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RMq JET PROPULSION 

By Abe Silverstein

INTRODUCTION 

Over a decade ago it became apparent that flight through and above 
sonic speed would require propulsive powers many times greater than 
or could be made available with any of the eXisting propulsion 

devices. r,19.ny believed that the "so-called" sonic barrier ~vould not be 
pierced, whereas otbers took co:rn:fort in the paradox "that if God can 

'<bUild an imr;]ovable barrier, why cannot he also create a large enough 
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c;.'rorce to move it?" Those of good faith have triumphed, and in the past 
. <c'seV"eral years flight at supersonic speeds has been accomplished with 

~W9.:different propulsive devices - the rocket and the ram jet. The t r
 
<rocket has been discussed in detail in another paper and this lecture f· 

.~~llpe concerned largely with the ram-jet engine, showing how the ~ 
!';:,c=ba:racteristics of tbe engine are adapted to the propulsive require­

'~ntsfor supersonic flight, describine the present state of ram jet 
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. ";:d~yeJcrpment, and indicating the D..ature of the problems that remain to 
':be;:solved. 

THE PROPULSION PROB~1 IN SUPERSONIC FLIGHT 
,~ . 

~.'},' Researchers in the physical sciences are impressed repeatedly by 
cery8in nrovidentiaJ. solutions for difficult nroblems in which the 
~qtlire~nts established by the problems are ~et step by step in the 

".~::-I3Q+ut10n. Such a solution is provided by the ram jet for the problem 
"':);:')_of;~'~llpersonic propulsion. 

,-~:~ - .. ' 

'. "c:,.'<cIt is well lmmYTl that the power required for propelling a body of t
 
; ·"f.~ddimensions is proportional to the product of drag coefficient CD' 

,.Y;.tui~:tbe cube of the flight speed. The dras coefficient, which 

r:
 
r 

serves t·"~,;'~c).~~f1ne for the aerodynamicist the nature of the flow over the body, 
, /Yfl,ries With tbe fliSht Mach number, and a typical variation for a ram­
;'je~1lJissile is shown in figure 1. The drag coefficient reaches a max­

r
f
l
1

,~umat or about the sonic flight speed and decreases from this peak
ral1J:eJ~t bigher supersonic s:peeds. 
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2 CONFIDENTIAL 

If the power requirements are calculated for the aerodynamic body, 
for which data are shown in figure 1, at speeds of 500 miles per hour 
and 1500 miles per hour, the power at the higher speed will be tripled 
because of the threefold increase in the value of CD' and further 
increased 27 times because of the cubed ratio of the flight speeds. 
The power required is therefore increased 81 times and if, in a typ­
ical case, 2000 thrust horsepower is required to sustain sea-level 
flight at 500 miles per hour then 162,000 thrust horsepower is required 
at 1500 miles per hour. 

The disparity between powers of this magnitude and those available 
from reciprocating engines and turbojet engines now in service is obvi­
ous. The characteristics of typical service engines as they are now 
applied at subsonic flight speeds is shown in figure 2.· The subsonic 
characteristics of the ram jet are added as a point of interest, 
although it is to be emphasized that the ram jet has little or no 
merit for propulsion at low flight speeds. 

The reciprocating engine is definitely limited in its power poten­
tialities by the low air handling capacity of engine cylinders of prac­
tical dimensions. The turbojet and turbine-propelier engines have thus 
far been limited in power output by the temperature limitations of the 
turbine materials. 

The ram jet combines the favorable characteristics for developing 
large powers of handling a large mass of combustion air, and of 
providing the possibility for burning fuel in the air at or near stoi­
chiometric temperatures. 

RAM JEl' PERFORMANCE CHARACTERISTICS 

The ram jet is one of the simplest engines that has yet been con­
ceived for aircraft propulsion (fig. 3). There are no mysteries asso­
ciated with the cycle on which the eP-esine operates or with the manner 
in which the power is delivered. 

The ramjet, in ?ommon with all other types of engines, derives 
its power from the expansion of gases that have been burned under 

. I 
pressure. The combustion occurs at almost constant pressure as compared I 
with the constant volume combustion that occurs in the reciprocating .~. 

engine. ~ 

Compression of the fuel-air mixture before burning is accomplished I 
by convert~ng the dynamic pressure of the air moving relative to the ~ 

ram jet to a static pressure in the combustion chamber. This process . 
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is 8.J.J.B.logous to the rise in pressure in an open-ended airs]?eed tube when 
it is moved tbro1J.gh the air. No moving parts are utilized in the com­

;.. pression or expansion cycle. The expansion cycle, in which the useful
 
>~ork is done, is accomplished -Dy means of a nozzle in wbich the combus­

.tion 88.ses are accelerated, because of their higher temperatures, to a
 
.final velocity that is hieher tn.an the velocity of the air which enterecl
 

the e116 ine .
 

The difference in the momentum of the gases leaving the nozzle 
c.iter tbey bave reached eauilibriu.nJ with the surrounding atmosphere and 
the moment~~ of the air entering the engine is a measure of tbe ram-jet f 

The power of the ram jet is simply the thrust multiplied by [
flig1Jt veloci t;y. The efficienc;y- is in a large measure determined t 

the temperature ratio acbieved in expansion of the bot gases between f 
combustion chamber ]?ressure and the ambient discharge pressure rr 

cycle efficiency). The l:i6her the expansion ratio through the ;: 
~. 

~the higher is the efficiency. t 
;; ~ 

order to show clearly wby the ram jet is ad.apted 80 ideally to ;.
:­
!'"".....;;,.~sonic propulsion, it is necessary to develop an elementary rela­ ~ 

f.;:uonfor its thrust. As previously mentioned, the thrust of the ram &' 
equal to the change in momentum of the mass of gas passing f:. .f\; thh5w;;h the e:ngine; that is (see fig. 4) s; 

t 
i 

F = m (V5 - '10 ) f~ 

rna = mass airflow 
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vs = final gas speed t
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Iassume for simplification that the engine operates without 
all second order effects are neglected, it can be shown that -
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in which T3 is the tc~al temperature at the discharge of the combus­
tion chamber ~"1d. T2 is the tempe:-ature at th.a combustion chamber 

~ 

t 
F. 
~ 

inlet. If we replace '\':'be ter:n 

!m 
fJ-3 

",! -
\/ TZ 

by the symbol IT, tben 
i 
~~ 

t 
l'l. 
~. 
~ 

7 5 = YT V o 
~. 

i
i
i 
~~Substituting in the origins.l expression for the thrust, 

i 
Fn = mav0 ( (T - 1) l: 

!'~ 

~ 

can be replaced by povoAc, in which A is theo 
area of the cross section of the mass of air entering the inlet of the 
ram jet at free stream conditione, Po and vo ' Then i 

i 
Fn = Pov0 

2Ao ( -iT- - i) f 
= Z q Ao ("IT - 1) 

= Cf q Ao 

in which q is the dynamic pressure 1/2 PoVo2 corresponding to the 

flight s~eed and Cf i8 the thrust coefficient. 

