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RATTONAL ADVISORY CCMMITTEE FOR AERONAUTICS

ADVANCE. CONFIDENTIAL REPORT

A THECRETICAL ANALYSIS OF THE PERFOPMANCE OF A DIESEL

ENGINE-COMPRESSCR-TUREINE COMBINATICN FOR ATRCRAFT

By Fldon W. Hall

SUMMARY

4 theoraticnl study was mede of a Diesel engine-compressor-
turbine combination for airoraft applicsticn. The performance char-
acteristics of the compressor and the turbine chosen for the analysis
are believed to be attainable on present alrcraft equipment. Maximum
cylindsr prossure, maxlman srhanat-gos temperature, and maximum
ongine spoed were limit=d to values now obtained cn apark-ignition
engines., The annlysls indicates favoratle performance characteristics

for the proposed power plant for the following combinations of condi-
tions:

(a) Extremely high engine inlot-menlfold and exhaust-manifcld
pressures

(k) Vory lean fuel-air ratic

(¢) Low engine compression ratic compared with comventlonal
Dieael emyiines to reduce the maximum cylindor pressure
to n snfe valve

(d4) Interconling between the compreasor and the engine

(») Uan of turtina power in exces= of that reguired to drive
the compressur

Tho rooults indicate that it wonld be posasitle to obtain much
more power per unit diaplecement volume with thisn combination than
with a spark-‘gnltion engine of the same maximum cylinder pressure
and engine exhauat-gas temperature. When the proposed combinatlon
was aooumod to operate under these conlitiona, the computed specific
fuel consumpticn at maximum nower was lower than that now obtainable
with spark-ignition engines operatirng under a loan-cruise condition.
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Recause cf the internal cooling provided by the large quentity
of excess eir In the proposed system, adequate engine cooling would
bs con3ziderably essler to cbtain than for a cenventlenal Dicsel engine.
The weight psr hersepower cutput of the combinetien was celculated to
be less than that of a conventicnal spark-igrnition aircraft engine.

IHTRCDUCTION

Corgidoratle work is teing dene nn the ccrmbinatlion of the spark-
ignition engine with a turbine and a comwresscr to increase the power-
plant officlency and perfcrmence,

The cecurrence of fuol xneck prevents a spark-igniticn engino
frem operating st the Ligh inlet-manifecld and exhaust-manifcld pres-
sures and the loan mixtures tret are nucessary to ottuin maximum
pexformance. The Diescl engine iz not llmited by this fuel-knock
condition end, when operated in conjunction with turbine and compres-
sor, presents the poasibility of ccnsidersbly better performance than
an equivalent gystem Incorporating a spark-ignition engine.

The main objections te the eprlicaticn of the Diemel engine to
uirplanes have been the high specifilc welght and the large emcunt of
external ccoling roquired. Combinutions of Diesel engine, compres-

scr, and pas turtine have becn prcposed for maerine uss; one gystem
already being successfully used 1is deseribod in reference 1. The
preasent analysis, made at the Alrcrart Engine Resecarch Luboratory of
the NACA during the surmer of 1943, is the study ol a e-omhination of
similar ccmporents to be npplied aspecifically to aircraft and reveals
hew the system would elimlnate mont of the sourlous difflculties
involved in the usc of a Diesel enginc olene,

The purpnes of the analysis in thls report is to show the per-
fermance that may be possitle with a current aircruft spark-igniticn
ernine medlfied to cperate cn the Diescl cycle in combination with
a compreascer end a turbine whils adhering to the current limitations
on meximum cylinder premsuro, enginc speed, and exhaust-gas tempera-
turc. Curves are prosented that shew the performance for various
ergine inlct and cxhaust prossures with and witheut the comprogscr
arnd turtine gearcd to the engine shaft, The equaticns usid in tle
analysls arc derlved ir the appondix,

The velues for the welghta and the efflcioncics of the compone-
enta of the system used in the analysis are characteriatic of current
rractice, The system mey be tuilt areund compenents that have already
reached advanced atagen of developrment fer alreraft use, end-thelr

adaptation to the proposed system zhould be a relatively simple
protlem,
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ANALYSIS

