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PRELIMINARY EVALUATION OF A TURBINE/ROTARY COMBUSTION
COMPOUND ENGINE FOR A SUBSONIC TRANSPORT

by Kestutis C. Civinskas and Gerald A. Kraft

_ Lewis Research Center and
U.S. Army Air Mobility R&D Laboratory

"SUMMARY

A study was made of a compound engine for possible use
in subsonic commercial transports. The engine was derived
from a conventicnal turbofan by replacing the combustor with
a rotary combustion (RC) engine, The RC engine provided
shaft power as wvell as exhaust gases that could be further
expanded through a power turbine. The compression ratio and
boost pressure were variced parametrically in an attempt to
maximize the overall cycle's perfornmance. Four boost
pressure ratios (1.75, 4, 10 and 20) and three compression
ratios (5, 7, and 10) were examined. The highest overall
cycle pressure ratio considered (before combustion) was 240.
The RC engine's perfermance was estimated using a throttled
Otto-cycle with an equivalence ratio of 1.0. The Otto-cycle
assumed octane fuel which has about a 4% higher heating
value than the JP used in the reference turbofan. Cooling of
the RC engine was achieved by heat exchanging to the fan
duct flow. Two levels of Otto-cycle input energy lost to
cooling were considered. A 25% loss case was run as being
indicative of Otto-cycle experience to date. A 10% .loss
case was ran as being representative of . advanced
insulation/high~temperature materials technology that would
reduce the heat loss from the Otto-cycle. The sare level of
turbine cooling technology was assumed for the compound
engine as for the reference turbofan. The effects of
manifold ducting losses and of unsteady flow on turbine
erficiency were initially not included, but the sensitivity
of the results to these effects was examined in later
perturbations, The effective backpressure on the Otto-cycle
being unknown, the simple approach was taken of varying it
parametrically. This had the effect of varying work split
between the rotary and turbine parts of the engine.. 1In
short, a simple, sowewhat optimistic approach was taken in
calculating compound engine performance on the assumption
‘that it should show improvement under these conditions
before any more detailed evaluation is attasmpted.

. The:compoﬁnd éngihus_uere_ compared to Anﬂadvﬁhced high
pressure ratio turbofan in terms of fuel plus engine weight.
For the comparisgn,_c:uise conditions of 10668 m (35000 f¢)
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and Mach 0.80 were chosen. The advanced turbof~u weight was
estimated component by component and suitable adjustments
vere then made ¢to account for the substitution of an RC
engine in place of a combustor, The engines were sized and
compared at the cruise condition only, and no attempt was
made to estimate off-design or takeoff performance, The
effects of added complexity on cost and maintainability wvere
not examined and the comparison was solely in terms of
cruise performance and uninstalled engine weight.

The cycles with lover fuel consumption generally turned
out to be heavier than the reference turbofan. The weight
of the rotary engine and manifolding was not entirely offset
by the elimination of booster stages, combustor, and, in
some cases, turbine stages. There vas some. SFC improvement
in going to the higher pressure ratios by compounding, but
the size of the gain was also hiqghly dependent upon the
amoynt of input energy assumed lost by the Otto-cycle due to
cooling, - Assuning a 2532 < Otto-cycle cooling loss
{representative of current Otto-cycle engines), a compound
engine with a boost PR of 10 and a compression ratio of 10
gave a 5.1% improvement in cruise TSFC over the reference

turbofan, As the fuel used in the compound engine had a 4%

higher heating value, however, only a 1.2% improvement can
be attributed ¢to compounding., As far as  weight is
concerned, the compound engine was 23% heavier than the
reference turbofan. For a 10% Otto-cycle cooling loss
{(representing advanced insulation/high-temperature materials
technology), the same compound cycle as before showed an

11.8% improvement in cruise TSFC over the reference

turbofan., Again adjusting for the different fuel heating
value, however, reduces this to an 8.1% improvenent.

INTRODUCTION

The recont avareness of increasingly scatce and costly
fuel supplies 1ed to the formation in early 1979 of «
NASA-sponsoraed, joint qoveranment agency task torce to define
the technologicual opportunities tor fuel conservation in air
transport, A summary of the task force's findings and the

recommended technology  plan can be tound in  reference 1,

Basically, the plan includes specitic technology developnent

efforts in the areas of propulsion, aerodynamics, o and

structures, directed at  achieving both near- and  tar-tern
fuel savings, ' . ' - -

" NASA's Lewis Huscacch Centor s IR | in aeveral of

_the propulsion areas, One is  aw  advanced high pressure
ratio turbofan which would see service about 1990, . The
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performance improvements in this engine are due mainly to
higher cycle pressures and temperatures wvwhich would pose
some tough conponent development probleas even for this
otherwise rather conventional concept. Alternative,
less-conventional approaches have also been examined. These
include the turboprop described in reference 2 and the
regenerative turbofan of reference 3.

Another unconventional approach examined in this report
is one that combines the high compression ratio of a
displacement wmachine with the high expansion ratio of a
turbine. This is the compound cycle - or a gas turbine plus
a positive displacement engine combination vhere both
engines produce useable shaft power. The best example of
this type of engine is the Napier Noaad described- in

- reference 4%, The Nomad's brake SFC was excellent compared to

the relatively low pressure ratio turbomachines of its day.
It flew over 20 years agdo, but apparently was overtaken by
the higher speed that jets offered plus the availability of -
cheap fuel at the time. The Nomad consisted of a
12-cylinder, 2-stroke Diesel plus a turbine/compressor set
driven off the Diesel's exhaust. This engine achieved an
overall compressicn ratio¥® of 36. The two parts of +this
engine wvere interconnected through a variable gear that
alloved the two shaft speeds to be optimally matched over
the flight regime. The Nomad engine's volume was about 2/3
reciprocating Diesel and 1/3 turbomachine, which gave it a
specific weight of about 0.6 kg/k¥ (1 1lb/HP).

The objective of this study wvwas to reevaluate . the
concept of compounding in light of more improved technology.
Where uncertainty arose in assuming losses, efficiencies,

and the like, optisistic assumptions were made.

Numerous technology advances could be applied if the
cospound -engine concept were executed today, so the
configuration examined here is obviously quite different
from that of the Nomad. Instead of a reciprocating engine, a
rotary combusticn Pngzne was chosen for its lower weight and

- volume, The RC engine would essentially replace the

conventional ccmbustor in a turbofan or turbeshaft engine,

‘The positive displacement machine would now be the smaller

part of the entire engine in contrast to the Nomad

" sitvation. Also, the Nomad's turbine was restricted to
fairly low inlet tempera tures qnd. as a result, the exhaust

*Note: The terms fressure ratio and compression ratio can be =
easily misinterpreted. Compression ratio, which is the
ratio of volumes, is ,related to pressnre ratio by the

texpression p /pz~(v /v)‘

paGH 1B
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gases had to be diluted with large quantities of scavenge
air to bring turbine inlet tesperature down. Present-day
turbines c¢ould reduce or eliminate entirely the need for
this and allow for more work extraction €£rom the turbine.
Othetr anticipated improvements would be in the axial-flow
comnponents where efficiencies have increased and where
higher stage pressure ratios could reduce the total number
of stages.

SYNBOLS

AshoAg rotor geometry areas, a*

Ay swept area, m°

B ' rotor depth, ® |

BSFC  brake specific fuel consumptior, kg/kKW-hr

Cor velocity coefficient | |

_cP_ | specific heat at.constant prgssure; J/kg—‘K

e - eccentricity |

B: total intermal energy, J

L net thrust, N

£ clearance fraction

f/a fuelsair ratio

n ._ masé flow, kg/sec

N | nuaber of stages |

P total pressure, N/xt

PR pressure ratio

R | | qénérating radius, =
r . éonp;ession-ratio

s _ cruise rangé,:kl

i | ._téta_l-_ te_lperatur.e,. K
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TSPC

conp

corr
crf

_exh'

id

thrust specific fuel consumption, kg/N-hr

volume, n®

svept volume, l’z
cruise speed, kl/hr
work, J

weight, N

specific work, J/kg

ratio of total turbine cooling hleed to
turbine inlet flow

ratio of staor cooling bleed to turblne
inlet flow

ratio of‘specific heats
“change in"

adiabatic efficiency

density, kg/n®

‘maximum allowable stress, N/a®

leaning angle, radians
B Subscripts
accessories

actual

bottom dead center
bédkpressute

Compressor

corrected

cruise fuel

‘exhaust

ideal
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ANALYSIS

Mission

The figure of merit was uninstalled engine weight plus
cruise fuel weight, Cruise fuel weight was calculated
siaply froa

WDy e =9 807 (TSFC) F,S/v.

FPlight conditions vere selected as Mach C.80 at 10668 m
(35000 ft). The range wvas varied to observe the break-even
point for those cases where increased engine weiqht vould he
offset by improving TSPC.

