  only a  function  of    p, .     However, 

the scope of study  of the ducted  fan presented  here is too brief to say that 

this  is the general  rule.    A variat.on of air flov ratios of fan  flow to 

turbine  flow might have led to different  conclusions. 

Figures 21,  22,  73,  2U and 25 illustrate the comparison of the  turbojet 

and turboprop at  flight speeds from  ,75 to 1.0 Vach number and altitudes of 

sea level and 35,332 feet.    These results show that  there  is no single 

"crossover" point at which one or the other is  preferred.     Instead  the choice 

of turboprop or turbojet depends to a great  extent upon the application.    For 

example.  Figure 23 which is drawn for a cruising and maximum flirht Mach 
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niunber of   .75,  we  from past  experience might  be  inclined to favor the  turboprop 

engine;   however,  at   low values  of    ß.     where  powerplant  specific weight   is 

important,   we  find  the turbojet   superior.     If we  consider tho  case where the 

hirh flight   speed  required   is  at     Y     -  1,  as   in  Figure  22,  we  can   still   find 

regions  where  the  turboprop  is   superior eve^  when  the  cruisinc  flicht  is  also 

at  >'ach  1.     Similar trends are   -oted  at   both  sea  level  and 35,000  feet.     High 

values  of maximum Vach  number,  thrust   ratio,     \    arid   low values  of    P..     all 

tend  to   favor the turbojet  powerplant. 

Figures  26,  27,   2^ and  29 illustrate the comparison between turbojeta 

and turbojets with afterburners   installed.     As would be expected the 

afterburning turbojets are  superior at  low values of    ß1     where powerplant 

specific  weicht   is  of major importar.ce.     The afterburning turbojet  is also 

superior when  hiph values of    \    and  thrust  ratio are  required.    This is 

explained  by the  fact  that  at  these  conditions  the afterburner is turned off 

for a ma^or portion  of the  flirht  and  thus the afterburning turbojet will 

cruise at  a  higher turbine  inlet  temperature  than  the non-afterburrlng and 

therefore will  have a  lower  installed veipht  of  powernlant with a  fuel 

consumption  in the  c-uisin?  condition  that  is nearly compatible with that  of 

the non-afterburning turbojet       '•^•»n  hirh values of    ß.     are used with low 

thrust  ratios  or low    k    valu/.s,  the  tendency is  to  favor the nor-afterbuming 

turbojet.     In  studyinr  these comparison curves the thought  sho.ld be borne in 

mind  that   the  hirh   flight   speed   condition  utilizes  the  maximum power output  of 

the  powerplant.     If we  chose  to  operate  the  afterburning  turbojet  at  leas 

than this  value,  then  at  the  hich  values  of    (3.     the  superiority  of th« 

non-afterbuminp;  turbojet would  only  reflect  the  penalties of the afterburner 

installation  on powerplart   specific weight and a sucht  loss  in  specific fuel 
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conaiiinptior..     Comparisons have  only been  drawn  up to a maximum flieht  Mach 

number of 1.     Above this point  the dra? penalties  effect  the n on-afterburning 

turbojet  severely.     At  a majcimum  flight  Mach  number of 1.5  the  afterburning 

turbojet will  be sjperior to the non-afterbumint; turbojet  in nearly all 

regions. 

Figures  30 and  31   illustrate  a  conparison  betwee-   the afterburning ducted 

fan  and  the  afterbumin?  turbojet.     The  ducted   fan   is  superior at  low values 

of    ß,     where  its  low specific weight with the afterburner  on  can be utllited. 

Since the ducted  fan also has a higher afterburning thrust  augmentation ratlj 

than the afterburning turbojet we  can  expect that hifh values of thrust ratio 

and low values of    f?,     to favor the ducted fan as  is  shown.    The decreasing 

superiority of the ducted   fan  at  hirh values of    ß.     can  be  explained by its 

inferior specific weight non-afterburnine and also that within the range of 

thrust  ratios considered the afterburner may be always  lit.     It  is  felt that 

the ducted far. characteristics may be optirristic ard therefore attention  is 

invited to the shape of the curves and not the absolute levels of comparison. 

