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SUMMARY

A& theoretical analysis was made of an aircraft propulsion system
incorporating a centrifugal jet engine and a supersonic propeller.
The primary aim was to increase the economy of a jet configurated
engine. The design for & supsrsonic propsller was included, since
it vas necessary to use a propeller, in order to create maximum thrust
for the installation.

The engine wnit comsists of a rotating dise with an internal
combustion flow channsl using essentially the ram-jet ecyele, and the
design configuration embodied only tﬁr@@ basic moving parts for the
entire propulsion plant. The performance @f the engine was treated
as an aerodynamic and thermodynamic problem. Computations were made
on ﬁh@ internal flow system covering the effects of all variables.
Then, using these resulis, specific engines were analyzed introducing
all pertinent losses. In general, the numerieal calculations showed
theoretically that this type of engine would have slightly better
economy than a reciprocating engine snd was far superior to a
turbojet at an aireraft speed rangs down to low subsonic values.

The analysis for the supersonic propesller indlcated that the
author’s design approach, which includes three aimans1©ﬁa1 effects,
could theoretically produce completely supersonic blades with effi-
ciencies above 80%. Computations were made on a 10! diameter
propeller whieh would produce 7,500 pounds of thrust with an effi-
ciency of 83.5% at an aireraft speed of Mach number 1. This power
abs&rpti@n could easily be doubled, while at cruising powers efficien-

o

cies ranged up to 26%.
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I. INTRODUCTION

The theoretieal analysis made in this study was an effort to
reduce the specific fusl consumption of a jet configurated engine in
an installation in which the speed of the airecraft was low. If
possible, it was desired to gain the simplicity of a ram=jet type
unit and not suffer its drawbacks of poor economy at low speeds.
Power production for a minimum ®package" was only of secondary impor=
tance and was not given any consideration in eases where it conflicted
with the economy aspects. Thus, the primary aim of this thesis was
directed toward the reduction of the specific fuel consumption and sti1l
obtain the advantages of the constant flow ram-jet eyecle.

First, consider what results have been produced along this line.
Fig. 1, teken from Ref. 1, is the result of a p@@liﬁiﬂary study made on
a propeller powsred by gas jets issuing from the blade tips. In this
case, the Mach number of the propsller tip was limited to 0.85 with
an aircraft spsed of 100 mph. The minimm values of thrust specifie
fuel comsumption ave in the neighborhood of 3 1bs./T.H.P.-Hr. which is
wsatisfactory from an economy stendpoint. Next, refer to Figs. 2 and
3 taken from Ref. 2; these represent the power and the specific fuel
consumption cbtainable in a ram-jet installation. It is nobiced that
the specific fuel consumptions are considerably lowsr (2.4 1bs./lbs.=He.)
than they were in the former case, and that the thrust per unit combustion
chambsr area is much higher. However, the aircraft speed range for these
better values centers on 2,200 mph, a value hardly coneceivable at the

resent states of the art. From a different source (Ref. 3), Figs. 4 and
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5 are presented for ths ram-jet. Here, the speseific fuel consumption
is expressed in lbs./T.H.P.-Hr. It is ssen that a Mach mumber of 2
must be reached in order to compets with the reciprocating engine
whose thrust specific fuel consumption is 0.61 lbs./T.H.P.-Hr. at sea
level. The thrust for this case is expressed im thrust per wnit com-
bustion chamber area aﬁd_r@a@hes & maximuw of 3,750 lbse/ftg at a
Mach number of 3 or 2,280 mph. Thus, it would seem desirable to obtain
the optimum values indicated in these figures in an installation such
as that shown in Fig. 6.

To gain good thermodynamie effielency, it is known that high
compression ratios should be used. If the isentrople gas laws shown
graphically in Fig. 7 of this paper are studied, the rapid increase
in pressure rise as the Mach number is inereased is clearly evident.

If the pressure curve in the Mach numbsr range of 2 to 3 is considered,
compression ratios in the neighborhood of 20 might be gained. It
would seem expedient therefore, to attempt in some manner to use this
feature to gain better thermodynamic efficiency. It follows that with
larger thermodynamic efficiencies better ec@némy would result.

As previcusly indieated, the ram-jet unit has a compression high
enough for a good efficiency at supersonic velogities and a large mass
flow of air per wnit frontal area which gives high power output. How=
ever, both of these advantages fall off at lower speeds. It was desived
to obtain this good efficiency at low subsonic speseds. By using an
internal combustion system in@@fperatea in a rotating dise, it was

found that saiiéfa@tary compression could be gained by esntrifugal
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forece; and that if the disc spesd were allowed to reach high enough
values, very satisfactory economy and power outputs were gained. In
the present paper, performance computations were made covering the
spesd range up to a disc Mach numbsr of 2.4. The ram-jst cycls,
used herein, shall be referred to henceforth as a "ecentrifugal jet”
engine, bscause the ram was swall in comparison to the compression
produced through centrifugal forece.

The centrifugal jet engine perforwance is treated as an asro-
dynamic and thermodynamic problem. The performance is given in terms
of areas; velocitiss, and temperstures involved im the design of such
g wnit. The various parsmeters that effeet the economy and the power
output, as well as the above listed physical p?@pertiess were allowed
to range over pertinent values in the computations to show the separate
effeet of each. Examples of speeific designs are included i@ show the
overall performance rating of the power plant compared with present
day types of engines that produce comparable power.

The system I8 essentially e separate power plant and a separate
supersonic propelier. In order to create meximum thrust, the power
plant must use a propeller; althrough, the engine itself produces a
sizeabls percentage of the thrust depending on the spead of the aire
plane. Sines the installation must use 2 propeller to operste at
optimum conditions, it was felt that an analysis of a supersonic
propellsr design was necessary to see what could be accomplished in
this direction. FPressnt day subsonic wmropellers are satisfactory on

aireraft whose maximum spsed approaches 500 mph. With the enclosed
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design of a supersonic propsller, the propeller's useful range can
theoretically be increased to speseds approaching 1,000 mph. The
importance of a design which will increase the speed range of the
propeller cannot be over emphssized, since at present, there is a ery-
ing need in higher speed sircraft for a satisfactory power converter
{B.H.P. to T.H.P.), so that various jet type engines may be utilized.
By the proper combination of engine and propeller, it would seem
that more efficient installations could be designed, thereby increas-
ing the range of present day airveraft particularly of jet powered
aireraft and helicopters.

There are numerous major problems to be encountered in the
successful design and operation of an engine as hergin describad.
Many of the problems which will be enumerated later are only partislly
investigated or ave béy@@d the scope of this paper. It is to be
realized that this paper is preliminary and serves only as a basis
for further investigations, and that the enclosed information is the
culmination of numerous designs considered. After each investigation
the most desirable features of each were retained to produce the most
effective end result. With the meterial slresdy rresenited as a backe-

ground and the authors views creating the zr@@l@@g the following design

is presenied as one answer.
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II. GENERAL DESCRIPTION AND OFERATION

The power vlant configuration end included superscnic propellsy
3

&%,

of the proposed centrifugal jet engine, is shown on Fig. 8. With

reference to the disgram, it will be seen that the sysiem is made up
basically of only three movimg parts. These consist of the nose

spinner with atteched propeller, the centrifuvgal jet rotaling dise
5 e g

o+ rﬂ_

and the necessary gear train coupling. The rotating dise 1ls mounted

o
c‘g
C'\uﬂ

on the engine's stationary siructure. The latier is in turn mounted
directly to the sireraft. On Fig. &, the nose spimner is shown
hatehed, the outline of the dise is shown solid, and the engine’s

stationary cesing is shown double hateched.

ption and funciion of each of the mejor compon-

g_au

4 detailed deser

ents is as follows:s

The disec spinner serves Yo mount the propeller with its necessary
mechanical mechanisms. Through the nose of the spimmer, free air is
eonducted to the intake of the rolsting disc. The splmner also serves
as a shield for the dise., Its bearings turn on a journal mounted on
the outside of the disc intake. The spimner receives its propulsive
power from the gesr train shown.

B.__The Rotating Disc

@

Intake rem air is fed into the center of the roteting disec. It

is there directed to the periphery of the rotating dise through
channels in such a mammer that the air ducts do not interfere with the

gear train. The dimensicns of the chamnel are so constructed that the
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velocity at the outer most radius is lew, of such megnitude as to be

suitable for burning in e constent flow type combn The
combustion chamber runs the length of the dise in an offset dirvection
to that of rolation by some specific angle, "6", which is delermined

by later included analysis.