Reference Turbofan

Configuration.~ The engine used for reference in
comparing compound cycle performance is the  advanced,
high-pressure ratio turbofan study engine of ref.rence 5.
This is a two-spool engine with a single-stage fan, 3
booster stages, and a 10-stage compressor. The cooled high
and low pressure turbines have  two and five stages,
respectively. -

Cycle.- At the cruise conditions of this study, the
reference turbofan engine had a fan pressure ratio of 1,75,

. overall pressure ratio of 45, and a bypass ratio of 7.78.

Size and performance.~ The sea level static thrust of
this engine was 111000 B (25000 1lb). The installed thrust at
the selected cruise conditions vas 29000 X (6530 1b). For
convenience, this is the thrust that all of the study
engines were then sized for. Thrust specific. fuel
consumption of the reference engine was 0.029 kg/N-hr
(0.284 hr~') at sea level and 0.0553 kg/N-hr (0.542 hr") at

cruise.

~Compound Engine

configypation.~ The . sketch. .in figure 1 shows
conceptually the compound engine configuration being

- considered. Essentially, it is the refersace turbofan with

the conventional combustor replaced by an RC engine,

- Instead of two spools with individual shafts,  the

co-pressor. RC engine, and  turbine are all on. a single’

- shaft. The RC rotors orbit directly about the main engine
shaft., The fan would be geared down. A typlcal high-spool '

omemx.memrs s
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rotational speed of 1260 rad/sec (12000 rpm) vas selected
for the main shaft speed. Since part ¢f the coapression vork
is done in the RC engine, the boost PR into that engine need
not be as great amd this will allow the booster stages and
several compressor stages to be eliminated, as will he seen
later. Also, there being only one high-speed shaft allows
the turbine to be combined into one unit, often of fewer
stages, depending upon the cycle. The turbine was assumed
‘cooled by a convection+film cooling scheme with bleed air
from the compressor discharge. Blade metal teamperatures for
1990 technology were assumed., This level of turbine cooling
~ technology 1is ccmparable with that of the reference
turbofan, The only exception is that the compound engine
vould require the addition of an awuxiliary bleed air
compressor to hoost the «cooling air up to the RC engine
discharge pressure. The compound engine also reqguires the
addition of intake and exhaust wmanifolds, These would be
scroll-type devices to take annular, axial flow - and
gradually feed it to inlet and outlet side ports on the RC
engine. Since the RC engine is a cyclic output device, the
intake and exhaust manifolds would also have to be  designed
to act as settling chambers to damp out tlow fluctuations
into the turbine and compressor. The fan and duct on the
compound engine were assumed to be the sam: as on the
reference turbofan as far as pressure ratio and duct losses
vere concerned. . The bypass ratio, however, was varied ¢to
match the available work per unit rass of core flow.

Cycle.- The compound cycles choser to be examined had
boost pressure ratios of 1,75, 4, and 10. The 1.75 boost
represents the case for vhich there is no compressor hut
only a fan.  For each of the above boost PRs, RC engine
compression ratios of 5, 7, and 1C were considered. The
highest value of compression ratio here is about the present
limit for apex seal technolody. One higher boost pressure
ratio of 20 was examined together with a compression ratio
of 7. The overall range of boost and conpression ratios
‘resulted in peak cycle pressure ratios of from 15 to 240,
before combustion. Some adiabatic component eft1c1enc1oq and
loss coefficients were as follows: e _

Inlet reCovery-'.' : 1.00
Fan efficiency 0.87
Ccmpressor efficiency ~ 0.87.
Core nozzle C,. _ 1.00
" Duct. nozzle Cop 0;991

The fan and duct paranpters on the conpouud -engine vere
taken to be the sawe as on the reterence turbofan. Pressure

losses in the intake and exhaust manifolds vere ipitially -

.assuned zero. The sen51t1v1ty ot the t@b“lts for one cycle
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vas determined for the tvo cases when the intake and exhaust
manifold pressure drops were each 5%. The mechanical
efficiency of the coapound engine gearbox was taken to be
1.0.

and perforsance.- Since the study was to compare
engines for fuel + engine veight at the one cruise
condition, all the engines vwere sized to the cruise data
available on the reference turbofan -~ 29000 N (6530 1b)
thrust at Mach 0.8 and 10668 a (35000 ft). Off-design or
sea-level performance was not atteapted in this preliminary
analysis where the goal was merely to see if the concept

Justified further consideration. It is known from

experience though that a turbomachine has a greater lapse
rate as far as shaft power with altitude is concerned than a
turbockarged reciprocating engine. For the compound engine,
this might imply a sizing condition other than cruise. The
coaparisons between coapound and turbofan engines vwere
generally done in teras of thrust parameters, but where it
vas equivalent or nmore convenient, it was done in teras of
shaft power.

BC Engipe.- Even a cursory look at the field of rotary
engines will reveal that there are a great number of
possible configurations for these machines, The RC engine
chosen for this study is a 2:3 epitrochoidal configuration.
That is, the bore is an epitrochoid with two lobes and the
rotor has three flanks., This is the familiar configuration
used in some production automotive engines. In order to

- discuss weight and size calculations later, it is necessary

to briefly present some fundamentals of rotary engine
geometry froa reference 6.

The outer case is an epitrochoid which is generated by
roliing one circle arcund a base circle of twice the radius
as shown in figure 2. The epitrochoid is the locus of point
P on <the radius of the rolling circle. The actual bore is
often moved out an equidistant amount to generate a trochoid
that is parallel to the true epitrochoidal shape., This is
done to lessen the radial aotion of the apex seals as they
aove over the lobes of the bore. In practice, the

~displacement is much ssaller than R, and for the purposes of

estimating compression ratio and size, it will be assumed
negligible. Looking at the epitrochoidal bore with rotor in

figure 3, R and e are noted. The generating radius R becomes

the dimension of the rotor from its center to the apex and
the eccentricity e defines the orbiting path of the rotor
center, With this confiquration, the output shaft rotates
at three times the rate of the rotor. The 1leaning angle
defines the maximum angle contained within the radial lines
from the center of the rotor through each apex and the

10




norsal to the epitrochoidal bore at the point of contact. &
siaple relationship exists between the radius #&, the
eccentricity, and the leaning angle, nanmely,

sing =3e/m.
The relationship is plotted in fxgure # and it will be noted
that cannot exceed /2 rad (90°) and R/e may not bhe less
than 3.
Por the ideal case vhere there are no depressions in

the rotor flank or in the hore, the maximum theoretical
compression ratio is given by

Lid = Vode /Vglo = BRyq. /BAy)
O]:,
r:d = Abd /A.“c_. (1)

From figure 5, though, it can be seen that

A "‘m = Ar‘
and bde

Aﬂc -A:“;“' - Ar »
Furthermore, for this particular configuration,
AM=(n‘ge")T/3-J§'R"'/u-3ﬁeﬂ,'2
= (R _ o2
A, = (B+3e?)T/3 V382 /4 43,[Fers2
and
A=Ag-\3R%/4

where A, is given by

R
A= (T(R® +2e%) -6eRcos ¢ - (2R*/3+12e") $173 .
Substituting these relations into equatica (1) enables the

ideal cospression ratio to be finally written solely in
teras of R/e as:

T/3+3 J:«?(n/e) /242 [(n/e)’- -9+ (2 (R/e)* /9;u)sin"(3/(a/e))
' = - (2)
T/3-3(3(R/e) /242,[(R/0)° =9+ (2 (R/e)* /9+4) 5107 (3/ (R/e))

In a real engine though, to allow for a better combustion

fu=

11
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chamber, for scavenging, and to allow for ignition devices,
there are depressions in the rotor flanks and bore, It is
rossible for the volume of the depressions alone to be egual
to the entire ideal volume at top dead center, Obviously,
the depressions lower the compression ratio., Polliowing the
suggestion in reference 6 regarding the approximate volume
of depressions for typical Otto and Diesel RC eagine
applications¥, the actual compression ratios vere assumed to
be:

Covto ~iRpde *R4dc }/ (g *R4g.)
Cpiesel ™ Pbde *A1de 72V 7 (Agy *hpg 72)

That is, for the typical Otto-cycle, the depression volume
is just equal +to the top dead center chamber volume when
there are no depressions. For the Diesel, the depression
volume is one-half the ideal top dead center volume. Making
the same substitutions as before, it 1is possible to reduce
these equations Aown to functions only of R/e:

Fone =E1 (B/€) (2

CDiesel =f?. (B/€) . *)

The parameter R/e, then, is an important geometry pataneter
for the RC engine and is needed for estimating displacement
volume and weight. Equations (2), (3), and (#) are plotted
in figure 6 and they enable the R/e parameter for a typical
Otto or Diesel RC engine to be approximated for any desired
compression ratio.

Cycle Calculations

Reference turbofan.=- Bstimates of the reference
turbofan's performance were obtained from reference 5 and no
additional calculations were required,

Compound engine.— Given an ideal inlet with total
pressure recovery of 1.0, the conditions T,, P, at ths fan
face (fig.1) are deterained simply by the cruis: condition.
The conditions at the compressor exit are given by:

*Note: To avoid confusion, it will be noted here that Qtto
and Diesel refer to thermodynamic cycles, whereas the terams
reciprocating and rotary only describe the potion of
mechanical parts. It is entirely possible, therefore, to
speak of hoth Diesel and Otto RC engin- s,

12
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1,=7, [((BR)T -1 s, +1]

P, = P (PR).

