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PRELTMINARY EVALUATION OF THE. PERFORMANCE OF A
" UNIFLOW TWO-STROKE-CYCLE SPARK-IGNITION ENGINE COMBINED -
WITH A BLOWDOWN TURBINE AND A STEADY-FLOW TURBINE

By Bernerd I. Sather and Hampton H. Foster

SUMMARY

Caloulations based on & theoretical analysls were mads for &
composite engine consigting of a unifiow two-—stroke-cycle spark-
ignition engine, a compressor, & blowdown turbine, and a steady-
flow turbine. Values of net brake specific horsepower and fusl
consumption are presented for a wide range of compresslon ratlos
and ratios of exhaust pressure to Inlet pressure, a fusl-alr ratlo
of 0.067, an engine apeed of 20Q0 rpm, a maximum cylinder pressure
cf 1200 younds per square Inch, an inlet-manifold tempersature of
200° F, and an altitude of 30, OOO feet. The total air flow and
power of the component engine were based on test data from both
two~ and four-stroke-~cycle engines.

Operation of the composite engine was consldered for the fol-
lowing ceses:

1. Maximum svallable temperature of gas mixture to zteady- -
Tlow turbine unlimited

2. Maximum temperature of gas mixture to steady-flow turbine
limited to 1600° P

3. Maximm availeble tempersturs of gas mixture to cheady-
flow turbine unlimlted; blowdown turbine omiited

4, Maximum temperature of gas mixture to steady-flow turbine
limited to 1600° F; blowdown turbins omitted

'I‘he results indicate that the highest net specific powers are
obtained at the lowest componsnt-engine compression ratlos; the lowest
net specifiic fuel consumptions are obtainsd at .the highest compression
ratios. With the component englne considered the meximum specific
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output and-the minimum specific fuel consumption occur at a ratio of
exhaust to inlet-manifold pressure of apnroximately 0.9. Exhaust-
gas-temperature limitation and removal of the blowdown turblne
adversely affect power: output and‘efficiency Where exhaust temper-
ature ie not the limiting factor, excess eir above the minimum
required for adequate scavenging 1owers the efficiency but improves
the powsr output.

v

INTROIUCTION

When the conventicnal reciprocating alrcraft engine ies examined
Tor pogelble improvements in power and fuel cooeumptlon, the greatest
galin seems to be offered by recovery of the waste energy in the
exhaust gases and by an increase in the air-handling capaclity of the
ongine:. The exhaust-gas energy may be recovered by sxhaust-jet pro-
pulsion or by exhaust-gas turbines, .

Cértain combinatlons of & reciprocating engine with. exhaust-gas
turbines and engine- or turbine-driven compressors, called composite
engines, have been cousidered by various investigators. References 1,
2y epd 3 discuss various types of composite enginé wherein ithe
reciprocating-engine component is & four-stroke-cycle sparik~ignition
‘engine. Referehces 4 to 7 consider composite ongines with a four-
gtroke-cyclg compression-ignition englune as the reciprocating comno-
nent. " :

_ A preliminary evaluation of a composite engine consisting of a
unifliow two-stroke-cycle gpark-ignitlon engine geared wlth a blowdown

turbine and a steady-flow turbine in series with a suitable air conm-

pressor or compressors was made at the NACA Cleveland laboratory.

A two-gtroke-cycle component engine was congdidered in this eval-
uatlon because the two-stroke-cycle engine handles more. alr for a
given cylinder size than the four-stroke-cycls’ engine. The lncreased
alr-handdling capacity of the two-stroke-cycle engine is due to two
characteristics: (1) A power stroke occurs every crankshailt revolu-
tion; and (2) there is a lsrge valve overlap duripg the scavenging
period, The large quantity of excess air used ln ecavenging is use-
ful for .engine cooling and for weducing the temperature .of the gases
enterlng the steady%flow turbine . as well as for 1ncreasing the mass
Tflow through the system.

, The two types of turbins are used in order tnat both the kinetic
_energy of, blowdowh and tha steadyhflow enbfgy of the oxhaust gases

" may be recoversd Experimehtal results for a blowﬂown turbine ueed

to recover kinetic enérgy frox the exhsust gases of ‘an ajrcraft” engine
are reported ih reference 8.

T :'5“*—‘:-“1-‘
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The .effects of cczmp ession ra.t:.a and. ra.tio of exhaust presgure
.to inlet pregsure on net bra.ke specific horsepower a.nd fuel consump-
tion. of the composite englne were computed and plotted. to find the
most ‘desirable operating conditions, .The results, in the form of
graphs, are shown malnly for one a.lti'bude 3 one -engine gpeed, one
.meximm cylinder presgure,. one. 1nle'b-manifold ‘air temperature, and
one fuel-eir ratic. In addition, the effects of. changes in inlet-
menifold alr temperature, scavenging. ratio, and fuel-air ratlo on
the net performsnce ere shown. Power output of the composite .engine
could be increased conaslderably by incressing the engine speed, by
Increasling the allowable maximum cylind.er pressure, and by burning
extra fusel in the duct leading to the steady-flow turbine. No cal-
culations are presented, hawever, to show the effects of these changes.
Two temperatures of the gas. pixture to the stegdy-flow turbine are
considered: & limited meximum 'and the maximum availsbles, Results
ard shown for operation with and without bthe blowdown turblne. All
turbines -and compressors are assumed to operate at their peak effi-
cienoy under all conditions of operation, - :

, Becauae this a.na.lysis is primarily a thermod.ynamic-—cycle a.nal
ysis, sizes and weighte of the various camponents and. method.s o;t‘
contr’ol were: not consid.ered L _ . . . oo

 ASSUMPTIONS AND METHODS OF ANALYSIS R

‘I'he analysis -of the compcsite engine involves the significa.nt

chara.cteri‘stics of two-»stroke-cycle engines , the operation ‘of the
i:urbines ’ a.nd, assumptions necessary for the computations.