In the first pert of the proposed cycle the alr 1s compressed
in a supercharger, intercooled, and introduced into the engine at
high pressure. In the ergins 1t 1s further compressed to tho maxi-
mum cylinder pressure; the fuel 1s introduced, burned at constaut
pressurs, and the mixture 1s then expanded. The compregalon ratio
of the englne 1s so computed as to provide the desired maximum cyl-
inder pressure at the end of the compression gtroke. At the end of
the exprnsion stroks the gases are exhausted at a high back preasure
into the turbine and thence to the atmosphere. The amount of fuel
introduced i3 limited by the condition that the exhaust-gas tempera-
ture does not cxceed a value considered s=fe for turbine operation.
For ndditional powsr the exhaust gag could be discharged rearwardly
from the turbime to cbtaln Jet thrust.

When the ongine back pressure or the turblne inlet pressure is
made equal to the englne inlet pressure, the turbine power is nor-
mally greater than tlhs coampresaor power; for this case, the ccupled
turbine and compres.or are ccmnectsd by a gear-reduction unit to the
erglire rhaft, and the cxceos power 1s addnd to the engine power for
driving the propoller. If ths englne back pressurs is less than the
ergine Inlet preasure and is of such value that the turbine and the
compressor powera are equszl, 1t would not te advantegeous to gear
the turbine and ccmpreesor to tho engine shaft und these two compon-
enta tecomn a turtosupercharger. The 1oss in turbine power in this
case 18 partly cumpensated vy the increase in enginc power that
results from the reduction in back pressure, An optimum back pres-
sure exlats at which the net powor i1s n mexlmum.

With ndditional engine mrdifications, the system can be oper-
ated on n two-stroke oycle, With this type of operation, the enzine
back pressure should be less th=n the sngine inlet pressure to permit
scaverging cf the englne cylinders. Two-stroke-cycle cperstion,
which 1s well sulited for the Dieael cycle teczuss no loss of fuel
oceurs durirg the scavenglng process, further increases the power
osutput obtalnable wlth this asystam.

The ¢ycle for the proposed systenm 1s shewn dlagrammatiecally in
figure 1. The njir is firast compressed from peints 1 ¢~ 2 In a turbo-
supercharger, lnterconlsd from points 2 to 3, and introduced Ilnto the
engine under high preasure at point 3. In the engine 1t is further
compres=sed to the maximur cylinder pressurs st polnt 4 where fuel is
Injectod and combustion is started. The main purt of the cumbustion
process occurs frcm polnts 4 to 5 at constant pressure,
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Tho rest of the combustion cccrrs during the polytroplc expansion
fros points 5 to 8, At the end of the oxpansion stroke (poiant G)
tihe pressure is dropped to the engine back prossure at point 7,
vhich may be either above or below the ergirs inlet pressure,
depending on tiie power desiied in the turbine, Pert of tho gases
repaining in the cylinder are thon exhasted from the engine lo
point € and the pressvre of residnal gases is changed to the engino
.inle* pressure (point 9) whon the engino inle® valve 1is openod.

The gnses leaving tho engine are irrevereivly expanded to the tuvr-
bino inlot prossuro a:¢ point 1U; the teuporature at thls state is
ingurod safo for tuibine operation by limiting tho quan®ity of fuel
introdnced drering tho burning phaso in tho oazino. ''ho gasos ore
then oxpanded throvgh tiio twwblne to tho initial air prussuro at
point 11, Itle comtustion during the oxpansion process from points 5
to0 € is 'mdosirablo bt is introducod to simuleto moro closely actual
onsine pirformanco,

In order %o show moro cloarly tho poszibilitios of tho piropososd
pystem, an atrcrafi sngine wth a displacemwnt of 152C cubic incuus
and moéified to oporate cs a Dlosal =sngine in the sugrostod menmer
was considered., Thc conditions applliod in tho calculations of the
purformonce of thu ervstom wore (1) that tho maximm cylindor proe-
swe 4id no% cxcecd a value conmidcrod safo for currunt spark-ignition
cngines ard (2) that tho ezbavei-ses tamperaturs did nol oxcood & safo
valvwo for turbino oporation,