At the coampressor discharge, the core flow would be
split to provide some cooling bleed for the turbime.  The
coolant flows were assigned as indicated in figure 1. The
ratio of first vane coolant flow to the f£low leaving the RC
engine is §;. The ratio of total coolant flow to RC engine
exit flow is $ . Because the turbine inlet pressure is
greater than the compressor discharge pressure for this
engine, a ssall auxiliary compressor is needed to boost the
cooling bleed air. The required PR for this auxiliary
compressor is determined by the boost PR and the Otto-cycle
backpressure. Efficiency was taken to be the same as that of

the main compressor. Assuming convection+film cooling and - 8

using 1990 blade =metal temperatures, the coolant flov for
each vane and rotor was estimated using the method outlined
in reference 7, The first vane's coolant was added into the
flow before the first rotor, and the turbine rotor inlet

teaperature vwas adjusted to take this into account. For
purposes of calculating performance, all the remaining.

bleeds were added back to the main flow downstream of the
turbine. '

Although the total pressure loss in the intake manifold

to the RC engine «is initially assumed zero, one case was
run where

B, = B, (1-(4B/R), ;)

and

The above are, then, the flow conditions entering the
RC engine. In a positive displacement machine, however, a

part of the exhaust gases, the c¢learance fraction, f,

rerains in the chamber and mixes with the fresh charge of
each succeeding cycle., As a result, the iaitial condition of
the nixture before compression is not known, and it must be
solved for iteratively., Initial values for temperature and
clearance fraction are chosen and the procedure followed as
outlined in reference 8. The actual solution was done using
an Otto-cycle computer code that . calculated the
thermodynamic properties of the working fluid by the
chemical kinetics program described in reference 9 which
includes dissociation. The £fuel was taken ¢to be octane
(caﬂlb) vith a heating value of 44,7 MJ/kg (19260 Btu/lb).

13



v

e i

R

It should be noted that this is 4% higher than the heating
value of the JP fuel used in the reference turbofan. After
running a few cases, it became apparent that for the
pressure ratios of interest, auto-ignition would most likely
occur long before top dead center even for fuel such as
octane vwhich has a relatively high ignition temperature,
The actual compound engine would therefore most likely be a
compression-ignition device with only air undergoing
comapression and fuel being  injected directly. - Although
Diesels have come to be reqarded as more efficient than Otto
engines, for the same compression ratio and energy input,
the Otto-cycle is inherently wore efficient than the
Diesel-cycle, the former simply being restrictei from going
to such high pressures as the latter  because of
auto-ignition. "This is because the Otto-cjcle's entire heat "
addition takes place at constant volume coapared to the

Diesel's combination of constant pressure/constant voldme

heat addition. As a result, the Otto-rycle achieves higher.
peak temperatures and pressures. Using an Otto-cycle, then,
to estimate performance of what most likely would be a
Diesel, gives some advantage to the coppound engine. An
equivalence ratio of 1.0 was used in the analysis, the
greatest effect of this paraseter being to vary the Sp901f1c
output (work/unit mass of air) and change the regquired
displacesent aCCordingly. One cYcle was run with an
equivalence ratio of 0.5, to check the sensitivity of the
estimated performance - to this variable.,  Limiting
considerations for the actual value used are the linits of
flamsability of the nixture and the onset of s-oky exhaust.

Referrlng to the p~¥ dxagram in figure 7(a) for a
throttled Otto-cycle,  step a-b represents adiabatic
compression in the RC ergine. Step b-c is constant volume

‘combustion that assumes instantaneous buraing and does not

account for heat trangfer out of the chamber. Step c-d is
adiabatic expansion as the rotor moves away from top dead
center. When the volume has reached its maximum (V4=V,.) no

“fyrther expansion can take place in the chamber and exhaust

begins. As the exhaust ports open, pressure in the_chanber
vill drop to the exhaust backpressure (the level of 1line
f-e-d?)., Step d-e is irreversible, but if all the losses are
assumed to occur at the exhaust port, then the gas remaining
in the chamber can be assumed to have undergone reversible
adiabatic expansion, doing wotrk on the gas expelled from the
chasber, Conditicns at point e, then. are the same as if
the gas continued expanding adiabatically along the line -
d-4', down to the exhaust backpressure level but with a

final volume of only Vi. Step e-f is that part of exhaust-

that occurs at constant pressure, by displacement of +the :

rotor while exhaust ports are open. When sinimum volume is '
reached at top dead center _(poxng_f),rthg:exhaust ports are

"
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closed,'and'since the pressure of the gas reuaining in the
chamber is greater than intake pressure, the intake ports
are not opened until the chamber voluae  has expanded

~adiabatically down to point f£'. Step f'-a is then just

drawing in fresh charge at constant boost pressure.

Still referring to figure 7(a), the 1ndicateﬂ, or 1dea1
net work done on -the rotor by the working fluid in one
cycle, is given by _

Wiod= (B =Eg) = (Bp=E ) = (B, (¥, ~Vp) - £(E,~ B} =R, (v, fv;.n

The last tera im this equation is called the pumping work.
In the throttled Otto-cycle, it is a net loss. _

To take into account the energy 1lost to cooling,
friction, radiation, etc., all these losses were lumped
together as a percentige of the total input energy into the
Otto~-cycle. A steady-state energy balance was then done on a
control volume containing just the RC engine and considering
the energy in by bulk flow, the addition of the fuel, the
heat 1loss out, the shaft povwer out, and the eaergy out . by
bulk flow. This calculation allowed the average total
temperature leaving the RC engine to be estimated for the
two levels of Otto-cycle heat loss considered in this study-
25% and 10%. The former value represents experience to date
with engines of this sort, and the latter represents what
might be expected if cooling losses could be significantly
reduced for the Otto-cycle by advanced
insulation/high-temperature materials technology. The heat
lost from the Otto-cycle due to cooling was partially
recovered in the overall cycle by heat exchanging with the:
duct air as indicated in figure 1. Practically, the RBRC
engine rotor would be oil-cooled and the case would have
cooling fins that protrude directly into the duct streaa.

The effective backpressure that the RC engine would
exhaust to wvas not known. The backpressure that could
actually be expected would depend upon the losses across the
exhaust ports, the design of the exhaust manifold, hov many
chambers wvere exhausting at any instant, etc. It was
decided, therefore, to simply allow the backpressure to vary
as an independent parameter. Referring +to figure 7(a), the
backpressure could vary between the boost pressure and the
ideal maximum chamber pressure after expansion and before
valve opening, Py. For each cycle, values of backpressure

were run between the limits

Pbmt <PbP <Pd.'
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. and

As the ratio P},/B) goes to 1, the upper limit is approached
for turhine inlet pressure.

: Just as in the intake sanifold, the total pressure loss
' in the exhaust nanzfold vas inxtially assumed zero, so that

| B =2, 'Ps, |
The sensitivity of the ‘results to an exhaust manifold
pressure loss vas examined for one case where :

Py =Pbp (1- (A2/P) 4 ).

With total temperature and pressure into the turbine

known, the turbine performance was calculated using the code
described in reference 10. All the turbines were allowed to
expand down to a static pressure of 3.45 N/ca® (5 psi). With

'an ambient pressure of 2.39 H/cn‘ (3.47 psi) at the cruise

condition, enough energy remains in the core flow +to
generate some  core thrust. For each cycle, a ‘sufficient
number of stages uzie selected to give turbine efficiencies

roughly between 0.88 and 0.89. The turbine specific work

vas finally calculated by the equation

L= % T T, (1 (B /25 ) ¥ m+@,m+f/a)/u+pu«»f/an-

Possible losses in turbine efficiency due to unsteady fioi -

from the RC engine were not initially considered. A
perturbation on this was done, hovever, in one case where

the turbine efficiency wvas degraded by 5% The size of the

real penalty is unknown, and the 5% only represents a gueSs.

Por the duct, a value of thrust per unit mass of. duct
flow derived from the reference turbofan data was used for

the compound engine case. Fan pressure ratio, efficiency, .
and nozzle velocity coefficient are therefore the sawme for'

both engines. An additional 2% duct pressure drop was

included in the compound engine to account for the RC englne-

cooling fins.

This, of course, is a highly Sllpllfled analysis of the

- actual cycle. A more realistic p~v diagraz would look like

the one shown in figure 7(b). A finite rate of hea* release
during combustion; heat conduction to and from the working
fluid and the chamber wvalls over the entire  cycle; and
mixing, intake, and exhaust losses all coambine to modify the
real p~v diagrarm considerably. Also, to simulate Diesels, a
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pressure-limited diagram (figure 7{c)) is often used. Tt
serves to simulate the longer duration, constant pressure
combustion caused by the need to 1limit peak cylinder
stresgses in high compression ratio Diesels by delayed
addition of fuel. Several cases were calculated by hand
using this type of diagram, but for the same compression,
fuel/air ratio, and typical liaiting peak pressures, the
results did not differ substantially fros those calculated
vxth an Otto-cycle.