Significant cheracteristics of twn-stroke-cyc‘le ‘engimes, - Two
ty'pes of uniflow two-gtroke-~cycle engine are schematfcally ghbwn in
figure 1. A comparison of the e:d:laust-flow aread of these two uni-
flow tvo-stroke—cycle englnes and ‘a four-stroke-cycle engine is shown
in figure 2. These flow areas are coryected for engine displacement
and flow ¢oeffivients. The flow ares of the two-stroke-cycle engine
is necessarily greater tnan that of the- four-strokef-cycle englne;
however, the larger flow area afid faster full-opening of the bwae
stroke-cycle exhaust valve. (a.bout one-fifth, the time for the opening
of the four—stroke-cycle exhaust yalve)} probebly is Senera;l_ly unep-
___precia.ted Wwhen considering the kinetio energy of Fhe exhaust gaeses
. that 18 available for regovery by & blowdown tu.rbine. . The necessary
repid valve opening 1s, 'of gourse, more.egsily accomplished with.the
crank-operated sleeve valve han with the cam-operated poppet valve
because of the simpler nmtion of the Sleeve. valve. and :‘because Inprtla
forces at high engine spesds are less of & problem.
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The exhaust valve of the two-stroker~cycle engine of necessity

. openg earlier in-the sgtroke and much morxre.rapidly tham the exhaust
valve - of the four-stroke-cycle engine which results in some .less in
engine power. The combination of “earlier opening, which- providea
exhaust gases abt higher initilal pressure and temperature, gnd more
rapid opening, which reduces throttling losses, results; however, in
-exhaust gases of very high kinetlc energy during the D.LO'w'dO'w“L‘l period.
- Thess gases can advantageoualy be further expanded to exhaust. pres-
gure through the blowdown turbine and then to atmospherlc pressure

- through the steady-flow turbine. The loss in component-engine power
‘oauged by early exhauet-valve opening 18 thus to 8 great extent
-recovered by the turbines. -

Oylinder charging ia somewhat more difficult in the two-stroke-
cycle englne than in the four-stroke-cycle englne becauss of the
shorter time availlable and because the piston motion does not ald in
scavenging the cylinder, For this analysis, the inlet valve of the
two-stroke~cycle engine 1ls copsidered to close later than the exhaust
valve, thereby permitting some supercharging indepsndent of the
‘exhaust pressure, It is assumed that most of the prossure loss in
flow through the cylinder is across the exhaust valve and that the
inlet-port area is sufficlently large to accamplish this result.
Unlike the four-stroke-cycle engine, which can operate at rabtilos of
exhaust back pressure to inlet-menifcld pressure 'Pe/Rm abovo 1,0,
the two-stroke-cycle engine must operate at values of pe/pm less

than 1.0 to obtaln flow through the cylinder. Because the exhaunst
‘pressure avgllable For the steady-flaw turbine ig limited to values
less then inlet pressure, the blowdown turbine becomes more necessary
in the two-stroke-cycle than in the four-stroke-cycle composite
engine, The blowdown turbipe can be degigned to impose no increase

' in engine. exheust pressure, - which would allow an- increase in net
~output without penalizing either the componenﬁ engine or the eteady-
flow turbine. ' )

. An examp]e of the high specific powers that have been obtained
from a two-stroke—cycle engine is shown in figure 3. Those results
werasobtained with a A,— by 7-inch.two—stroke7cyele angine (with
-'popfet ekhkust valves) using gesoline injection and:.spark ignition
“at ‘gnefféctive comprésdion ratlo -of -8,4, The high specific fuel
cohsumpticn of -this two-stroke-cycle engiré wes causel by the rich
mixture of fwel and. alr 4nd by -the incomplete éxpansion of the com-
bustion. gasés-due tu the eerty copening of the exhaust valves. The
leoasg In power' . due te .early valve-opening would be partly recovered
by oompounding with exh&ust-gas turbines.- RIS
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Opera:bion o:E‘ 'blo'wﬁ.om and steatly-flow “turplinesi =TA Bchematic
diagra.m ‘of the camporidnt engine, the’ comprdsgoey; and the -tirbines.

" 'congidered in this: etfalysis is shown in figure 4, -For this andlysis
it iy 'aEsuiied that the dlowdstwi turblne recovers 60 pement ‘of the
energy available for'blowdown. : Only ongine combustion ‘gases produce
blowdown-turbine power. The scavengling alr leaving the exhaust port
"#g8 considérsd to bypass- the blading of thé blowdowrn turbime by some
mechenical means, but may pess through- the shroud- of -the “turbine and
“aid in. cooling. After pessing around the blading, the scavenging
air is mixed with the cdombustion gesés that have passed th¥ough the
. blowdown turbine. The larger the guentity of scavenging a.ir, the
‘“Tower will be thé temperature .of this resulfant mixture‘ “Thig. ges
mixbure at engine exhaust back presgure is available for: prcd.ucing
war}s ‘in the "Bteady-flow turbine by expanding from.exhaust.bacl pres-
‘sure to atmospheric pressurs. The exhaust from the- steady-fiéw tur-

"*'bine is- avallsble Por a small amount of jet propulsion but indsmuch
* as the vesults arc presented enly on a shaft-horsspower basis;-‘the

" Jet.energy is omltted from the calculations. Some inlet yram” ban be
produced by:the forward speed of the airplane but, for the same rea-

_ 8on, consideration of - ram-pressure rise a.nd ram drag is also omitted.
from the analysis. .