The followinsg cro tie asswncd oporating conditions:

Maximom cylinder prussure p,, Ppomnds por square inck .
Maximum tumporaturc at turbino inlut Ty , G ehmoluto
Engino displacomoni Y cublc inclioe por cyclov , « .
Engino spocd N, TP . o o o 6 4 0 6 e o
Coampreogsor afficicncy L percent . . PP

Twrbino officicncy n,, porecent . . .o .

Tnging mochznical officloncy 1n,, porcont
Roduction-gonr cfficionecy 0, poicont
Tntercoolor offact!Veness % v o v o o o 4
Exponent n» for camprosoion Iln ungino .
Ixpenont n'  for oxparsion in ongino , .
Ingirs wvolight ’-.-'e, POunT o o s e e s e .
Rorciprocatirsecompressor wolighs (for air injlectlon
T - R I A
Spocific wveinlt of cacl auxiliary componont:
Trroine wy, poumnd per horsupcwor . . . .
Compressor ¥,, pound por horacpower . .

Roduction gearn 1:5, pornd por horsopower .




——

e“-.-.?':

t
b
".
£

NACA ACR No. ESD10

" The values of the polytrspic exponente n and n' were
chesen after a study wae made of indicator dlngrams taken on a
Diesel engine (unpublished data on the modified NACA universal test
engine deecribed in reference 2 taken at Langley Field, Va., in
1931), The expansion exponent of 1.20 indicates the exietence of
further ccmbustion after injection ie ccmpleted; in the calculation
of the fuel consumption, the fuel dburned during thie process le
added to the fuel burnod durirg the consetant-pressure procees. A
Diesel fuel, dodecane, was assumed to be used with an effective
heutirg value of 19,450 x (1 - F/A) Btu per pound in the rangs under
conglderation when determined by the method outlined in the appen-
dix, where F/A le tho fuel-alr ratio. This method accounts for the
variation in the compoeition and thes epecific heate of the mixture
throughout tho cycle. The constant-volumes lower heating value of
dodecane wae taksr ae 19,150 Btu per pound at 60° F,

The compressor and turbine efficiencies lieted are character-
letic of modern compreseor and turbine performance. Higher effi-
cienclee, when they are cttained, will yield greater net powers than
etuted In thie report. Tha weights of the components are aleo rep-
resentative of present equipment and are believed to be conservative.

Tha deneity of tho freeh charge in tho cylinder befors it was
mixed with the residual gas wae assumed to bde equal tc the density
in the inlet manifold. Thls aseumption can be made inasmuch ae the
errors that are introduced will be compensated for by the alr which
ie added during the fucl-injoction period; thie injscted air wae not
censldered in the computatlcne, If liquid-fuel injection 18 ueed or
if the engine operatee with a low volumetric efficliency, the power

output of the eyetem will e reduced according toc the decrease in
air flow.

The method of analysie, Iln genoral, wae to vary the inlet and
the exhaust pressurcs of the engine and to computo in each caee the
powers -of the varlous components, the fuel consumption, and the over-
all weight, subject to the conditicns lieted in thie section. The
net power wae trnkur as nquzl to the engine power plue tho differenco
betwzon the turbine and the compresasr powere multiplied by the

reduction-gear efficicncy. The equatione used in thie computation
are Included in the uppendizx,

DISCUSS1ON

Figure 2 ehowe powor, epccific weight, specific fuel consump-
tion, engine compreseion ratio, and fuel-air ratio at various engine
inlet pressures for the illustrative case at sea level in which the
turbire and the comprossor are geared to the engins ehaft and the
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engine inlet pressure is equal to the engine exhaust back pressure,
A turpine and a cozprossor, oach with an efflcicacy of 7C percont,
arc aseimed to give the desired engine inlet pressure, In order
that tlie maximm cy/lindor prossuro of 1200 pounds per square inch
will not be exceeded, the anginc ccmpression ratio must be decreased
as the englne inlet pressure 1o Increased, The loss in efficiency
bacauso of this reduction in the compression ratio of the erngire 1is
rartly compensatesd forr by the additional compression and expansion
in the turbine and the cumprossor, and the net clhianzo in specific
fuel ccnevmption is auall,

