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INTRODUCTION 

This report was prepared In response to a request of the Power Plant 

Division of BuAer for a comparative study of five power plant types; turbo-jet, 

turbo-jet with afterburning, ram-Jet, pulse-Jet, and rocket, for use In pilot- 

less aircraft. A less extensive study of this nature was prepared by Dlele 

of Marquardt Aircraft Company.  In Diele' report no consideration was given 

to the aircraft design and one might conclude from the graphs that it is 

possible to construct a vehicle which could fly any prescribed distance at a 

given velocity and altitude. This may or may not be possible. Surely, there 

are upper bounds of attainment.  Several other reports have been written upon 

the comparison of 'the types of engines for aircraft performance. However, 

most of them have not mentioned upper bounds, only relative bounds, some of 

which may be beyond the attainable limits. Drlggs'   roport on comparison 

of three types of engines for piloted aircraft Is a notable exception. In his 

report he gives upper bounds of attainment for two types of aircraft. 

Another tnlng has been common to'all previous reports. The comparisons 

have been based upon a single engine within each type operating throughout the 

entire ranfe.  It Is clear that the results based upon this hypothesis could 

not give the optimum regions. Practically, this might be sound from a develop- 

ment standpoint after it has been clearly demonstrated that the Individual 

engines are the best for most tactical problems. 

This report attempts to estimate upper bounds of attainment baaed upon 

certain optimistic design assumptions.  In the analysis both the airplane and 

Its engine have been tailored to fit the particular range and speed required. 

The aircraft and the power plant are assumed continuous functions of the velo- 

city, range, and altitude. A change In any one of the latter variables pro- 

duces a change in the vehicle and engine. 

SUMMARY 

This report deals with the comparison of the five types of engines as 

applied (a the special problem of propelling an air vehicle in level flight 

at a constant speed. The five engines considered are the turbo-jet, turbo-jet 

with afterburning, ram-Jet, pulse-Jet, and liquid rocket. The study covers 
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the Interval* or Mach number .5 to 3, range from 0 to 4,000 nautical miles, and 

altitude fron 0 to 70,000 feet. 

It 1B asBuned that the vehicles are brought to the altitude and speed by 

an external booster rocket; the alrfram« Is constructed so as to give Its maxi- 

mum lift/drag ratio at the velocity and altitude of flight; and there are an 

Infinite number of engine units so that the power can be continually reduced 

as the weight is reduced by cutting out engines instead of throttling them. 

It Is. further assumed as Indicated In the Introduction that the engines are 

designed specifically for each speed, altitude, and range so as to give optimum 

obtainable performance. 

From these hypotheses the percentage of the Initial gross weight required 

for the engine, the alrframe structure, the fuel, and the tanks are each de- 

termined for a series of Mach numbers, altitudes, and range. The sum of these 

four percentages are plotted as a function of the range In Figs. 1-35. Ob- 

viously, a mission cannot be accomplished in the prescribed manner when the 

sun of these percentages exceeds 100. In any case the percentage 0/ payload la 

equal to 100 per cent minus this sum. (Payload consists of all other Items 

In the aircraft other than tanks, fuel, engine, engine accessories, and struc- 

ture). The aforementioned working graphs were employed to obtain upper bounds 

of attainment for the aircraft with various percentages of payload for each 

of the engines.  The bounds are presented In Figs. 36 to 50« These charts 

were utilized to determine the best engine for a given region as shown In 

Figs. 51 t° 601 where best engine means the engine which admits the least Ini- 

tial gross weight of the aircraft to accomplish the mission. From the graphs 

it Is seen that the turbo-jet predominates the subsonic region with the ram-Jet 

and pulse-Jet close competitors in the supersonic region. 

The effect of fuel/air ratio Is very Important In the performance of the 

airflow engines. Since the lowest fuel/air ratio for continuous combustion 

In the ram-Jet is questionable, the computations were made for two fuel/air 

ratios, .01 and .03. The results show that the lower of these two fuel/air 

ratios gives the best performance. 

The weights and the specific fuel consumptions of the turbo-Jets and the 

turbo-Jets with afterburning employed here are based upon studies made In the 
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1032 V*) The weights for ram-Jet are essentially those given In Dlele1 report. 

(Spot checks Indicate these values are quite optimistic). The weights of the 

pulse motor are comparable to those for the ram-Jet, and the specific fuel 

consumption Is the optimum under the assumptions outlined In this report. 

Rocket data were obtained from the specification for the RMI A6000C4 engine  . 

CONCLUSIONS 

The results given here are goals and are truly beyond existing development. 

Even with intensive development It Is not very probable that these upper bound« 

will be attained In the near future. Here It was assumed that all component 

parts have their peak performance throughout the operating time. This cannot 

be accomplished in practice. The assumption of Infinite number of engine units 

can at best be approximated. The assumptions on engine weights and the low 

fuel ratios have a pronounced effect on the range; In case either cannot be 

accomplished, the picture would be changed.  Nevertheless, the working curves. 