‘ When the maximm termpera.ture of the mirbure entering 'bhe s-‘ceady-
‘flow turbine la to be limited, scavenging air at exherist pressure is
bled from' the compressor or furnished. by an auxlillisry compressor on
the seme shaft and 1s mixed with the gsses entering the steady-flow
turbine. -

. Method of ccmputa.tion, The power d.evaloped by the two-gtroke-
cycle component engine was calculated from the rate of ocombustion-sir
flow through the engine and from thermal efficiencles &f a four-stroke-
cycle aircraft engine over a wide range of compression ratiocs. Use

of these efficiencies was necessary becauss of- the-lack of similar
data for the two-atroke-cycle engine. Unpu'blished. data for a two-
stroke-cycle engine, howsver, were used. as a basis for estimating the
‘air"flow of thé component &hgins. '

_ For the computation of the net brake horsepower of the composite
‘engine, the compressdrs and thé gteéady-flow turbine are aassumed to be
on the same shaft and thé difference between the power developed by
the steady-flow turbine and that reguired by the compressor ls agsumed
~to"be transmitted through géers to the engine crankshaft with a gear

efficiency of 90 percént.~ An efficiensy of 95 percent 1s assumed for
the gewin& used to transmit power from the blowdown turbine to the

" eréankshaft: 'PHE Nt povwer-émtput T8 defined as the Bum of- the various

) guentitiss of poworrdelilvered €5 the cranksheft. - - i
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- The general mothod of enalysis is to vary the ratlo of exhaust
presauvre to Inlet pressure and to compubte the powsrs developed by
the severael engine components for the chosen conditions of operstion.
Neithor the power required for intercooling nor that raquired for
engine cooling 1s congsidered in the analysis.

The derivations of eguations apnlicable to the proposed cycle
are presented In the appendix.

The assumed operating conditions arc;

Maximum cylinder pressure, pounds per square inch . . . . . . 1200
Tamperature of ges mixture entering stoady-flow turbine:
€ v 4 e s e s e e e e e s e e e Maximum unlimited
('b) . « + o . 1600° F maximum limit
Piston displacement above inlet ports, cublo feet . . .« s s . L0
Enginespeedrpm....-,~-‘o--.,.-...o,-2000
Compreasor efficiency, percont . . « « ¢« ¢ ¢« 4 ¢« ¢ s ¢ « + « +» 80
Steady-flow-turbine sfficiency, percent ., . . . e o« = « s s s 8O
Blowdown~turbine efflclency, percent . . . . Vs . . . 80
Steady-flow-turbine reduction-goar efficisncy, porcent e+« o 80
Blowdown-turblne reductlion-gear efficlency, percent . . « « « 95
Fuel-air vatio in engine cylinder . , ¢« ¢ « ¢ ¢« o « « =« .« 0.067
Inlet-menifold air temperature, F . « « v ¢ « v « « ¢+ « « » « 200
Altltude, feot . . ¢« v ¢ ¢« v ¢« ¢ ¢ v ¢ e 4 4 e v 0 s+ . 30,000

RESULTS OF ANALYSIS

Operation of the composite englne is congidered for the follow
ing cages:

1. Msximum availaeble temperature of gas mixture to steady-flow
turbine unlimited .

2. Maximum temperature of ges mixbture to stegdy-flow turbine
limited to 1600° F

3. Maximum available temperature of gas mixture to stealdy-flow
" turbine unlimited; blowdown turbine omitted

4, Maximm temperature of gas mixture to ateady-flow turbine
limited to 1600° F; blowdown turbine omitted

The curves for performence gt maximum available temperature of
the gas mixture o the stesdy-flow turbine are included only to show
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the maximum possible performance. If the calculated performance

for these conditions had been poor, there would have been no point
in further analysis. More feaslble performance vealuss wlll be

found on the curves for operation at limlited ges-mixture tempersture,

Effect of pg/p, on net power output. - The effect of change

in the ratio of exhsust to inlet-manifold pressure Pe/Pm on net
brake specific horsepower with mexlmum availsbls tempsrature of the
gas mixture to the steady-flow turbine unlimited is shown in fig-
ure 5 for varlous compression ratlios. For sach compression ratio,
the trend of the powsr curves 18 to increase Ho a maximum and then
decrease as the pressure ratio Pe/Em ls Increased. This trend
in net powsr is generally the same as the trend of the difference

- between turbine and compressor powers hecause over a large range of
Pe/Qm the component-engine powexr changes relatively little. The
changes in net brake speciflc horsepower caused by changes in the
ratio of Pe/Pm or by changes In component-engine compression ratio
are due primerily to the shifting of the load between the turbine-
compressor unit and the component engine. Maximm power outpub
occurs at a Pe/Em of approximately ¢.9. As shown later, If the
component engine had a lower scavenging ratioc for a given ratio of
pe/'pm than that of the component engine consldered for this calcu-

lation, the maximum power output would occur at a lower ratlo of
Pe/Dy then 0.9.