An isopetric flow diesgram is shown in Fig. 9. The air is come

)

rressed by centrifugal ferce in ils travel from the root of the dise

to its cuter circumfer

.
1036

‘@‘Tv

» The fuel is injected whenm it reaches the
periphery at the entrance to the combustion chamber. The fuel air
mixture is then burned in the combustion chawber, passed through a

o

sultable nozzle, and ejected inte free aivr. The cycle of flovw is
continuous and extrenely simple. The configuratic ﬁAm@y be altered
elightly to permit induction of ram alr from the rear of the rotating
disc as well as from the forwerd end.

The disc is mounted on bearings of the emgine's stationary struc-
ture and its shafi carries a gesr sultable for eperating the necessary
auxiliaries, such as, a fuel pump, vacuum pump, lubrication pump,
generator, magnetos, ete. The disc-spinner and disc-casing clearsnces
are designed small to elimate, as much as possible, the pumping action
of the air which arises from the relative motion between the afore
mentioned parts and the centrifugal pressure gradient that is selup.
Alr seals ere located at the two cleasrances cccurring at the position
of the Jet exit. These seals serve to meintain a difference in
pressure between the free air and the clearance spaces. By this deviee,

the clearance spaces are evacuated thereby reducing the air friection
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drag and resulting loss in horsepower.

C. Gear Train

One possible configuration of a gear train appears on the disgram

(Fig. 8). This unit serves to transmit the horsepower of the rotating

dise via the nose spinner to the propeller. Since the nose spinner

and rotating disc are operating at different rpms, it must be realized

that a configuration in which the propeller is mounted directly on the

rotating dise, thus eliminating the nose spinmer, is quite possible;

but, because of the various factors invelved, this would not be particu-

larly efficient except in very special cases.

D. Engine's Stetionary Casing

This struecture serves as a mounting pad for the bearings of the

rotating disc and as a housing for the suxiliaries. It, in turn, ie

mounted to the aircraftts primary structure.

q

The system of Fig. &, would appear to have the following adventeges:

1.

. 30
bis

5,

No engine torque is applied te the aircraft except for
the jet slip strean.

Lighter weight/unit power occurs as compared with a
reciprocating engine.

Small frontal ares is achieved with a streamlined shaje.
Small volume for the entire engine results.

vbrication problems are simple, probably incerporat-
ing a clesed system.

Low vibrating leads are expected with vibration due enly

to intermititent burning and alterrnating aerodynsmic loads.
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€. The configuretion is simple with a smell number of moving
parts.

Disadventages to the system would be, primarily:

1. The stress problem would be very critical due te¢ large
centrifugal leads created by high rotetional speeds and
the existanece of high temperature gradientis.

2. With high rotational speedsg the balance problem would
be major specifically to counteract ice formation and
engine malfunction.

3. Poor aceeleration characteristies, inherent in jet com-
figurations, would probably be found.

Deteiled enalysis of the sysiem as far as advantages and disadvant-
ages sre concerned will be more throughly discussed in later secticns

as the various problems are analyzed.
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III. INTERNAL FIOW ANALYSIS

The flow pattern through the engine is shown in Figs. 9 and 10.
The analysis is seo arranged that the varicus charecteristics have
been found for sach of the seven stations shown in Fig. 10. To
reduce the amount of caleulaticns involved, the section from Statienm
2 to 3 was eliminated for this will be primerily e funciion of the

e 2

individual design and may not necessarily be involved in any specifie

2o

3

configuration. The actions of compression and diffuser action have
been combined in the process beitween Stations 3 and 4. Combustion
in a constant ares chamber will include momentum pressure and conbuse

tion chamber fricticn losses between Stations 4 and 5. At Station &

fdo

t is assumed that burning has been completed. The combustion géseg
are then expanded in a nozzle through Stations 6 and 7.

Stetion 6 is the throat of the nozzle where Mach number 1 oceurs;
this, of course, will in most cases be under expanding if the nozzle
is cut off there. 3Station 7 is for a full expanding nozzle d@wn to
free air pressure. For most of the conditions involved in the design,
the area at Station 7 approximates that of Station § so that a full
expanding nozzle can easily be incorporated. Because of the configura-
tion, even 1f these two areas wsre not particularly compatible, they
could be used without any great lecss in the design. This is not the
case with the rem-jet engine, in which it is desired to maintain the
exit ares commensuvrate with the combustion chamber or inlet area.

For good specific fuel consumption, it is quite evident that the

disc must be allowed to rotate at as high an rpm as the stress analysis
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will allow. The general dimensions of the engine must be such that
the inlet areas to the disc are small in relati@& to the plan form
disc area so that full utilization of centrifugal force compression
may be gained. On the other hand, too large a disc will incorporate
large dise friction losses, and considerably enlarge the frontal ares
of the overall engine. The latter would in turn increase engine
volume and engine weight per horsepower developed. Thus, it would
seem that a happy wedium for the dimensions of the engine should be
arrived at after consideration of the factors invelved and of the
resulis most desired.

The varistion in gas temperature, velecity, and pressure as it
flows through the engine is shown in Fig. 11 for tweﬁr&gwesentativ&
cases. The changes in each may be followed from station to statiom
to understand the general flow picture. The eyele represented on a
P.V. diagram for one of the cases is shown om Fig. 12. It appears
that the cycle closely parallels those used in common jet practice.

The following snalysis is now treated as a aerodynamic and thermo-
dynamic problem; and as such, requires certain constants to be assumsd
to make the power plant computation possible. The constants chosen
were gained either from empirical cherts or from other scurces that

have been well established in actual practice. The constants used are

as follows:
1. The friction coefficient of drag is .0030 in the entrance
pipe. This value can be obtained only in a smooth polishe

ed pips.
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11
The subscnic diffuser has an efficiency of 90%.
The centrifugal compression is at an efficiency of 95%.
This value, although high as compared with values of
normal centrifugsl compressors, is deemed possible by
the fact that the flow veleeity is low, that the flow
contour is smooth with mo sharp bresks, and that the
flow itself contacts no broken swrfaces or sharp discon-
tinuities as are lnvolved in the normal centrifugsl
conpressor between the rotating blade exit and the
diffuser. Neither of these three factors are involved
in this configwration. If the product of the diffuser
efficiency and the compression efficiency is de%@rmin@d
for the assumed valuss, it is seen that the overall
efficiency is on the order of 85%; this is certainly
entirely obtainsble in the light of modern design.
The lower heating value of the fuel is 19,000 British
thermal units per pound.
The instantaneous values of the ratios of the speeific
heats ¥ and for Y corresponding to the average value
between 0° F and the temperature in question, is given
in Figs. 13 and 14 for air and for the products of come
bustion. Arguments ave tenmperature and fuel air ratic.
The variation of the gas constant with fuel air ratie if

shown on Fig. 15.

Fig. 16 gives combustion efficiency versus air fusl ratio.
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8. Since the fuel is edded at the entrance of the combustion
chamber, momentum is required to bring it up to the
combustion chamber velocity. The less is charged as
s momentum pressure loss.

9. The frietion pressure loss in the combustion chamber is
taken as 50% of the aversge of the initial and final
dynamic pressures in the combustion chamber.

10. The heat loss through the combustion chamber walls is
treated as & reduction in combustion efficiency.
11. The exhaust nozzle is assumed to have a velceity coeffi-
cient of .98 when operating at design pressure ratic or
as an under expanding nozzle.
12. Stendard density altitude tables were used for the deter-
mindation of the initial free air conditions. Partial
reproduction of this table ie given in Appendix B.
Before proceeding with the analysis, it was also necessary to
limit certain of the variebles because of physical reasons. Maximum
combustion chamber temperatures above 3,000 degrees F were considered
impraetical. If at any time, Mach nuwber 1 was reacheé in the internal
flow, excépt at the nozzle throat, it was assumed that chocking oceurred
- and further examination was ebandonmed. In all computations the physieal
dimensions of areas elong the chamnel flew were assumed to be compatible
with the continuity relationships. Therefore, the power plant eperation,
so far as congidered herein, has been with specific design operating

conditions; each case would involve different fixed aress so as to
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produce cptimum conditions. For a system with fixed dimensions and
specific operating conditions there exists only one mass flow to be
"on design®. Thus with an analysis for a particular air fuel ratio,
speeific inlet comditioms and fixed nozzle dimensioms, the flow for a
different fuel air ratio will not correspond to the former analysis,
but teo one with its own dimensions. For a system with the same
dim@mgiané and. a different air fuel ratio, computations must be based
on flow econtrolled by the nozzle whose dimensions have been determined
by the previous econditions. Consequently, the computations made ere
valid for only the conditions assumed since the dimensions of the
system will change in each new case.