Engine Weight

ggference turbofan.- The total Helght of the reference
turbofan was given in reference 5 as 1787 kg (3940 1b). This
does not include thrust reverser, tailpipe, or noise
suppression., A conrponent by component weight breakdown was:
generated for the reference turbofan using the equations of
reference 11, This percentage breakdown was used to eqtlnate
the component weights for the reference englne.. B

compoynd epgine.- For the coampound . engine uelght,
appropriate adjustments had to be made to the refetence
turbofan veights to reflect the lajo:_differences,

Turbomachinery weights were recalculated using the
reference 11 correlatlons. The fan, for instance, could be
scaled as ' : R S

{anO( “M)
The compressor weight was scaled by using'-
we . il
H ol N '

omp Cﬂnr ( .corr )

‘The intake and exhaust manifolds were assumed to . consist. of.
an annular scroll that eventually must feed into intake and:

exhaust tubes for the RC engine, - If they are treated as -

cylindrical pressure vessels, and simple hoop stress ls‘
”‘conbined with contlnnity. “the result for. weight- is'- ' S

WT.

dca&“i h*fﬂ‘\ ‘ e
For the constant rotational shaft Speed .assumed - here, the
tvrhine ueight ccrrelation hecoles E o

ll'l' ot “tnt .

..To be consisteht uith the reference turbofan configurat1cn,'_'
a short fan duct, downstrean from the fan stator’ exit plane'
vas included It was scaled according to: : _
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- s¥Wept volume becomes

BTy e Vo -

AcceSsoties weight was assumed to be dependant primarily on
fuel flow according to reference 11, so that

WE_ o< (14K (TSEQ)) .
The proportionality constants used to actually evaluate the

above quantities wvere the values of the corresponding
gquantities in the reference turbofan. One exception was

" that for the intake and exhaust wmanifolds, twice the

reference engine's combustor weight was used to account for
the wmore cosmplicated flow path than in an ordipary
combustor. Added to  this was the weight of the auxiliary
cooling bleed compressor. Its wvweight was taken to bhe
proportional +¢c¢ the power that it required and was roughly
based on available small turboshaft data.

_ The RC engine's weight was estimated from the cycle
calculation of specific work. Since the conditions into the
RC engine are known, specific work can be converted into
vork per unit volume of air. Given the 1260 radssec
(12000 rpm) shaft speed and that the rotor, therefore,
rotates at 420 rad/sec (4000 rpm) allows the swept volume
per chamber to be determined. And since

AS--AM 'lm =3J3_'eR, .

v =3J-ERB.

Using a typical value of 2/3 for the ratio of B/R, R can be

solved for' |
| " [ , (n/e)]"
R = ] =
B

The 1og~log plct of this equation is shoun in figqure 8.
‘Knowing the characteristic R/e for any compression ratio and

the required svept volume per chanbe:, allows the generating
radius R of the RC engine to be determined.  Given the

.characteristic R for the 'englne. the weight can be roughly
‘estimated in three parts - case, cooling fins, and rotors.

The case was modeled as a cylinder vwhose wall thickness was
determined from the peak cylinder pressure hoop stress. The .
final equation for the case ueight vas :
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_ e (1+(R) P,
(UZP}

values of 138 aN/at (20000 1bsin®}  and 7830 kg/m*
(0.286 lbsin®) were used for ¢ and‘p . rLespectively. Note
tnt the value used for ¢, the maximum allowable stress,
assumes a large safety factor for cyclic stressing,
concentrations, non-uniformity, etc. The weight of cooling
fins was taken as 1/2 of the case weight. Rotor weight was
determined from the rotor volume and material density,
allowing 50% off for the center hole, cooling passages, and

W [um (2B/3)4 (N #1)R (14 (e/R})]

flank depressioas.

Structures weight, which includes mounts, bearings,
frames, shafting, and transition sections, was taken as

WT ste =0.18 2 "Tcompomﬁl‘s

vhere ZWT¢amponents iBCludes all but the fan duct and

.accegsories weights,

A gearbox weight was included using the equation found
in reference 12.

RESULTS AND DISCUSSION

Compound Engine Configuration

BRC engine.~ One of the first topics of discussion will
be the implications that the chosen compression ratios have
on the RC engine geometry, particularly on the parameters
R/e and leaning angle. Looking back to figure 6, it will be
seen that with an ideal 2:3 epitrochoidal  configuration

{i.e., no depressions in the rotor flanks or bore), the

lowest co:presszon ratio that can be had is about 7. This,

~hovever, is at the winimum R/e of 3 and implies a leanlng

angle ‘of /2 rad (90°)ﬁ'uhxch is an xnpossxbzlxty. It nzght_.
appear at first, that there would be difficulty in getting
the desired compression ratios with the type of rotary

- configuration selected. However, real engines do require

rotor flank and other depressions, so - that in practice,
compression ratio varies with R/¢ according to the lower
curves of figure 6. Specifically, to get a compression of 5
requires a total depression volume that «ould be at least

172 the top dead center volume (this is . the curve labeled

"biesel application®). To also get a reasonable leaning
angle, it would be necessary to increase ‘the depression

_gplule further, to the "Otto application" curve where it is

19




just equal to the tdc chamber volume, Por this condition,
the 1leaning angle for a compression of 5 bhecomes 0.96 rad
(55°), still high compared to the design practice of keeping.
this number bhelow 0.524 rad (30°). The compression ratio 7
and 10 cases result in leaning angles of 0,646 rad (37*) and
0.419 rad (24°), respectively. These are the values used in
the study, realizing that the compression ratio 5 case might
require a lower leaning angle,

Bypass ratio and core size.- One result of the higher
fuelysair ratio in a positive displacement engine compared to
a turbomachine is that the specific output is much higher.
So while turbosachines generate about 330 kW/kg of air/sec
(200 #p/lb/sec), the core of the compound engine vyields
about three tises ¢that. If the extra output is to be
absorbed by a fan of equal pressure ratio, the bypass ratio
aust increase. Figures 9 and 10 show what happens to bypass
ratio over the range of variables examined., Bypass ratios of
20 and 30 may not be entirely feasible, at least not in the
exact configuration envisioned here, Core flows are such
that centrifugal compressors might replace axial ones. The
fan may be replaced by a prop-famn or propeller. These
considerations though should not greatly affect the results
of the performance comparison.

Turbine cogling.- To get good turbine efficiencies
between 0.88 and 0.89, the number of turbine stages shown in
figure 11 wvere required for each c¢ycle. The trends are
straightforwvard. Increasing the Otto-cycle backpressure
increases the total conditions into the turbine and,
therefore, its work potential, so the number of stages
increases, Increased boost also has the same effect as more
work is required to drive the compressor.

The estimated turbine rotor inlet tesperatures are
shown in figure 12 for the two levels of Otto~cycle cooling
loss. The 1ower this cooling loss, the higher the
temperature into the turbine, The higher the boost PR and
backpressure, the higher the temperature also. It is
interesting that the turbine inlet temperature drops with
increasing compression ratio, though. The higher
compression ratios achieve higher peak chamber temperature,
but the grester expansion ratio more than sakes up for this
to finally jive a lower temperature after expahsion. .

The amsount of cooling bleed required for the turbine is
dependent upon the turbine inlet temperature, the coolant
temperature, and the nuaber of stages that need cooling. The
cooling bleed air requirements are shown in figure 13 for a
cooling scheme with blade metal temperatures comparable to
that of the advanced 1990 turbofan. Plotted is f§, the ratio

20




of total cooling bleed air to turbine stator inlet mass
flow. The 1increasing cooling bleed requirements with
increasing nuamber of stages, higher turbine inlet and
coolant temperatures (vith higher boost PR), can be readily
seen.

Performance

Breakdown of input energy.=- As mentioned previously,
the effective backpressure on the Otto-cycle was allowed to
vary over the range

As backpressure varies, one would expect the ' relative
Otto~-cycle and turbine outputs to vary also. This effect is
illustrated in figures 14 and 15, which shov a breakdown of

the input energy to the core of one compound cycle by

percent, The compression ratio is 7 and the boost PR is 10.

Pigure 14 is for an Otto-cycle cooling loss of 25% and
figure 15 is for 10% cooling 1loss. The total input energy
into the core is known from the fuel/air ratio and the
heating value of the fuel. Where this energy goes can be
divided into the six bands shown in the figures. Pirst, of

course, are the net shaft outputs of the RC engine and the
turbine. Increasing backpressure clearly causes the
Otto-cycle output to fall and the turbipe output to rise.