Ac the onginc inlet and exhaust procsuroe are incrasesed, tho
net pover outp:t incresses !n the range oiown in figure 2, When
the inlet pressure is incrensed adovo 4 atmosphores (=1l atmospheioe
are congldered to ve av sea levul), the net powver incrences only
aslowly, wlieruas comprossor ard tuibine powors increase more rapidly,
From practical considerations, 1t dces not eppoar fcasible to opcrate
at engino inlet premsurss much hipgher than 4 atmosphores, If the
turbine and the couprossor offisioncics are incrozgsed coneidornbly
above 70 percent, tho gain In not pewor and officicney at preneurce
above 4 atmosplores may Yo sufficient to wariunt tho additioml dif-
Ticulty of operating at thoso hizaer onglno inlet presmiros,

At an onginc inlet nrescurc of 4 atwmosphoros, tho specific

woight of tho power plent 1s ruduced to 1,00 pound per horscpover,
which is 0,25 pecund per horscpover loes than that of tho original
spark-ignition engino around wiilch tuo propoged systom ic assumed
to bo utuilt,

Tho minizmrm epocific fuol consimption ie obtalned abt an ongine
inlot-ranifold prossure of 1 atmesphoro, which cor:i:eponds to no
euporcharging. Tho unglne comprosalon ratio in this cano ic 22 znd
the Tuolealr ratio approaciics the valuc for tie thoorotical mixtrirg,
It is vory dountf{ul vhothor most of the fuol could e burnod ot con-
otant prosewoe in practico and it wowld lo nocoseary to roduco tho
caupress.on ratio bolow that givon to provont oxcocding tho maximm
allcwalls cylindor pressure, This reduction in couproseion ratio
would Do aco:mpaniod by a correeponding incroase in gpocific fucl
consvmption,

Tho fuclealr ratio docroascs az tho englne Inlot pressuio is
increased and, at n p censure of 4 atmoeplcres, tio sygtom opormtos
with cornsldoratlo cxcess alr, Tho cloerancs volumo of tho propoecd
cngino with o high inlot proscurc must bo much greater, for a given'
maximun ¢ylindor presevro, than tio cloaranco voluro of ths convon-
tional Diesol oengino oporcting on 2 lower inlot prossurc; conso=
quently, tho ratc of volume chango during oxpansion in tho engino
is lowor for the same ongino spuod end constant piressuro may bo
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maintaived with a lower rate of combustion than for a conventional
Diegel engine. This lower required rate of combustion allows a more
complete burning during the constant-presscre process that occurs
during a greater portion of the expansion etroke ani a more nearly
adiabatic expansion during the rest of tke stroke, It is therefore
believed that, at an inlet presesure of 4 atmospheres, the large
amount of excees air, the high air density, and the low required
rate of combustion are favoravle for the attaimment of constante
pressure combustion., The combination of large powers erd low spe-
cific fusl conswgptions shown by figure 2 vhon compared with per-
formance values of conventional aircraft engines indicates that,
even if constant-preeswre ccmbustion is not completely achieved,

tho campound engine urder discussion may still have attractive
performance.

Although the olimination of the intercooler would resvit in
congifareble loss of maximum power, a galn in efficioncy would be
offncted when the turbine and the compreseor are goared to the
ongine shaft, ar indicated by the following tabls calculated for
engine inlote-manifold and e.lmx.st-mnnifold prossures ¢f 4 atmosphorce
for soa-lwvel opcration.