The effect on the net brake specific horsepower of limiting
the maximum temperature of the gases entering the steady-flow tur-
bine to 16000 F and of omltting the blowdown turbine is shown in
figure 8 for a compression ratlo of 3. Because the component engine
congidered had a reletively high scavenging ratio for a given value
of pe/gm, exhaust temperatures are falrly low and temperature lim-

itation therefore has little effect, particularly when the blowdown
turbine is included in the system. The general effect of limiting
the maximum gas temperature is to decrease the maximm powsr output.
Omission of the blowdown turblne maberially reduces the power ocutput
throughout the entlre operating range

BEffect of pe/p_m on net.specific fuel consumption. - The effect

of change in the pressure ratlo pé/pm on net brake specific fuel
consumption with the maximum available temperature of the gas mixbture
entering the steady-flow turbine unlimited is shown in figure 7 for
various compression ratiog. Net specific fuel consumption is high
for low values of po/Dy, eand decreases as the ratlo po/p, 1s
increassd. The changes in net specific fuel consumpticn with chenges




8 - - NACA RM No. E7D29

in pe/p, &nd compression ratic are due to the shifting of the load
between the component engine snd the turbine-compressor unit. Over
the range of operatlion chosen, minimum net speciflc fuel consumynition
occurs at & Pe/Pm of approximately 0.8. If the component engine had
a lower scavenging ratio for a glven value of pe/pm than that of the

component engine considered the fuelqconsumption curves would be
flatter.

- The effect on net brake specific fuel consumption of tempersturs
limitation and the omission of the blowdown turbine at a ccmpression
ratlio of 3 is shown in figure 8. Temperature limitation again has
dittle effect on the composlite-englne performance; 1t slightly increases

. .the minimum net brake specific fuel consumption. Omission of the blow-
" down turbine increages the net braks specific fuel consumption over
_the entire range of operation.

Iffect of compression ratlo on performance, - The highest net
speclific horsepowers occur at the loweat component-engline compresslon
ratios and the lowest net brake specific fuel consumptions oécur at
the highest compression ratios (figs. 5 and 7, respectively) Highest
power outpute occur at the lowest compression ratios because the max-
imum cylinder pressure in the component englne is kept constant; thua,
at the low compression ratios, a high inlet-manifold pregsure may be
ngsd. The high inlet-manlifold pressures, together with increased
combustion-chamber volume avalileble at the low compresaion ratios,
increase the masa flow through the system, which resulte Iin higher
outputa. Lower net specific fuel consumptions occur at the higher
compression ratios because the component engine is more efficient and
takes & greater shars of the load.

For convenience, the curves of net brake speclfic horsepower have
been plotted against net breks specifiic fuel consumption in figure 9.
From thils figure the nst power and corresponding fuel consumption may
be obtained for any desired operating condition.

The most probable method of operation 1s with the maximum tem-
perature of the gas mixture entering the steadwalow turbine limited
to 1600° F (fig. 9(b)). When the engine operates at the optimum
value of Pe/Pm =0.9, the net brake specific output at a compression
ratio of 3 is 2.62 horsepower per cubic inch of piston displacement
wilth a net brake specific fusl consumptlion of 0.353 pound per horse-
power hour. At a oompression ratio of 10, the net brake specific
power end fuel consSumption are 0,71 horsepower per cubic inch and
0,303 pound per horsepower hour, respectively, Operation at other
compression ratiocs gives performence values between these quentities,
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: Effect of ' DPo/py end compréssion’ ratio or gas-mixtyre temper-
athrdT : The- effect of change in” pe/pm and"in’compression ratio

:.'on the temperature ‘of the gas mixture entering “the” steady—:f".-l.ow ‘ur-

bine, "with and without the blowdown turbine, is ghowr in figure 10.
The ges témperaturés are lowsr with the blowdown turbime bedause

" :ghe blewdewn turbine absorbe some of . the exheaust-gas sne¥gy. All

temperatures are comparstively low becauss the large amount of scav-
enging air passing 'bhrough the component engine dilutes the combusg-

R “ﬁicm“gaaes. = _ : DE L)

LN

Lt ,:r,_, TS, _-_,""'. e ‘s . - - .__5 r.l- .;F,.,A -

- Load di—etribution. - In order to detemine load &istri'butien, :

-‘-'--‘—“,?-.Juthef power .developed by each comporient of the composite -engliie -was
. protted as-a percentage of the maximum power output for compregeion

ratios of 3 and 6 (fig. 11). The lower the compression retio,, the
gree.ter ig the percentage of net power absorbed by the compreeeor
Cop feliversd by the turblnes. .

vt BPfect of changes in inlet-manifold tempera.ture, ecavengigg

ra.tio, and fuel-alr ratio. - The effect of changes in Inlet-nianifold
temperature, in scavengling ratio, and in fuel-alr ratio on net brake

7. specific horsepower and nst brake speciflc fuel consumption is shown
.in figures 12 and 13, respectively, for different operating condi-

- ) tions. Alsc included for comparison 1s a curve of standard perform-

ance at the sams compression ratio (in this cage, 6) The same

: ‘inlet-manifold pressures used ix the standard curve are used’ in ‘the
curves showing the effects of the various changes; maximum cylinder

pressurés, however, are not neceeae.rily the same. Sta.ndard scaveng-

" ing ratlo 1is that dsfined by equation (7) in the appendix, ' Standard

inlet-manifold temperature end fuel-alr ratlo are the assumed values,
200° ¥ end O. 067, respectively. When the fuel-air retio is increased

© to 0.081, the fu.el not burned in the cylinder is assumed to burn in

the duct leading to the steady-flow turbine. Sufficient air is avail-
abls =f; that.- point to allow complete canbustion.