Note that there is an optimums backpressure wvhere the sum of

the tvo is a maximums. The reason for this will be discussed
later. Besides the Otto and turbine shaft outputs, some

useful work also comes from the core thrust. The band.
labeled "gross thrust power" represents the core's  total
gross thrust expressed in teras of pover units, The dashed
line separates out the ram drag power. The remainder is of
course, the mnet thrust power. This, plus the Otto and
turbine net shaft outputs, is the net useful work produced
by the core of the cospound engine., The supercharging vork,

based on the boost PR, is very nearly a coastant in the two
figures. The only thing that causes it to vary is the suall
amount of work required to boost the cooling bleed. The
cooling 1loss is simply the constant percentage input energy
- loss assumed for the Otto-cycle (25% in one case and 10% in
the other). Note that while lowering this loss from 25% to
1% increases the total useful work of the core, it also
increases the amount of energy finally rejected as waste

heat through the exhaust - core thrust notwithstanding. This -
is due to higher gas temperatures downstream of the RC

‘engine vhen the Otto-cycle cooling loss is reduced, It
should be recalled that here, the cooling loss energy is
transferred to the duct stream vwhere it is partially
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recove:ﬂﬂ in the overall cycle by increasing duct thrust.

Pyel copsumption.- The estimated cruise performance of
the coupound engine is shown in figures 16 and 17, for two
levels of Otto-cycle cooling loss -~ 25% and 10%,
respactively. The TSFC dgenerally improves with increasing
compression ratio over the range of variables examined. It
reaches a wminisum with increasing backpressure, and the
ainimum occurs at a lower backpressure with the higher boost
PR's, This is caused by the cooling bleed requirements. As
the backpressure increases, the number of turbine stages
increases. Increasing vith backpressure also is the turbine
inlet temperature., Consequently, more turbine cooling air is
required which eventually begins to hurt the cycle. Also, as
the cooling air temperature depends on the boost PR, the
higher the bocst, the larger the coolant fraction required.
AS a result, at the boost PR of 20, the performance drops
off rapidly with increasing backpressure, while at the lower
boost PRs, it improves up to Py, /Py of about 0.6 to 0.8. The
level of the reference turbofan's cruise TSFC is drawn
across all the plots for comparison. Por an Otto-cycle
cooling loss of 25%, typical of experience to date with
engines of this sort, the compound enginet!s bect TSFC
iaproveaent over the reference turbofan was 5.1% at a boost
of 10 and a cospression ratio of 10. The heating value of
octane 1is U4% higher, though, than the JP used by the
reference turbofan. When this is taken into account, this
study's best compound engine can attribute only a 1,2%
improvement in TSPC to its higher pressure ratio cycle. For
a 10% cooling loss, the improvement over the turbofan is
11.8%. Taking again the difference in fuel heating value
into account, reduces this improvement to 8.1%. _

To compare on the basis of shaft performance alone,
vith no fan or thrust parameters involved, figures 18 and 19
are presented. The trends with compression ratio, boost PR,
and backpressure are essentially the same as before. The
shaft performance of the reference engine's core is drawn on
the plots for ccaparison. When compared on a BSFC basis, the
results are a little different than in the TSPC case. At
25% Otto-cycle coocling loss, none of the compound cycles
showed better BSFC than the turbofan core. This is because
for shaft performance calculations, the Otto-cycle cooling
loss leaves the cycle completely, with no recovery of this
energy by heat exchanging to a duct. There is no comparable
loss of energy in the core of the turbofan. At 10%
Qtto-cycle cooling loss, where the cooling loss is less of a.
factor in the cverall cycle, the compound engine shows an
improvement in BSFC over the turbofan core very 51011ar to
that in the TSPC coaparison. . :
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The estimated cruise thrust performance of the compouud
engine is finally summarized against overall cycle PR in
figures 20 and 2% for the two values of Otto-cycle heat
loss. The plots are for a fixed backpressure ratio Pg,/Py of
0.6, very nearly the optimum for all cycles. The solid and
dashed lines represent peak cycle pressure ratios before and
after combustion, respectively. It will be seen that many of
the combined boost and compression ratios exasined in the
study resulted in overall cycle pressure ratios far above
that of the reference turbofan.

It should be remembered that the above perforsance
figures were all for the Mach 0.8, 10668 m (35000 ft) cruise
condition. -

bimensions and Veight

RC engine size.- MNeglecting the cooling fins which
protrude into the fan duct, and neglecting the case wvall
thickness because it's small <compared to the overall
dimensions, the msaximum RC engine width is Just equal to
2 (R+e). This dimension is plotted in figure 22 for 1, 3, .
and 5 rotors, over the range of boost PR and backpressure.,
The compression ratio is 7. The engines are all sized for
the constant cruise thrust condition at Bach 0.8, 10668 »
(35000 £t) . The maximum width can be seen to vary mainly
vith the number of rotors and boost PR. Increasing boost PR

increases the inccming mass flow density and therefore

decreases the required volumetric displacement. Increasing
the number of rotors decreases the volume tric displacement
per rotor and hence the Jdiameter of each one. Varyving the
backpressure has minimal effect on RC engine size. Increased
backpressure increases the clearance fraction of hot gases
which mix with the cool fresh charge. As a result, the final
mixture at start of compressioa is hotter, less dense, and
reguires mrore chamber volume.

The RC engine length is directly related to R since ue'
have already assumed a fixed ratio for the rotor's diameter

.to its depth or thickness, B. Assuming as before, the ratio
‘of B/R to be 2/3, the approximate length is simply DR

L,. ‘—'.H'_ot R{2/3).

RC

This neglects wall thicknesses, room for bearings, etc. The-

results of estimating the length of the RC engine by this
equation are G[flotted in ngune 23 for the same cycle
parameters as flgure 22. N :

Choosing the number of rogots to_actuallg use involﬁés: "
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several factors. To obtain a2 more uniform, steady flow into
the turbine, more rotors are desireable. B8Rut the number
cannot be too high bacause of practical limits ui length and
the necessity to pass a shaft through the rotor centers as
the individual cotors shrink in size. Some limit exists
vhere e vill be 1less than the shaft diameter will allow, as
indicated by the broken and shaded area in the lower portion
of figure 22. Similarly, the RC engine should not have so
fev rotors that the engine's maximume width is much greater
than the booster tip diaseter at the fan face. This is to
insure a neat packaging r< the RC engine into the overall
- - engine., The upper shaded area of figure 22 shows this upper
limit for these engines based on the reference turbofan's
fan face Mach number and hub/tip ratio, .

et o b

L

RC engine weight.- Three rotors seemed to strike a
reasonable compromise based on the ahove factors, PFigure 24
shows the RC engine weight assuaing 3 rotors, for the range
of boost PR, compression ratio, and backpressure. The trends
with boost PR and backpressure are the same as for  engine
width. Increasing coapression ratio, however, is a weight
penalty for the RC engine as vall thicknesses increase with
increasing peak chamber pressures.

com ougé engine.~ Pinally, the plots in figure 25 show
the variation of the uninstalled compound engine weight over
thew::37é of cycle parameters. These all assume 3 rotors ip
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the RC angine. The reference turbofan's weight is indicated
across all the glots for comparison., Some of the lower
pre<sure ratio cycles are actually lighter than the
t4irbofan, but their SPC performance was poor. The compound
4 ,/’éngine veight generally decreases with increasing boost,
1 ﬂ/f although it has a diminishing return as exhibited by the
: L~ boost PR 20 case which actually came out heavier than the
7 _ boost PR 10 case. The additional hoester stages, plus the
! poorer thrust performance due to large bleed wmaking the -
engine larger than otherwise, offset the effect of higher
density on core size. The cycle with the best TSFC (boost
of 10 and coampression of 10 at a B, /P4=0.6), is about 23%
heavier than the turbofan. P S a o

e

"Figure 26 is a plot of the same engine veight
information bnt at constant P, /Pj ratio of 0.6 and versus
overall cycle pressure ratio. PThis plot is a companion to
the perforaance plot of figure 20. g S

Table I summarizes and cospares the weight breakdown
for one of the compound engines with the referemce turbofan.
The particular cycle is a boost PR of 10 and a 3-rotor, RC
engine with compression ratio of 7. Pigure 27 is an attempt
to compare the layout of this compound eangine with that of

ORKHNAL;EAGE'
| '(m'POOR?QU1[Eﬁ?
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the referemce turbofan. As can be seen, the elimination in
this case of all the booster stages, some of the coampressor
stages, and combination of the turbines into one high-speed
unit would not quite make up for the added length of the RC
engine plus manifolding. The addition of a gearbox doesn't
seem to necessarily require an increase in length.

Bogine plys fue]l weight.- To show the cruise range at
which the compound engines would break even Wwith the
reference turbofan in terms of engine plus fuel weight,
figures 28 and 29 are presented. These figures vere
constructed taking into account the difference in fuel
heating value between the two cycles. Pigure 28, for 25%
Otto-cycle cooling loss, 1is the same engine veight versus
cycle PR plot as in figure 26, Superimposed on it, though,
are a shaded region and some curves of constant cruise
range. The shaded area represents cycles that have poorer
TSPC than the reference engine. Only the small upper
right-hand  corner of the plot in figure 28, the highest
cycle pressure ratios, falls outside this shaded region. 1In
this area, lines of constant cruise range can be drawn to
show the break-even range for the compound and reference
engines in terms of engine plus fuel weight. Along the line
with wvalue infinity, lie compound cycles whose TSFCs just
equal that of the turbofan. The boost PR of 10 and
compression of 10 c¢ycle, the one showing the hest TSFC, can
be seen to need gquite a long cruise range before it wvould
make up for its greater weight. Remember that here, the
compound cycle TSFCs have been adjusted to account for the
difference in heating value. Figure 29, for 10% Otto cooling
loss, shows a much greater area where compound cycles can
compete with +the reference turbofan. The same cycle as
before (boost PR=1, 1r=10) can be seen to match the
reference turbofan's engine plus fuel weight at a range of
about 2800 km (1500 n.ni.).

