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INTRODUCTION

This report was prepared in response to a request of the Power Plant
Divieion of BuAer for a comparative etudy of five power plant types; turbo-Jet,
turbo-jst with aftsrburning, ram-jet, pulse-jet, and rockst, for use 1in pilot-
less aircraft. A less extensivs study of this nature was prepared by Dleln(l)
of Marquardt Alrcraft Company. In Diels' report no oonsideration was given
to the aircraft design and one might conclude from the graphs that it ls
possible to construct a vehicle which could fly any prescribed dletance 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 bounde, some of
which may bs bsyond the attainable limits, Driggs"”raport on comparison
of three types of engines for piloted aircraft 18 a notable exception. In his
report hs givss upper bounds of attainment for two types of aircraft.

Another thing has been common to‘*all previous reports., The comparisons
have been based upon a singls engine within each type -operating throughout the
entire range. It 18 clear that the results based upon thie hypothesie could
not give the optimum regions. Practically, this might be sound from a develop-
ment etandpoint after it hae been clearly demonstrated that the individual
engines are the best for most tactical problems.

This report attempte to estimate upper bounds of attainment based upon
certain optimietic design assumptions. In the analysie both the alrplane and
its engine havs been tallored to fit the particular range and speed required.

Ths 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 dsals with the comparison of the five types of engines as
applied to the special problem of propellirg an air vehicle in level flight
at a constant speed. The fife engines considered are the turbo-jet, turbo-jet

with afterburning, ram-jet, pulse-Jet, and 1liquid rocket. The study covers
CONF1DENTIAL
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the intervals of Mach number .5 t5 3, range from O to 4,000 nautical miles, and
altitude from O to 70,000 feet,

It is sssumed that the vehicles are brought to the altitude and spsed by
an external booster rucket; the airframe le constructed so as to give 1its maxi-
aum 1ift/drag ratio at the veloclty and altitude of flight; and there are an
infinite number of engine units so that the power can be continually reduced
ae ths welght 1s recduced by cutting out engines instead of throttling them.

. It le.further assumed as indicated in the introduction that the engines are

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

obtainable psrformance.

From these hypotheses the percentage of the initial gross weight required

for the englne, the airframe etructure, the fuel, and the tanke are each de-
teruyined for a ssries of Mach numbers, altitudes, and range., The sum of these
four percentagss ars plotted as a function of the range in Fige. 1-35. Ob-
viously, & misslon csnnot be accomplished in the prescribsd manner when the
sun of thess percsntages exceeds 100. In any case ths percentags dx payload is
equal to 100 per cent minus this sum. (Payload consists of all other items
in the aircraft other than tanks, fuel, engine, englne acceseorles, and etruc-
ture). Ths afurementioned working graphs were smployed to obtain upper bounds
of attainment for the alrcraft with various percentages O5f payload for each'
of the engines, The bounde are pressnted in Fige, 36 to 50. Theee charts
were utillized to deteralne the best engine for a glven rcoglon as shown in
Figs. 51 to 60, where best engine means the engine which admite the leaet ini-
tial gross weizht of the alrcraft to accompll;h the mission. From the graphe
it 1le lesn-thyt the turbo-j)et predominates the subsonic rsgion with the ram-jet
and pulse-3st close competitors in the supersonic region.

The effect of fuel/alr ratio 1s very important in the psrformance of the
airflow engines. Sinqe the lowest fuel/alr ratis for continuous combustisn
in the ram-jet ie queatlonable, the computations were made for two fuel/air
rnéiol, .01l and .02. The results show that the lower of these two fuel/air
ratios givee the best performance.

The welgnts and the specific fuel consumptions of the turbo-jets and the

turbo-jsts with afterburning employed here are based upon studies made in the
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Design Reeecarch Division. The results will be published later in DR Report No.
1032(4). The wsighte for ram-jet are eseentlally those gilven in Diels' report,
(Spot checks indicate thsse values are quite optimistic). The welghts of the
pulse motor are comparable to those for the ram-jst, and ths specific fuel
consumption 1e the optimum under ths aesumptions outlined in this report,

Rooket data were obtalned from the specificatlon for the RMI A6000C4 engine(s)

CONCLUSIONS

The rssults given here ars goals and are truly beyond exleting developament.