A similar expression can be -written for the drag of the body which .~ 

is being propelled, that is, 

D=CDqAo 

in which On 1s the drag coefficient. 

In comparing the equation for the thrust and drag, it will be noteC 
t;hat both increase directly with the d;yna;mtc pressure; that is, as thet 
square of the flight s:peed. For propulsion it remains only necessary 
for the value of the thrust coefficient C.. = 2 ( vT - 1) to be larger~ 

~I
than the drag coefficient CD' ExperiDlel1tal in:v6stigations have alrsadri 
shown for certain ranges of r-1ach numbers that Cf can be maintained 
larger than CD. 

By definition ma 

r 

.' 
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he combus­ To avoid cor£usion in the analysis of data presented in missile 
b.amber literature, attention.is called to the fact that no consistent termi­

nology has yet been adopted for the areas on which the coefficients CD 
ben and Cf are based. In the usual case the drag coefficient Cn is not 

given in terms of the area p~, but for wing missiles it is based on 
the wing area S as, for example, in figure 1. The thrust coeffi ­
cient Cf is generally expressed in terms of the combustion chamber 
area AZ (see fig. 4). 

The power aYailable for propulsion from the thrust of a typical ram 
jet and the power required due to the drag of the airplane shown in 
figure 5 illustrate the matching of the engine and the airplane. With 

) ia the increase in airplane speed, the thrust of the reciprocating engine 
llet of the	 decreases, the thrust of the rocket remains essentially constant, the 

thrust of the turbojet engine increases above a speed of 300 miles per 
hour but at a rate less than the first power of the yelocity, whereas 
the thrust of the ram jet increases as the square of the speed, thereby 
rna tohing trJB rise in airplane drag. 

For flight at a constant Mach number and Yarying altitude, both 
'"the airpl~ne drag and the ram jet thrust are proportional to the alti ­

.t·ude pressure; that is, when the altitude pressure is 'one-half sea.,. , 
,;level pressure J both the airplane drag and the ram jet thrust are 

,,<halved. The effect of altitude on the ram jet horsepower is illus­
:iing to the,l:trated by ex-oerimental results obtained in the NACA Cleveland altitude 

l/'1nd tunnel ;n a 20-inch-diameter ram jet (fig. 6). An output of 
35,000 horsepower was obtained at sea-level operation at a ~~ch number 

e body which~I;;'{:-Of 2, whereas at 40,000 feet altitude the power delivered was approx­
, '" '1lllately 6500 horsepower. 

Thus far no mention has been made of the engine fuel consumption. 
low flight l~ch numbers the fuel consumption, expressed in pounds 

of fuel per thrust horsepower-hour (fig. 7), is high because of the low 
compression ratio in the cycle. For e:x:a.mple, at the sonic speed the 
fuel consumption is 2.5 pounds per thrust horsepover-hour. The engine 
economy improves rapidly with increase in l~ch number and at a ~~chwill be 
~number of 2 the fuel consumption decreases to less than 1 pound of fuel

ie, ae 
.-:. per tbxust horse:power-hour. - This value is comparable to the fuel con-

r nece8sery'~ .. sumption at military pO't~er of our best reciprocating engines and is 
to be larger about equal to the fuel consumption of the turbojet engine at high sub­

3. beve alreadY sonic Vlach nUJllOers. The specific impulses of the ram jet, expressed in 
aaintained. POunds of thrust per pound of fuel per second, is from 6 to 8 times that 
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of a rocket at a Hach number of 2. The higb specific cons1.1.TDption of 
the ram jet at low flight r1ach numbers decreases its usefulness as an 
engine for subsonic propulsion. 

A ma.jor weakness of the ram jet is the zero thrust at take-off. Il;An aUXiliary engine or launching device will be required to accelerate 
the engine to a Mach. number of from 0.4 to 0.5, after which. tbe tbrust 
of the engine may be adeqlmte for acceleration to supersonic speeds. J 

I
it 

It may be found that launching Nacb numbers higber than 0.5 will be 
required unless control of tbe inlet and outlet dimensions can be 
provided. 

f:· 

"' 
As a possible solution for tbe take-off problem of a supersonic 

airplane, a COlDIJosite engine consisting of a turbojet and a ram jet in 
series appears attractive. Extensive analytical and experimental 
investigations of the turbo-ram jet engine have been conducted at the 
NACA Cleveland research laboratory during tbe past year which 8nO"..,. 
that this composite engine bas excellent.performance characteristics 
up to flight Mach numbers of approXimately 2. A scbematic arrangement 
of such an engine is shown in figure 8. Additional fuel is burned in 
the hot exhaust gases of the turbojet engine in order to bring tbe 
temperature of the gases leaving tbe engine to a temperature of approx­
imately 4000o F. Since this fuel is burned behind the turbine, the 
principal limitation of the power output of the turbojet engine is 
avoided. . 

Substantial take-off thrust is prOVided and tbe thrust at a Mach 
nimlber of 2 is about equal to tb8:t of the ram jet alone (fig. 9). The 
specific consumption of the composite engine (fig. 10) is bigher tban 
that of the turbojet alone, but is sufficiently low to provide a 
practical solution to the problem of attaining bigh tl,rust through the 
range of ~ach numbers from take-off to a ~~cb number of 2. The spe­
cific consumption of the tlJ.rbo-ram jet engine apIJroaches that of the 
ram jet at a Mach number slightly above 2. For missile application, 
where it may be desirable to avoid the weight and cOIDplexity of a 
turbojet installation for take-off assist, tbe use of booster rockets 
is probably a better solution. . 