Drag consjderations.- As all of the cospound engines?
fan diameters fell within about 4% of the reference
turbofan's diamseter, differences in nacelle drag were not
considered to be a large factor in the comparison of the_
engines.

Perturbations

All the results presented thus £ar were based on
certain fixed assumptions and losses. Some of these were
perturbed in order to gage their effects on performance. The
results of these perturbations are summarized 1n figure 30
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and discussed in the followving paragraphs.

Equivalence ratjic.- All results thus far were based on
an equivalence ratio of 1.0, that is, they assume the
stoichioasetric fuel/air ratio for octane of 0.066%. One case
{boost PR=10 and r=10) was run with an equivalence ratio of
0.5 (fuel/air=.03305). This resulted in a 4.3% improvement
in cruise TSFC over the original case. However, cutting the
fuel/air ratio in half resulted in roughly twice the core
flov apnd dropped the bypass from about 28 to 14.5. With a
doubling of core amass flow, the RC engine weight increased
by 51% vhich tramslated to an 11% increase in the overall
cospound engine weight when coapared to the original case.
The isprovement in TSPC though, more than makes up for the
increase in engine wveight wvhen the effect on break-even
range with the turbofan is examined. The break-even range
decreased from scme 18000 km (950C n.mi.) to 6300 km
(3400 n.mi.) when the fuel/air ratio was cut in half., The
improvement here is somewhat exaggerated by how close the
TSPCs for these two engines originally were after adjusted
for the heating value difference. The break-even ranqge even
with this improvement 1is still quite long for a realistic
mission. Typical equivalence ratios for Diesels at full
power were found to generally lie in the range 0.6 to 0.75,
so a somevhat 1less than 4.3% improveament might be more
realistically expected over the baseline TSFCs calculated
for an eguivalence ratic of 1.0,

Ducting losses.~ Originally, no pressure drops were
specifically assigned to the intake and exhaust manifolds to
the RC engine. Two cases were run where a 5% pressure drop
was included between stations 2-3 and 4-5. A 5% pressure
drop in the intake manifold caused a 0.54% increase in TSFC,
An identical pressure drop in the exhaust manifold caused a
0.72% increase in TSPC. Por a 1% increase in the fan duct
pressyre loss (i.e.,from 0.02 to 0.0202), a 1.1% peanalty in
TSFC was observed.

Turbine efficiency.~- One case (boost PR=10, r=7) was
run where the turbine efficiency was penalized 5% to
simulate a poor, non-steady flow condition into the turbine
from the RC engine, The result of this perturbation was a
2.9% increase in TSFC, The 5% penalty in efficiency was
just a guess and should not be taken as being indicative of
vhat the actual unsteady-flow penalty might be.

ORIGINAL} PAGE IS
OF POOR QUALITY)
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CONCLUDING REMARKS

A study was performed in which the fuel-conservative
potential of a modern compound cycle was examined and
comnpared to an advanced, high-PR turbofan. The comparison
vas done strictly cn the basis of uninstalled engine weight
plus fuel weight for a typical subsonic cruise mission. The
benefit of decreasing the Otto-cycle heat loss to cpoling
vas estimated by assuming  advanced insulation/
high-temperature saterial technology. The effects of the
compound engine's complexity on maintenance, reliability, or
cost were not examined. Obviously, numerous questions in

these areas can be raised, but this study's objectives vere

limited to fuel consumption and performance potential.

The results have shown that, allowing for a 25%
Otto-cycle cooling loss (i.e., the comhined result of
cooling requirements, radiation, friction, etc.), the best
" TSFC ismprovement over an advanced turbofan was about 1,2%
when adjusted for differences in fuel heating value between
the two engines. The uninstalled engine weight was
estimated 23% higher than the reference turbofan. If cooling
losses can be decreased from 25% of the ODtto-cycle input
enerqgy down to 10% (by advanced insulation/high-temperature
materials technology that is highly speculative at this
time), the TSFC iamprovement over a turbofan is 8.1%.

The compound cycle's major inefficiency when compared
with a conventional turbofan, seems to 1lie in its cooling
requirements. The hot section of the engine is larger and
practical cooling schemes inherently imply transferring heat
out of the core flow and bygpassing the turbine. Even though
this heat 1is recovered in the duct flow, this is not as
efficient overall as recovery in the turbine would be. The
coolant flows of a conventional coabustor do just that.

The success, then, of a very high PR compound cycle
seems to lie in very advanced insulation/high-temperature
naterials technology of a level vwhich is not in the
forseeable future. While the complexity and weight of a
modern compound engine seens to have potential rfor
improvement over the Napier Nomad 1level of technology,

SFC~wvise, both engines have reached that region of peak '
cycle pressure ratios where the difference in PR will not.

dictate the choice betveen +them so nmuch as the losses,
efficiencies, etc, at these high pressures and temperatures.
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TABLE I. Envamwe WEIGHT Breaxpown, N ([b)

REeFERENCE TURBOFAN Comrounp Encive; rgl,ggag?}i‘:o
FAN 14346 (977) | 4322 (972) ) FAN
BOOSTER 317 (28¢) - - -

- ~ - | 9¢8 (218) | GEARBOX
COMPRESSOR | /517 (341) | 386 (87) | COMPRESSCR

- - ~ | 372 (84) | INTAKE MANIFOLD
BURNER 725 (163)| 3654 (822) | RC ENGINE

- - - 645 (145) | EXHAUST MANIFOLD
HP TURBINE 1005 (22¢)]| 3484 (783) | TURBINE
LP TURBINE q07¢ (%)} - - -
STRUCTURE 2335 (525)[ 2490 (56o)| STRUCTURE
ACCESSORIES | /908 (4291932 (434)| ACCESSORIES
FAN DUCT 298 (67)| 297 (67)| FAN DucT
TOTAL 17525 (3340)| /8550 (4176)| ToTAL

29



INTAKE € EXHAUST MANIFAXDS DESIGNED
TO MINIMIZE UNSTEADY FLOW EFFECTS

HEAT FROM RC ENGWE 77
Goaline INPUT 70
FAN DUCT

URBINE

/ l 6 (1+44)

L AuXILIARY COMPRESSOR
FOR TURBINE COOLING AIR

FIGURE /. — CavceErPTUaL SKETCH OF COMPOUND
ENCINE SHOWINE AROW STATIONS .
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FloURE 2.— (GENERATING EPITROCHOID.

//
/{4, 5in¢“;3/_§

MAJOR DIAMETER =2 (R+€)
MINOR DIAMETER =2(R- €)

FIGURE 3, — EASIC £C ENGINE RELATIONSHIPS .
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FIGURE 5. — AREAS FOR CALCULATING
COMPRESSION RATIO OF KT ENGINE.




a

..........

2ATIO

"

| Commressiov :
SR AR AR AR SenE T'TE‘EE%:‘I.' t

 Freurt €. — ComperESSion RATIC. A&-A-.Wﬁfwmn



IDEALIZED
THROT!LED CYLLE

MORE REALISTIC
THROTTLED P-V DIAGRAM

a-»,

FIGUEE 1. — P-V Diaz£A S

Rt

THROTTLED,
PRESSURE ~LIMITED
CYCLE

L
(PbP> Pboosf )

b
d
\.
s
f e—_\_'r..d'
T e
W,
o



YTE—— e

o T TR

R o - 1AL shlai L

QU

PAQ.
ALrry

ait o
oﬁ’,?m;c

“U Jes

e TR T T ——— 2t
£o.

-l P
MEUFFFL & €85

ot

.

)

4 5 €£7891

T

=t

3
=

-+

By

2

v 2

4 5 67891

3

o m

O

4 L0

2

4 5 67891

T

2

1

¢ i
i ‘—""",f""'*""‘l-l* =4

< 8

o & . 1
ha i
) T - T o
;) A ik g g !
o R BN :
i sl Y
-
] I 8 B
s _
5% &3 " - ! '
[l o M 1
Aok 1 il =5
o4 ) e 7
S.HJ. +
B ' - B S 1Y I
bt { 4 o B o bl
LSRR - T A _ :
£ et ] S A S i 2 2 - :

4

‘11 _
Snrk}'

| WDLUME RER |

|

o b——— e m— —

ek,




19 100 10 TeE CINTWMETER

Shuani

11
IBEE: 222N =

1

1

331 =2 h
sidhids
8301 LEADT BaaRe
tedi

T3

R EREE:
. .