Figs. 1-35, give « clear picture of the relative merits of each engine even if 

the upper bounds of range are several hundred miles too high. 

Since the weights of the engines do have such an Important effect upon the 

maximum ranges, a more thorough study Is being made of the weights of ram-Jets. 

The values used here for the ram-Jet are of the same order of magnitude as 

those In Harquardt'e report; and there are Indications that they are optlmlstlo 

at high Mach numbers and may be In error by a factor as great as five or ten. 

However, the percentage of engine weight Is so small that a greater error would 

reduce the maximum range by only a small amount.  (This amount Is a function 

of the percentage payload, but 400 nautical miles Is a rough figure). On the 

other hand, the weights of the turbo-jet at low Mach numbers might be slightly 

greater than those required for an expendable engine. 

It must not be concluded that the rocket engine Is of little value for 

pllotless aircraft propulsion.  The conditions of level flight at constant 

speed and rocket propulsion are not harmonious conditions. The other engines 

would be equally bad If the problem had specified a wide range of operating 

speeds and altitudes, for then the ram pressure recovery would not be so effi- 

cient.  Moreover, If the problem Included the climb and acceleration portlona 
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of the flight path, the rocket would compare much «ore favorably. Furthermore, 

If' the flight path would be Included ae a parameter In determining the optimum 

engine then the rocket may be the beet for a greater number or situations. 

It must be stressed further that while the rocket is known to operate 

under all of the conditions assumed, the other engines have not been tested at 

•11 of these conditions. If the ram-Jet engine is to be employed, It will re-* 

quire a booster for initial launching. Hence, research on rocket motors should 

be continued. 

RECOMMENDATIONS 

! 

Since the pulse-Jet Is definitely superior to the ram-Jet In a given 

region and Is a close competitor In the other regions, it Is recommended that 

more stress be placed upon the research of pulse motors. 

It Is further recommended that this study be continued to Include the 

weight of the booster rockets and thereby evaluate the overall gross weight 

necessary for the vehicles to deliver a given payload. Then compare this with 

the gross weight of a rocket propelled vehicle which delivers the same payload 

to the same final point but travels along a course more suitable for the rooiet 

performance. 

c 

SYMBOLS 

a velocity of sound at sea level 

AR equivalent aspect ratio 

b wing span - ft. 

c specific fuel consumption - lbs./hr./thrust horsepower 

C specific fuel consumption - lbs./hr./lb. of thrust 

C drag coefficient 

C_ thrust coefficient for rocket motor 

c '  an average specific heat for gas at constant pressure 
P 

c '  an average specific heat for gas at constant volume 

D   total drag of airplane - lbs. 

e   airplane efficiency 
p 

f   equivalent parasite area - (ft.) 
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SYMBOLS (Cont'd) 

g acceleration due to gravity - ft/sec, 

fav 'specific enthalpy of gas (1 „ 1, 2, 3, k)  - BTU/lb. 

H heating value of fuel - BTU/lt. 

J meehanlcnl equivalent, of heat 

L total lift of airplane - lbs. 

M free stream Mach number 

K free stream Mach number 

N number stages of compressor in the turbo-jet engine 

N_ number stages of turbine In the turbo-jet engine 
9 

P ambient pressure - lbs./(in) 
° 2 

P total pressures (1 » 1, 2, 3, ») - lbs./(In) 
9 

P combustion chamber pressure of rocket motor - lbs./(In) 
c 0 

p relative pressure (base at HOO R) 
r 
R range - miles 

a gas constant (pre-combustlon) 

R gas constant (post-combustion) 
2 o 

■ specific entropy - (BTU/lb./ R) 
2 

3 wing area - (ft.) 

T thrust - lbs. 

t total temperature (l = 1, 2, 3t ■*) - Ranklne 

u specific Internal energy of gas ( 1 a 1. ») - BTU/lb. 

V velocity - mph 

v velocity - ft./sec. 

v. Jet velocity - ft./sec. 
J 

W gross weight - lbs. 

'i Initial gross weight - lbs. 
o 

'i final gross weight - lbs. 

W weight of air for air flow engines - lbs/sec 
a 

'i„ weight of engine - lbs. 

W- total weight of fuel - lbs. 

W fuel consumption - lbs./sec. 

yr welgxit of structure - lbs. 

171 
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SYMBOLS (Cont'd) 

i c 

S 

e 

il 

F/A 

«eight of fual tanks - lb». 

ratio of density of air at altitude to the density at sea level 

ratio of pressure of air at altitude to tha pressure at aoa level 

ratio of temperature of air at altitude to the temperature at 
aea level 

ratio of speelfie heat of gaa at eonatant prasaure to apeolflo 
heat at constant volume 

valve intake efficiency 

combustion effielezioy 

diffuser effloieney 

fuel/air ratio 

ratio of average apaoiflo heat of gases at eonatant pressure to 
average apeolflo heat of gasen at eonatant voliaa» 

I 

L 

AJ&LTSIS. 