The varisbles chosen as parameters are as follows:

1. Altitude:s This determines the free air temperature,
pressure, and density.

2. Aircraft Speed: The aircraft speed will determine the
inlet veloecity. In the case where the aircraft speed is
supersonic, it is assumed that a normal shock occurs
prior to the inlet entrance and the corresponding
changes in pressure, temperature, and density are calcu-
lated according te normal shock thecry.

3. Disc Rotational Velocity: As indicated earlier this
should be as high as possible to obtain good resulis and
will be determined more or less in‘any actual design by
the stress considerations involved.

4. Combustion Chamber Inlet Veloecity: This velocity must

necessarily be low in order to obtain satisfactory
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combustien; thus, it is a function in any actual design
of the combustion chamber characteristics and the type
of fuel and ignition system used. A range of representive
values has been used.

5. The Fuel Air Ratio: This value is concerned in both the
specific fuel consumption and the power per unit area
develcped. Since the maximum combustion chamber tempera-
ture is a function of the fuel air ratioc, it is seen that
if the combustion chamber temperature is te be limited to
a particular meximum value, then there is a maximum value
of the fuel air ratio that can be used. Also, since
combustion can be supported only at some lower value of
the fuel air ratio, its minimum is determined in any
specifiec design. By the artifiee of burning the fuel in
only a portion of the air flow thereby increasing the loecal
air fuel ratio and following this process by proper mixing
of the burned products and remaining air, an equilibrium
temperature for the total volume is reached, and lower
values of fuel air ratio can be reslized. Thus, the minimum
value of the fuel air ratioc ies also a funetion of design.

The latiter three persmeters are within the conﬁrgl of the designer,
the most imporitant being the disec rotational veleceity.

The actual method of computation is now considered. Using the
various parameters, the flow is solved for the characteristics at each of

the seven stations showmn on Fig. 10, starting with free air and going
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through the engine in the flow direction. A list of symbols is inecluded
in Appendix A. All numbered subseripts refer to the staticn as per
Fig. 10. The computational procedure parallels that of Ref. 3.
Station l: Free air conditions are taken from the Standard Altitude
Table in Appendix B.

Station 2: Free Air Conditions Following s Normal Shock. Nermal shock

theory relationships, represented graphieally in Ref. 27, are used.

Station 3:
The flow may be solved graphically using the two charts given on page

Through a_Straight Pipe (constant ares inlet chamnel).

142, Ref. 11, which give the fricticn leosses in round or rectangular
ducts. The pressure chenge is presented in inches of Hg./ft. vs
velocity with paremelers of size im round or rectangular ducts. It may
also be calculated by means of the approximation that the frietionm
pressure drop is proportional to the product of the frietiocm faector,

length-diameter ratio of the pipe, and the mean dynamic pressure.

¢ q, + q
_ 2.3_ 9574
App = 40p x i, *7 2

where
N el
qwza

The laws of energy, momentum, and mass then yield a solution for VB

3 " “b32“4@52

b
3 2

where
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2 Y P
3 2 2
b, =5 +(1@=GD }v
¥ X p.V D’ "2
3(1+,,<,GDD;+1 _22
. 27 , zrzfgnwg'
3TV s f) + T,-1p, " 2"
3 D —

When 4@3 is equal to b329 the veleocity at Station 3 equals the speed of

sound, and = hocking occurs; a value of 433 larger than b32 signifies

that an impossible flow situation has been assumed; a shorter entrance

pipe is one remedy. Using the continuity relatioms

Using the equaticn of momentums
Py = Py = PVp(V5 = Vp) = AP,

Using the general gas laws:

Station 43
veleoeity VA is one of the variables and is speeifically chosen for any

Since the inlet cowbustion chamber

speecific design, then it is evident that diffuser action must occur
between Stations 3 and 4. Also, the Mech number of the dise periphery

is chosen and this determines the extent of compression work added te
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the fluid. These two actions will be considered seperately and then
combined to produce formulas relating the flow from 3 to 4.

Using the compressible form of the Bernoulli equation

2 2 2 2 . 2 2
= 8, = a8
Y,-1 % "Tp-1 % *V+ Y

and the isentropic gas laws (Fig. 7)

=1
2 N =1
a3= 1+ 5 Mi “Tg‘”i P §'m
=1 Y 6 2
a4 3w R 2 4 4L°C.F
1+ Q(MB +MD}

where (PA)GXF‘ is the pressure at 4 if only centrifugal force is con-

sidered. The equation is rewritten,

®)s r1+5$im2+ 2; .
LC.F, _ P N A B
P, - Y, -1 :
# e

Since the flow is with frictiom and if‘n@ is defined as the efficiency
of compression for centrifugal process only then,

St p M,
Q@g Y = o p-1-Y¥-1
¥

according to Ref. 15, page 39. Thus,

Y b 1 &
(P )GOFQ 1+ ) (MB <+ MD )
P, Y, -1
3 1+ A—ey?

2 4 -



and
-1
- - M&mm%u@ e
(B)o . = By =AF; 5 =Py i = X =P .
1 +-&¢§m1&f ”

Next comsidering the diffuser process between 3 and 4, n a is the
diffuser efficiency whose equation expresses the total pressure re-

covery as a percentage of the reduction in dynemic pressure:

H, -H,®
M =1 - R
d %, = %
3 4
vhere
’ q, =H =P (compressible dynamic pressure)
and
H; =, - APG‘E; (total head less the chenge
T in centrifugal force)
Y, -1 I3
= — M T =
H, P3(1+ 5 _M3§ 3-1

from the isentropic gas law. By definitiom,

Sinee the velocity at Station 4 will always have low subsonic valuss

(less than 350 ft./sec.), then

%, <%
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2
P,V
Ll
H4=P4+qéaP&+ 5
then 5
pv )
H =P obib + AP
_ I C.F,
Mg =1- -
p,v 2
- _ kb
Hy - Fy ==
finally
! 2
¥ -1 Y¥-1 P,V
_ e w21 3 -
P@‘“%EB £+ 5 MB "nd 5
Yy,
3,4 ‘e
Y., =1 —
J;+“§;§“(M32+MD2) ?ﬁéul
+E3 Y!"l 2
Y
1.1‘*’ Y

Next it is known that the work added to the fluid per unit mass as it

flows from Station 3 to 4 is GFAT or u* for compressible fluids (page
601, Ref. 15); the energy equation then can be writtens

2Y P -

—t A ?ru$§@ mﬁ 7.2
?@ =1 94 +~V D .

Substituting P 4 inteo this equation and selving, p " is obtained:

__r
%““s+t




where
ag
r=P b 2 2
-3 Y, = 1
e 2
]_ 1+ 5 Mg%
2
_Na¥s
s =
2
¥ -1 2Y. P
=05 5
4 3 3

Using momentum

Vv, W We '
4 2l gy
v W

5 a




q, +4qg
where G(=éh§=m§) is the combustion chamber frietion pressure loss.

Then
P, =P, +p,V,2(1- RN é1+c}(a+wf3{
5“ 4 /Ay 44§ a :
Using energy
2
¥ v
5 ., Ts 5 . _
(?5 }gp§+ % (wa+wf§m
v 2
m_ém ﬁéﬁ, mé,, »
(z=27) g% o | Oy + W) + 3(HV) W,

where My is the burning efficiency. Substituting the equations for
95 and P5 inte the latter equatioms

by + by~ = 40, °

VS = )
Hher@
2% W P
5 a G
b, = el +V, (1 ==)
2 Y’(E‘%} +1 wé + Wp pﬁvé 4 &
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P 5x104‘H,v.nb

1"'“&‘”4 N Gy
94 a £707f

?é
e = -
5 Y 1+ C} +1| Y

=1 2

L?:%l

§

As before, b52 must be greater than 4@5 go that chocking will not eccur.

Station 6: Conditions at

I 2 X’Yl
2 Y5“1, PV 5

-

where yé is used for simplieity in both equations instead of the average.

Pe = Pé
6 gR@Té
Vv 6= 6chT6

where Yé is instanteneous for the products of combustion.

-
s =55
6 pév6
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Station 7: Flow Out the Nozzle Exit (conditions fully expanded to the

free air pressure Pl). The temperature at Station 7 is first guessed
and the instantaneocus value of Y for the average between Stations 5
and 7 is used. Then the process is repeated if the error in the guess

was greater than 259, ¥ -1
5,7
31 5,7

X T ¥, T )
_ 15 °5 7 "% 2
V. =C_ 2gR,@(YS1 - 7781)+v5

where Cv is a veloeity coefficient allowing for friction in the nozzle.