Some consideration should be given to the range of ram jet powered 
aircraft. This pro'olem has been analyzed by members of the Langley . 
Field staff of the NACA (fig. 11) 9 and it bas been found that flight 
ranges of between 1500 and 1800 miles now appear possible for ram jet 
powered missiles. In one calculation it was assumed tbat the fuel 
weight was equal to half of tbe gross weigbt of the missile and tbat 
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STATUS OF R4t\1 JET RESEARCH AND DEVELOPHE:NT 

principal researcl'J techniques are used, namely: 

2. Ground stand blower installations 

1. Subsonic and supersonic wind tunne1 tests 

3. Flight test bedS 

4. Free flight with rocket assisted take-off 

ving loading was cnosen at different altitudes so that the missile 
at an altitude corresponding to its maximum lift-drag ratio. The 

for this calculation are shown in figure 11 on the curve marked 
(optimum wing loading). 

Surprisingly small improvements in range resulted from increases 
flight altitude. However, the calculations revealed that at the 

~very high altitudes an extremely small airplane could petioTIi tbe same 
mission for w11ic1J a large airplane would be required at sea level. 

dimensions at different altitudes were found to be proportional to 
density of the atmosphere. Numerous assumptions were necessarily 

recuired for this preliminary range calculation and further research 
- indicate methods for substantially increasing the range. 

ram-jet engine development is primarily in tbe research plJase: 
industry programs sponsored by the armed services are making 

progress in tbeir attack on some of the problems associated with 
production of flight engines. Resee.rcll is being actively pros­

ecuted at government laboratories and universities tlJrougbout the 

_Engine research requires detailed study of the characteristics of 
i':'·'.:c "" 'th", eneine components and the evaluation of the performa.nce and opera-

characteristics of the complete engine. A review of research 
ies at the NACA Cleveland Fligbt PropUlsion Research Laboratory 

aid in clarifying the present status of ram jet development and 
neate the problems to be solved. Research problems and techniques 
for their investigation will therefore be summarized in the 

.u~~uWing.paragrapns. 
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Supersonic Diffusers 

The attainment of high ram jet efficiencies requires that the com­
pression accompanying the diffusion of the supersonic flow ahead of the 
inlet to subsonic flow in tbe combustion chamber be achieved w~th a 
minimum loss of total pressure of the stream. Since deceleration of a 
supersonic to a subsonic flow is accompanied by a shock, and since the 
total pressure loss across a shock is a minimum when the flow' ahead of 
the shock is at sonic speed, the prime objective of all supersonic 
diffusion is to provide a means for reducing the Mach number of the 
flow to as close to M = 1 as possible before a normal shock is 
allowed to occur~ 

Several geometric arrangements have been suggested for tbis pur­

pose, such as the convergent-divergent diffuser and the oblique sbock
 
diffuser.
 

t,
ft· 

I
f, 

I 
Normal 
Shock 

Shock 

Convergent-Divergent Diffuser Oblique Sbock Diffuser 

The cbaracteristics of these and other types of supersonic dif-· 
fusers are being actively investigated at the Cleveland laboratory, and 
a diffuser haa been developed for use at a ~acb number of 1.85 in which 
a loas of only 4 percent of the free-stream total pressure occurs. The 
efficiency of this diffuser is higher than tbat of any type of mechan­
ical compressor. 

Flow 
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In su:personic research a most usefu.l tool is the schlieren appara­
that enables regions of the flow field in which density gradients 
occurring to be clearly outlined. Typical schlieren pictures show­
the flow at the entrance of a diffuser with one and two oblique 

- .... .-OC:;J . ­

shocks are shown in figures 12 and 13. The increase in density behind 
the oblique snocks is shown by the shaded areas and the location of the 
nomal shock near the inlet is clearly disclosed. 

As the flight Mach number is increased, the losses across the 
~upersonic diffuser tend to increase and at a Mach umber of 3 it is 
. for as much as 50 percent of the total pressure of tbe free 

to be lost in the supersonic diffuser. In a large degree the 
ap:plication of supersonic ram jets at high V~cb numbers' will 

dependent on research efforts which enable the diffuser losses to be 
The reduction of the n')se drag of the supersonic missile 

wi tIl the formation of oblique shocks at the ram jet inlet 
remains as an i~portant research problem. MUCh research effort 
be required in tbe next few years to provide solutions for these 

~mno~tRnt problems. 

Combustion 

problem of acbieving staale combustion with higb combustion 
·<i~efficiencie8 in ram jet combustion chambers over a wide range of flight 

altitudes represents one of the most difficult phases of ram 
ment. The fuel to be burned in the ram jet at high Mach 

is measured in terms of 10 thousands of pounds per hour and 
heat release per unit volume in these combustion chambers is many 

:'~'n~~~ higher than in any other tyPes of burner equipment. The diffi ­
associated with combustion are increased by the requirement 

devices installed in the ra'lJ1 jet combustion chamber to promote 
and efficient combustion are necessarily limited to those 

. producing relatively low pressure losses. 

research lirojects are now in progress at the NACA Cleveland 
iI':} ':: ~~.~~:atory to investigate the fundamental. I~actors affectil'1g the com­

process, such as the inlet-air pressure, temperature, and 
and the fuel-air ratio of the combustion gases. The .Dature 

the turbulence required downstream of the flame-holding device in 
to promote stable and efficient burning at high combustion speeds 

also being investigated. Tbus far a basic understanding of the 
--~ of varying the fundamental combustion uararneters has not been 

and the design of combustion chambers is largely based on 
experience. 
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A typi.cal installation of a ram jet combustion cIJamber for combus­
tion studies is shown in figure 14.· Combustion air is provided for 
this experiment by a blower ahead. of the combustion chamber inlet. "The 
combustion temperatures are measured with water-cooled rakes at low 
combustion temperatures and are calculated from measurements of gas 
samples taken ip. the exhaust for temperatures above which thermocouples 
are now available. The measurement o:f temperatures in the range of 
30000 and 40000 F offers a difficult research problem i::1 itself and 
instruments for this :pl.U"pose are badly needed.. 

E~uipment is available at the Cleveland laboratory for investi­
gating the effects of variations in the. inlet pressure and. temperature 
of the combustion air on combustion efficiency. It is found in general 
that decreasing the pressure or the temperature at which combustion 
occurs reduces the combustion efficiency. The attainment of high effi­
cienciesat high altitudes .therefore presents a more dif:ficult problem 
tllan at sea level. Cautlbn must be used in interpreting researcb 
results obtained under sea level test conditions unless they are sub­
se~uently checked at altitude conditions. 