*• Aerodynamics 

The generalised drag ourve (•) aa obtained from the approximation of an 

airplane polar by a parabola la 

(■)" 
(1)    D . .00266 f<TV2 ♦ I2**8 W 

TP— 
«here V la statute mi lea per hour, f is the equivalent parasite area, V la the 

aircraft «eight, b la the «ing span, and e la the airplane effleleney. Ibla 

relation «ay be utilized to obtain the ratio of the thrust to the gross «eight 

required for flight. The substitution C ■ -g  , t m  C-S, (be) ■ 3 AR and 

V B a0 iS'U  (aQ the veloelty of sound at aea level in alles per hour) and the 

division of both sides of the equation by W yields 

** 
1,487 C„ n8 S    • 

7 
The corresponding formula for supersonic flow is 

«hieh holds for subsonle flo* 
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(2t) T 
1 

i.ksi cD Xs 8 

W 
3 

.0001686 W/S Vg« . l 

This study requires the determination of the maxima range attainable. 

For this work it is suitable to utilize Breguet's formula 

(3) R 
(statute miles) 863.5 i     Ü loB,„   — 10    W 

where e is the  specific fuel consumption in lbs* per hour per thrust horsepower, 

*o 1* initial gross weight, and W^ is the final gross weight or  Wj. = W0-Wf, and 

L/D is an average value  determined by the mean value of W/s.    When written In 

terms of the variables employed in this report it becomes 

(4) 
(nautical miles) 15«9 5 &£ log (l 7" o 

) 

where R Is now In nautical miles and C la the lbs. of fuel per hour per lb. of 

thrust, and wy is the ratio of the fuel to initial gross weight. Under the 

hypothesis of this study; namely, level flight at a constant velocity, the 

specific fuel consumptions of the engines are determined. Hence, from equation 

(4), the maximum range will be obtained when L/D is a maximum. Or, In other 

words, T/W must have a minimum value. Equation (2) ehows that T/W (for con- 

stant speed and altitude) is a function of the three variables, CD, W/S and 

ARe. These three variables are not Independent. Nevertheless, within the 

range of practical construction limits there exlets at leaet one set of these 

values which gives T/W its minimum value. The exact determination of the 

values cannot be obtained precisely without making detail designs. Here only 

estimates of theee quantities were made. After careful observation of teat 

results and theoretical calculations, the drag curve as a function of Mach 

numbsr given in Fig. 61 was assumed to be the best attainable. In order to 

obtain this drag coefficient the angle of sweep of the wing, the wing section 

and the planform of the missile were all varied with the Mach number. In 

other words, the curve does not represent the coefficient of one configuration, 

but an envelope of coefficients for a series of configurations. Moreover, In 

order to eliminate the dependence of C_ on scale effects, It was assumed that 

the missile is a flying wing.  Next, the effective aspect ratio of all the 

missiles was chosen to be either 4 or 6; 8 at subsonic Mach numbers and K  for 

CONFIDENTIAL 

7 

i' 



i" 

•11 other conditions. It It obvious from equation (2) that other things being 

equal, the greater the aspect ratio, the smaller the value of T/W. Unfortuna- 

tely, other things do not remain equal. Not only does the aspect ratio have 

an effeot upon C. but also upon the structural weight. As a compromise, the 

above values were chosen. 

It was assumed that average values of W/S lie In the Interval from 10 

to 200. After the values of CD and AR were determined, then W/S was taken 

to be the value in the above Interval which makes T/W a minimum. The values 

In the Interior of the Interval are determined from the relations 

(6) W/S - 2680 ■* S VÖ1TÄR.  <M < X)     <6,> */» " 897j ** * ffi <■ > D 
(** - !)•«* 

which obtained by equating to eero the derivative of T/W with respect to 

M/S.  (This Is somewhat In error since It was assumed that neither C_nor AR 

are functions or W/3). When the value of W/S was greater than 200 or less 

than 10, the end values 200 and 10 respectively were taken. 

After the minimum value of T/W and the specific fuel consumption of the 

engines have been determined, the percentage of fuel weight of the Initial 

gross weight required for the various ranges Is computed from equation (1). 

The weight of the fuel tanks Is assumed to be 12 per oent of the fuel weight. 