Even with intensive development 1t 1e not very probable that these upper bounds

#wlll be attalned in the near future., Here 1t wae.aneumed that all component
parts have thelr peak performanoe tiaroughout the operating time. Thie cannot
bs accomplished in practice., The aeseumption of infinite number of engine units
oan at best be approximated. The a&eumptione on engine welghts and the low
fuel ratlos have a pronounced sffsot on the range; in csse elther cannot b;
aocomplished, the picture'would be changed. Neverthelees, the working curvss,
Figs. 1-35, gilve a clsar ploturs of tne relative merits of each englne even if

the upper bounds of rsnge are ssveral hundred mllee too high.

Since the weilghts of the engines do have euch an important effect upon the
maximum ranges, a more thorough study l1e being made of the welghte of ram-jets,
The valuse ueed here for the ram-jet are of the same order of magnitude as
thoee in Marquardt's report; and there are indlcations that they are optimietic
at high Mach numbers and may be 1n error by a factor as great as five or ten.
However, the percentage of engine wsight le so small that a greater error'woula
reduce the maximum range by only a small amount., (This amount 1 a function
of the psrcentags payload, but 400 nautical milee 1s a rough figure)., On the
other hand, ths welghte of the turbo-jet at low Mach numbers might be elightly
greater than thoes required for an expendable engine.

It muet not be concluded that the rocket engine 1e of little value for
pilotless ailrcraft propulsion., The conditions of level fljight at constant
speed and rocket propulsion are not harmonlous conditions. The other engines
would be equally bad 1f the problem had epeolfied a wide range of operating
speede and altitudes, for then ths ram pressure recovery would not be so effi-
cient. Moreover, if the problem included the climb and acceleration portione

) CONFITENTTIAL
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of the flight path, the rocket would compare much more fsvorably. Furthermore,

1f' the flight puth would be included as a parameter in determining the optimum
eniine then the rocket may be the bsst for a greater number of situations.
It must be stressed further that whille the rocket is known to operate
under all of the conditions assumed, the other engines have not teen tested at
all of these conditlons. If the ram-Jet sngzine 1s to be employed, it will re-c

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

RECOMMENDATIONS

Since the pulse-jet 1s definitely superior to the ram-jet in a given
.region and 1s a close competitor in the other rsgions, 1t’ia reoommended that
more stress be placsd upon the research of pulse motors.

It ;s further recommended that thls study be continued to include the
welght of the bouster rockete and thereby svaluate the ovsrall gross weight
necessary for ths vehlcles to dsliver a givsn payload. Then compars this with
the groes welght of a rockst propellsd vehicle which delivere the same payload

to ths sams final polnt but travels along a course more suitable for the roozet

performance.

SYMBOLS

velociiy of sound at sea level
equivalent aspsct.ratlo
wing epan -~ ft.
speolfic fuel consumption - lbs./hr./thruet horsepower
specific fusl consumption - lbe./hr./1b. of thrust
drag coefficlent
thrust coefficlent for rocket motor
an averags specific neat for E&8 at constant presrure
an average specific heat for gas at constant volume
total drag of alrplane = 1bs.
alrplsne sffilciency
equivalent parasifte area - (rt.)2
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SYMBOLS (Cont'd)

h, ‘specific enthalpy of gas (1 = 1, 2, 3, &) - BTU/1b,
H heating value of fuel ~ BTU/1t.
|
¥

g acceleration due to gravity - rt/sec,2
J

mechanical equivalent of heat
L total 1ift of airplane - 1bs,
free stream Mach number
o [ree stream Mach number
hc number stages of compressor in the turto-jet engine
NT number stogee of turbhine in the turbo-Jet engins
Po smbient pressure — lbn./(in)2
P
P
b

total pressures (1 = 1, 2, 3, 4) - e./(1n)2 T,

! combustion chamber preeeure of rocket motor - lbl./(ln)z‘
° relative pressure (bsse at 400°R) .
Rr rangc - miles
R, ges constant (pre-combustion)

. gae constant (post-combustion)
specific entropy - (BTU/lb./on)
‘wing area - (ft.)2

thruet - 1bs,

[ ]
¢ =3 W '

-

o
total temperature {1 = 1, 2, 3, 4#) = Rankine

=
-

epecific internal energy of gas ( 1 = 1, a2) -

velocity - mph

velocity - ft./sec.

Jet velocity - ft./eec.

[ ¥

gross weignt - 1bs,

x £ < <4 =

initial gross weight - 1bs,

-

final gross weight - lte.