Figure 3?  compares a combined  propulsion system  (afterburning turbojets 

with rocket augmentation) with the afterburning turbojet alone.    Only the 

largest  cruise to total  flight time  ratio  is illustrated since smaller 

values of    X    are  still more to the disadvantage of the  composite  system. 

This comparison  is   insensitive to thrust  ratio ir. the regions  indicated but 

shows the interesting effect  of decreasing worth of the rocket auTtnentation 

with  increasing  flight  speed and  increasing  fuel carrying ability,  ß. . 

Higher supersonic flicht speeds decrease the specific weirht  of the 

afterburning turbojet  but  have no effect upon the rocket  specific weight. 

Only at  low values  of    ß,     is the  rocket-afterburning turbojet combination 
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superior to the afterburning turbojet  alone.     This  curve  in valid  at all 

altitudes  above  35,000  feet  at  which  the  turbojet   is  capable  of efficient 

operation. 

Fipure  33 makes a  sL-nilar   coftparison usins;  ramjet  augmentation.     In  this 

case the effect of hip-h flight Mach nimiber  is  reversed from the  rocket  CAB« 

since  the  rajnjet  specific  weight   is  decreasing  more  n -lidly than that  of the 

afterburning  turbojet  with   increasing   flirht   speed while  its  apeciflc  fuel 

consumption   shows  a  decrease  against   an  increase   for the  afterburning 

turbojet.     Again,  this  cora-osite system is superior only at  low    ß      raluei 

(short duration  flights)  although sensibly  independent of    k. 

Firurcs  3^* to 3^  show  relative merit  of a number  of propulsion  systsfiS 

vhen the  entire  flight  is  at  the cruise condition.     Figures 22 and  23 are for 

sea level, Mach   .?5 to  .50 and   .75 to 1.0 respectively.     At sea level the 

reciprocating engine   can ratch  the turboprop only  at  lov speed and  large    fL 

and  cannot approach  it  at  all at Mach   .5.     Also at Mach  .5 the turboprop 1» 

clearly  superior at every  point  to the turbojet  and the   intermediate-turboprop. 

At  hieher cruise  flipht  speeds the advantage  of the turboprop disappean 

and at Mach 1.0 is  superior  to the turbojet and   intermediate-turboprop only 

at values of    ß, > 10.0 as  shown in Figure 35.     However, the turboprop is  still 

the best  type considered  at Mach  .75 at values of    0.     greater than 2.5« 

Coin*? to altitude  in  Figures 36 to 3P  it  is  seen that at low cruise 

flirht  speed  (Mach   .25)  both turboprop and  reciprocating types  enjoy regions 

of superiority.     In ceneral,   if    ß,     is less  than  1.0 the turboprop will give 

the better performance and  if    0,     is  greater than  1.0 the  reciprocating 

engine type will be superior,     explanation  of the  peculiar behavior of the 

reciprocatinp-turboprop conparison curve with  respect to    ß.     lies  in the 

change  in Optimum poworplant  operating  characteristic» as    f).     changes.     At 
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altitude  the   reciprocal inr   engine   is  lirhter  for the   a/une thrust   (due  to 

S'ipercharping)  than  the  turboprop when  both  are  operated at  100 percent 

power.     At  mininirr  specific   fuel   cor sumpt io-   cruise,  the  rec: nrocat inr  engine 

specific  weicht   is much greater tha1-  that  of  the  turboprop.     This   fact  allowa 

superiority  for the  rec irrocat inj?  e-.^ine  only  at   hich  values  of    0.     and  at 

extremely  low values  of    ß     —   in  the  first   case due  to lower  specific  fuel 

consumption  and  in  the  second   cas** due to  lower  specific  weight  when   specific 

fuel  consumption   is  • ot   important   (short  time  flirhta). 

Figure 37 shows  the turboprop at  altitude,  as  at  sea level,  has no 

competitors at Yach   .5  except   at  very low    ß       values  whe-   flight  is  entirely 

cruise  and  no maximum speed  thrust   ratio  requirements  exist. 