An important variable in the combustion process is the velocity of 
the air at the entrance to the combustion chamber. Successful "burning 
under altitude conditions with the tY-2es of flame-holding devices now 
in use has not been accomplished at combustion inlet velocities much 
above 200 or 250 feet per second. Fortunately, analysis indicates that 
it is not desirable to greatly exceed these speeds since the pressure" 
losses due to the acceleration of the gases during the combustion 
process are apprOXimately proportional to the square of the combustion 
chamber velocity. 

The combustion study provides one of the most interesting pllases 
of ram jet researcb and"a large effort will be reqUired in the next 
few years to establish the problem on a sOlli~d fundamental basis. 

Fuels 

The large fuel consumption of the raID jet introduces a special 
fuel problem. Stated briefly, this problem is one of finding volume 
enough in the supersonic airplane to carry the fuel. The volw~e 

requirements for the fuel present a more serious problem than the 
weight of the fueL 

Since the drag of supersonic bodies is so high, it is extremely 
undesirable in long-range missiles to increase the frontal areas of 
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4 COmDlJ.S­ the fuselage, which a;pears to be the most logical place to carry the 
i for "fuel, to a	 size sufficient to carry the conventional hydrocarbon fuels. 
Let. The . Thus far all researclJ on ram jets and performance evaluations IJave been 
Glow made using gasoline or related bydrocarbons as a fuel. Research is in 
:' gas !irogress, however, for the developl:Jent of fuels baving a higher
nocou:ples heating value per unit volume than the hydrocarbon fuels. 
;e of 
[' and obvious solution to this problem appears to eXist. Analysis 

thB~ the metals and their hydrides may offer promising solutionE. 
eX9..~ple; beryllium has a beat content of 3:110,000 Btu per cubic 

<resti­ , as compared with gasoline which has 840,000 Btu ;er CUJic foot. 
perature use of beryllium as a fuel would therefore reduce the volume of the 
0. general space reqUired in a long-ranee aircraft to approximately one­
stion of ~bat reqUired for gasoline. Unfortw18tely, beryllilli~ is 
igh effi- and expensive and is used here simply to illustrate the cbarac­
problem desired of a fuel. 

reb 
1'e suo- A further ad.vantage results from tbe use of a fuel sudJ as 

which has a higber stoichiometric temperature than gasoline. 
of the temperature rise associated with the comlJression of the 

locity of ·in the inlet of the ram jet, tbe value of the possible tem~era­
burning ratio across the combustion chamber T3/T2 decreases with 

ces now Bach 111.unl)er. For example, ...1th gasoline as a fuel the max­
s much of the ratio ofT3/T2 (T) decreases from a value of over 6 
ates that 

level static conditions to a value of 3.8 at a }~cb nwnber of 3. ressure 
ion	 

;~'\:: /:;:SlIlce .the thrust coefficient is proportional to the valuE' of FJT 
, ".. coefficient equation), its value will decrease at bighermbustion 
;>t>:C~<Hachn:u::nbers. lrTith beryllitL"'TI) at a Mach nu.111ber of 3, a value of T of 

be reaclled. Comparisons of the tbrust for these two fuels at 
.=C",ccc.a : 1'lCI.vll number of 3 is sbow.n in figure 15. Because of the higb energy·

pbases of the supersonic ram jet, the use of atomic energy appearsnext attractive. 
s. 

Performance	 Evaluation 

im:;;ortant pbase of ram jet research is the evaluation of tb.eecial 
performance and operational characteristics of the complete-volume , in which the losses occurring in the cyci e '~re i.ntegrated. .me . these results tne theoretical and actual performance of the enginethe ·0e compared and a basis established. for aircraft design. 

Cleveland altitude wincl tunn.el provides a.n excellentremely 
for this purpose, and the internal performall.Ce of ram as of 
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jets bas already-been established over a range of altitudes up to 
47,000 feet and at Mach numbers up to 2. The wind tunnel bas been so 
designed tbat the pressure in the tlli"1.J.lel can be reduced -to 50,000 feet 
altitude conditions by exha1J_sters, and the temperature can be reduced 
to -500 F oy refrigeration, so tbat accurate altitude simulation is 
achieved. 

A ram jet installation in the altitude wind tunnel is sbown in 
figure 16. Tbe 20-inch-diameter re..m jet ;""as suspended beneath a wing 
sup:ported at its tip by the tu..""lnel balance system. Air at conditions 
corres:ponding to the altitude and Mach number to be simulated is ducted. 
to the ram jet inlet. The engine exbausts directly into the wind t'..lTI.­

·I~•. 
. 
.­

nel test section, which for these tests serves primarily as an alti- ­
tude chamber. Numerous ram jet configurations have been investigated 
in thi s manner. 

A typical flame-holding device used to seat the flame and to add 
turbulence is shown in figure 17. The flame holder, whicl1 consists of 
a grid of V-sha:ped sections, is fabricated of Inconel. The fuel was 
introduced for these tests through a series of small orifices drilled 
in tubes tbatwere arranged in a V pattern near the subsonic diffuser 
inlet (fig. 18). To :prOVide constant fuel injection :pressure at dif­
ferent fuel flow rates, a mechanically driven plunger was used to 
reduce the number of fuel injection orifices at low fuel flows. 

Typical results obtained from the wind -tunnel investigationsa~e 
shown in figuxes 19, 20,. and 21. It has been found tbat by the use_ of 
certain parameters the results obtained at different altitudes may be 
generalized so that. they· may be plotted on a single curve. For 
example, the results on the net thrust curve (fig. 19), whicb were 
obtained over a ra.nge of altitudes from sea level to 45,000 feet,were 
generalized by dividing the measuxed thrust at a given value of the 
temperature ratio T by the parameter O. This generalizi:ng 
:Parameter 0 is equal to the ratio of the absolute ambient pres8'J.re 
ahead of the ram jet inlet to the absolu~e static pressure u.."lder NACA 
standard atmospheric conditions at sea level. The use of paI""-JIleters 
such as 0 provide a great simplification in the experimental inves­
tigation of ram jets and ~nable the altitude performance of the er~ine 

to be predicte-d from sea level tests. The variation of the tbrust 
coefficient Cf with t?e free-stream r.hcb nu.rnber (fig. 20) sbows the 
increase in the thrust coefficient that results from increasing tbe 
combustion chamber temperature ratio. 