The percentage of the total weight required for structure was assumed to 

depend only upon the wing loading. According to a statistical and analytical 

study of wing weights by Kelley '* 3' the percentage, of structural weight Is 

Inversely proportional to the wing loading to the .21 power. Since this re- 
(15) 

latlon seemed to check ve>y closely with other structural studies.    It was 

adopted here, and the constant of proportionality was determined so that 

W 
8 = .25 when W/3 s  100. Or stated In algebraic form It was assumed that 
■o " 

*S .657 (W 
-.21 

I. Engines 

Z. General considerations. 

This section outlines the considerations which are common to a majority 

of the engines. 
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1. The site of the engine la determined by the thrust re- 

quired. The ratio of the weight of the engine to the 

thrust delivered % la determined for the apeolflo 
T" 

engines. The product of thla quantity and the thrust 

over Initial gross weight required gives the fractional 

portion of the Initial weight required for the engine 

r • % "B 
V»„ 

2. T.t la assumed that the minimum specific fuel consumption 

la maintained tnroughout the flight. Since In the aero- 

dynamic consideration It was assumed that the minimum 

value of T/tf is maintained throughout, the thrust must 

continually reduce as the fuel Is consumed. Thla re- 

quires throttling or cutting off some engines which 

cannot be accomplished without increasing the specific 

fuel consumption because the engine operation la con- 

sidered only at the optimum point. So to satlafy thla 

hypothesis, It is assumed that there ia a continuum of 

engines all operating at the Ideal point and that the 

power la reduced continuously by cutting off englnea. 

The weight of the engines ia carried throughout the 

flight. 

3. The assumptions made regarding the ram pressure re- 

covery were the same for all airflow engine . At subsonic 

speeds the total pressure recovery waa assumed to ue 

46%  of the raai. At supersonic speeds the total m 

pressure recovery waa based upon the assumption of an 

Oswatltsch diffuser, which produces two oblique shocks 

followed by one normal shock. The resultant total 

pressure head given under thla assumption in reference 

(16) was reduced by S%  to allow for the loss in the 

subsonic part of the diffuser. 

4. It is assumed that the Jet' velocity of all englnea 

is .98 per cent of the theoretical attainable whan 
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the expansion la to atmospheric pressure. In order to 

achieve this it Is necessary to have convergent-divergent 

nozzles for most regions of operation. In cases «here 

there Is an Increase In projected area resulting from 

nozzle divergence, It Is assumed that the additional 

drag Is Included In the drag coefficient. This has an 

equalizing effect on'the drag for the configurations 

for the various engine types. '  / 

XX. Speoiric Engine Hypothesis 

TURBO-JET 

The turbo-jet engines referred to in this report are theoretically 

possible engine designs (only axial flow compressor considered) as 
(111 

determined by DR Report No. 1032 '. The object of this latter study 

was to find the optimum combination of compression stages and top 

temperatures for turbo-Jets operating at various altitudes, speeds, 

and ranges; optimum being defined as that which will result In a 

minimum total fuel plus engine weight required to meet a prescribed 

set of operating conditions, altitude, speed, and range (or time). 

The uniqueness of this latter report lies in the fact that time 

(or range) Is one of the design parameters.- It Is evident that 

for short ranges the engine weight Is the prime factor to be taken 

into consideration since total fuel consumption Is comparatively 

small; while for long ranges the converse Is true. Since the 

number of compression stages (and hence the compression ratio) la 

one of the Important parameters of specific fuel consumption and 

engine weight, performance and weight calculations were made for 

engines containing 0-20 compression stages. These calculations 

were made for velocities of -i- - 150 to 750 miles per hour. 

The same procedure was employed here to extend the results to 

a Nach number 3 such that they are applicable to any present 

or near future problems to be fulfilled by turbo-jet powered 

vehicles. 
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By adding the engine weight of a particular design to the 

weight of fuel required for this engine to operate for a 

specified time under specified conditions, and comparing this 

result with other designs operating for a like time and under 

similar conditions, It was possible to determine which engine 

met the "optimum" requirement. By varying flight times as 

well as operating conditions, several series of points were 

established and plotted. From these graphs the engines for 

this study were selected. Tne fuel consumption Is computed 

according to the methods of the referred report.  The number 

of compression stages required decreased with Mach number 

until It reduced to zero or, in other words, until the engine 

became a ram-Jet. Tnle always occurred before M = 3-0 was 

reached.  The engine is called a turbo-jet so long as it has 

at least one compressor and turbine stage. 

The basic assumptions In calculating the performance 

cnaracterlstlcs of these engines are as follows: 

(a) Compression ratio Is equal to 1.2 per compressor 

stage. 

(b) Compression ratio across the turbine Is .665 per 

turbine stage. 

(c) The small stage efficiency Is .90 for both the 

compressor and the turbine. 

An additional assumption employed herein is that of metallurgical 

limitations.  The limitations are the following:  thoac engines 

operating for a period of sixty minutes or less were limited to a 

top temperature of 2000 R; while those operating for periods of 

longer than sixty minutes could not exceed a top temperature of 1S00°R. 

The fuel/air ratios for these engines varied within the approximate 

range of .005 to .ak$,  dependent UDOH the enthalpy rise In the combus- 

tion cnajiber required to meet the conditions set by the assumed operat- 

ing temperatures.  It was assumed the weights could be determined by 

an equation of the following form: 
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where N and N represent the number of compressor stages and 
C     T 

number of turbine stages, »(_ the weight of the engine, and IT 
fc A 

the airflow through the engine In pounds per second.  The con- 

stants used were determined empirically and are based upon engines 

designed to operate for many hours at low speeds.  Hence, the 

weights may be heavier than are required for expendable engines 

wnlch operate for a short period of tl-ae at subsonic creeds. 