Vith Without
intercoolor intorcoolor

ot horscpowor output 2054 1413

Engine lLorecpcver 1779 12C5

Compressor Lorsepowor 616 485

Turbine horsepover 922 €96

Spocific {ucl consup-~ 0,330 C.296
ticn, lb/bap-in

Spocific weipght, lo/tlp 1,00 1.39

In the woight calculations throughout tho report, no acllowance
has boen mado for ths welght of tho intercoolor. At an onginc inlet
prossure of 4 atmosphores at asa lovcl, tho woight of tho inter-
coolor is ostimated at l:es than 0.04 pound por horscpower output,

At high altitudos tho porformanco givon in figure 2 could bo
obtained by an sdditional turbosupcrckargor and intcreoolor for
maintaining sca-level atmosphorio conditions at tho main comprossor
inlet end tho main turbinc oxhaust, Tho powor in tho oxhaust gas
iasuing from tho main turbino would be more than crnough to oporato
the auxiliary turbosupcrchargor,

Oporation witk oqual cnginc inlot-nmanifold and exhaust-manifold
preoeuros doce not noccesnrily ropveocont an optimum condition. Fig-
uro 3 shows tho porformanco charactoristics of tho aystom oporating
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at an inlet pressurs of 4 atmospheres when the exhaust back pressure
is varied. At both sea level and 30,000 fest, little difference in
net power output exists between the case in vhich turbine and com-
pressor powers are equal and the case in which engine inlet and
exhaust pressures are equal and the turbine and the compressor are
geared to the engine shaft. Decreasing the back pressure to a value
that results in egqual turbine and compressor powers increases the
specific fuel consumption but decreases the specific weight of the
system. -

In figure 4 1s shown the performance when the turbosupercharger
is not geared to the engine shaft and the engine inlet pressure 1s
allowed te vary. Although the turbine power le lower than that shown
in figure 2, thls loes 1s partly balanced by a galn 1in engine power
resulting from the reduced back pressure. This type of operation
offers the practical advantage of eliminating the gearing between the
turbosupercharger and the engine and the systom becomes more flex-
ible; the principal difforence 1s that the specific fuel consumption
is slightly higher.

Examination of the curves in figures 2 to 4 indicates that
theoretically more than 2000 horsepower may be oxpected from an
engine with a displacement of 1820 cublc inches when eperated on a
Diesol cycle in the preoposed manner witheut exceeding the sefe max-
imum cylinder preeeure¢ for current engines or the safe exhaust-gas
temporature for current turbines. Thie power is ebtained with a
epecific fuel consumption of 0.330 pound per horsepower-hour and a
net epecific weight of 1.00 pound per horsepower when the enginc 1s
operated at an Inlet prossure of 4 atmospheres and with a fuel-alr
ratio of 0.037, The maintenance cf safe cylinder temperaturcs is
favored by the low fuel-air ratio.

If an oxcess amount of scavenging alr ie used for cooling the
engine c¢ylinder and for reducing the e¢xhaust-gas temperatures fer
safe turbine cperation, 1t may be possible to burn more fuol and
generate more power in tho engino. Nc appreciable reduction in
afficlency will reeult becauee¢ moet of the power fer oompression of
the excese scavenging air will be realized in the turbine. Even
further increases in pewer and reductions in weight could be
expected 1f tho ongino were operated en a two-stroko cycle to which
this syetem readily lends iteelf.

For part-load opuration eeveral methods of varying the powor
output are peasible. The power may be reduced by decreasing the
ongine spoed, the enginu inlot-manifold prossure, or the fuel-air
ratio. These metheds require that one or mcre of the followin
items be adjuetod: the turbinc-nezzle area, the comprueeor N
(velume flow por rpm) for efficivnt eperation, or the relatien
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between the turbine, the comprosser, and the engino speods. Addi-
ticnol study is requircd to ruveel the mothod of power control that
providea maximum offictency without exceasive mechanicel ccmvplication.

For fuirly high airplanc specds, £ largo amount of additional
powcr may be uvallable from oxhaust Jot propulaion. Becauae of the
high turbine-nozzleu-tox pregsurc and the incrcased emount of oxhaust
gusue hsndled with tho proposed syatem, & lerger proportion of thu
power may be reulized from Jot thrust than from s ccenvuntional
turbcasupurcharged engine. This added power would further reduce the
spceifie fuol consuiptlion.