DRIGINAL PAGE is

<]

OF POOR QUALITY

1]
.|
B
o
o o

S—

6URE 2.
mel

T
£
!
|
L
£

T
|

-

Lo

ZESTEpay

i

w.. .
. s i
S : i ”
4Mw : e e e ST
=y $=as m

=

2 i g NN

i
2 S 00 T i

v
ey =




4 = 1 T 1 ST AT Y EY §° T T L §
; i _ T R CE 0 G i | il
[ b RS SRS B ST SRER MM B ;3R9{ 1R o y
| f i RN PEan L HH { _ ]
5 frifits : i m ﬂ
pie s Sanat ETTOE TESES SRR PP et T O e ) | \
! { | |
————t—t . i ot = |
i f 1 50t 5. | « |
et * - B SRt CEEES EESSS - go i }
i) e s i rli ! it : | |
3 L 1 T ' teTe? - .- - ¢
w 5 TS0 Ep R : , i _ _
T ..w it . 1 Sl IRSRT ruant b pee—t t _h |
: S0 P : | ] i |
., 2 T !
| B I i
b | A { ,
v = ; , _ F -3 :
5 o il i -
» + ! i
- ! : e e e
:, ! Bt i | m A |
= T S st ot ph i ..rwl.* :
: 3 : 2
= = :
m i3 i it
F o "9 :
= T
= R {TEH b
3
= i rps
| s
| = I
i + 3
: . i = { ' A
- — 14 M et o ki
. - =S ¥
| i

7 S5 ) : R
5 T ] : -
: Bt A i i B L
: i B g i {
- ! ! : ]
— ._ e T I = * - _-. dee o L
| | _ f
i | ] S i
Findgiadas]; L4 ] !
S B S PR L L 2L L 2% 3
; ! L ; _ | s {
NI EE T t = 1
2 . B e=x0 Pl CONES Fi e R 151 S Wl T ) !
IS 31 I R
Sy iz iy B R :
= - _.4 1.|L.!+
s : 4
=ik 1
. 1 : 23 busg!
! ot ISR
I
I
. i
.::4

]




e s L —

U LU N

0110 10 Ini CEnTwETen

P~ AR

E IS

QUALITY

OF POOR

L

"rnrrYT S rem sl B ateat alad
. L |
] TR L o i AR
' : \

]
'
4

& Loss
iel Zost

|

1]

|

|
]

=

]

113 e |!Errg:'

t

T

|
vEig &
0% dTTo-lCYeLt ¢

= =

Loy

hed§ B i :
.,._’...
A

i |
”m.. RiE ,. m.”. s i ‘.f..u.,.“m._ i e -.f\«,.nl,,l..ww!ﬁ + I '
S B LR T B é
| HrEETE ARENG T SO

i
e
r_ —
[}
o5 o .
S I
r__ » s |
|
—




s

100 10 16 THE CENTine el

Suaw

A T A

'PRIGINAL PAGE IS

OF POOR QUALITY

T L T _ T % I S AR SEET R RS (LN ] F _
1 J. : .;-.. T | _.‘ it _4 b m pid H _ it ._ -t " = ﬂ

.._:..Tp . - st By 00y H K _ e i __r. : | T kil A . G
S S P T A T
34 1] ! 15H B8 | ; fr-t t |
,._ ] i 1 :+ \ ..“:

! E

22 0] p2EEE B
41

b

Lo

sibidly

BF N RN ,.7:{.. 1
DEEESKELE.\ WA
- m S 1B
=1 3 T T R S By m h! i
B L S RS BEENE

' |
|

|

VEBiNE . ROTOR MLET TEMPERATURE _FOR _COMPIMND

|

!

!
i

e — L

| FreuE (2.

B



UL Y

163 10 10 e CENTIMETER

HTH




r ey
W‘ o

91 1
"
{

|

i
anay
1 ER

o

1

m

ALIIVAD ¥0Od J0i ]
Sl @9vd TVNIDIEd m

VWMWY MmN N 0L 0i KB 3wAbs I TR . i . E]

——



g

13231

Eni
hEd

¥

I

*

i

ALITVAD 004 ia
S1 39Vd TVNIOTHO)

P I R AL

WL PPN ey % e TR Tbacor

10 MeESYy  RIIMNIY MWL BI O v gL minos



45 00044

W8I0 TD TRD CENTINETER

Stiant

X Ig &
QUALITY

POOR

wulNal P

1085

§ -~
>

QTTO-CHOUE COOLIL

MLH PR3] dated IR T35 LRI M
g;;g'!!::*.-- I crbls o

L2 30 §2 2

14! ibai Hia

Wi

i I BES EM i 9

Pl

144 5

TR ESTTT
1

4

Lk}

i

1t

[BS8] BSOS

b

T
s 455

1
Es SEEE B8eat

81t
3331 B] T

=~ R TN

R FiEE H

T [T
383 s 9 344 Lezals
oy 4 14791 1ipog 33 ge0
£ 4 9 v igoad

.
i
=%
it &
mu“. ‘
B34
T
- e Lo
s

(crete

EIGURE /6.

.?FC;R:@,&S!%

; e

b
i L sl el e L s

' i Y
l |

! I
s

|

i

il

1

|
4

B

e —— g —— -

]
e ——

f
i

'

i



e

1
e
1

F e

AS MW

10 & 10 TC ThE CENTIMETER

SQaARE

T

T —

e

e e Tt T e S

3 0.

'tf

——————

—— e ——a
. .
-

!
i
1, e

21 ::::I,:::t :u:}:;' e B
o) i3z pa by pdaes ) (e nh]

& COOLING LOSS.

S —

dve

"."‘.?‘.r::; ¥
fizipips

R EER

e 15

t
t

0% orrmo
e
P i
[ R

o3 ¢ ¥ v o
R ki

10%

T
“"”;F g

15235 82 TP T per 208
:;fll,;:: ' i

e

TITT.
e

s ST £be

Se
i J
i

¥

-y

'f’f[f=!:l;ssai: & L8

%1 37

S R o

dE—
H

4
1
+
i
T
1

it

i
rod |
1

4
|
1
|
T

® CYOLE. zméus
: o

To L
Hir

it

T
1
—

1
H

HH 'jll

‘
i

FIGURE /
2 i




gt

i

1y

INE LOSS.

W
.

1

<

| 1
i gL
B ," M : _.n” i ¢ |
i 1 84 15 MV.JT.
S H Eiles WPl (e 22 bt i .w

A

{3 13331 BT

Fred] tEebats

16 K 19 10 Ik Gt it

SQuari

TS B

B.trala

=
e okd
T

2t o

B e !-A .

=
it

f!
HHEE

1

34 33831 3358

I

"I

EIS

"% POOR QUALITY

CINAL PAG

I
-

dreve
-

[
1
i
= S

w i
| i
2
“ i L
_ _ul.n.llrl.
|
| R
o
-
Ne

PSR of (e Bl e S N T L S R e




s ey o e T SR T T TN

)

YT

1

orro-crecE CooL k. LOSS

0%

16110 16 TRE CENIIMETLR

Shuai:

oo Py ¥y s

s o

oAk

ez

g
8 lo.

o

-

.4

B
vik i

s NI SE-N— ———

1

-a'fﬂ‘l'!'!
‘_
. ' 1

—

ﬂ
! R
t
1
dad
|
decte
i
8
|
+.
1
41 EEEL
-~

\
T




COT OF  PEAK CYOLE _ARESSURE RATIO oA
THRUST SFC FoR 257 OTTD-CYCLE COOLING L
; e o Ay /Fy=a.6) i




SRR

ARl n i b

PE——

R MM LSS S S E e R AN : 2 s 2 kg
bR BE: 1 R ERESES - W e
- - T 1= =E * = 3 = 4 U 7T §
A1 S I3 o o =3 »~ i
- t R S SO £ B, B =5 Ik M B B $ = 3 1
P oS ! il p 181 =5 =3 2} -
I p e = - = : =3 = !
=5 RS RS i TR : e §=2s
FEMERT G s ol ED £l L Eifen GAEEEG 3 =Bl
ANERE S SRR e 1 ;
S58s |
¥ : B ¥ g
i i = b=k i

i
i
il

)

{

|

|

1

]

i
3
-“U
f i |J
i i L]
=i Hi
r

359.91

AL N b
G SONS

L LS
e \{

GE 18

“NAL PA

oo o~ e




Sy

10 116 T0 im0 CENTMETER

SqiaRr

ORIGINAL PAGE IB

OF POOR QUALITY

s

4
1

..ﬁi-wIJ...?#..l‘ L

57

)

-
=
|

e
0.2

u k. ’
_'P#j/‘PJ_ |

=

Bkl =CREC T S

SR
ol

.’.‘_.*.“k + —

|

T
XIAUMT

/

-

nce
-

DOLIE LO

i

~
S

No. DF ROTpRS (r=7, E5%orTo-crite

hrans |

ve) o
ANC

F

%

WAQT}{
- B00ST. BACKPLESSUR

|

_2e

i

-
e

I

- W

. FIGLREZL.



i §
14
A% VITI |
i

W
M CEAT
]

L1
BA
W

A

e




T

- e T

210 I CENTIMETER

1

SQUARE

RATIO (8

£5%.