TURBO-JET WITH AFTERBURNINO 

The design data of the turbo-Jets with afterburners used herein 

are also taken from DR Report No. 1032. The method used for de- 

termining these engine designs Is the same ae for the' turbo-jet. 

Basis for performance and weight calculations are essentially 

the same as for the turbo-jet plus a few additions. They are: 

(a) The ratio of the temperature Increment produced by 

the afterburner is to the combustion chamber tempera- 

ture as 900 is to 2600, and the total entropy 

loss In the afterburner is assumed to be .0028 BTU/lb./°R. 

(b) The fuel/air ratios for these engines were higher than 

those of the turbo-jet because of the additional fuel 

required In the afterburner and varied from approximately 

.0075 to .065.  NOTE;  The afterburner is assumed to 

operate during the entire flight. 

(c) The added weight of the afterburner Is equal to three 

times the weight of the engine airflow per second. 

RAM-JET 

The efficiencies of the engine components other than those for 

the diffuser, which have been previously considered, will now be 

discussed. 
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Combustion Chamber The combustion efficiency is assumed to be 100%; 

that 1B, the BTU'a/lb fuel Imparted to the air stream is equal to 

the heating value of the fuel (18,700 BTU/lb. fuel). However, the 

pressure losses due to the combustion prooesses; i.e., frlotional 

and momentum losses, were estimated from reference (4-0). 

No assumption has been made regarding combustion chamber inlet 

■peed except that the latter and the prescribed fuel/air ratios do 

not result in choking within the combustion chamber. Thus, one 

of the design parameters would be the fulfillment of the above condi- 

tion. 

Mo» tie It is to be noted that a convergent-divergent nor He is 

esssntlal in the region of operation for the ram-Jet (N a 2.0 - 3.0) 

since an underexpanded nozzle will result In a loss of thrust " 15% 

which Is many tlmee the loss In thrust produced by the Increased drag 

' oreated by a convergent-divergent nozzle. 

The estimated weights per lb. of thrust of the ram-Jet englnec con- 

sidered were taken from reference (1). However, a spot check of the 

weights Indicated that the entlmated weights per lb. of thrust are too 

large by a factor of 2 in the subsonic region and too small by 3-10 

times In the supersonic region. The latter figure of "10" Is applicable 

to the weights per lb. of thrust equal to **  .005.  The resultant error 

of the weights used may be offset here by the assumed value of 12% for 

the tankage factor (weight tank = 12%) of weight fuel. Even If the 

last point is neglected the error In estimated weight results In an 

error of »v 200 - 4CC miles for the obtainable range. 

It was found that the weight jf the ram-Jet engine Is negligible 

in comparison with the fuel welgnt required even for short operating 

times. Therefore, the optimum engine Is that engine which has the 

lowest specific fuel consumption.  From the analysis made the thrust 

specific fuel consumption as a function of fuel/air ratio was found 

to be a continuously Increasing function between the F/A values 

.01 - .Ok  at all operating conditions. As the tacit.- required to de- 

termine the lower limit of the ruel/alr ratio which can sustain 
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combustion does not exist and the lowest fuel/air ratio used gives 

the lowest specific fuel consumption, which In turn results In the 

optimum engine, two ratios were assumed for this study; namely, 

.01 and .0}.  Tne latter Is an approximate existing lower limit, 

and tne former is an anticipated value. The Justification for con- 

sidering this as an anticipated value Is the experimental work of 

Pabst (20) , which Indicated normal combustion at .01 with combustion 

chamber Inlet speeds up to 450 ft/sec. 

With the assumptions outlined In the above paragraphs, the values 

of specific fuel consumption as a function of Mach number for different 

altitudes were found and are given In Figs. 63 and 64. 

PUL3E-JST 

The pulse-Jet engine was treated here on the basis of a thermody- 

namlc cycle simulating pulse-Jet operation (see Fig. 1); that is, 

constant volume, constant pressure combustion.  To date, two types 

of theoretical treatments exist:  (1) theories tailored to satisfy 

the data on the German V-l; (2) sophisticated treatments not readily 

applicable to a study of this type.  The calculated performance Is 
only as valid as the assumptions made.  The metiioo. uaea for the 

calculations will be considered In detail after a discussion of 

the assumptions. 

ISO volume 

Cycle for Pulse Jet 
s- entropy 

The pulse-Jet as considered here consists of a pressure recovery 

device, valve bank, and duct.  In the superson' ; region the en£)r>« 1 

shrouded completely and, therefore, operates in a subsonic medium 
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whose pressure Is ram pressure. The duct geometry must conform to 

assumptions maue herein; however, the general shape Is a conical 

valve bank tollaweu by a continuously diverging tube. To avoid 

velocities greater than sonic at the nozzle exit at high eubsonlc 

flight speeds ana still obtain complete expansion, an auxiliary 

nozzle le required (see accompanying sketch). 