Figure 3^ sho's  relative worth of four ras  turbine type engines at 

altitude at Mach numbers  from  .75 to 1.0, 

At Mach  ;7'3 the ducted  fan  is best at    ß.     values up to  .-5 above which 

it yields  to turboprops.     At Mach 1.0 the ducted  fan  appears to have wide 

application. 

The method  presented  here affords a means  for evaluatinp' aircraft 

powerplants and  to provide  Information as  to the significance of varioua 

desirn  and  operatio al  requirements.     As  the  state  of the  poverplant  desim 

art progresses  insertion of new powerplant  characteristics  i-to the 

evaluation  equation will   provide a more valid level  of comparison. 

Since the powerplants  selected are optimums,   it   is of some  interest to 

know the  sacrifice  involved when  other than  optimums  are chosen due to 

non-availability,  cost or similar reasons.     A  brief study showed that no 

general  conclusions could  be drawn;  that  the  sensitivity of the powerplant 

choice within a type could vary widely.     It would therefore seem necessary 
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to  consider  each   Individual  cage.     Hcvever,   the  method  presented  here  would 

still   permit   a quick  drtenr.inat ior,  of  the   areas  of likely  powerplanta. 

The authors  extend  their  thanks  and  a:preciat.on  to v.r.   L.   B.   Rumph, 

Head  of the  Aircraft  Desirn   Section  of the  Aircraft  Division,  who has 

contributed many  of  the   i^-^s  and methods   presented  here,   and  to Messrs. 

W,   R.  Gist,   C.   :..   Sturdevant  and v'.   H,   Thurlo  of the  Propulsion  Group, 

Aircraft   Division,   who  have   expended  much  of their  ow   time  and  effort  on 

this  pap*r. 
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C APPENDIX  I 

KETtiODS AND ASJUMF. I JiVo.   PQWLkPUNT gjAKACTEglSTICS 

The turbojcts  ram  preaoure  ratio  recovery la   given in the following 

table. 

Mach PT2/PTo 

0 
.5 

1.00 
.97 

.75 
1.00 
1.50 
2.00 

.965 

.957 

.933 

.870 

The compressor  efficiency ia  eighty-five  percent baaed on compresBor 

inlet  static  pressure and compreesor outlet total  pressure,   the  coobuatlon 

chanber ia ninety-five percent efficient with a  lour percent total  preaaur« 

loss.    The  turbine  io ninety percent efficient,  the exhaust noztle i«  ninety- 

five percent.     Cycle calculations were made for turbine  inlet  teoiporaturee 

from 8000F to  1800 F at a  flight Mach number of   .5 to 1.0 at an  altitude of 

aea level and 35»332 feet. 

The weight of the   turbojet per pound of corrected air at the compreaaor 

inlet io 

W ■   -     ^ '        (10) WaW2 
-    7.30 log ejp- - 7.57 

T2 
h^. 

For drag calcuiationa the maximum frontal area ia assumed to be 1,5 

timea the frontal area at the maximum diameter of the engine.  At the co«- 

preseor inlet the corrected air flow per aquare foot of frontal area io 

28.9 lb/sec while at the combuation chamber maximum diameter the corrected 
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airflow   per  square fool  of  frontal area  io  ^,22  pounds  per second.       Thee« 

assumptions   establish  the   following  table of  nacelle   frontal  area to  coa- 

preosor  inlet  area: 

Nacelle  Frontal   Area 
Compresöor  Inlet  Are* 

U.6} 
2,62 
1.87 
1.50 
1.50 
1.50 

PT^/PTP  (Compressor Pressure Ratio) 

2 

k 
6 

10 
12 
18 

The  assumed  variation  of  nacelle  drag coefficient  is  shown in Figure 39 

for a d/D of  .7. 