B

Py = gR@T7

. V &
by =22,
Py

The expression for thrust consists of three terms: The first gives
the thrust from the acceleration of the air mass, the second gives the
thrust froﬁ the acceleration of the fuel mass, and theithird becomas
effective if the exhaust pressure is above atmospherie. The thrust per

wnit combustion chamber area then is

W
E _ £ A
B, =P V) + ¥, G T+ (- ) z;f

or
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Fy _ A
() =0,V (L +p) + (B, = P)) 6
4L 6 ﬁé

and

(i):pvv(1+},
%7 IATAL Vs

The loss in thrust due to the intake air is charged as an engine loss.
It must be supplied by the propeller if the situation is idealized as

in the sketch, since the intake air is brought to rest in

JET EXHAUST

INTAKE AIR V JET

o

the axial direetion. Later the gas is accelerated from zero velocity to

V.4 in the circumferential direction. The expression for (F/Aé) pre-

je
viously referred to will be a gross value since it does not include

thrust needed to supply work for spimner inteke or eentrifugal compression.

F F

P

Thus (fxg) will be for a full expanding neszzle, (Ei} will be for
4 gross ' 4 gross
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Fp
a sonic throat exit, and {“Kg) will be fer a full expanding nozzle
4 net

with included losses in an idealized arrangement as shown where the jet

eﬁi% is circumferential, perpendicular to the longitudinal axis.

( 2) is computed as follows:
évne%

where T)_is the effieciency of
Z

(Fp /a,) v
Gross Jet H.P, __ Lo 4 gross D
A, - 550
Net Jet H;PL (FP@jg4§gr@$S p (Ff@jhé)gr@sa D
A4 N 550 = 550
2
m
e (B g vy 2y
é 550 ‘T}
. or F . )
é% e @) (= e T)
Fp /8,) B
M?@ 4'net By ovoss B, M T D

The spseifiec fuel consumption in 1b. fuel/lbe thrust-Hr. was computed ia
accordance with the following formulas



where (FX&Q} is the net or gross value as desired.

The net values of S.F.C. and thrust were included in the computa-
tions so as to give a basis of comparison with other jet eycles. It
will be shown later that these values are conservative to what can be
obtained by proper orientation of the jet exit angle for any specific
set of design conditions.

‘The results of the computations are represented graphieally on
Figs. 17 through 2864 The conditions of, (2) sea level, (b? My = 2.0,
(e) v, = 300 £t./sec., (d) v, = 280 ft./see., and (e),a = ,020, were
chosen as a basis and then all variables were fanned out from thess
values as appropriate. Figs. 17 through 21 give S.F.C., both gross
and net, for the five variables. It showld be noted that in general
the net S.F.C. at low aircraft speeds and moderate dise Mach numbers
is considerably below that of the ram=jet operating at its optimum
speed of about 2,200 mph, (Fig. 3). The rapid rise of (S.F.C.) net
as the aircraft speed is increased towards M = 1 is dus to the influ-
ence of thehintake lgss which is a funetion of V&g. It is seen that
the m&j@r effect on S.F.C. is the fusl-air ratio followsed by the dise

Mach number. Altitude has a normal effect as in other jet cycles, but
S.F.C. seems to be practically unsensitive to combustion chamber inlet

velocity.



27

Fig. 22 shows cycle temperature variations with 4 . It is seen
that for the basic condition if the maximum temperature of 350000 F
is not to be exceeded, then the fuel-air ratio would have te be limited
to an upper limit in the neighborhood of .05. It should also be ealled
to the attention of the reader that in most of the conditions for which
the variables were allowed to range, the stochometric value of ,067
could not be attained sinee chocking would oceccur in the combustion
chamber. In many of the runs 4| was limited to 1/2 stochometric as an
upper value (M= .033) becauss of chocking or the 3,000° F limitation.

The‘@urves of Figs. 21 through 24 have the air-fuel ratio as one
argunent. Consequently, the results must be tempered by the discussion
already made on the effect of a change in fpel«air ratio with a systenm
of fixed dimensions. By comparison of Figs. 21 and 23, it is seen that
a greater effect is obtained on the specific fuel consumption than on
the thrust per unit combustion chamber area by a change in fuel-air
ratio. Fig. 24 gives the relative sizes of the nozzle threat exit
areas in comparison to the combustion chamber areas. Fig. 25 is includ-
ed to show the comparison with the ram=jet. The different Mach number
operatian‘in each case should be taken into consideration.

Figs. éé through 29 give the results of the thrust eurves versus
the five variables. The rapid rise in thrust per wnit combustion
chamber area fér an inerease in the dise Mach number is readily evident
on Fig. 26. As with specific fuel consumption, the effects of combus-
tion chamber inlet velogity and of altitude are the same. Referring to
Fig. 27, it should be noted that the net thrust curve seems to be fairly

constant at the lower velocities but drops off at higher velocities;
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this resuvlt is again due to the increased loss of the intake ram as
higher valuss of speed are used.

The factors in any particular design would be determined more or
less by the parameter trends indicated on the various plots. Thus,
aglthough the flow is not particularly sensitive to combustion chamber
inlet velocity, both spscific fuel consumption and thrust are enhanced
by the higher values; it would seem desirable then, to use as high a
value as possible to gain better values of speeific fusl consumptien
and thrust. Sinece altitude is beyond the control of the desiguner,
the altitude trends produce no design eriterion except for the desires
of eertain resulis at a specific altitude. In regard to the aireraft
speed which is also beyond the control of the designer, it would seem
that better results could be expected at the lower velocities. The
funetion of the fuel air ratio is such as to require as low a value
for eruising conditions and as high a value where thrust conditions

. All of the afore mentioned trends seem to f£it into the

rattern of other standard jet propulsion systems except for the varia-
tion involved in airecraft speed. By comparison to the results of other
types already given in the form of graphs on Figs. 1, 2, 3, 4, 5, and
25, it wauid seem that in general, superior values of the specific fuel
consumption and thrust per unit combustion chamber are achieved in ﬁhe

centrifugal jet eyele.
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IV. DISC DESIGHN

The general srrangement of the dise has been described in Section
III and appears in solid color on Fig. 8. The flow channel is clearly
depicted on Fig. 9. To secure minimum frontal area and engine compact-
ness, the dise diameter should be as small as possible commensurate
with good internal flow conditions. Small disec size will result in
lower disc losses, lower weight per horsepower, and a smaller power
"package®™. Since the dise stress is proportional to Vﬁz,g changing
the size (dise radius) will not affect the maximum stress condition
if VD is maintsined comstant.

The disc must sccommodate the necessary fuel, ignition, and lubri-
cation components. This appears to be no problem since adequate,
accessible space is provided., Provision for driving the auxiliaries
is made by incerporation of an accessary gear drive on the end of the
disec shaft; the drive turns within the stationary casing where ample
room is available for housing the necessary wnits.

In computing the losses sustained by the rotating disec the follow-
ing were considered: (1) internal face friction drag, (2) internal end
friction drag, (3) external face friction drag, (4) disc seals, and
(5) disc bearing. It should be noted that losses in the flow channel
were accounted for in the internal flow enalysis of the previcus section.
Alse, the 1@&3@3 incurred by the gear traim are figured aleng with the
propeller less. Their sum appears as an efficien@ygnz9 of eonversion
from brake horsepower te thrust horsepower and is charge@ to the

propeller-spinner section and not to the engine itself. This is done
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since it was felt that the gesr train and propeller will very consider-

ably with the specific imstellation and as such, should be kept integral.
hlso, the percentage of the power output transmitted to the propeller
is a function of aireraft speed as is the efficiency of the propeller
?%s This will be shown later in the next section. Actually the bearing
loss as computed, 1s of such a megnitude that it prebably could include
a large portion of the gesr train loss.

The deteiled method of computing each of the lesses will now be
considered. Each is figured as a horsepower loss. Necessary assumpbions
made ere discussed as presented. The disc will be assumed to have the

following shape for ecomputational purposes.

IR

In the design it was proposed to evacuate the clearance spaces
in order to reduce the skin friection drag. This can be done since in
theory drag is directly proportional to the pressure. This desire

would necessitate incorporation of seals. According to the caleulations,
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the sum of the seal losses and redueced pressure drag losses is consider-
ably less than theat which would be experienced by allowing frse air
pressure end no seals. Using a reduction ratio of l/i’é@S the sesl and
fece losses amount to approximstely 2-1/2% for a 2,000 T.H.P. engine.
If no seals were used this loss would increase to a prohibitive value.
The face and seal loss is a function of the engine size; it decresses
in percentage for the larger engines. As an example, it drops to the
order of 1% for a 10,000 T.H.P. unit.