Vtlve 

Schematic Diagram of Partially 
Shrouded Pulee Jet. 

Assumptions 

1. The spring constants of the valves can be modified for each 

altitude and speed so that no leakage through the valves occurs. 

2. The ratio of peak combustion chamber pressure to free stream 

pressure la given In Table 1 where In the supersonic case P Is the 

apparent pressure and Is, therefore, the ram pressure. 

Table 1. Pressure Ratios for Pulse Jet 

Mach No. r2/P ?/». 

.50 

.85 
1.0 
1.5 
2.0 
3.0 

3.« 

1:1 
2.5 

The reduction or P_/P at supersonic speeds le to avoid excessive 

prer.curf-c and temperatures In the combustion chamber. 

It Is felt tnat the possibility of obtaining the ratios given In 

Table 1 will be a reality when decreased burning time l8 accomplished. 
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3. The efficiency of Intake of the air passing through the 

valves; I.e., resultant total pressure is assumed to be as follows: 

Table 2. Pressure Efficiency of Valve Intake. 

Mach No. 

( 

c 

.50 

.65 
1.0 
1.5 
2.0 
3.0 

.80 
• 75 
.72 
.70 
68 

.65 

These efficiencies separate from the diffuser efficiencies, ■»}„  , which 

are common; to all the engines, as given In Section B.l. 

t. The fundamental assumption made here is with regard to the 

combustion efficiency, r\c   ; that is, the ratio of BTU'e obtained 

per lb. of fuel to the heating value of the fuel. Experimental data 

are conspicuous by their absence; therefore, estimates were made that 

are seemingly In the right direction. 

As defined here the combustion efficiency determines the operating 

fuel/air ratio for the engine. The excess of fuel above the theoreti- 

cal fuel/air ratio is consumed in the engine by either reheating the 

combustion products or remaining unburned. On the-basis outlined 

here, fixed p and t , increasing t along constant pressure line, 
2     2 3 

indicates increased burning time and, therefore, a decrease in com- 

bustion efficiency. Some representative values of combustion effi- 

ciency used here are given in Table 3» 

The available experimental performance data for several types of 

pulse-Jet engines were compared with the theoretically computed per- 

formance based on combustion efficiencies comparable to those listed 

above and good agreement was obtained (ljt deviation). 

It Is further assumed that combustion at all flight conditions 

can be sustained at fuel/air ratios fr« .03 to .05. The latter Is 

found to be possible experimentally. The former fuel/air ratio occurs 

in this study only at supersonic flight speeds wit« the air stream 
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Table 3.  Sample Values of Combustion Efficiencies 
for Pulse Jet. 

T 
Peak Combustion Efficiency 

* c 

Mach No. Temperature R Sea Level 25,000 35.ÖOO 50,000 70,000 

• 5 3000 
3300 a 8 51 II 30 

20 

• 85 3000 
3300 1?. 60 

53 S So" *5 
35 

1.0 3000 
3300 s 11 70 

55 a 63 
*3 

1.5 3000 
3300 R 77 

70 Ü o°0 
65 
55 

2.0 3500 
4000 .  s 92 

. 87 
90 
85 

68 
60 

85 
75 

3.0 4000 95 95 90 68 86 

properties being t * 800 - 1400°R and speed ▼ <• 300 ft/see. Thus, 
1 x 

It Is safe to assume that combustion under these conditions can be 

sustained at a fual/alr ratio 3 .03« 

At subsonic speeds the weight of engine per lb. of thrust was 
(3gi 

obtained by an extrapolation of SR50OA*  ' data, using the above 

efficiencies. A further extrapolation (in proportion to ram-Jet 

estimates) was made for supersonic speeds. The proportionality 

factor was the ratio of combustion chamber pressures of the respec- 

tive engines. 

As with the ram-Jet the weight of the pulse-Jet engine Is negligible 

In comparison with fuel weight required even for short operating times. 

Therefore, the optimum engine Is that engine which has the lowest 

specific fuel consumption. 

Since these curves differ from the usual ones presented, wherein 

the specific fuel consumption for various speeds and altitudes re- 

mains constant, a short explanation Is given. First, precise data 

of 9.f.c. variation with altitude are non-existent and, therefore, 

any theoretical calculations should consider the pulse-Jet as an 

engine which operates best (if at all) in high density air.  Secondly, 

the variation of specific fuel consumption with speed would show a 
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decrease In C If the design point of the valves Is changed 

continuously.  As a further aid to the render, a brief summery 

of the perforaance method In rtep-by-step form Is now given (consult 

Fig. 1 for cycle representation). 

Step 1:  Find the conditions at point l. 

o c 

••*ere * „ x.» arU  ^  lc free  ^^ ^^ tempej,ttupe< 

Pn = (3 **j* M0") 

where *" = 1.4 and p le free stream static pressure. 