The prepescd powor plant, in gencral, rotaina the dusirablo
characturistics of a Dluscl plant without thu main objecticnuble
featurcas — high spocifis weight and larg: amount of cxturnal cocl-
ing — ccrmonly associatcd with aircraft Dicsel cngincs. Tho muchan-
ical foeutures of the propescd systum will undoubtedly necd acmo
dotailed study but, inusmuch as the syatum genorally lends itsclf
to the uso of alreraf't cquipment thet has alrcedy rouched edvanced
etages of dvvelspment, tho preblems of adaptation should bo rola-
tively simple.

CCNCLUSIONS

In tho proposod Dicaul cngluo-cempresaor-turbine combinetion,
basod on an cngine with a displacument of 1620 cutic inches, a
maximum cylindcr preasurc of 1200 pounds per squarc inch, o maxi-
mun cxhaust-gas temperasture of 1800° F, en cngline spued of 2400 rpm,
¢quipped with an auxiliary turbinc and cemprosser with officiencius
of' 70 percunt euch, and with congcrvative assumptiona regerding othor
opcrating conditions, tho fullowing performance characteristics may
bo ottelnud:

1. With an engine inlet pressure of 4 sca-level atmoaphercs,
thu not power output of the asystum would be approximatoly 2000 herso-
povwcr nt a lower specific fucl concumptlion than ia now ottalned in
the loane-cruloe ccndition on the convontionul spark-ignition crgino,

2. With feur-strokc-cycle cnglne oncration, the specifle welght
of tho gystem would bu reduced te 1 pound por herscpower with un
englne inlet prossurc of 4 sva-level atmouphures,

3, Incrcesing the oengine inlet pruasurc would incruvasc both the
compressor and the turbinc powirs tut, if this inlct prossurc were
increesed boyond 4 gca-luvol atmoaphurcs, only a amall incrcaac in
not power would rosult at tho cxponau of kighor speeific fuol con-
swapticn,
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4, The fucl-eir ratic required to provido 2000 n.t heoracpower
at an c¢ngine inlot prassurc of' 4 gou-luvel atmosphercs is 0,037.
Becuuse of tho lorgo amount of oxcuss air et thie mixturo the prob-
lem ef cooling should bo simpler than for the conventional Dicacl
engino ot the samo spocific powor.

5. Ducrsaesing the cnginc back prossure below the inlet proa-
gure to o valuo that mnkus tho turbine and the comprcucor powera
cguzl. would inerceac the spocific fucl consumpticn and reoducc the
turbine power and the over-all specific wcight of the syatem, but
tho nct power output would remain substantiully the same,

6., The znalysis showa, in gencral, thot 1t would be adventn-
goou. to 2dd a turbine and e compressor to & Diuscl engine for
trndling lorge quentitics of oxecss air mbove thot nocded for cam-
bustion cven though s roducticn in tho cngine compreasion ratio
would bu neceasaary to avoid oxccasive eylinder proosurc. BRccnuso
of ths edditicnal priassurc ratios acrosa thu turbine and the com-
presacr, tho roeoulting syetom would hove ¢ high ovur-all comproas
slon ratlo. The proposcd gystom thus would hnve a high net offi-
ciocney but would be capable of handling lurger quuntitles of air
thnn e given convontionnl orgine, which would rcsult in a higher
speelfic powor output.

Alrecreft Engine Rosuarch Ishorntory,
Kational Adviacry Committec for Acrangutics,
Clcvslund, Ohio,
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APPLUDIX - DERIVATION OF LQUATIONS APPLICABLE
TO THEZ PROPOSED CYCLE
Symbols

ratio of volure of pases in the engine after combustion to
volume before combustion for the same tomnerature anl
Ri¥y