The over-all efficiency of the engine (fig. 21), which is the 
ratio of the total useful work performed to the beat energy of tbe fuel 
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burned, increased with the ~Bch number, but the rate of increase is 
less at tbe higher Mach nu.rnbers due to the bigh supersonic diffuser 

·108se8. This droop in the efficiency curve vill be eliminated when more 
efficient supersonic diffusers are developed. Analysis of the results 

. of figure 21 showed that tbe measured efficiency of the engine was only 
about 70 percent of that vhich could be obtained for an ideal engine 

losses. The direction of further research will be to decrease 
difference between theoretically possible efficiencies and those 

actually realized. 

CONCLUDING REr~~S 

The ram jet inberently possesses the characteristics required for 
propulsion. Experimental investigations r~ve already shown 

the theoretical characteristics of the ram jet can be approached 
practice and ther~ remains the detailed research on components and 

engines to achieve the highest possible thrust and efficiency. 
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	RMq JET PROPULSION 
	By Abe Silverstein
	INTRODUCTION Over a decade ago it became apparent that flight through and above 
	sonic speed would require propulsive powers many times greater than 
	or could be made available with any of the eXisting propulsion devices. r,19.ny believed that the "so-called" sonic barrier ~vould not be pierced, whereas otbers took co:rn:fort in the paradox "that if God can 
	'<bUild an imr;]ovable barrier, why cannot he also create a large enough 
	c;.'rorce to move it?" Those of good faith have triumphed, and in the past . <c'seV"eral years flight at supersonic speeds has been accomplished with 
	~W9.:different propulsive devices -the rocket and the ram jet. The 
	<rocket has been discussed in detail in another paper and this lecture .~~llpe concerned largely with the ram-jet engine, showing how the 
	';:,c=ba:racteristics of tbe engine are adapted to the propulsive require­'~ntsfor supersonic flight, describine the present state of ram jet 
	. ";:d~yeJcrpment, and indicating the D..ature of the problems that remain to ':be;:solved. 
	THE PROPULSION PROB~1 IN SUPERSONIC FLIGHT 
	~.'},' Researchers in the physical sciences are impressed repeatedly by cery8in nrovidentiaJ. solutions for difficult nroblems in which the ~qtlire~nts established by the problems are ~et step by step in the 
	".~::-I3Q+ut10n. Such a solution is provided by the ram jet for the problem 
	"':);:')_of;~'~llpersonic propulsion. 
	,-~:~ -..
	' 
	'. "c:,.'<cIt is well lmmYTl that the power required for propelling a body of
	; ·"f.~ddimensions is proportional to the product of drag coefficient CD' ,.Y;.tui~:tbe cube of the flight speed. The dras coefficient, which 
	serves 
	·"~,;'~c).~~f1ne for the aerodynamicist the nature of the flow over the body, , /Yfl,ries With tbe fliSht Mach number, and a typical variation for a ram­;'je~1lJissile is shown in figure 1. The drag coefficient reaches a max­
	,~umat or about the sonic flight speed and decreases from this peakral1J:eJ~t bigher supersonic s:peeds. 
	2 CONFIDENTIAL 
	If the power requirements are calculated for the aerodynamic body, for which data are shown in figure 1, at speeds of 500 miles per hour and 1500 miles per hour, the power at the higher speed will be tripled because of the threefold increase in the value of CD' and further increased 27 times because of the cubed ratio of the flight speeds. The power required is therefore increased 81 times and if, in a typ­ical case, 2000 thrust horsepower is required to sustain sea-level flight at 500 miles per hour then 1
	The disparity between powers of this magnitude and those available from reciprocating engines and turbojet engines now in service is obvi­ous. The characteristics of typical service engines as they are now applied at subsonic flight speeds is shown in figure 2.· The subsonic characteristics of the ram jet are added as a point of interest, although it is to be emphasized that the ram jet has little or no merit for propulsion at low flight speeds. 
	The reciprocating engine is definitely limited in its power poten­tialities by the low air handling capacity of engine cylinders of prac­tical dimensions. The turbojet and turbine-propelier engines have thus far been limited in power output by the temperature limitations of the turbine materials. 
	The ram jet combines the favorable characteristics for developing large powers of handling a large mass of combustion air, and of providing the possibility for burning fuel in the air at or near stoi­chiometric temperatures. 
	RAM JEl' PERFORMANCE CHARACTERISTICS 
	The ram jet is one of the simplest engines that has yet been con­ceived for aircraft propulsion (fig. 3). There are no mysteries asso­ciated with the cycle on which the eP-esine operates or with the manner in which the power is delivered. 
	The ramjet, in ?ommon with all other types of engines, derives its power from the expansion of gases that have been burned under 
	. 
	I 
	pressure. The combustion occurs at almost constant pressure as compared I 
	.~. 
	with the constant volume combustion that occurs in the reciprocating 

	~ 
	engine. 

	Compression of the fuel-air mixture before burning is accomplished 
	I 
	convert~ng the dynamic pressure of the air moving relative to the ~ ram jet to a static pressure in the combustion chamber. This process . 
	by 

	CONFIDENTIAL 
	is 8.J.J.B.logous to the rise in pressure in an open-ended airs]?eed tube when 
	it is moved tbro1J.gh the air. No moving parts are utilized in the com­;.. pression or expansion cycle. The expansion cycle, in which the useful. >~ork is done, is accomplished -Dy means of a nozzle in wbich the combus­..tion 88.ses are accelerated, because of their higher temperatures, to a. 
	.final velocity that is hieher tn.an the velocity of the air which enterecl. the e116 ine .. 
	The difference in the momentum of the gases leaving the nozzle 
	c.iter tbey bave reached eauilibriu.nJ with the surrounding atmosphere and the moment~~ of the air entering the engine is a measure of tbe ram-jet 
	f 
	f 

	The power of the ram jet is simply the thrust multiplied by [flig1Jt velocit;y. The efficienc;y-is in a large measure determined the temperature ratio acbieved in expansion of the bot gases between f combustion chamber ]?ressure and the ambient discharge pressure ;: 
	t 
	r
	r 
	cycle efficiency). The l:i6her the expansion ratio through the 
	~. 

	~
	the higher is the efficiency. 
	t 

	;; 
	~ 

	order to show clearly wby the ram jet is ad.apted 80 ideally to :­
	;.