(px) act. 1 Isentroplc «V ' ?D 

(1) 

(?) 

(3) 

Tne values of h and u are obtained from Ref. (18). 
1     1 

Step 2:  From point 1 to point 2  a constant volume combustion 

process Is assumed; therefore, the cnanges In the Internal energy 

should be considered.  The expression for this change Is: 

A  U (t t ) = c 
1      V 

= 5^ H^) 
•*&-<) CO 

0r C '   /K  p      \ 

^'W^hft pf -i) w 
(3ee Ref. (17) for valuos'of R and R ). 

From tne assumed values of P,,/* given In Table 1, Au  can be 

computed. The value of h and t can be found (see Ref. (IS). 

Step 3'  From point 2  to point 3 * constant pressure combustion 

process Is assumed.  Further, by fixing the peak temperatures, t7, 

h can be found from Ref. (IS) and corrected to account for 

combustion products. 

Step 4:  From point 3 to point 4 complete expansion is assumed; 

P I.e., p 

h 
4 

•   o 

h4 can be found directly from the air chart. In the following »anner. 

. 
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From t . a value of Pr   la found where Pr   la the pressure 
3 3 3 

ratio 

Pr ■fej ftoo R/ 
Ä 

which Includes the variation of ^ with temperature. 

Therefore, 

P      pr, 

r    =   PT^ 
.   3       3 

or, 

Pr 
P3   3 "T» ((.) 

With the value of Pr  given, h^ la found from the air charts. 

The average Jet velocity la then given by the expression: 

/ 2gj(h4 - hj) 

and olnce thla process la 9&%  efficient 

(V.)      = » 2gJ "'4 - "3' 
J theo. H   * 

J actual 
= .98 JzgUt^ -  h3>. 

(7) 

(8) 

Step 5: 

The fuel/air ratio la found from the expression: 

(-8 h -h)r(u _u)]=t|H 
n3   r-    2   1 /   '0 

or, 

* 
-lcH 

(h3 - h2) ♦ <ug - ux) 
- 1 

(9a) 

(9b) 

From whence one obtalna 

''r-  (h3 - V « (u2 " 
ui} 

\    "to»-ßh3 - h2).(u2 - »~g 
? (N - V; (u

g" ui} 

ic" 
(10) 

when »CH>7  (hj - hg>  ♦  (u, - uj 
2        1 
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Step 6: 

Tr.e specific fuel consumption can now be derived. 

C ■ 3600 _£ = 3600 
T "a/ \ 

(11) 

(1Z) 

where T/.. Is the resultant of steps 1—«-t and 
"a 

where X r lb./sec. 

To find the absolute values of thrust, fuel flow, and airflow, steps 

7 and 8 are given. 

Step 7: 

The total fuel consumed/cycle Is 

lb.fuel 
cycle 

where W. = lb./cycle (13) 

where *f/#    Is defined by equation (10). 

Tnen, 

C 

It. fuel 
sec. 

cycles   lb.fuel 
sec.  "  cycle 

(11) 

The airflow (W ) mu6t be estimated separately for each engine. A 

good first approximation can be made as follows: 

(a) find total volume of engine 

(b) take 1/7 of this volume and find the weight of 

tne air that occupies ti.ls volume at a pressure 

equal to ram pressure. Ti.ls Is lnalcated by the 

work of Schmidt as reported In Ref. (38) as the 

quantity of air participating In the first cnarge. 

(c) The airflow (lb./cycle) Is then A  of the value of 

the air weight given In (b). The quantity (.1) Is 

approximately the ratio of the area of one air Intake 

portion of grill to combustion chamber cross sectional 

area and Is found to be on the average (.4-) for all 

existent engines. 
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Step 8: 

Fron- step« 1-4 one obtain« 

Thrust ■H-*-H (16) 

«her« the quantities T0 IS given, Vj IS computed and Wf/W . .05. 

The latter estimation results In a small error for the values of 

thrust since W>/» varies from .09 to .06 In this study. The com- 

puted value of Wa Is substituted Into equation (11) and the thrust 

Is obtained. 

If experimental data are available; I.e.. thrust and fuel flow, com- 

bustion efficiencies oan be found Immediately with the use of the es- 

timated airflow and the experimental value of s.f.o. should equal the 

theoretleal one found by Step 6. 

C 

ROCKET 

Since low velocities are unsatisfactory conditions for rocket 

propulsion, the first estimates shown In Figs. 1-60 for Mach No. £ 1 

are not baaed upon an optimised engine but upon an existing liquid rocket 

RMI A6000 C4 (alcohol and oxygen fuel system) where the increase in thrust 

due to altitude was given due consideration. At velocities greater than 

Mach Mo. 1, in the construction of Figs. 61-60, which give the best engine 

for various speeds and ranges, optimized rocket engines employing liquid 

hydrogen and liquid oxygen fuel were used. 

Illustrative Examples of use of Charts 

Given Conditions 

Altitude - 25,000 ft. 