=
¢ = 0

welght of air for air flow enginss — lbs/sec,
weight of engine - lbe,

]

total weight of fuel - 1lbe,

fuel consumption - 1be./sec.

welgnt of structure - lbs.
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SYMBOLS (Cont'd)

weight of fusl tanks - lbas.
ratio of dansity of air at altitude to the density at sea level
ratio of pressure of air at altitude to the pressure at sea level

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

ratio of speoific heat of gas at constant pressure to specifie
heat at constant volume

valve intake effiociency
combustion efficlency
diffussr sffiociency

fuel/air ratio

ratio of average specifioc heat of gases at cmastant pressure L 0
average specific heat of gases at oconstant volume

ANALYSTS
Ae Asrodynamics

The generalised drag curve (8) as obtained from the approximation of an
airplsne polar by a parabola is : )

(1) D . .00256 £rVe 4 %_(E)-

where V is statuts miles per hour, f 1s the equivalent parasite area, W is the
airoraft weight, b is the wing span, and ¢ 1s the airplane effiociency. This
relation mey be utilized teo obtain thn ratio of the thruat to the gross weight
required for flight. The substitution o = -g s L= CDS, (bo)e s 8 AR. and
Vsa, oM (s, the velooity of sound &t ssa level in miles per hour) and the
division of both sides of the squation by W yields

1,487 C_ ¥ § .

w
(2) ‘ 2 __'D_._ + _.%u_’__ which holds for subsonie flow
T AR X" & , .

The corresponding formula for supersonio flow is
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n 1,487 c N8
L v
3
This study requiree the determination of the maximum range attainable.

(21

-0001685 w/s VNZ - 1
L J u 8

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

-, W
1 L 0
=83.5% § 1%, v

whers ¢ is the specific fuel consumption in lbs. per hour per thrust horsspower,

(3) R(ltntuto miles)

Wo 1s initial gross weight, and Wy is the final gross welght or W; = Wy-Wg, and
L/D is an average value determined by the mean value of ¥W/S. ¥hen written in
terms of the variables employed in thia rerort it becomes

)

W,
R(nautical miles) = - 1583 % @-5! log (1 - 7:-‘)

where R ie now in nautical miles and C is the 1lbe. of fuel psr hour per 1lb. of

thrust, and Wp 18 the ratio of the fuel to initial gross weight. Under the
5 .
hypothesis of thie study; namely, level flight at a ognstant velooity, the

specific fuel consump%tions of the engines are determined. Henoe, 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 funotion of the three variables, °D' W/S and
AR,. These three variables are not independent. Nevertheless, within the
range of practical conetruotion limits there exiets at least one eet of thess
values which gives T/W its minimum value. The exact determination of ths
values cannot bs obtained precieely without making detall designe., Here only
estimatas of these quantitiee were made. After oareful observation of test
results and theoretical oalculations, the drag curve ae a funotion of Mach
number given in Fig. 61 was aseumed to be the best attalnable. In order to
obtain thie drag coefficient ths angle of #weep of the wing, the wing eéction
and the planform of the miselle were all varisd with the Mach number. In
other words, the curve does not represent the coeffiolent of one oonfiguration,
but an envelope of coefficients for a eeriés of conrigurationa. Moreover, in
order to eliminate the dependence of cD on scale effects, it was assumed that
the miesile is a flying wing. Next, the effective aepeot ratio of all the
lilsilee was chosen to be either 4 or &; 8 at subsonic Mach numbers and & for

CONFIDENTIAL
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all other conditions. It 1s 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 doee the aspect ratio have
an effeot upon cD but also upon the etructural weight. As a compromise, the
above values were chosen,

It waes assumed that 8&Verage yalyees of W/S lie in the interval from 10
to 200. After the valuee of Cp and AR, were determineg, then W/S was taken

to be the value in the above interval which makee T/W a minimum. The values

in the interior of the interval are determined from the relations

(8) w/s = 2630 N2 VCp AR (M < 1) (6') w/s = W (> 1)

whioh were obtained by equating to zero the derivative of T/W with reepeot to
W/S. (This is somewhat in error eince it was aesumed that neither cnnor AR
are functione of W/8). When the value of W/S wae 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 epzcific fuel oonsumption of the
engines have been dstermined, the percentage of fuel weight of the initial

grose welght required for the varioue rangee 1s computed from equation (i),

The weight of the fuel tanke is assumed to be 12 per cent of the fuel weight,

The percentage of the total weight required for etructure was assumed to
depsnd only upon the wing loading. According to a etatistical and analytical
study of wing weights by lslley(13) the percentags of etructural wsight is

inversely proportional to the wing loading to the .21 power., Since thie re-

o

(15)
lation seemed to check ve-'y closely with other etruotural studies, 5 1t was
adopted here, and the oonstant of proportionality was determined so that

:F = .25 when 4/8 = 100. Or statsd in algebraio form 1t was assumed that
°

¥, W --21
8 .
2o ()

Engines

I. General oonsiderations.

e e e

This seotion outlines the oonsiderations whioh are odlnon to a majority
of the engines,
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1.