The curves show thet, at a pg/p, of 0. 9, 1ncreaeing the inlet-
manifold temperature to 300° F with the 'blowdown turbine inclunded
resulta in a 13-percent decrease (compared with the standard curve)
in net breke specific horsepowsr (fig. 12(a}) but in only & l-percent
increase in not brake specific fuel comsumption (fig, 13(a)). With

: - the blowdowh turblne omitted, the power reduction (compe.red with the

_ T'gtandérd curve with blmrdown turblne omithed)} is a.pproximately
IS percent”(fig. 12(c)), but t.he increase in fuel consumpt lon 1s '
_'negligible (fig. ls(c)) .
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. Decreasing the fusl-air rgtio to 0.054 with the blowdown turbine
results in a 10-percent rediction in net ‘brake specific horsepowsr
and a 10-percent reduction in net brake specific fuel copsumption at
a v /p - of 0.9. "With the blowdown turbine omitted, the reduction

in power (compared with the atandard curve with blowdown turbine

. omitted) ie approximstely 8 percent and the decrsase in fuel congump-~

tion approximately 12 percent

Increeslng the fuel-sir yatic Lo 0. 081 with the blowdown turbine
resultes in a small (4-percent) increass in brake apecific horsepower
at the high ratios of Ps/Pm and & small decrease in power at the
‘low ratios of. De/nm Net brake specific fuel consumption is incressed
approximately 16 percent at & Dgofp,; of 0,9. With the blowdown tur-
bine amitted, the power is increased (compared with the stendard curve
with blowﬂowu turbine omitted) epproximetely 9 percent at a Pe/Pm
of 0.9 but at & pe/py Of 0.2 the increass is negligible; the
increase in specific fuel con5umption 15 approximately 11 percent over
most of the rangs. .

, . The soavanging ratio was' assumed to be dearcased to a value equal
to 70 percent of the standard scavengling ratio. Such a change could
be effected by & changé in vaelve timing or in englne aspeed. Ingine
speed ls unchanged in thls analysis,  The net breke specific horsepower
(fig. 12(a)) is higher then the value for standard conditions at low
values of Pe/Pm and lower &t high values of Pe/Pm The net braks
specific fusl consumption (fig. 13(a)) is lower then the value for
stendard conditions’ for all ratios of pg/py up to about 0.8. Whercas
for all the other operating conditlons investigatoed the maximum power
ocours at & DPg/m, of 0.9, maximum power ocouxs &t & Do/p, Of
approximately 0.6 when the scavenging ratio 1s reduced o' 70 percent
of the standard (fig. 12(a)). The results indicete that, where
exhaust tempersture ls not the limiting factor, excess alr above the
minimum required for sdequate scavenging lowers the ef'ficiency dbutb
increases the power output.

SUMMARY OF RESULTS

A theoretical analysis of the performence of a.composite engine
(uniflow twomsroke~cycle spark-ignition englne, compressor, blowdown
turbine, and steady-flow turbine) with operation assumed at a constant
maximum cylinder pressure of 1200 pounds, pbr square inch, an engine
speed of 2000 rpm, an inlet-manifold temperature of 2000 T, steady~-
flow-turbine and compresgor eifficiencies of 80 percent, and an alti-
tude of 30,000 feet, gave the following results:
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The highesi net specific horsepowers weore obtained at the low-
est component-engline compression ratios; the lowest net brske speci-
fio fuel consumption wae cohtained st the highest compression ratlos.
For the component englne considored, the maximum specific power out-
put and minimum specific fuel consumption occurred at a ratio of
exhaust to manifold pressure Dp./p, ©Of approximately.0.9, At &
compression ratio of 3 and & ratio of pg/py of 0,8 with a blowdown
turbine and With the maximum exhaust temperature limited to 1600° F
the net brake specific power output was 2.62 horsepower per cubic
inch of piston displacement and the net brake specific fuel consump~
tion was 0,353 pouid per haorsepowsr hour. At & compression ratio
of 10 and a pe/pm of 0,9, the net breke specific power and fusl
consurrticn were C.71 horsepower per cublce inch and 0.303 pound psr
brsxe vorgepsiar howr, respectively. Exhaust- temperature limitation
~and omission o tha blowdown turbine adversely affectod these yaluea.
Where erhauat temporature is not the limiting factor, excess &ir
above the minimum required for adequate scevenging lowered the effi-
. ¢lency but did ivcrease the power output.

Flight Propulsion Research Laboratory,
. National Advisory Committee for Asronautics,
Cleveland, Ohio.
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APPENDIX - DERTIVATION OF EQUATIONS NECESSARY TO ANALYSIS

Abbreviations -

The following abhreviations are used In the derivations:

achp
bhp
btﬁp
chp
tnp
isfc

nbhp

nbafc
nbshp

sfhp

The

r,a
p,b
P,©

P: 8

horgsepower required to drive auxlliary compressor
breke horsepower of component engine

horsepower delivered by blowdown turhine

.horsepqwer required o drive compressqor

irdicetod Licraepower of component engine (based on powsr loop)
indicated specific fuel consumption

net brake horsepower of composite engine (component engine,
turbines, and compressor or COMPreSSOrSs)

not brake specific fuel consumption of composite engine
net brake specific horsepower of campositc englne

horsepowsr delivored by steady-flow turbine

Symbols
following symbols are used in the derivationa:
concentration

specific heat at conatant pressure of entering scavonging
air, 0.243 Btu/(1b)(°R)

gpecific heat at constant preasurc of combustlon gasea during
blowdown process, 0.3 Btu/(1b)(°R)

specific heat at constant pressure of gasa mlxture entoring
steady-flow turbine, 0.3 Btu/(1b)(°R)

specific heat at conatant pressure of gas mixture before
addition of auxiliary air, 0,3 Btu/(1b)(°R)
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snecific heat at constart volume of gases 1in cylindor
during scavenging process, 0.243 Btu/(ib)(°R)

fuel-alr ratio in cylinder of componont engine

gpeed of component engine, rpm

) ambient—air pressure at altitude of 30,000 feot, §.88 in.