	!'
	"".....;;,.~sonic propulsion, it is necessary to develop an elementary rela­~ 
	f
	.;:uonfor its thrust. As previously mentioned, the thrust of the ram equal to the change in momentum of the mass of gas passing 
	&' 
	f:. 

	f
	.

	\; thh5w;;h the e:ngine; that is (see fig. 4) s; 
	t 
	i 
	F=m(V5 -'1) 
	0
	f~ 

	rna = mass airflow 
	~. 
	~ 
	i­

	vs = final gas speed t
	I'
	v0 = flight speed i 
	I
	assume for simplification that the engine operates without 
	all second order effects are neglected, it can be shown that 
	-
	P
	4 
	4 
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	in which T3 is the tc~al temperature at the discharge of the combus­tion chamber ~"1d. T2 is the tempe:-ature at th.a combustion chamber 
	in which T3 is the tc~al temperature at the discharge of the combus­tion chamber ~"1d. T2 is the tempe:-ature at th.a combustion chamber 
	~ t F. ~ 

	inlet. 
	inlet. 
	If we 
	replace '\':'be 
	ter:n 
	!m fJ-3 ",! -\/ TZ 
	by the symbol 
	IT, 
	tben 
	i ~~ t l'l. ~. 

	TR
	~ 

	7 5 
	7 5 
	= YT 
	V o 
	~. i


	Substituting in the origins.l expression for the thrust, 
	Fn = mv0 ((T -1) l: 
	a

	!'~ 
	~ 
	o area of the cross section of the mass of air entering the inlet of the ram jet at free stream conditione, Po and v' Then 
	o 

	i 
	i 
	Fn = Pov0 A( -iT--i) 
	2
	o 

	f 
	=Z q Ao ("IT -1) 
	= Cq Ao 
	f 

	in which q is the dynamic pressure 1/2 PoV2 corresponding to the flight s~eed and Ci8 the thrust coefficient. 
	o
	f 

	A similar expression can be -written for the drag of the body which .~ is being propelled, that is, 
	D=CDqAo 
	in which On 1s the drag coefficient. 
	In comparing the equation for the thrust and drag, it will be noteC t;hat both increase directly with the d;yna;mtc pressure; that is, as thet square of the flight s:peed. For propulsion it remains only necessary 
	for the value of the thrust coefficient C.. = 2 ( vT -1) tobe larger~ 
	~I
	than the drag coefficient CD' ExperiDlel1tal in:v6stigations have alrsadri 
	shown for certain ranges of r-1ach numbers that Ccan be maintained larger than CD. 
	f 

	can be replaced by povoAc, in which Ais theBy definition m
	a 
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	he combus­
	To avoid cor£usion in the analysis of data presented in missile b.amber 
	literature, attention.is called to the fact that no consistent termi­nology has yet been adopted for the areas on which the coefficients CD and Care based. In the usual case the drag coefficient Cis not 
	ben 
	f 
	n 

	given in terms of the area p~, but for wing missiles it is based on the wing area S as, for example, in figure 1. The thrust coeffi­cient Cf is generally expressed in terms of the combustion chamber 
	area AZ (see fig. 4). 
	The power aYailable for propulsion from the thrust of a typical ram jet and the power required due to the drag of the airplane shown in figure 5 illustrate the matching of the engine and the airplane. With 
	) ia the 
	increase in airplane speed, the thrust of the reciprocating engine 
	llet of the. decreases, the thrust of the rocket remains essentially constant, the thrust of the turbojet engine increases above a speed of 300 miles per hour but at a rate less than the first power of the yelocity, whereas the thrust of the ram jet increases as the square of the speed, thereby rnatohing trJB rise in airplane drag. 
	For flight at a constant Mach number and Yarying altitude, both '"the airpl~ne drag and the ram jet thrust are proportional to the alti­.t·ude pressure; that is, when the altitude pressure is 'one-half sea.,. , J both the airplane drag and the ram jet thrust are ,,<halved. The effect of altitude on the ram jet horsepower is illus­
	,;level pressure

	:iing to the,l:trated by ex-oerimental results obtained in the NACA Cleveland altitude l/'1nd tunnel ;n a 20-inch-diameter ram jet (fig. 6). An output of 35,000 horsepower was obtained at sea-level operation at a ~~ch number 
	e body which~I;;'{:-Of 2, whereas at 40,000 feet altitude the power delivered was approx­, '" '1lllately 6500 horsepower. 
	Thus far no mention has been made of the engine fuel consumption. 
	low flight l~ch numbers the fuel consumption, expressed in pounds of fuel per thrust horsepower-hour (fig. 7), is high because of the low compression ratio in the cycle. For e:x:a.mple, at the sonic speed the fuel consumption is 2.5 pounds per thrust horsepover-hour. The engine economy improves rapidly with increase in l~ch number and at a ~~ch
	will be 
	~number of 2 the fuel consumption decreases to less than 1 pound of fuel
	ie, ae 
	.-:. per tbxust horse:power-hour. -This value is comparable to the fuel con-
	r nece8sery'~ 
	.. sumption at military pO't~er of our best reciprocating engines and is 
	.. sumption at military pO't~er of our best reciprocating engines and is 
	to be larger 

	about equal to the fuel consumption of the turbojet engine at high sub­
	3. beve alreadY sonic Vlach nUJllOers. The specific impulses of the ram jet, expressed in aaintained. POunds of thrust per pound of fuel per second, is from 6 to 8 times that 
	COl\1FIIJENI'IAL 
	of a rocket at a Hach number of 2. The higb specific cons1.1.TDption of the ram jet at low flight r1ach numbers decreases its usefulness as an engine for subsonic propulsion. 
	A ma.jor weakness of the ram jet is the zero thrust at take-off. 
	l;
	I

	An aUXiliary engine or launching device will be required to accelerate the engine to a Mach. number of from 0.4 to 0.5, after which. tbe tbrust of the engine may be adeqlmte for acceleration to supersonic speeds. J 
	It may be found that launching Nacb numbers higber than 0.5 will be required unless control of tbe inlet and outlet dimensions can be provided. 
	f:· 
	"' 
	As a possible solution for tbe take-off problem of a supersonic airplane, a COlDIJosite engine consisting of a turbojet and a ram jet in series appears attractive. Extensive analytical and experimental investigations of the turbo-ram jet engine have been conducted at the NACA Cleveland research laboratory during tbe past year which 8nO"..,. that this composite engine bas excellent.performance characteristics up to flight Mach numbers of approXimately 2. A scbematic arrangement of such an engine is shown in 
	o 