Speed   - Constant M . 1.5 

Range     1700 nautieal miles 

Problem 1: Find Optimum engine 

Solution:  (a) From graph No. 67 it la seen that the coordinates of 

the range and Mach No. for the given conditions intersect in the region 
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of the run-jet whose FA S   .01.     (b)  If, however,  the fuel/air ratio  .01 

cannot be attained, then one must enter graph 52.    Here the pulse-Jet la 

the optimum engine for the given condition». 

Problem 2:     Find Minimum Gross Weight  (after reaching  the  prescribed flight 
conditions) of vehicle to carry a payload s 2«oo lbs. 

Solution:     (a)  If solution la is used;  i.e., ram-Jet engine,  then 

interpolate between graphs 39 and 40 and find that the maximum   payload 

percentage is 12.5.    Therefore,  the minimum gross weight (as defined 

In problem)  is 2400 ■ 19,200 lbs. 
TISE 

It is to be noted that in this series of graphs those which represent 

payload percentage other than 80£ were put on transparencies for ease 

in Interpolating or extrapolating,    (b)    If solution lb is preferred; 

i.e., pulse-Jet engine,  use of the same graphs  (Nos. 39 and 40)  Indicate 

a maximum payload percentage of 6.1 and,  therefore,  a minimum gross weight 

of 2400 . 89,350 lbs. 
TT58T 

Problem 3s    Find maximum payload if gross weight of vehicle is limited to 
19,200. 

Solution:     (a) Use of graphs 39 and 40 again show the same allowable 

payload percentages as before;  12.53Ü if the ram-jet whose P/A = 0.01 is 

used, and 6.151 if the pulse-Jet is used.    From these figures the "T^MTI 

payload is found to be  (.125)   (19,200)  s 2,400 lbs. for the ram-jet and 

(.061)(19,200) a 1,170 lbs.  for the pulse-Jet. 

Since factors other than minimum weight must be taken into consideration, 

(launching problems, availability of materials and tools for production, 

economy, etc.) care should be taken before a final engine choice is made. 

It is,  therefore,  advisable to evaluate the relative merits of different 

engine types and compare  these with those of the engine  chosen on the basis 

of minimum weight or maximum payload estimation alone.    Then,  if it is found 

that several different engine types will give similar performance,  the final 

choioe will depend upon factors other than those on which this study is based. 

For instance, the flight requirements of the problems may also be met by 

the turbo-jet engine.    Interpolation between graphs 39 and 40,  once again, 
C«J:FIDEHTIAL 
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indicates that the turbo-jet can meet the requirements of range, speed, and 

altitude with a maximum payload percentage of 1.7. From this the maximum 

payload, if gross weight is limited to 19,200 lbs«, is found to be (.017) 

(19,200)= 327 lbs. for the turbo-jet vehicle as compared with the 2.400 lbs. 

payload of the ram-jet vehicle. If the payload desired Is 2,400 lbs., 
. 2400 

then the gross weight of the turbo-jet missile will be -Q17 * 141,000 lbs. 

as compared with 19,200 lbs. for the ran-Jet missile. With these or similar 

figures in mind, It is possible to approach the problem with a knowledge of 

the effect upon the vehicle performance if an engine other than that dlotated 

by gross weight evaluation is to be considered. 

Graphs 36-50 are merely cross plots of graphs 1-35; the former are a 

representation of upper bounds of attainment for alroraft with various engines 

and various payload percentages, while the latter is a series representing 

the percentage of the gross weight of the missile required exclusive of the 

payload, plotted versus range, at a specified altitude and Mach number. In 

this latter group 100£ minus the necessary percentage of gross weight as 

determined by range, velooity, and altitude, will be the maximum allowable 

payload percentage. Therefore, when operating conditions to be met are iden- 

tical with those of charts 1-35, it Is advisable to refer to these latter 

charts for performance evaluation. 

It is to be noted in this series of graphs that whenever a particular 

design type has not been able to exceed the 100 mile range under the given 

conditions, it has been omitted; for example, the rocket is not shown in 

chart No. 4 and the turbo-jet la not shown in chart No. 32. 
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ABSTRACT: 

Comparison is made of the turbo-jet, turbo-jet with afterburning, ramjet, pulse-jet, and 
liquid rocket engines as applied to the special problem of propelling a missile In level flight at 
a constant speed.   The percentage of the mtM gross weight required for the engine, the airframe 

•    structure, the fuel, and the tanks were each determined for a series of Mach numbers from 0.5 
to 3, range from 0 to 4000 nautical miles, and altitude from 0 to 70,000 ft   The resulting graphs 
were used to obtain upper bounds of attainment for the missile with various percentages of pay- 
load for each of the engines in order to determine the best engine for a given region.  The turbo- 
jet predominates in the subsonic region with the ramjet and pulse-jet close competitors in the 
supersonic region.  Airflow engines with a .01 fuel/air ratio show better performance than those 
having a ratio of .03. 
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