Hg abesolute
exhaust pressure of componsnt englne, in. Bg abaolute

inlet-manifold prossure of component engine, in. Hg
absolute

exhaust release pressure of cdmponﬁnt ongine, in. Hg
ghsolute

compress;on ratio of component engine besad on swept volume
ghove'inlet poris

expension ratio of component engineo, 0.80 r,
gas constant during blowdown process, 53.9 £t-1b/(1b)(°R)
ambient-air temperature at altitude of 30,000 feet, 412° R

temperature of gases abt outlet of suxllisry comprassor

temperature of gas mixture entering steady-flow turbine, °R

temperature of gas mixbture snbering steady-flow turbine
with blowdown turbine included, °r

temperature of gas mixture entering stcady-flow turbine
with bfbwdown turbine cmitted, °r

temperature of gases in cylinder at start of compression
after evaporatlve cooling by fuel,

temperature of air entering inlet manifold of component
engine,

temperaturs of gases in cylindsr at completion of scavonging
process,
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temperature of gases in cylinder at estart of scavenging
process, °R

displacement of component-engine piston above Inlot ports,
lcuft o

total piston displacement of component engine, cu in,

weig?t flow of total air admitted through inlet ports,
ib/sec -

woight Tlow of air through auxillary compressor, 1b/sec

weight flow of air available for combustion, 1b/suc

weig?t flow of geses sntering steady-flow turbine (W + Wag)s
1b/8ec

weight flow of fuel admitted to engine, 1b/asec

weolght of alr asdmitted through inlet ports plus weight of
fuel, (Wg + We), 1b/sec

adisbatic exponent for cambustion gascs during blowdown
process, 1.3Q

adiagbatic exponent for gas mixturs entering steady—flow
turbine, 1.30

efficiency of blowdown turbine, 0.60
adigbatlc efficlency of comprssacra, 0.80

efficlency of reductlon gearing between blowdown turbine
and component engloe, 0.95

sefficiency of reduction gearing between sieady-flow turbine
and compressor and component engine, 0.90

scavenging ratio, ratlio of walght of fresh charge dolivercd
through inlet ports to welght of fresh chargu that would
completaly f£1ll cylinder at inlet-manifold density at
time of inlet-port closing '
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g scavenging cfficiency, ratio of weight of fresk charge

. oantained 1n cylinder at time of inlet-port closing to
wolght of fresh charge that would ccmpletely fill cyl-
inder at inlet-manifold demsity at time of in,let-port

- closing
n labatic efficiency of sbosdy-flow turbine, 0.80.
o inlet-manifold density of component engine, lb/cu £t

Equations .

Scavenglng efficlency. ~ The three types of scavinging process
are: (1) complete scavenging, ia which each volume cf-fresh charge
entering the engine cylinder displaces an ocquel volume of combustion
gases, (2) zero scavenging, in which all fresk cherge entering is
80 short-circuited throvgh the ezhaust ports that no corbustion gases
are displaced, and (3) scavenzing by perfect mixing, in which each
volums of fresh charge entering the cylinder mixes perfectly with
the combustion geses and a volume of this mixture, which, amx onergy
balance shows, 1s sufficlent to keep comstent the total enthalpy of
the contents of the cylinder, 1ls forcsed out the wxhaust ports. The
actual scavenging proceas lies somewhere within the llmiting processes
and is Influenced by the dosign of the cylinder. These threse. types
of scavenging process are shown in the following sketch; -

1.0} e et

o //,///

-
2
o L
!
L-.‘_ - — SN | ot Il
0. .5 1.0 1.5 2.0

Mass of fresh charge that entered cylinder
"Inlet density X cylindor volume

Mess of frosh charge in cylinder
Inlet density X cylinder volume -

The equations for curves 1 a.nd. 2 are obvious. The equation for curve 3
may be durived as follows: -
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Consider a cylinder containing a gas - B with-a volume V &t
temperature Tp. Gas A at temperature .T, 18 introduced into thia
cylinder at such a rate that mixing of the two gases is complete at
gll times. During this process, which occurs at constant pressure
Pps the mixture of gases is dlscharged through an exhaust port at
such a rate that the total enthalpy of the contents of the cylinder
remains constant; that-is, the product of the mass of gas in the cyl-
inder and 1ts temperature remains constant.

Let

M mass of ges mixture in cylinder

T' = temperaturs of gas mixture in cylinder
MF:.: masg of gas A in cylinder

'My . messof gag A intfoduced into oylinder.