EY]

s a

nressura,

spacific fuel consumption, lb/bhp-hr

fuel consumption, 1lb/sec

specific heat at constant pressure before combustion,
7.72 Btu/{°rF)(slug)

specific heat at constunt pressure after combustion,
9.60 Btu/(°r)(slug)

specific heat at constant volume after combustion,
Btu/(°F){slug)

fuel=-air ratio

effective heat value of fuel, Btu/lb
intercooler eflfectiveness

Joule's constant, 775 ft-1b/Btu

mass flow of air through the system, slugs/sec

mass flow of residual rases and induction air in the enzine,
shgy/s2c

mass flow of fuel, slury/sec

mass flow of residual clearance gases, slu,:s/sec

total mass flow of mixture and fuel in the engine, slugy/sec
exponent for polytropic compression in the engine

exponent for nolytropic expansion in the engine
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engine spead, rpm
sressure, 1b/sq in. absslute
horsepower
ras constant before combustion, 1713 £1-1o/(°F){sluz)

Fas constant after combustion, 172l Ct-1%/(7%)(slug)

engline compression ratio

_ temperature, °F absolute
v speeific voluae, eu £t/slug
valume, cu in./cvele
specific weight, 1b/bhp
weignt, 1b
ratio of specific heats before corbuction, 1,40

ratio of specific heats alter combustinn, 1,30

7 efficieney, percent

Ne enpine mechaaical efficiency, percent

Subscrintss

1 to 11 (points of the cycle (rii. 1))

atwospharic air
after commression in ervpresanr
after interesolisns
mirture vefors coarression in the enyine
after compreasin. ia the enpine
end of econatant=presiurs combusting

end at expansion
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cylinder after nlowdown
in cylin-er belorc inta%e valve i3 opened
in cylinder after intake valve is opened
16 turtine inlet
11 turbine exhaust
" during constanl-presgure corbustion
durias polytropie expansion
comprassor
displacanent
enpine
fuel
reductlicn pears
net
residual gases
reciprocating comnressor
Lurbine
T total

The prime indicates the value during ani after cosdustion,

Equations

The compressor paver for a pressure ralio of pz/pl is given

r=1

—Y—
) - 1], (bhp)(see)/(slup)
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ani the temperatuare alter compression by

‘e it .
Tp =T + 229 29-‘ s OF absolute (2)
: Jep \kJ
* The tt‘mf)‘.-’:!‘;ib“l!"" after intereosling with an istercooler of effec-
tiveness 1 is : :

T9i =T, =i (Tp - T1), °F absolute (%)

For a maximam t":r;‘,.‘rf;tflre at the turbine lvlet T4 the Yormula
for the turbin: nower is

Py mMde,'T oy Y
-; = ,L_J’_’_LQ 1 -(;—1) s (bani(see)/(slus) )
4 550 )

v'-1 |

where . p, 15 the engin:z eshaust bac! pressure, Vhen the turbine
and ¢ nrn'ws:u_r poviers are aqual, the eayine buaek rossure can be
found frow wquation (L) by setulny Ppfi = Po/l (equation (1)).

The c¢learance volume Vh

is related to the total volume V;
or ‘\7;l + Vy by the equation

from which
'z
“i/n
(/p2) L

s cu in,/cycls

The residual ;rusts Left in the cylinder are couomressed [ras ores=
sare pg to p; by the frosa cuarps niter the inlet valve is
oocnad, The volume of the reaiudnal pas after this ceomnrescion is
given by the aliabatic formila
1
RV
(o1}
Vo = V) 1 s o1 in./eyele {7
3 ok pzl .
e

where V|_i = Va.
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Juring the iatzke stroks the mass of air drawn ifatc the cyl-
inder for four-stroke operation is given by

(V5 = V5) ppli/2 !
U= - slags/se &
60:-.12><RxT31’ /9 8

The initisl rass during the engine cyele is
¥, = M + M., slugs/scc ()
and the Lotal nass at the end ol the exmansion stroke is
Up =N o+ Np o+ Mp = M(1 + F/A) + 3, slugs/sec (10)
wnere Uie mass of residual pases M, 1=
r ' lvl,‘\ Iy M@' MVAYY
. }"T({}" _) = ,» slwe/sec  (11)

g, Vy o7 /!
gl ,,—’
L 54

when the enzrpy of the gases Lefore blowlcim  and the energy
of the gasc2s witer blowdowa are equated