The inc@rp@ratign of seals would also tend to reduce the pumping

action in the clearsnce void by isclating it from the free air.

2
If the equilibrium comdition is considered: dP = Pdr » %? and use ig
made of the gas law P = é% and speed of sound o = /Y RT ; thern it is
found

¥ o
3 M &Zg - 1)



32
This indieates the existance of a pr§ssurs gradient decreasing exponen-
tilally toward the center of the dise. The effect of the decresse in
pressure is scmewhat offset by the fact that the mgjor portion of the
dise area is operating at pressures approaching BD, The pressure
gradient effeet will not be considered in the computations because of
its complications and the arbitrary choice of pressure reduction ratie.

Using the formula

Yfmz T

D= Gf = m@are M= 5 Mﬂ

the moment due teo the skin frietion may be computed:

ds fz M dn,
R,
? e )
M@/side = Gf, =~ 2urdr . T
[o]

2n 3

I s i

= 5 .

Comparison of resulte found by methods contained in Ref. 36 with those

obtained by this approach, indicate that more conservative valuves are
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realized from the latter. Thus, this formule will be used becsuse of
its simplicity. If "e" is the pressure reduction ratic and P is for
free air then the pressure acting on the face is eP. Then the H.P. for
two sides is:

nye%%%g% "
550 °

L .,
HaP'Q sides ~ 5

If "x" is the radial width of the jet exit, them it will be said
that the dise width is 10x. This can be justified sin@@ in current
practice the combustion chamber length is of the order of 7 to & times
its width and the nozzle length 2 te 3 times its width. In like manner

the H.P., is computed:

5:2TR, 10X
——

Wf

2
Yéfﬁﬁ V.
H.P. = (Gf 5 QHRDlﬁx) 550

-3
=-S£{§5Mb ﬁHDéilﬂx
- 550 .
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C.  Bxposed Face Friction Drag

In the smaller engines it will often be the case that only a por-
tion of the annular j@t,exit ring will be occupied by exit area. This
is due to the geomeiry and the requirement that the jet exit width
must be of suffieient magnitude so that the channel has practical raties
of area to perimeter. It wme arbitrarily deecided to charge off the
entire exposed ring area as a loss in every case to somewhat compensate
for cther non-included lesses at this point. It is assumed that x is

small in comparison to Eﬁs

——5=27R, X

2

)

H.F. = {Cf

gTIRDX} 555

_ Qfxfﬁuﬁﬂﬁma x

- 550

The three losses jusi computed ecan be combined as follows assuming

S
an e = 52

RDX

= 3
H.P. = akb {G YeP) 585 437 B

skin frietiom
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T&@ valve of Cf in the above equation may be)taken from the curve
of Fig. 30 which was pieced together from Ref. 10. An average value
of .0032 was assumed; this will be comservative since the major part
@f the disc areass operate at the higher Mach numbers.

To find & value for the cocefficient of kinetie frictiom at high
sliding ﬁ@l@@itiesy Fig. 31 taken from Ref. 34, was used. Because the
relative motion between the stationary casing and the fgtating dise
would be in the meighberhood of My = 2 or 2,230 ft./sec., values of
the coefficient were required at comsiderably higher velocities than
those shown in Ref. 34. Consequently, the curve of Fig. 31 was arbi-
trarily extended in what was considered to be a g@nservgtive manner.
This gave a cosfficient of .08 at 20,000 ft./min. From Ref. 17,
pages A=/, 1s found the statement "e——--gbove 100 f£t./min. the coeffi-
cient of friction varies approximately as the square root of the speedee
== ", Using this approximation the curve could be extrapolated on @@i
to the speeds in question; this method gave comperatively low losses.

In order to use a more conservative approach, the seal was con-
sidered to be made up of a series of rings fitted ome inside th@ @th@rg
>@a@h withﬁa velocity in respect to adjacent rings of 20,000 £%./min.

or 33 ft./sec. The seal will then be comprised of ng@ separate ring§@
The coefficient of .08 will be assumed to be scting gggween each ring.

The contact width of each ring will be assumed te be 1/10"; the rubbing

V.
. __D 1
surface area will then be S = 333 * 12 x 10 ° 2 RD 8q. £t. The normal

pressure that each ring exerts will be assumed to be one pound per squere
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ineh, The total normal f@rcg cn the sliding sgrféc@& is En = 1448,
The drag force then is Fp = .08(1448) per seal. The complete closure
for the disc‘will be assumed to be four seals, two for each side at

the jet exit. The resulting less in horsepower iss

_HP. ____ hopy2
4 ring seal -1328 x 10 7 Ry~
The effect of lower relative velecity than Vﬁ between the dise and

spinner is neglected.

Bearing losses were computed according to the methods outlined inm
Ref. 16 for assumed dimensions. These dimensions were governed by
current practice according to the emgine horsepower. If the engine
size was expressed in terms of the jet gross horsepower, it was
concluded that a conservative estimate of the bearing loss wes 3% of the

jet horsepower.
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Y. _SPECIFIC ENGINES

In this section the performance of seversl complete engines will
be covered. In order to solve f@f all lesses, specific dimensions
mugt be assumed; this is done in such a manmer as to be the most
efficient within the limits of precticelity. Since the installation
is t@‘prﬁdu@@ thrus& as economically as possible, this problem will
now be investigated. The first phese is to calculate the thrust
produced; or for our computational precedure, the T.H.P. for a parti-
cular set of conditioms.

For the determination of T.H.P. an 1, is’assumsdg this efficiency
facter relates the comversiocn of the dise B.H.P. to the T.H.P. furnishe
ed by the propeller. It is @xymssseé by1TeH,Pe z'nZ‘B.H.P. The
reduction in conversion from B.H.P. to T.H.P. therefere includes gear
train, propeller, and spinner losses. it is considered that gear train
and spinner losses will be fairly small. Propeller efficiencies have
been well establish@@ over -the subsonic aircraft’speed range; ﬂP in
the neighborhood of .93 up to a Mach number of 0.6 are referred to in
Ref. 39. Thus, it_weﬁld seem that a value of 0.9 for y was perhaps
ab@ut the upper limit. Computations have been included with n, = 0.7,
0.8, and 0.9.

By reference to the below sketch a formula for the T.H.P. may now

be derived.

-y

// V“-————T' N

-——=Ter

T — —_ ,H FGROSS
(@-Lo5SES)
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The quantities (Q-Lesses) and Tj@ 4 are the components of the jet gross
thrust in the circumferential and axial directions, respesctively. The
force (Q-Losses) must produce the horsepower to drive the propeller
and account for the disc losses, pumping power, and intake ram loss.
Q¥ represents that portion driving the propeller and "Losses" the
combined losses. Q.H.P. and L.H.P. are the propeller and disc loss

horsepowers, respsctively.

T v

TQHQP@ zansHBPe o sj%%#% = Iﬂt&k@ Em E@E@
but

F cos © VB

M%Tm = QeHePa + L.HoPo + Pmpmg H@Pﬂe
or

F cos © Vﬁ

QeHeP@ = m"m%?gm = LefePs = m!piﬂg H.P.

Then
E@@@GVD Fsineva
ToHaPa :QZ 550 = = 55@ = E'ZZ LeHoPs

E"zz Pmpiﬁg HoPa In%\am Ram HsPs

The above squation is now rewritten in tabular forms:

T.H.P. = Summation of the quantities (A) through (G).
Y
(F/A,?)A?
550 ¢

(F/&,?)A?
550 °

(&) (propeller=losses) +QZ . cos & . Vy

(B) (jet thrust) + . sin @ .V,
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(mfé‘;?)ﬁsy?
(¢) (pumping) Ny "S5
(m/ﬂ.,?)ﬁ?
(D) (intake ram) - - %o
(B) (dise skin frice- Gf\’eP
‘ tion) mrz% . 738 T 83
: =5
(F) (diS@ SealS) an ® 1.3928 - 10 BD
(F/A,?M,?
(G) (dise bearing) =R, T30 .

see ©

Now, it is desired that the maximum retum of T.H.P. be gained;

consequently, the T.H.P. equation will be maximized in regard to 8.