AMp, mass of gas mlxture leaving oylinder when AMy 1@ introduced
C . . comcentration of gas A in cylinder, Mp/M o

. If AMp enters thé cylinder, adding to the cylinder.thé product
TpAMy, such a mess of gas must leave the cylinder that

and

T
A

The lncrease in emount of gas A 1n the oylinder with an amount
AM, added to the oylinder and an amount of mixture AM; leaving is

AMy - CAM;

AMp
or

N

dMF=dMA<1'C%5—)
cu“JL”"““‘A( '%%}
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and, if the subscript B represmts_"bhe cepditions in the sylindsr™
before the scavenging process starts, then

oe-on-23)

T

The polution to this differentlial equation is

My TA\

Na"%(l s B )

The constant of integration ls d.etermined. from the fact that
Mp = O when M, = 0. Now

PAV

MpTy = 5
sc thet
) MATAR
T AV
b.?...f‘-k kl -8 PA )
v
butb )
HpTR Mg

A

wvhere Pp- is the pressure and p, the density of. the entering gas,
a.nd. .

MATAR _ Ma

BoV - pav T
Thus . )

ng=1-¢ B ¢ 8}

The following procedure is used to find the temperature at the
end of the scavenging process: The increase of mess of ges in the:.
cylinder is egual to the mass of gas A entering minus the mass of
mixture leaving: . R . .

Thus

dM::dMA—dML
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or
Ta
and.
: T \
Because

MT =K
where K is a constant, and

TaM + MAT = O

and
M = - T . K gp
P me
then .
K A TN fT- TpN
-...z_dedMAKl-_EP../: A 5
T \ /
and
-1 T aty

T2 T - T, X

The eolution to thile differential equation, when X = Mp Ty, 1is

T
A
Ty — 7
1 -(1 - ;&)e"ﬂr
T8 /.
The constant of 1ntegration 1g determined from the fact that T = Ty

L

(@)

Unpublished dats cbtained on-a 4—5-- by 7-inch uni.f"Low two-gtroke- -

oycle engine Indicated that its scavengi efficiency was sqmewhat
higher than that predicted by egquation (1]1_? For this analysis, the
socavenging procesa was therefore considsred to be 75 percent scaveng-
ing process i and 25 percent scevengin: nrdceas 3.

e
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Mhna hatwasn The Tidmite o " F e
. KNS AN i b e Wt _U.-l;. I‘r e e ARl

g %o 1,0

* '\__ ’
g = 0.75 ny + 0.25 Ql - e‘“r/‘ : (3)

and between the limits of 1, from 1.0 0 o

Cen fg = 0.75 + 0.25 \1 e, - L (4)
. / .- .- .« .
The £inal saaverging tenperature was similarly computed.

s

Thus between the limits of. Ny from O to 1.0

r - )
. T .
= 0.75 | tm + 0.25 [ = ] (5)
Im 1 _IE\ 31 e
i N - Y,
=l A

and between the limits of 1, from 1.0 to o

Ts = 0.75 Tm + 0.25 Tm -l : (6)
; / TuN ol .
1 -1 - o ‘e ﬂrl
\ x/ |

The curve produced from equations (3) and (4) is shown in Pigure 14,
As the curve is prorated between a smooth curve and a curve composed
of two straight lines meeting at an angle, the prorated curve &t
Ny = 1,0 has 8 rather sharp curvaturs, which ls smoothed out by

fairing the curve In thils reglon.

The value of Ty depends on the value of T,, which in turn
fepends largely on the compression ratio of the englne. Over the
range of operation and in the region in which points were .computed,
however, the values of Tg; were little affected by changes in com~
pression ratio, and thus an average c¢urve of T, was chosen apnd
plotted in figure 15. This curve was falred irn the region of
Ny = 1.0 In the same manner as the scavenging-effilclency curve.

Scavenglng ratic. - If the two-atroke-cycle cylinder is con-
gidered. as an equivalent orifice, it can be shown that

Pg

T)r=¢l\l—g Tm
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Deta taken on the 4g- by 7~ 1nch two-stroke-cycle engine showed
~ that the acavenging ratio cen then be exgreésed by

[ pon . Jo-za
{1 - G\T

" Pn J
This owrve is plotted in figure.lﬁ together wlth the .eorresponding

curve of scavenging efficlency.oross-plotted from figure 14 Algo
ghown in figure 16 are experimental data points from the 45- by

7-inch two-gtroke-cycle englne that show the excellent agreement
between predlcted and experimental valued,

(7)

fy= 0.292

Inlet-menifold presaure. - In order to illustrate the eoffect on
engine power of changing the cq@@ression ratio, some relation must be
found between limiting inlet-manifold pressure and compression ratio.
Inaamuch as prediction of knock-limited manifold pressure was imprac-
tical for the type of component engine considered, no relation between
knock-limlted menifold pressure and compression ratio could be found.
It was therefore decided to limit the inlet-manifold pressure at each
compression ratio te & value thet would glve a maximum cylinder pres-
sure of 1200 pounds per square inch absclute at a fuel-~alr ratio of
0.067.

Thermodynamic charts of internal-combustion-engine fluids (ref-
erences 9 and 1) were used 1n détermining the manifold pressure. Addi-
tlon of fuel is assumed to produce a drop in the temperature of thc
working fiuid of 40° F; so .

Tp = Tg - 40 - ~(8)
The quentity 1 - f where T 1Is the fractlion of residuals in the

caylinder must be known when the thermodynamia chartsd are uged. The
guantity 1 - f can be obtainsd from the esquation

: 1 r/aYle
1 -2 - ks EF;A% T (9)
where
iy
C = T]s il?i‘ (10)

Curves of inlet-manifold pregsure as a function of compression
ratio and Dg/p, &re shown in figure 17.
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Exhaust release pregsure. - The exhaust releage pressure wag
also determined fram the thermodynamic. cherts. A heat lose of .
15 percent of the total heat lnput to the cylinder was assumed to_
oceur at the -end of expansion.