The sizs of the engine is determined by the thrust re-
quirsd. The ratio of the weight of the engine to ths
thrust delivered ;E ie determined for the spscific

sngines., The product of thie quantity and the thrust
over initial gross welght required gives the fractional

porticn of the initial weight required for the eagine

L - =
2L T, .
%t is assumsd that the minimum specific fuel consumption
is maintained tnroughout the flight. Since in ths aero~-
dynamic consideration it was assumed that the minimum
value of T/# ie maintained throughout, ;ha thrust must
continually reduce as the fuel ie consumed. This re-
quires throttling or cutting off some engines which
cannot be aocomplishsd without increaeing the apecific
fuel consumption because the engine operation is con-
sidered only at the optimum point. So to satisfy this
hypothesie, it is assumed that there is a continuum of
sngines all operating at the ideal point and that ths
power is reduced continuously by cutting off engines,
The weight of the engines is carried throughout the
flight.
The assumptions made regarding the ram preseure re-
covery wsre ths same for all airflow engine . At subeoniec
speeds the total pressure recovery was ussumed to ve
Y8% of the rau. At supersonic epseds the total
pressure rscovery wae based upon the assumption of an
Oswatitsch diffuser, which produces two oblique shocks
followsd by one normal shock., The reeultant total
pressure head given under this assumption in referencs
(16) was rsduced by 2% to allow for the loss in the
subsonic part of the diffuser.
It is assumed that ths Jet velocity of all engines
is .98 per cent of the theoretical attainable when
' COMFIDEN TIAL
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the expansion is to atmospheric preeeure. In order to
achieve this 1tlil necessary to have convergent-divergent
nozzles for most regions of operation. In cases whers
there is an increaee in projected area resulting from
nozzle divergsnce, it is assumed that the additional

drag ie included in the drag coefficient. Thie has an
equalizing effect on the drag for the configurations

for the various engins typss.

8Specific Engine Hypothesis

TURBO- JET

. The turbo-jet engines referred to in this report ars theorstically

possible engine designs {only axial rlow compressor considered) as
dctermined by DR Report No, 1032‘“’. The object of this latter study
was to find ths optimum combination of compression stages and top
temperatures for turbo-jets operating at various altitudes, speeds,
and ranges; opfimum being defined as that wnich will resglt in a
minimum total fuel plus engine weight required to meet a prescribed
set of operating conditione, altitude, speed, and range (or time)._

The uniquenese of this latter report liee in the fact that time
(or range) 1s one of the design parametsrs.- It is evident that
for short ranges the engine weight is the prine fector to be taksn
into coneideration since total fuel consumption is comparativsly
small; while for long ranges the converse is trus. Since the
number of comprsssion stages (and hence the compression ratio) is
one of the important paramet®rs of specific fusl consumption and
engine weight, performance and weight calculations were made for
engines containing 0-20 comprsssion stagee. These calculatione
wsre made for velocities of 1%, = 150 to 750 miles per hour.

The same procedure was employed here to extend the results to

a Mach number 3 euch that they are applicable to any present

or near future problems to be fulfilled by turbo-J)et powered

vehicles.

CONFIIENTIAL
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By adding the engine weight of a particular design to the
welght 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, 1t was possible to determine which englne
mst ths *optimum” requirement. 8y varying flight times ae
well as operating conditions, several ssries of points were
established and plotted. From these graphs the engines for
this study were selected. The fuel consumption is computed
according to the methods of the referred rsport. The number
of compression stages required decreased with Mach number
until it reduced to zeroor, in other worde, untll the engine
became a ram-Jet. Thie always occurred before M = 3.0 wae
reached. The enging 1s called a turbo-Jet so long as it has
at least one compressor and turbine stage.