The corrected airflow  at the compressor inlet  is assumed to  vary linearly 

with turbojet  corrected  rpm.     The rpa  is assumed const-ant  under all  flight 

conditions.    This results  in a  variation of corrected airflow as flight  apeod 

and  altitude  are  changed,     oince the  inlet  area is   a  fixed  constant for the 

powerplant  and  expressed  in  terms  of  corrected al rllow,   then  it  is  necessary 

to  fix the correctea airflow at some operating point of   flight  speed and 

altitude  in order to  establish  the  frontal  area.       The  inlet area for turbojet» 

was  established at a  flight Mach  number of 1 at  35|332 feet. 

The  afterburning turbojet was  based  on the  same components as the  turbo- 

Jets;   the weight was  increased   fifteen  percent to  allow for the afterburner 

weight.    When the afterburner is  lit  the  turbine inlet temperature i» 1800 F 

and the afterburner top temperature  is 3200 F,    The afterburner and the 

exhaust  nozzle are both assumed ninety percent efficient. 

The  turboprops use the  aume  gas  turbine components as the turbojet». 

The inlet area is based on the   corrected  flow at 35i332  feet altitude,   flight 

S 



25 

r 
Mach  number of   ,75.    The weight   eqation minus  reduction  gear and  propeller 

io 

p 
7.57  ♦ 7.30 log ^ ♦   .( —T^T— /.V  *   MU log ^ *   .0553 h. (11) 

where    h       ia  the   propeller driving turbine  enthalpy drop,   BTU  per pound of 

air and  combustion producta. 

The propellers  are  all  considered   to  be four bl aded  single rotation 

supersonic  and   the weight   is  bae^d  on  the  power  requirements  at    M  "   .75  ^t 

35,332  feet and   is computed  for   this  point  by the equati ion 

Wprop.ll.r "    'W ^ (12) 

where SHP - shaft horsepower. 

The  assumed  propeller efficiency  schedule versus  flight Mach number i* 

"• follows: 

Mach n 

0 .85 
.5 .85 
.75 .82 

1.00 .75 
1.50 .(SI 

The reduction gear weight  equ^cion used 

100 SHP. 
W max 

whor« 

gear N (13) 

SHPmsLX  " maxiau;,, 8haft horsepower to   be transmitted 

N - propeller rpa 

'•.•'•T"' —-y-"«gawnwBMWB   wgiygiiHiifuwi 
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The   value  of    N     is   ealimaled  at the   propeller deoign  point  and  1J 

N    ,    128.000 

(SHP)i72 (u) 

whwre the   oHP    term   is   the  same  .iß  that of  equation   (12), 

The weight   of  the   propeller driving  turbine,   reduction gear and 

profeller are  all   dependent  up^n the   shaft  horaepower.     Therefore,   it was 

[ossible   to determine the effect  of  power division  between propeller and  J«t 

upon  the  turboprop characteristics  an   illustrated  by Figure  ^0. 

It   is   aBBumed  that   rajnjets  can be  built  to weigh  eighty pounds  per  aquar« 

foot  of   frontal   area when  required to  operate  at   sea  level at  no  greater than 

Mach   1.0.     This  value  is   the minimum usci   in  jetcrmining  ramjet  characteriatics 

and   is  scaled upward  for higher  flight   speed   requirements  in direct  proportion 

to the  internal   pressure  encountered. 

Cycle calculations were made  to   establish values  of thrust per  pound  of 

air and   fuel   flow  per  pound  of  thrust.     Combustor efficiency is     .90,   nossl« 

efficiency     .95»   diflusor efliciency a  function of  Mach number.     Burner 

temperature  is   35W) F,   burner velocity 200  feet   per  second. 

Figure  12  illustrates  ramjet  net  propelling characteristics  baaed upon 

drag coefficients  according to   Figure   39 with   d/D  " 0.9. 

* Intermediate  turboprops   roughly lake  half  the  heat-to-work   in tho 
propellf" driving turbine  of  the  turboprop and  utilire  it  in the  Jet  noitzl«. 
This  leads  to higher specific   fuel   consumption  but  a  reduction in  specific 
weight  through  a  saving  in weight  of propeller,   reduction  gear,   and turbine. 
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