-

13idias

i

it

¥
S

L

f::-?-

OO mn e it ik
AND  COMPRESS 10/

T e

e g

-1

i3 3888 4383 BRad: £ 202} 8333] BT B

-

L O 7D - CYCLE ‘CODLING LDSS,).

ek



Sesc

wn Ty I

18 U 10 10 i8E CisnMiion

Shuate

E
=
i

|

|

! : !
'
|
1

1
/)
e

= =4
CHCE S54

%

TR

E
2. &oasT,

(17}

-6
B
| BEY, oTTr-CYeLE COOLINE LosSS) . |

i
. g Q |
T HEE e
: ..w.u. al
: it [
: <3 SHNRL FEESH LU [R2T) S ok
fretsies L Do MO PR, | n, B fRRae EEOREENNN (500 HIRY SO S: 8 j: | .
H { N i

s i
Lt ol

e eivads

spetrifisgiiic

.
i | |

e : , -

= ] | { =

b - <o 4 'y - 41..J| lll.ﬂ,ﬂ-l lIA. .4 -

=1 |

== h i

sz

[t i} + 1 ! T

= 2 ] BTt iR B {

B i

S

. (32
ioiidh;

.." ?. .
i B
I

T =

i RNy
EoeSuus e
i i et i

e e T

__,_'_3"

=
18 10 ,*L“-
AnD (ComaeE,

i

l.

*

153

St
a1

§
T

e e

i

i)

%
FreuRE 2

+
i

RVEI e

; ‘W 111 R

H

T
T IR
e 122

N L

i

- SRR O

q‘D:,{ZM

|
|

___L,.-,,AT?,A g

-
i



i ji
WEIGHT , kN _

ny
O
L

g s S BT T e e e T I | T R A R SR

( ( & i
i e —l—"“"‘““'“— Vi S 1 e s S AR 3 O ORI -~ Py r
T s R B by ooy id
lee e ‘J! § ' . : : y : i [t ! l:
T T e T i
| ‘.":‘ ! ] ?.‘I' 3y oy S R L o o -,‘_:. ' - t
g L J,_J,,l(jgg “-AJ, 1“ i._f{_l! _':_'_ - '..L-!;f.*i ! ‘L'+' ol logt it m'j___l____,.{._il
i l I i ; 'I ; | ‘
' daiEnd &wmmm@mmﬂ;mn(xqmﬁjl‘..;.w ekt e g
» !
30 *—né' B y
) . I! fonl »'r I
&000~ | LI t
5._ b
m- | : 1

REFERENCE

/5 T ; ool el B (W D Lol Pl sh

10 100 MU ‘' 1000
CYCLE PRESSURE RATIO (BEFORE COMBUSTION.)

FIGURE 2b. — EFFECT OF CYCOLE FRESSURE RATIC CN
COMPOUND ENGMIE WEIGHT FOL 85% OTT0 - CHCLE COLMIG LOSS .



Helerance Torbotan
& Fan (PR1.75)

® Booster '
®Camlpressw-( 10 Stq. PRE, § |
" . 9., PR¥15) {
a_PR 7.7 @ Combustor i
@ KP turbine (2 Stg.) i
@ © LP turbine (55tg)
@ : - . H

- ' Compound Engine
B g el s

chamber

(0) Rotating combustion engine (r=7}

o ® (&) Compressor (& st;. PR:5.12)
J & \ \ @L‘fa{e manifold ?n,d 'ﬁ#”nj '

(1) Exthavst manifold and

ling chamber

e ® TZerines(é sty.)
®COO“HJ 'Fl'ns

Frgure 27. — Cam/oaraﬁve sketeh of reference turbofan and compound
cycle Turbofan using a supercharged rotary combustion engine.
(Sized for cruise @ Mach 0.8, 10668 m (35000 ft ))



-
bl 2l :
ﬂ.. ..lld -
M 1 . .

[}

2O

| H
| ]
L4
L
O 4POUND ENBIE + FUEL WEIGHT
WITH

AT WHICH

s
) AT
Ws

y

{
: :
| .
4 4 Jr/ir\m ! o
B RAY

EVEN

B Fe - B R i o
3 e o o . ol b ¢ | -5
& T.IWJJ! S . 7 S
o W I

ok S b

I

Liopagal o
ERREEIRRRY -
(BErRORE COMBUSTION)

b

|
1

|
f

- /00
CYCLE PRESSURE RATYO

] | i |

|

q) UIHAHIM IMNT

ORIGINAL PAGE I8
M POOR QU E L X

e

FIGURE 28.— [BREAK-EVEN RANGES FRAC COMPOUND § REFERENCE ENGINES

FOR 25% OTTD-CVCLE COOLME LOSS(3 RoToks, 3, /70.6) .



A R :
C O TR TR TR T A
i S SIS AR LR e B s B e {2 5
- ma e 4 *riL T ..:‘"?\i;.'j A 0 1 14 T B T o
i *-ga uv-? bt |' - :;,‘ i '_.‘;t‘:-t' \1_"f.'h_".' ' e St
B R et s i mant i e i e a
e i oL R T e S |
g5 | dmnte e 08 ocie m (55000 R)
58 A LK |
z Sor £t v :

| ﬂ/k) AT, qum COMPOND ENCWE + FUEL WEIGHT
e m w UUTH REEERENCE TURBORAN ENG.+ FUELWT.

L
15

y

EER

o

PO ~:

W) i

_f@'%\ i

S ONNR AN :

Ai\\ A
f‘.—s

| 1111;111 | 1 ilLliu
' 100 " Jooo
CYeLE mss‘aee RATIO (BEFORE COMBUSTION)

ENGINE WEIGHT, kN

ENGINE wEIGHT, 1b

G

g

r
5

3

FIGURE 29, — BFEAK - FUEN RANGES FOB COMPOUNID & REFEELEICE ENSINES
FOR 10% OTTO-CrUE CONING LOSS (3 ROTHS, B,/ Fo < 0.€),



T S v S

! .
2 ) | |
| |
" ﬁ i
+ A*Y.
£T 5 e -
. g
B So e s —y
1 IF [ 0.
LAl S e
+ o4
= S
et ' H
== — =
<Hl—o o . '
i v
= : |
-+ C s v
a2 S _
Eo s
= Al
| - N -
b = - .
4 . —
: —
Suhasmansd £ :
) - - . j
b . - ——— | S - - - —— ey 1 4 e R R . T 4 4 4 NI P 4 .
R = 8 S OSSR B U8, 3 130 150 1R I B0 I G B I B 1 1 1 2B | o EREL
=l Rt —_—— it - S U 4 W T, 1) | - T o O O B . T e T T R R e =
2 S B - Ssh B S MRS SR S S S D S T.Lvl.f_: i - S8 25 i =y =4 3 ==t
+ . SN B - — 4t o g 4 e T I - - : =
1 b i = i -
= TR 5 ST e bty L Eo ) t = e et un SRS * =
¥ ] [ HEEENN
| -_w F ¢ I'T -+ T + —— - -
Tlrul ? 12 S P LR — s —doude] ”qb .oi; TM S 4 et e e _J..TwA_..ﬂ..l._.l.Lul + 4 gy
e 3 L -— - R e I e T S S - B - - A N . O e o L =
= = | . SENERIY e R - - e T e I e - & L e B T O e e 1 o o LTS S S 'S8 DR EEPREP O | | e — + o . -
g
i i - -t —ad - b B IS e 1St § . =4 .t = S L= S0 B
*h... ' I - s . -+ $—4 s e i SR AR I S 11_‘L. ++ 4=t 4
- - i - -_—— e e e o —t 4 H | S = =k 50080 SIS | e e [, y
== g g e EETECLE D S S —_— s + ‘o bttt . O | 4,_.,.— 4 ’ + bt T ST
*.:..‘T.\.hl | W S S - o | {1 o 1= T A Lﬂ._.,... % H ! B e
ﬂ_...-H.u ik BRI & [N Sl LT. T—L* IS ] a.u.r.*..o. 4 + - 4 $ —g—p et 4
i Bl i Ll o i 1 J 1L 1o b i |
- P iy
(] ro el e
0 daeesy W WL 01 B YL YWOOS o n om [ 5e . /



	0018A02
	0018A02
	0018A03
	0018A04
	0018A05
	0018A06
	0018A07
	0018A08
	0018A09
	0018A10
	0018A11
	0018A12
	0018A13
	0018A14
	0018B01
	0018B02
	0018B03
	0018B04
	0018B05
	0018B06
	0018B07
	0018B08
	0018B09
	0018B10
	0018B11
	0018B12
	0018B13
	0018B14
	0018C01
	0018C02
	0018C03
	0018C04
	0018C05
	0018C06
	0018C06
	0018C07
	0018C07
	0018C08
	0018C08
	0018C09
	0018C09
	0018C10
	0018C10
	0018C11
	0018C11
	0018C12
	0018C12
	0018C13
	0018C13
	0018C14
	0018C14
	0018D01
	0018D01
	0018D02
	0018D03
	0018D04
	0018D05
	0018D06
	0018D07
	0018D08
	0018D09
	0018D10
	0018D11
	0018D12
	0018D13
	0018D14
	0018E01
	0018E02
	0018E03
	0018E04