The basic assumptions in calculating the performance
characteristics of these engines are as follows:

(a) Compression ratio 18 equal to 1.2 per compressor

stage.
(b) Compression ratlo across the turblne is .665 per
turbine stage.
(c) The small stage efficiency 1s .90 for both the
conpressor ayd the turbilne.
An additional assumption employed herein ie that of metallurgical
limitations. The limitations are the following: thosc sngilnes
operating for a period of sixty minutes or lees were limited to a
top temperature of 2ooo°R; while those operating for periods of
longer than sixty minutes could not exceed a top temperature of 1800°R.

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

rangs of ,005 to'.ORS, dependsnt upon ths enthalpy rise in the combus-

tion chaaber required to meet the conditions set by the assumed operat-
ing temperaturss., It was assumed the weights could be determined by

an equation of the following form:
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where Nc and NT represent the number of compreesor stages and

nuzber of turbine stages, HE the weight of the engine, and WA
the alrflow 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. Hencc, the
weights may be heavier than are required for expendablc engines

which operate for a short perlod of time at suteonic creeds,

TURBO-JET WITH AFTERBURNING

The deeign 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 designe 1s the same as for the turbo-jet.

Basis for performence and welght calculations are eesentially

the eame as for the turbo-jet plus e few additions. They are:

(a) The ratlo 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 1s assumed to be .002% BTU/1b./°R.

(b) The fuel/ailr ratlos for these engines were higher than
thoee of the turbo-Jet because of the additional fuel
required in the afterburner and varied from approximately
.0075 to .065, NOTE: The afterburner le assumed to
operate during the entire flight,

The added weight of the afterburner ie equal to three

timees the welght of the engine alrflow per second,

RAM-JET

The efficlencies of the engine componente other than thoee for

the diffueer, which have been previously coneidered, will now be
discussed.

CONFIDENTIAL
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Combustion Chamber The combustion efficisncy is assumed to be 100%;
that is, the BTU's/1b fuel imparted to the air etream is equal to
the heating value of the fuel (18,700 BTU/1b, fuel). However, the
preseure losses due to the combustion processes; 1.e., frictional
and momentum losses, were estimated from reference (40),

No assumption has been made regarding combustion chamber inlet

speed except that the latter and the prescribed fuel/air ratios do

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

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

Mozzle It 1s to be noted that a convergent-divergent nozzle is
essential in the region of operation for the ram-jet (N = 2,0 - 3.0)
since an underexpanded nozzle will result in a lose of thrulf ~ 158
which is many times the loss in thrust produced by the increased drag
* created by a convergent-divergent nozzle.

The eetimated weignts per 1b, of thrust of the ram-jet snginec con-
sidered were taken from reference (1). However, a erot check »f the
welights indicated that the eatimated welghts per 1lt., of thruet are too
large by a factor of 2 in the subsonic region and too saall by 3-10
times in the supersonic region. The latter figure of "10" ie applicable
to the welghts per lc, of thrust equal to v ,005. The resultast error
of the welrhts used may be offget here by the amssumed value of 12% for
the tankage factor (welght tank z 12%) of weight fuel, Even if the
last point is neglected tae error in estimated weight results in an
error of ~ 200 - UCC milea for “he obtalnable range.

It was found that the welght >f the ram-Jet enzins is negligible
in comparieon with the fuel welght required even for short operating
times. Théretore, the optimum enyine is that engine which hasé the
lowest specific fuel consumption, Fromn the analysis mude the thrust
spscific fuel consumption as a function of fuel/air ratio was found
vo be a continuously increasing function between tine F/A values
.01 - .0l at all operating conditions. As the taci: required to de-

termine the lower limit of the fuel/air ratio which can sustain
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combustion doss not exist and the lowest fuel/alr ratio ussd gives
the lowest specific fuel consumption, which in turn results in the
optizum engine, two ratlios were sssumed for this study; namely,

.01l and ,03, The latter is an approximate existing lower limit,
snd the former 18 an anticipated value. The Justification for con-

sidering this as an anticipated value 18 the experimental work of

Pabst(eo’, which indicated normal cozbustion at .0l with combustion

chamber inlet speeds up to 450 rt/eec.
With the assumptions outlined in the above puragrsﬁhs, the values

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

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

PULSE-JET

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

namic cycle simulating pulse-Jet operation (see Fig. 1); that 1s,
constant volume, constant pressure combustion, To date, two types
of theoretical treatments exlst: (1) theories tallored to satlsfy
the data on the Gesrman V-1; (2) sophisticated treatments not readily

applicabls to a study of this type. The calculated performance is
only as valld as the assumptions made. The metnoa usea for the

calculations will be consldered in detall after a dirfcuseion of

the assumptions.