	Substantial take-off thrust is prOVided and tbe thrust at a Mach nimlber of 2 is about equal to tb8:t of the ram jet alone (fig. 9). The specific consumption of the composite engine (fig. 10) is bigher tban that of the turbojet alone, but is sufficiently low to provide a practical solution to the problem of attaining bigh tl,rust through the ~ach numbers from take-off to a ~~cb number of 2. The spe­cific consumption of the tlJ.rbo-ram jet engine apIJroaches that of the ram jet at a Mach number slightly abov
	range of 

	Some consideration should be given to the range of ram jet powered aircraft. This pro'olem has been analyzed by members of the Langley . Field staff of the NACA (fig. 11) 9 and it bas been found that flight ranges of between 1500 and 1800 miles now appear possible for ram jet powered missiles. In one calculation it was assumed tbat the fuel weight was equal to half of tbe gross weigbt of the missile and tbat 
	t powered ngley flight ram jet fuel .d that 
	7 -,,' :\:-.::-':~2.::-·:_·--.=.:::.\~L~ ';0 ~.:_,(,-"<'-$-:~.~ '-­...:.';::;;. > '~ -_~; {-;i~-: ~~t;<~ ~:;.~,,';:~":'~.,,:.:..:.: . .;. -;:--;~-.;:;: ;::.:.: ~-::.f-' -~"-,--;-CONFillENTIi'u. CONFIDENTI..u, STATUS OF R4t\1 JET RESEARCH AND DEVELOPHE:NT principal researcl'J techniques are used, namely: 2. Ground stand blower installations 1. Subsonic and supersonic wind tunne1 tests 3. Flight test bedS 4. Free flight with rocket assisted take-off ving loading was cnosen at different altitudes so that the m
	Supersonic Diffusers 
	The attainment of high ram jet efficiencies requires that the com­pression accompanying the diffusion of the supersonic flow ahead of the w~th a minimum loss of total pressure of the stream. Since deceleration of a supersonic to a subsonic flow is accompanied by a shock, and since the total pressure loss across a shock is a minimum when the flow' ahead of 
	inlet to subsonic flow in tbe combustion chamber be achieved 

	the shock is at sonic speed, the prime objective of all supersonic diffusion is to provide a means for reducing the Mach number of the 
	flow to as close to M = 1 as possible before a normal shock is 
	occur~ 
	allowed to 

	Several geometric arrangements have been suggested for tbis pur­.pose, such as the convergent-divergent diffuser and the oblique sbock. diffuser.. 
	Normal 
	Shock 
	Shock 
	Convergent-Divergent Diffuser Oblique Sbock Diffuser 
	The cbaracteristics of these and other types of supersonic dif-· fusers are being actively investigated at the Cleveland laboratory, and ~acb number of 1.85 in which a loas of only 4 percent of the free-stream total pressure occurs. The efficiency of this diffuser is higher than tbat of any type of mechan­ical compressor. 
	a diffuser haa been developed for use at a 

	Flow 
	..I Supersonic .llqw 
	Oblique Shock supers:~ 
	CONFIDENTIAL 
	In su:personic research a most usefu.l tool is the schlieren appara­that enables regions of the flow field in which density gradients occurring to be clearly outlined. Typical schlieren pictures show­the flow at the entrance of a diffuser with one and two oblique 
	-.... .-OC:;J .­
	shocks are shown in figures 12 and 13. The increase in density behind the oblique snocks is shown by the shaded areas and the location of the nomal shock near the inlet is clearly disclosed. 
	As the flight Mach number is increased, the losses across the ~upersonic diffuser tend to increase and at a Mach umber of 3 it is . for as much as 50 percent of the total pressure of tbe free 
	to be lost in the supersonic diffuser. In a large degree the ap:plication of supersonic ram jets at high V~cb numbers' will dependent on research efforts which enable the diffuser losses to be The reduction of the n')se drag of the supersonic missile 
	wi tIl the formation of oblique shocks at the ram jet inlet remains as an i~portant research problem. MUCh research effort be required in tbe next few years to provide solutions for these 
	~mno~tRnt problems. 
	Combustion 
	problem of acbieving staale combustion with higb combustion 
	·<i~efficiencie8 in ram jet combustion chambers over a wide range of flight altitudes represents one of the most difficult phases of ram ment. The fuel to be burned in the ram jet at high Mach 
	is measured in terms of 10 thousands of pounds per hour and heat release per unit volume in these combustion chambers is many :'~'n~~~ higher than in any other tyPes of burner equipment. The diffi­associated with combustion are increased by the requirement devices installed in the ra'lJ1 jet combustion chamber to promote and efficient combustion are necessarily limited to those . producing relatively low pressure losses. 
	research lirojects are now in progress at the NACA Cleveland iI':} ':: ~~.~~:atory to investigate the fundamental. I~actors affectil'1g the com­process, such as the inlet-air pressure, temperature, and and the fuel-air ratio of the combustion gases. The .Dature the turbulence required downstream of the flame-holding device in 
	to promote stable and efficient burning at high combustion speeds also being investigated. Tbus far a basic understanding of the --~ of varying the fundamental combustion uararneters has not been 
	and the design of combustion chambers is largely based on experience. 
	CONFIDENTIAL. 
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	A typi.cal installation of a ram jet combustion cIJamber for combus­tion studies is shown in figure 14.· Combustion air is provided for this experiment by a blower ahead. of the combustion chamber inlet. "The combustion temperatures are measured with water-cooled rakes at low combustion temperatures and are calculated from measurements of gas samples taken ip. the exhaust for temperatures above which thermocouples are now available. The measurement o:f temperatures in the range of 3000and 4000F offers a dif
	0 
	0 