) 7,12, NapFAglh, (sin 8) v, (F/4r)A,
e mﬁﬂ sin + 550 cos
g (F/An )iy
- ="18320 sec 6 tan ©
== V, 8in @ = VD M+V cos ©
% D 33.3 c@gz e a

sin & v (1 +—=

wmmmi@}cv cos ©
33.3 cos ©

e



40
Next, limit emin to 20° which is reasonable if any jet egress
is to result without alternation of the design. It is of interest
to note that the limiting 6 to 20°, where actually if © should be in
the neighborhood of 10° for optimum conditions (low subsonic speeds
and fairly high vel@city),resulﬁs in a T.H.P. loss of only about l.3%.
Choosing values of Va and VD conductive to large ©'s, it is found that
40° @@fﬁéS@@ﬂdS approximately to V_ = 1200% /sec. (M = 1.07 at sea level),
V, = 18001/sec. (M = 1.61) and®, = 0.8. For © between 20° and 40°
the term in the parenthesis will vary between 0.966 and 0.952. A4 value
of 0.96 will bs assumed as an average. In this way a simple foruwula
is evolved for 6.
296 V

a
Q%Vb

tan €& =

By use of the above formula,® no lomger appears as a variable in
the T.H.P. equation. T.H.P. is then a fumection of the following vari-
abless Vb, RDg x, and A7» The dise velocity VD will be limited by
stress considerations. The jet exit area A7 is a function of the power
required of the engine sinee it determines F for any particular VDa
RD and x in tuwrn depend primarily on Avs By these considerations the

maximum output may be realized.
- To compute T.H.P. the values of (F/A,), (m/An)s Bey Vg, 0, %, and
Ry, are needed. (F/h7) and (mjﬁv) are given vs My on Figs. 32 and 33,
respectively. They were computed from the internal flow analysis. For
ease of computation and‘@btaining optimum conditions in any actual

design,the formula for these two curves was found. The method and
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results are shown on Fig. 34. The formulas are valid for an Mé
greater than 1.5 and less than 2.1.

&7 is estimated according to the thrust that the engine must
produce at a particular Va@ The values of x snd RD were next esti-
mated from the value of &7 chosen; consideration of the inlet area
and engine size governed practical values of Rbg while & and ﬁ?
gave an explicit value of x. The jet exit width, x, was limited to

a minimun value of 0.6 inches. The following table gives the values

usad.
&7 sg. ft. R@ £ x £t
0.2 1.0 0.05
0.6 1.125 0,085
1.0 1.25 0.1273

The disc veloelly and conversion efficiency were allowsd to range
over representative values. To gain an idea into the relative magni-
tude of the components of T.H.P., the values computed for the "basich
condition (defined in the Internal Flow Section) for an engine produc—
ing 4,100 pounds of thrust at an aireraft spsed of 300 fps. are

listed below:

v
a

Altitude

i

300 fps.

0

gea level

E“LD::ZQO

ﬁ&y? = 002
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= 0.9
6 = 8.2°

=3
&9
{

(£) (propeller-losses) H.P. + 7,330

(B) direet jet H.P. + 157
(c) pumping H.P. - 4,860
QD} iﬂt&lﬁ@ ram HGPO d 98

(E) dise skin friction H.P. - Al

(F) disc seal H.P. - 59
(G) disc bearing H.P. - 225
Final T.H.P. + 2,240

This corresponds to an economy S.F.C. of 0.628 1bs./T.H.P. Hr. or 0.343

lbs. fusl
Thrust H.P. Hr.

entiate it from the jet S.F.C. The former figure may be compared with

0.612 for & good reciprocating engine at sea level (0.55 ﬁ%ﬁ%ﬁg@)

1bs./1bs. Hr.; economy S.F.C. 1s defined as to differ—

and the latter to 0,99 for the turbojet engine. The turbojet S.F.C.
vas btak@:ﬁ from Fig. 35 which is a graph of Ref. 2.

Turning now to Figs. 36 and 37, the resulis of the computations
are seen. S.F.C. seems to vary almost lipearly with MD particularly
at the higher conversion efficiencies. The change in S.F.C. with
aircraft spsed reaches a minimum at about 700 fps. or 477 mph. The
variation with V& with an assumed n, = Ooé is such as to give very
satisfectory values over the range of speeds up to 900 fps. Atteinment
of an T, approaching 0.9 above 900 fps. is very doubtful.

Filgures 38 and 39 give the T.H.P. characterisiics.
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For the sske of comparison and evaluation of the results, the
following table is included using Fig. 37 for sea level conditions
and an aircraft speed of 300 mph. The engine size corresponds to

&7 = 0.6 for the below comparison.

Engine Size Centrifugal Jet Economy Turbojet Economy
b8, BB
9,000 1bs. thrust 0.476 The. Fr. 1,06 Tos. Fr.
Engine Size Centrifugal Jet Ecomomy Reciprocating Eng.
Economy
ibs. ibse
7,200 T.H.P. 0-595 T5.7. . 0-612 TH. .

Thug, for the "basie conditicn", the superiority in economy for the
proposed centrifugal jet engine design over both the reciprocating

and turbojet engines is shown.
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VI, PROPELLER BLADE CHARACTERISTICS

The next phass of study will involvs the design approach for a
supersonic propeller. This approsech will be based on the standard
gtrip theory analysis. BExperience has shown that the theory is reliable,
within satisfactory limits, for relatively conventionsl propellers.
It will account for most of the variables in design and operstion,
but typieal theory application neglects some factors, such as inter-
action between sections and boundary layer action in centrifugal fields.
First, in order to use the theory, it is necessary to have the
propeller blade section characteristics. For the analysis contained
herein, all airfoil characteristics will be presented in the form of
(L/D) ratios. Figs. 490, showing (L/D) ratios vs Mach number for variocuse
thickness ratios, has been computed from the date presented in Ref. 39.
The data for Mach numbers less than one wers taken from test measure=
ments while that for Mach numbers above M = 1 is atitributed to ealcula-
tions according to Busemann. The results are for infinite aspect ratio
wings; thus, they are two dimensional curves. Using Ref. 29, the ewrve
giving (L/D) ratios of 50 below M = 0.6 can be conservatively maintained
up to thickness ratios of 21% where the Reynolds number is 3 x l@é,
The @@@r (L/D) ratios for Mach numbers approaching M = 1 and above,
is eclearly evident. Sinece a high level of propeller performance demands
good (L/D) ratios, it would naturally be expected that low strip effi-
clencles would be experienced for sections operating above M = 0.8,
It now becomes clear that if a satisfactory supersonic propeller is to

be developed, it is not going to be done with the supersonic ecurves of
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Fig. 40.

The asuthor proposes as an ansé@r te the problem, to use an
appropriate delte wing plan form which will produce higher (L/D)
ratics. At the same time this method inveolves g finite aspeet ratio
and thus accounte for three dimensional effects along the supersonie
span. Curves 41 through 47 show what can be theoretically accomplishe
ed in this direction. Ref. 30 was used to caleulate the 1ift coceffi-
cient, the supersonic wave drag coefficient, snd the correction for
drag due to 1lift. All date presented is for double wedge profiles.
Ref. 26 may be used to calculate @qﬁival@nt information for biconvex
or multislope airfoil sections. A general treatment of the subject
matter is found in Ref. 28.

The (L/D) ratios were computed by the following method.
ac.
o (2
GLagdu)a

GD = QB + QD + GD

W £ o
(wave drag) (skin frictiom) (drag due to 1ift)
G = Ge (@) = () & (X
a L L
Cp
where (EE“) is e correction term to the coefficient of drag due to
L

lift. Using Fig. 30, Gf = 003 is assumed as a practicel value; them

G

n = 006 for bvotk sides of the airfoil surface. Finally
Pl
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Since the maximm (L/D) ratioc is desired, the last formula will be

maximized with respset to .
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C; = ¢ éaz) = (“‘EE) for (L/D) mex.

then it follows thats

(Cp/aCy )



(¢, +6G, )
ac, D, %f
{é) ) de @D/QG&}
P pax 2(c, + Cp J
- Tw £
= =
A {dGL/du)
T2

{CD/@,GLE (GD + be)
W

er

i
/el ]@pﬁm@@
To use the above formulas the values of Cp , (d@Lféa)g and (GD/QGL)
v :
are required. Their evaluation may be computed from graphs invelving
certain parameters which are now discussed.
The delte wing is assumed to be of a symmetrical double wedge

profile and it tekes the following plan form.