$- entropy
Cycle ror Pulse Jet

The pulse-j)st as considered here conslsts of a pressure recovery

device, valve bank, and duct. In the superson’: reglon the engire 1}
shrouded coapletely and, therefore, operates in a subsonic medium
CONFIIENTIAL
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whoee pressurs ie ram preesure. The duct geometry muet conform to

assumptions msae herein; however, the general shape 1s a conical

valve bank followed by a continuouely diverging tube. To avoid
velocitiee greater than sonic st the nozzle exit at high eubsbnic
flight epeede and still obtain complete expaneion, an auxiliary

nozzle 18 required (eee accompanying sketch).

——

—

Schematic Diagram of Partially
Shrouded Pulge Jst.

Assumptions
1. The epring constantg of the valves can be modified for each

altitude and speed so that no leakage through the valvee occure.

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

pressure is given in Table 1 where in the supersonic .caes Pl is the

appaéent preseure and is, therefore, the ram pressure.

Table 1. Pressure Ratios for Pulse Jet

Mach No,

The reduction of P?/Pl at supersonic speeds is to avold exceseive

preccures and temperatures in the combustion chamber,
It ie felt that the poselbility of obtalning the ratice given in

Table 1 will be a reality when decreaeed burning time 18 accomplished,

Sp— -
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3. The sfficiency of intake of ths air passing through the
valves; 1.8., resultant total pressurs 18 assumed to be as follows:

Table 2, Pressure Efficiency of Valve Intake.

Mach No.

These efficienciee separate from the diffuser erriclencien; Mp » which
are common to all the sngines, as given in Section B.1l.

4, The fundamental assumption made here is with regard to the
combustion efficiency, v ; that 18, the ratio of BTU's obtained
per 1lb, of fuel to the heating value of the fuel, Experimental data
are conspicuous by their abnence;‘thererore, eetimates were made that
are seemingly in the right direction.

As defined hsre the combustion efficiency determines the operating
fuel/air ratio for the engine. Ths excess of fuel above the theoreti-
cal fuel/air ratio is consumed in the engine by either reheating the

combuetion products or remaining unburned. On the-basis outlined

here, fixed p2 and tz. increasing t_ along constant pressure line,

indicates increased burning time and, therefore, a decreaee 'in com-
bustion efficiency. Some reprssent2tive valuee of combuetion effi-
ciency ueed hers are given in Table 3,

The available experimental performance data for eeveral typee of
pulse-jet enginee were compared with the theoretically computed per-
formance based on combustion efficiencies comparable to those lieted
above and good agreement was obtained (1% deviation).

It ie further aseumed that combustion at all rlight conditione
can be suetained at fuel/air ratios from .03 to .05, The latter 1s
found to be possible experimentally. The former fuel/air ratio occurs

in this etudy only at supersonic flight speeds witn the air stream

CONFILENTIAL
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Table 3. Sampls Values of Combustion Efficiencies
for Pules Jst,

Feak P Combustion Efficienc
Mach No, Temperaturs "R Séa Level 25,000 n 5 y

. 4
’ 3300 E X b

350 SRR N

3000 2 0 6
3300 Zo ;s ug

3300 i g B

500 95 92 90 s
000 90 87 85 g0

4ooo 95 95 90 g8

properties beingt ~ £00 - 1400°R and speed Vlnv 300 ft/sec. Thus,
1

it is safe to assume that combustion under these conditione can be
sustalned at a fuel/air ratio = .03.

At subsonic speeds the weight of sngine psr lb, of thrust wae
obtained by an sxtrapolation of SRSOOA(BS) data, using ths above

sfficiencise. A further extrapolation (in proportion to ram-jet

estimates) wae mads for supersonic speeds. The proportionality

factor wae ths ratio of combustion chamber prsssuree of the rsspsc-

tive snginss.
As with the ram-jet the weight of the pulse-jst engide ie negligible

in comparison with fuel weight required sven for short operating times.
Therefore, the optimum engins is that engine which hae the lowest
epecific fuel consumption.