Wives Vs A
Tr + —-——-Z] . “vf)p = Tl’l + -———-ll J}L‘ l‘)’
’ J¢v' ' va'

Vv (ny = Pr)
4 [’ 67 . T
Jey

(g - PRu'Ty
BT
p.de,

-

T
O

= | '\, % absolute
2/
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LRl Qe B/R) e
e R Nor N
r
For a very cloze aporozimation (applicable to lean mixtures)
B=1+7¥/a
Solution of eguations (12) and (1) rfor P cives

I 1. BN
- N Pl e et W 4 sq 4 (
=p, ¥ .? - ...Y..,__(:ZZ) s 1b/sq in, (15)

Bezavse tlie pazes rezaining in the eylinder at the end 1 the
erpansion strike ars adiedatisally expanded from By 0 po,
y'-1
p (P2} ¥
T9 = 16 :’_6
d

» OF absolute (15)
he temprrature of the nmixture belore co aression TI‘5 is about
abzrlube ()

For an apuroxi=ata value of T, equations (10), (1L}, (1), (13),
amd (17) give 2

97 absolute (13)

where I«!l.ﬁ.; say be agsmed to e 0O .0'-,‘_1.{ /e« The terngrature after
compression T" will be vivea bt
' n=-1

n
—-ﬁ 5 B ansolute
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Nearly all of the fuel is burned during constant-pressure
expansion so that the temperature T, before polytropic expansion

to give Tg at the end of the stroke can be given by

nt-1

CANCY
'1‘5 - TG({T;) s °F absolute (20)

The fuel consumption during the corstant-pressure expansion
is

Ypey!
C, = —5— (Tg - T),), 1b/sec (21)

and during the polytropic expansion

HT cnl (Y' o n!
Cp = Tt_('?r)\_—n'—l (Tg -Tg), 1b/sec (22)
If an accurate value of the fuel consumption is desired, an
effective heating value h, for use in equations{21) and (22), can

be calculated from an analysis of the cycle involving variable
values of o fy, and R, An emnirical equation apnlicable only

to this analysis was found and, in the range under coasideration

tor the illustrative case, h wmas found to be 17,50 x (1 - F/A) Btu
per pound for dodecane, The total fusl consumption will then be

C =3y + Gy, 1b/sec (23)

With the mass ¥ from equation (3), the compressor and turbine
powers can be found from equations (1) and ()), respectively.

‘the engine brake horsepower for the foregoing coaditions is
given by the lollowing formula, whick is a summation of the powers
for each of the processes during the cycle:

Tle = 550 (Kt 77O g50(n' ~ 1) {\P6

r R \ LoRIT P R
=2 £ (B— BTy ~ T’.&)‘ + L —Q-—HA)

w1

(9, = Pp)vgli/2 M RT3 AN
" 550 x60 x 12 550(n - 1) (5;)

- 1|, bhp (24)
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The net nower of the system will be
Py=Pp+my (P, = Pg), bhp

The specific fuel consumption for the uyster becores

c= %—; % 350C, 1b/bhp~hr
i

and the fuel-air ratis i=s given oy

C
F/A = S

The compression ratins of the engine can be osbtained fron
equations (5) and () and is

v V.
razdals o2 (26)
vh V’;
The specific weight of the system can oe [ound from the
woights of the compeonent parts, whieh are given oy the [ollowing
formulas:

=wy X Py, 1b
Vio X Py, 10

w,xP_, 1b
i £
;! '

W' x Pe s 1b

wiere PC' and v.'o' ar> the horsepower snd the snecities weipht,

respectively, of the originel cnrine around which the systen is
built, If ai; injection is uscdy, the weisht of thn raciprocatineg
campressar nnd tae pardc accessury for the injestion of tucl

LI
nmay be assuned proporlicaal to the ancine welpit. The total w 'lt'ht
of the system will he

V.'T = '.'-'c + Wy o g+ '.'!,. + Wpa » 1b
and the total specific weight

Vi = /Py s 15/bkn
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