! LEADING EDGE
I ' MAX]MUM CAMBER LINE
|

l TRAILING £DGE
- FLow — é =

I

l

|

“'—_ C SYNM. PROF/LE
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A study of the skeich will show that for any root chord 4", the
lan form is completely determined by the lsading edge sweevback angle
)¢ - A g ) £
et the constant "bY which determnined the position of the maximum
3 ) &
camber line, and the comstant "a¥ which sweeps the trailing edge back
3 g
if positive and forward if negative. The variables @ and strsam

)]

Mach number M are combined in the paramsler k where k is definsd:
ey

Vg

k = tang

By entry into the Figs. of Ref. 30, O , {@GLfﬁujs and icB/wL) ars
& 2
W

given vs k with parameters a and b. For further detailed discussion

£

of the computations, the reader is referrsd to the references given.
The results of the caleulations are now considersed. Unless
otherwise stated a = 0 (no trailing edge sweep), b = 0.2 except for
k greater or equal to 0.8 when b = 0.5, and corrvection for GD/hGL>
is included. Fig. 41 gives <L/D)max@ vs k for a 1% section at Mach
numbers from 1.1 to 2.5. The characteristic drop in the (L/D) ratio
as Mach number increasss is clearly shown. It should be noticed that
the maximum values occur at the same k for any Mach number and any
particular T. These two trends havs been substantiated by the author,
for thickness ratios up through 6%. Fig 42 shows the change in the
character of the curves as thicknsss ratio is inersased for M = 1.1,
The shift towards lowsr "k!'s®™ as the T is increased is common to other

Mach numbers since all curves of any one thickness ratio have the same

general shaps. For the lower < 's considerable cholce of k is possible
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for high (L/D) values but less latitude of choice and greater sweep

%)

back (lower "k's") is required at larger T %s. This trend is atiributed
to the much greatsr ratio of GD /CD at the larger thickness ratlos.

W

If the {GD oG, ) correction is neglected, the curves of Fig. 43

»
result. It is seen that these surves allew, in gensral, higher "k's¥
while the maximum values of (I /b} x, 87e considerably reduced. Also,
k for the maximum values for any particular thiclkmess ratio is no
longer constant. Comparison of correctsd and uncorrscted curves for
several <4's is made in Fig. 44 The spresd between each pair of
curves becomes least at the higher k values.
Next the problem of trailing edge sweepback is considered in
Figs. 45, 46, and 47. The first two are results at Mach numbers of
1.6 and 2.0, respectively. Both Figures svidenee the marked improve-
ment in (L/D) ratios with trailing edge sweepback: this improvement
is accompanied by a shift to larger leading edge sweep (smaller "kis")
for attainment of maximum raties. The decrease in values with Mach
number increase is not @hang 4 by ineorporation of trailing edge sweep-
back. The final figure of this section shows this geometrical decrsase.
Sufficient airfoil (L/D) data and trends have been presented in
this ﬁ@@ii@ﬁ to allow design of a supersonic propeller. The author's

design approach will next be demonsirated in the following section.
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VIJ. SPECIFIC SUFERSCNIC PROPELIER

The configuration of e supersonic propeller based om the dats
of the preceding section will depend primarily on "k" because it
governs the maximum (L/D) ratio. If a propeller is operating &t a
perticular rpm., then its seetions will be operating at Mach numbers
depending on the section radius. With the Mach mumber determined and
2 specific thickness ratio indiceted, the moslt advaniageous "k" ean
be decided upon by consulting curves of the type shown om Fig. 41.

If the trailing edge sweepback is involved, then curves of the same
nature shown in Fig. 47 should be used. With the cholee of "k" made,
the leading edge sweepback for the section is ther computed from the
formula k = +um;:51° The trailing edge sweep angle, if involved,
may be computed by ordinary geometlry.

If section Mach numbers are laid out on a radisl line from the
center of a propeller as in Fig. 48, and & k = 0.5 1s assumed through-
out, then the eurve AC is found to be the leading edge. The dotted
section AO is arbitrary but shows about the steepest prectical curva-
ture. The hatched circle in the center comprises the propeller spinner.
The radial lines drawn intersecting the leading edge line AC at various
points indicate the position of blade "cuteff" for a periticular pro-
peller tip Mach number. The dotied lines to some of the leading edge
"eutoff" pointe indieate arbitrary trailing edges and thereby serve to
show the relative scope of such a propeller. The tremendous incresse

in plan form ares by a small increase in tip speed at the larger "ecut-

of f' points should be noted. The area is essentially doubled by going
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from a Mach number of 1.6 to 1.8.

With the gemeral outline im mind for drawing a plan form, attention
will now be turned towerd creating a specific propeller. In order to
do this a few of the more important probleme will be mentioned which
affect the design. It should be recognized that the optimum propeller,
for any given aircraft speed and propeller tip Mach number, could
easily be designed; but for practicel cases this is not satisfactory.

& propeller must be able to produce good performance over a range of
speeds. This requirement has a large effect on the choilece of "k" which
will be evident if the situation is examined.

Once the leadimg edge is laid down, gh is a fixed valve; then "k"
is a function of the blade element Mach numbers. The latier is the
vector sum of both the aircraft speed and the propeller velecity for
the sectiom. Thus, "k" will very with a chenge in either ome, which
indicates that a range of "k" valuves will have to be considered if
best results are to be cbtained.

The leading edge is desigumed for the "k" corresponding to the
highest relative Mach number at which good performance is required.
This means choosing as high a "k" as possible which will produce
high (L/D) réti@s for the thickness ratioc and Mach number in quesiion.
Then as the relative Mach number is reduced by a reduction in either
aircraft speed or propeller rpm., the various sectioms will operate
at lower "k" values. In this comnectiom, the airfoil characteristics
seem to indiecate a spread of 0.4 to 0.5 for "k" where the curves ave

fairly flat; this should be the range used for design.
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If trailing edge sweepback can be tolerated by the stress situa-
tion, it should be incorporated since it produces higher (L/D) raties
and hag ite "flat® renge at lower "kis® as seen on Figs. 45 and 46.
This hes an advantage aside from the better performance in the fact
that with lower "k's", larger sweep angles are dictated which allow
considerable plan form area enlargement with no increase in propeller
dismater.

In regard to thickness ratios, it should be clear by now that the
thinner sections are far superior both in (L/D) ratios and in their
"flat® range of "k's". It is proposed by the author to meke the pro-
peller blade very thin and flexible as compered to the present practice
of making propellers as stiff as possible to reduce vibraticnal com-
plications. With a very flexible blade, bending siresses would be
reduced since the blade would assume a very small dihedral angle {en
the order of 1@} dependent on the relation of the magnitude of the
thrust and cenitrifugal force loads. Operaticn could be likened to
fans currently produced that have cloth tape for blades.

Next, ths caleulation for performance will be comsidered. The
measurement of pf@p@li@r‘@ffi@iem@y for e blade element is developed

as follousg
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then

This function is plotted in Fig. 42 and will be the graph used to
determine section efficiencies. Maximizing the propeller éffi@i@my
equation with respect to Y shows that best theoretical efficiency is
obtained when 4 = % - %}@

To ecalculate the blade performsnce, individusl radial increments
are considersd. Call AR the element width and bAR the element length;
then bR & will be the section area.

Ym&r@’ﬁ =
L = —5== (bdR") Cp

2
YPM _ c
D = —F () ¢ ()
e 2] L

“u

S
= O (bﬁﬁg}g tan
2 L

T=Lcosyf =D sinyf

Q=Lsing +D cos ¢

M M .a

8 8,
= mn: s @ == Ed v = ot
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Then, combining the above properly, the following formulas are obtained:
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tan M’ sin ¢ %amgéf &mlf

1100 bCy (3

The performence for the propeller shown on Fig. 51 is now given.

In comnection with the design and computations of this propeller, the

fellow

owing assumptions were mades

(
(

b=

)

Y
4
7

n

A high speed condition of M = 1.0 and M, = 2.0 was selected.
P

For ease of computation, T was assumed as 1% for all sectioms.

Aetually the thickness ratios would probably be increased

slightly toward the root.

5

A straight trailing edge was drawm for ease of computation.
The spinner had a radius equal to 0.2 R.

The section width increment, AR, was chosen as 0.1 R and all
section characteristics were taken for the element median.
The leading edge was designed with 2 k = 0.9 for all seclions

1@@ am@; M. = 290@

i

at a relative Mach ccrresponding to Ma B
The plan form was laid out in the untwisted condition.
The (L/D) ratio for sections operating between M = 0.9 and
M = 1.0 was assumed to be the same as the section operating
just above M = 1.0. This seems to be conservative if Fig. 40
is consulted.
The (L/D) ratio for sections operating below M = 0.9 was
assumed to be 33.
(1./D) ratios for all supersonic sections wers decreased

by 10% to allow for rounding the edges. This change was
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attributed entirely to a drag incresase leaving the CL
unalterad.