Since thsse curves differ from the usual onee pressnted, whsrein
the specific fuel consumption for various speeds and altitudes re-
mains constant, a short sxplanation is given. First, precles data
of s.f.c, variation with altituds ars non-existent and, thersfors,
any theoretical calculations should consider the pules-jet as an
engins which opsrates best (if at all) in high density alr. Secondly,

the variation of specific fuel coneumption with speed would show a

CONFILENTIAL
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decrease in C i1f the design point of the valves 1s changed
continuously, As a furthepr ald to the reader, & brier sumnmary
of the performance rethod in etep-by-step form is now given (consult

Flg. 1 for cycle representation),

N ie free stream static temperzture,

where & = 1.4 angd po is free stream 8tatic pressure,

(p,) = (p.) .
1 get. P 1sentropic ‘?V 79
The valuec of h1 and u1 are obtalned from Ref. (18),
Step 2: From point 1 to point 2 a constant volume combustion

Process 1is assumed; therefore, the changes in the internal energy

should be considered, The cxrression for this change 1s:

t
au c,' (t2 -t) = tl(t—f- 1) ()

t
tl(?la— 1)

or '

c R p
= - 1 _2 _
Au =z u, uy = }E, tl(R; 7, 1) (5)

(3ee Rer. (17) ror values of Rl and Rz).

From the assumed values of PE/Pl glven in Table 1, Au can be
computed, The value of h2 and t2 can te found (see Rer, (18),
Step 3: From point 2 to point % a constant Pressure combustion
process 1s assumed, Further, by fixing the peak temperatures, tas
h3 can be found from Ref, (1%) and corrected to account for ’
combustion products.

Step 4: From point 3 to point 4 complete éxpansion 18 ussumed;
l.e. = 0

’ Pu Po
hu ¢&n be found directly from the air charts in the following menner,

CONFILERTIAL
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From t}, a value of ?r is found where Pr is the preesure

3

)f-t

ratio

Pr_ =
3 400 R

which includes the variation of .} with temperature.
Therefore, ‘
Pu -
r -
3

P
#Pr
3

Pr
5

P
z : 2 g2 Pr 6)
9= By

With the value of Pr " gliven, hu is found from the alr charts.

The average Jet velocity 1s then given by the expression:
v, = ¥ 2giln, - ny)
(Yethco. N & 3

and cince this process is 9%% efficient

= -98 VEgJ(hu O h3)o

(Y?actunl

Step 5:

The ruel/lir ratio ie found from the expreesion:
- ( 'l
i) h U - u ) - H
(1 * (h3 2) * 2 1 =g

, . B
d. _ 1lc

£ - — -1
r (h3 hz) - (u2 ul)

From whence one obtaine

p - - g (u -u)
dp (h3 hz) . (u2 ul) . (h3 ha) - u2 u

v = = T
a e B -flay - n)elu, - u ] e

(19)

= (u ~u)
when M cH »? (h3 hz) L )
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Step 6:
The specific fvel consunption can now be derived.
dp 21_
4 q

¢ = 2600 % = 2600

where T/wa is the resultant of steps 1—>U4 and

.. ( L/

v—=8 [+ 3

a o
where w. = 1b./sec.

To find the absolute values of thrust, fuel flow, and airflow, stepe
7 and 8 are given. ’

Step T:

The total fuel consumed/cycle is

lb,fuel _ w
—E;Ers- = Wk . W£ vhere W, = 1b./cycle

a
where w,/w‘ is aefined by equation {10).

Then,

lt,fuel _ cyclee = 1b,fuel (14)
sec, - sec, cycle

The airflow (W.) must be ectimated separately for each engine, A
good firet approximation can te made as follows:
{a) find total volunme of engine
(b) take 1/7 5¢ this volume ana find the weight of
the air that occupies tiilsa volume gt a pressure
equal to ram pressure. This is indicated by the
work of Schmidt as reported in Rer, (38) as the
quantity of air participating in the firsat charge.
The airflow (1b./cycle) is then .4 of the value of
the air weignt given in (b). The quantity (.4) 1s
approximately the ratio of the area of one air intake
portion of prill to combustion chamter crosé sectional
area and 1s found to te on the average (.4) for all
exietent enginesn.

CCLFILENTIAL
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Step 812
From stepe 1 - 4 one obtains

'l 'r
Thrust » 3 (14 T.') - (15)

where the quantities v, is given, vy is oomputed and lr/" g +06.

The latter estimation resulte in a smll error for the values of
thrust sinoe lr/" variee from .03 to .06 in thie study. The com~
puted valus of W, is substituted into equation (1l1) and the thrust
ie obtained.

If experimental data are available; i1.e., thrust and fuel flow, com-

bustion efficienoies can be found immediately with the use of the es-

timated airflow and the experimental valus of e.f.¢. should equal the
theoretical one found by Step 6.