	E~uipment is available at the Cleveland laboratory for investi­gating the effects of variations in the. inlet pressure and. temperature of the combustion air on combustion efficiency. It is found in general that decreasing the pressure or the temperature at which combustion occurs reduces the combustion efficiency. The attainment of high effi­cienciesat high altitudes .therefore presents a more dif:ficult problem tllan at sea level. Cautlbn must be used in interpreting researcb results obtained under sea le
	An important variable in the combustion process is the velocity of the air at the entrance to the combustion chamber. Successful "burning under altitude conditions with the tY-2es of flame-holding devices now in use has not been accomplished at combustion inlet velocities much above 200 or 250 feet per second. Fortunately, analysis indicates that it is not desirable to greatly exceed these speeds since the pressure" losses due to the acceleration of the gases during the combustion process are apprOXimately 
	The combustion study provides one of the most interesting pllases of ram jet researcb and"a large effort will be reqUired in the next few years to establish the problem on a sOlli~d fundamental basis. 
	Fuels 
	The large fuel consumption of the raID jet introduces a special fuel problem. Stated briefly, this problem is one of finding volume volw~e requirements for the fuel present a more serious problem than the weight of the fueL 
	enough in the supersonic airplane to carry the fuel. The 

	Since the drag of supersonic bodies is so high, it is extremely undesirable in long-range missiles to increase the frontal areas of 
	CONFIDENTIAL 
	CONFillENTIi\L. n 
	COmDlJ.S­
	the fuselage, which a;pears to be the most logical place to carry the i for 
	"fuel, to a. size sufficient to carry the conventional hydrocarbon fuels. 
	Let. The 
	. Thus far all researclJ on ram jets and performance evaluations IJave been 
	Glow 
	made using gasoline or related bydrocarbons as a fuel. Research is in 
	:' gas 
	!irogress, however, for the developl:Jent of fuels baving a higher
	nocou:ples 
	heating value per unit volume than the hydrocarbon fuels. 
	;e of [' and 
	obvious solution to this problem appears to eXist. Analysis thB~ the metals and their hydrides may offer promising solutionE. eX9..~ple; beryllium has a beat content of 3:110,000 Btu per cubic , as compared with gasoline which has 840,000 Btu ;er CUJic foot. perature 
	<resti­

	use of beryllium as a fuel would therefore reduce the volume of the 
	space reqUired in a long-ranee aircraft to approximately one­of ~bat reqUired for gasoline. Unfortw18tely, beryllilli~ is and expensive and is used here simply to illustrate the cbarac­
	general 
	stion 
	igh effi-

	problem 
	desired of a fuel. reb A further ad.vantage results from tbe use of a fuel sudJ as which has a higber stoichiometric temperature than gasoline. of the temperature rise associated with the comlJression of the ·in the inlet of the ram jet, tbe value of the possible tem~era­ratio across the combustion chamber T3/T2 decreases with ces now 
	1'e suo-
	locity of 
	burning 

	Bach 111.unl)er. For example, ...1th gasoline as a fuel the max­
	s much 
	of the ratio ofT3/T2 (T) decreases from a value of over 6 
	ates that 
	level static conditions to a value of 3.8 at a }~cb nwnber of 3. 
	ressure 
	;~'\:: /:;:SlIlce .the thrust coefficient is proportional to the valuE' of FJT , ".. coefficient equation), its value will decrease at bigher
	ion. 

	mbustion 
	;>t>:C~<Hachn:u::nbers. lrTith beryllitL"'TI) at a Mach nu.111ber of 3, a value of T of be reaclled. Comparisons of the tbrust for these two fuels at .=C",ccc.a : 1'lCI.vll number of 3 is sbow.n in figure 15. Because of the higb energy·
	pbases 
	of the supersonic ram jet, the use of atomic energy appears
	next 
	attractive. 
	Performance. Evaluation 
	im:;;ortant pbase of ram jet research is the evaluation of tb.e
	performance and operational characteristics of the complete
	, in which the losses occurring in the cyci e '~re i.ntegrated. . these results tne theoretical and actual performance of the engine
	·0e compared and a basis established. for aircraft design. 
	Cleveland altitude wincl tunn.el provides a.n excellent
	for this purpose, and the internal performall.Ce of ram 
	CONF]])ENTIAL. 
	12 CONFIDENTHL jets bas already-been established over a range of altitudes up to 47,000 feet and at Mach numbers up to 2. The wind tunnel bas been so designed tbat the pressure in the tlli"1.J.lel can be reduced -to 50,000 feet altitude conditions by exha1J_sters, and the temperature can be reduced to -500 F oy refrigeration, so tbat accurate altitude simulation is achieved. A ram jet installation in the altitude wind tunnel is sbown in figure 16. Tbe 20-inch-diameter re..m jet ;""as suspended beneath a win
	nel test section, which for these tests serves primarily as an alti-­tude chamber. Numerous ram jet configurations have been investigated in this manner. 
	A typical flame-holding device used to seat the flame and to add turbulence is shown in figure 17. The flame holder, whicl1 consists of a grid of V-sha:ped sections, is fabricated of Inconel. The fuel was introduced for these tests through a series of small orifices drilled in tubes tbatwere arranged in a V pattern near the subsonic diffuser inlet (fig. 18). To :prOVide constant fuel injection :pressure at dif­ferent fuel flow rates, a mechanically driven plunger was used to reduce the number of fuel inject
	Typical results obtained from the wind -tunnel investigationsa~e shown in figuxes 19, 20,. and 21. It has been found tbat by the use_ of certain parameters the results obtained at different altitudes may be generalized so that. they· may be plotted on a single curve. For example, the results on the net thrust curve (fig. 19), whicb were obtained over a ra.nge of altitudes from sea level to 45,000 feet,were generalized by dividing the measuxed thrust at a given value of the temperature ratio T by the paramet
	tigation of ram jets and 
	f 

	increase in the thrust coefficient that results from increasing tbe combustion chamber temperature ratio. 
	The over-all efficiency of the engine (fig. 21), which is the ratio of the total useful work performed to the beat energy of tbe fuel 
	CONFIDENTIAL. 
	burned, increased with the ~Bch number, but the rate of increase is less at tbe higher Mach nu.rnbers due to the bigh supersonic diffuser ·108se8. This droop in the efficiency curve vill be eliminated when more efficient supersonic diffusers are developed. Analysis of the results . of figure 21 showed that tbe measured efficiency of the engine was only about 70 percent of that vhich could be obtained for an ideal engine losses. The direction of further research will be to decrease difference between theoret
	REr~~S 
	CONCLUDING 

	The ram jet inberently possesses the characteristics required for r~ve already shown the theoretical characteristics of the ram jet can be approached ther~ remains the detailed research on components and engines to achieve the highest possible thrust and efficiency. 
	propulsion. Experimental investigations 
	practice and 
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