In connection with the last assumption it 1s felt that by rounding
the lesading edge and keeping the angle of attack small, the correction
===) eould be attained. This correction amownts toc a decrease of the
drag due to 1ift. In practice, with a sharp leading edge the decrease
does nol occur due to seperation at the leading edge. Angles of

attack on the order of 2 to 3 degrees occur for the (L/D) ratios com-

@

puted. In actual praciice biconvax sections should probably be used
because the leading edge angles would be twice as great. Also, they
would perform betler as subsonic sections sines their profile have no
sharp breaks as the double wedge does. The (L/D) ratios would not be
affected appreciably by use of biconvex sections although the wave
drag coefficient is increased 33% over thalt of the double wedge. This
is due to the fact that the ratio of QQ XCD is small for low T's and
W

0%8 ocourring in this design. Ratios of wave drag to total drag ave
on the order of 0.05 or less.

Section efficiencies for a rangs of propeller speeds at Ma =1
is given in Fig. 52, while Fig. 53 is for a range of aircraft speeds
with Mp = 1.1. The high@rvvaluﬁs of Tp approaching 95% in the latter
figure occur when thal portion of the blade operates subsonically
below M = 0.9. The T.H.P. and Q.H.P. loading curves along the propsller
radius are given on Fig. 54 for the high speed condition. The overall

efficiency for this condition was 83.5%. Overall propeller efficiencies

at Ma = 1 for lower propsller speeds reached 86%. The total T.H.P. per
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2 2
blade was 304.6 R* for a Q.H.P. = 365.3 R*. It should be realized
that the power absorbing qualities could easily be doubled since the
operating SL@S are very low, ranging approximately between 0.1 and

0.2. PFurther investigation would have to determine first how much

the (L/D) ratios would be damaged by inecreasing the C.'s; it is felt

L
by the author that the drop would be small for reasonable increases
of GLQ

These computations indicate the probable maximum efficiencies
that could be attained by such a plan form. This is because the
upper limit of the (L/D) ratios was used for the supersonic sectionms
with T = 1%. The thickness ratio of 1% might prove to be impractical
particularly in smaller chord propeller where a T of 1% would dictate
almost impossible physical thicknesses. The use of larger thickness
ratios would lower efficiencies somewhalt, but as long as the {L/E)
ratio was maintained at or above 10, efficienciss on the order of
80% sould be realized. The lower curve of Fig. 49 clearly illusirates
this. The propeller section characteristics showed that (1/D) ratios
exceading 10 were easily attajn@béﬁ at moderate Mach nmumbers for
larger thickness ratios. According to common practice, the T would
normally decrease toward the propsller tip while the Mach nuumber
inereagses according to a linear law. These two changes over the blade
span are compatible in their effects, tending to give a more or lsss
constant (L/D) retio. Consequently, it is felt that thickness ratios

approaching those used in present day practice could be used and still

give a supersonic propeller with an efficiency around 80%.
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VIII. FEVALUATION
For evaluation of the proposed pewer plant, two graphs are
presented which compere the engine and propeller characteristics

«J’

with the best of other current designs. The favcrable position of

ek

the centrifugal jet engine in relation to the reciprocating and je

et

engines is shown in Fig. 55. The simplicity of the centrifugsl je
in comparison to the three complex designe with which it seems to
be competing in Fig. 55 should be teken into comsideration. The dats
for the other engine types was taken from Ref. 3. In addition to
performance, other considerstions involved in evaluation of a power
system includes cost and safety. Since neither exparience ﬁ@f

analysis provides accuraie information, the discussion will be left

to the readsr.

For the propeller, Fig. 56 indicates the efficiency which theore-

tically could be approached by the proposed design. It is seen that
it is considerably supsrior to the best of todays laboratory designs.

The current propeller performence was drawn from Ref. 39. If the
radius of the propeller of Section VII is chosen equal to 5 fset, it

will absorb 18,250 H.P, and produce 7,500 pounds of thrust at M =1
with an @ffi@i@ﬁ@y of 83.5%. Compare this with the propeller for the
DC=6 Airplane which handles 2,400 H.P. on a5 13 £t. diameter with twics
as nany blades. The hub radius of 1 foot in this case is compatible
with the proposed engine disec sizss.

Thus, it would seem that theoretieally an efficient, simple, "amall

package" aircraft propulsion system has been evolved by the author's

enclosed design.
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APFENDIX &

LIST OF SIMBOLS

speed of sound, fps; also constant for defining {railing
edge sweepback.

ares in square feet.

coefficient of x in quadratic equation; alsc constent for
defining maximum camber position.

brake horsepower.
o o . . .
coefficient of x in quadratic equation.

ratic of friction pressure loss in combustion chamber to
average dynemic pressure.

drag coefficient.

skin friction drag ccefficient.

drag coefficient due to 1ift.

supsrsonic wéve drag coefficient.

1ift coefficient.

nozzle veloecity coefficient.

diameter, 1b.; drag, lb.

ratio of clearance pressure to free air pressure.
friction factor.
- jet thrust, 1b.

thrust for full expanding nozzle, lb.

thrust for underexpanding throat nozzle, 1lb.

acceleration of gravity (32.17 f@./ée@az) at sea level.

stagnation pressure, 1b./sg. ft.

lower heating value of fuel, Btu./lb.

mechanical equivalent of heat (778 £1. 1b./Btu.)
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LIST OF SYMBOLS (Continued)

k parameter relating Mach number and leading edge sweepback
angle.
] airfoil root chord.
L 1ift, 1b.; also dise losses.
(L/D)  1ift to drag ratio, also written (C /C,).
L.H.P. disec loss horsepowsy.
m mass flow per second 1b./sec.
M Mach number.
M, disc periphery Mach number; M, = Kﬁfésaa Tavel.
P static pressure, 1b./sg. £t.
P, friction pressure drop, 1lb./sq. ft.

£

AE% F, Pressure rise due to centrifugal force, 1b./sq. ft.
q dynamic pressure, 1lb./sq. ft. &%@vg)e

q, impact pressurs, 1b./sq. £t. (H = P).
Q component of propeller resultant foree in plane of rotation.
Q-H.P. propeller brake horsepower.

r constant term wsed in computations; also radius.

R, gas constant for air (53.3 ft. 1b./(F°3(1b.)).

R@ gas constant for products of combustiom, £t. lbef{F@}iléeb)a

RB dise radius.

s constant term used in ecomputations.

S area, 8q. ft.

8.F.C. specific fuel consumption, lb. fuel/lb. thrust-Hr., or lb.
fuel/H.P.-Hr.

t+ constant term used in computations.

T tenmperature, °F abs.3 also aireraft thrust.
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LIST OF SYMBOLS {Continued)

direct jet thrust; lb.
thrust horsepower.
specific volume cu. £t./1b.
air or gas spesed. fps.
speed of airplane, fps.

ripheral speed of rotating dise, fps.
weight rate of air flow, lb./sec.
weight rate of fuel flow, lb./sec.
jet exit width, f£t.
fuel-air ratio.
airfoll seetion angle of attlack.
propeller angle of advance.
angle of leading edge swespback.
propeller blade angle
angle whose tangent is (L/D) ratio

jet exit offset angle measured from dise circumferential
direction.

ratio of specific heat at comstant pressure to specific
heat at constant volume.

QVEfag@ value of ¥ between 0° F abs. and temperature T.
airfoil section thickness ratise

combustion efficiency.

ecentrifugal compression efficiency.

subsonic diffuser efficisncy.

efficiency of propsller

conversion efficiency, B-H.P. to T.H.P.
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Subseripts
1

= ¢ W W N

é6

LIST OF SYMBOLS (Continued)

mass density, slugs/cu. £t.

denoting station alomg power=plant ducts

free stream

pipe entrance

end of cylindrieal entrance pipe; entrance to diffuser
end of diffuser; entrance to combustion chamber.

end of combustion chamber; entrance to nozzls.

nozzle throat

end of nozzle.
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APPENDIX B

STANDARD ALTITUDE TABLE

(Reproduced in Part)

Alt. P P/R, g /1, e P e/p,
0 2116.2 1 518.4 1 1115.6 .002378 1
5,000 1760.4 8320 500,57 .9656 1096.3 .00R049 .8616
10,000 1455.6 .6876 482.74 .9312 1076.2 .001756 .7384
20,000 972.5 .4594 447.08 .8624 1036.1 .001267 .5327
30,000 628.1 .2968 411.42 .7936  993.9 .000889 .3740
35,332 489.8 .2314 392.40 .7569  970.7  .000727 .3058
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