ROCKET
Since low velocitiee are unsatisfaotory conditions for rocket
propulsion, the first estimatee shown in Fige. 1-50 for Mach No. £ 1

are not based upon an optimised engine but upon an existing liquid rookoft

‘RMI A6000 c* (alcohol and oxygen fusl system) where the inocrease in thrust

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

Mach No. 1, in the construction of Figs. 51-680, which give the beat engine

for various speeds and ranges, optimized rocket engines employing liquid
hydrogen and liquid oxygen fuel were u.ud.

Illustrative Examples of Use of Charts

Given Conditions
. Altitude - 25,000 ft.
Speed - Constant M « 1.3
Range 1700 nautical miles
Problem 1¢: Find Optimum engine
Solution: (a) From graph No. 57 it is seen that thes coordinates of

the range and Mach No. for the given conditions intersect in the region
CONFIDENTIAL
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of the ram-jet whose F/A = .0l. (b) If, however, the fusl/air ratio .01
cannot be attained, then one must enter graph 52. Here the pulse-jet is
the optimum engine for the given oonditions.

Problem 2: Find Minimum Gross Weight (after reaching the presoribed flight
oonditions) of vehicle to carry a payload = 2400 lbs.

Solution: (a) If solution la is used; i.e., ram-jet engine, then
interpolate betwesn graphs 39 and 40 and find that the maximum payload
percentage ie 12.5. Therefore, the minimum gross weight (as defined
in problem) is 2400 = 19,200 1lbs.

, B

It is to be noted that in thie eeries of graphs those which represent
payload percentage other than 30% were put on transparenocies for ease
in interpolating or extrapolating. (b) If solution 1b is preferred;
1.0., pulse-jet engine, use of the same graphe (Nos. 39 and 40) indicate
a maximum payload peroentage of 6.1 and, therefore, & minimum gross weight
of 2400 « 39,350 lbs.

~o8L

Problem 3: 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 peroentages as before; 12-5{ if the ram-jet whose F/A = 0.01 is

used, and 6.1% if the pulse-jet is used. From these figures the meximm
payload ie found to be (.125) (19,200) = 2,400 lbs. for the ram-jet and
(.061)(19,200) = 1,170 lbs. for the pulse-jet.

Sinoce faotors other than minimum weight must be taken into consideration,
(launohing problems, availability of materials and toole for production,
economy, etc.) oare should be taken before a final engine choice is made.

It e, therefore, advisable to evaluate t!go relative merits of different
engine typee and campare these with those of the engine chosen on the basis
of minisum weight or maximum payload estimation alcne. Then, if it is found
that seversl different engins types will give similar performance, the final
choioe will depend upon factors other than thoee on which this study is bsased.

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

the turbo-jet engine. Interpolation between graphe 39 and 40, once again,
CONFIDENTIAL
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indicates that the turbo-jst can meet the requirements of rangs, epssd, and
altitude with a maximum payload percentage of 1.7. From this the maximum
payload, if gross wsight is limited to 19,200 1bs., is found to bs (.017)
(19,200) = 327 1lbs. for the turbo-jst vshicle as compared with the 2.400 lbe.
payload of the ram-jet vehicle. If ths payload desired is 2,400 lbs.,

then the gross weight of the turbo-jet missils will be ’f:',—gg 2 141,000 1bs.

as compared with 19,200 1lbs. for ths ram-jet missils. With thess or similar
figurss in mind, it is possibls to approach the problem with a knowledge of
the sffect upon the vshicls performance if an sngins other than that dictated
by gross weight evaluation is to be considersd.

Graphs 36-50 are merely cross plots of graphs 1l-35; ths former are a
repressntation of upper bounds of attainment for aireraft with various engines
and various payload percentages, whils the latter is a seriss representing
the percentage of ths gross weight of the missile required exclusivs of the
payload, plottsd vereus range, &t a specifisd altituds and Mach number. In
this latter group 100% minus ths nscessary percentage of groes wsight as
determined by rangs, velocity, and altitude, will be ths maximum allowable
plyiold percsntags. Therefore, whsn operating conditions to bs met are iden-
tical with those of charts 1-35, it is advisabls to refer to thsss latter
charts for performance evaluation. R

It 1s to be noted in this ssries of graphs that shsnsvsr a particular
design type has not been abls to exceed ths 100 mile range under the given

conditions, it has bsen omitted; for exampls, the rockst is not shown in

chart No. 4 and the turbo-jet is not showmn in chart No. 32.
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