Combustion-air welght-flow rate. - From the definitlon of soav-
enging efficlency, the combustion-alr welght-flow rate ls

T

Noyw -

= c .=z 1

Yo =V gr=Ta0 e (1)

s P _ 1327 By '
1,327 28 =

Py = T T (12)

m
Total-air welght-flow rate., - From the definition of scavenging
ratio, total-air weight-flow rate is

Ya= Vg —I®0 " | (13)

where 71, can be calculated from eq_uation (7).

Fuel weight-flow rate. - The fuel welght-flow rate is
We = W, F/A (14)

Indicated horsepower per pound of combustion alr per hour (com-
ponent engline). - Because of the required valve timing in the two-
stroke-cycle engine considered, ‘the expangion ratlo 1s less than the
compression ratio; in the present case, the expansion ratio is 0.80
of the compression ratlo,

It can be shown that for Otho cycles, where the ratio of expen-
aion to compression is In the range of 0.80 te 1.0, the efficlency of
the cycle can be based on the expansion ratio with good accuracy.

Becauge of lack of data on the thermal afficilency of two-stroke-~
cycle engines at various compression ratios, 1t is convenlent to use
four-stroke-cyele data. The close agreement between two-stroke-cycle
and four-gtroke-cycle thermal efficiencies can be shown by the fact
that the indicated specific fuel consumption from the 4%- by 7-inch

two-stroke-cycle engine wilth an- expansion ratlo of 5.44 was 0.470 pound
per indlcated horsepower hour, whereas the indicated specific fuel
consumption of a conventional four-stroke-cycle englne corrected to
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& compression ratio of 5.44 was 0;462 pound per indicated horeepower
hour at ‘the same fuel—air ratio.-' -

. T

Data from reference lland unpublished date'from tests on an alr-
cooled cylinder were asnalyzed, and an equation for indicated specirfic
fuel consumption as a function of compression ratic was found to be

: 0. 1317
isfo = -
{'1' 0221

The agreement between valuesg calculated from the equation and experi-
mental resulte over a range of compression ratios at a fuel-alr ratio
of /067 is shown by the following table:

(15)

Indiceted specific
fuel consumption

. (1v/hp-hy)

Compression ratio 'Experimental fCalculated

4.7 0,457 ' 0.457
6.7 ° - .84 L .384
7.93 T .380 .360
9.68 - .335 | ,335

Egnation (15) may be converted to permit calculation of indicatod
horsepowsr hour per pound of combustlon alr, The modified eguation
may. be used for computing the two-stroke-cycle performance by using
the expansion ratio instead of thé compression ratlo.’ The irdicated
horsepower hour per pound of combustion alr at a fuel-air ratio of
0,087 1a then v

—BP - 0.5085 "1 - 1 . 16
3600 Wy " ° \ —_5'-'55 (26)
Indicated horsepower of component engine. - The indicated horase-

. poweyr. of the component engine 15 .

___E__w 3600 ' ) (17)
3eeow- ‘ : LT

C X ik N
where W, - may be calculated from. equation (ll) and 5600 Vg frcm-
. equation (16) . D e e .
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Listed hers in tabular form for compasrison are values of indi-
cated specific power calcula.ted according to this analysis and some

exporimental data from the 4—- by 7~ 1nch two-stroke-cycle engizie at

a fuel-air ratio of 0.075, a.n éngine speea of 2600 rpm, azid. a:;x
exhaust pressure of: 30 1nches cf msrcury absolute- P

h [
+

-Manifo’i_l.,d presgure Specii‘ic fpower o
(in.’'Eg abs.) - (thpfowiipe) .- ws
- ,Exnerimj_ntal Calculat_sd. L
e 44 $1.047  ohi-tn.060° T
46 _.1 iog ";-—_j 1.113 .0, o Z
48 C1.148 7 L0163 LT
50 | 1. 17; } 31,2157 '_: oo

Although experimen al dats are not e.va.ilabl@ for the uppar re,nge of
power, the table shows thel calculated and experimen'ba.l pcwer qu.t.-

W Brake Hom@ ower of component engine. - Da‘c.a. from an ;hiv t}..-—
ga‘bion cond.actbﬂ fn:r the Army Alr Forces on & 54— by 7-inch’ uni.f low

two -stroke—oyc;l.e engins showed that pnmping power was negligiblei ‘and

., ‘that' mechemical frictiop wes the largest loss in conversion of 'indi-
- cated horsepowar to brake horsepower. . Analysis of those data. indi-

cated that the friction horsepower of the component engin.e 1B a.pprox—
imately 200 . _ .

-
e Y

Therefpre LR - oo _' - _ 2
U bp =. ho - 200, - (18)
Eorsepower required by compressor. 'I‘he powsr req_uireci f.-o drive
the’ com:oresfsor is given by o _ P ;
ohp = 4" Paj. J L Ede)
I — Mg 550 SRR

Blowdcvm—turbine horsepnwer. ~ Blowicmn 1n. 'bhe cy’linder 1& gzon-
gldered to teke place from exhiust release pressure to inlet-manifold
pressure. The pressure drop acrogs uha blowdown burbine is thus. ‘from

. exha.ust relea.se pregguxe Lo exhaust back pregsure at ths start: of the
.yroceds, and. frqm inlet-manifold presspre to exhaust back pressurd at

the end of the process. Scavenging air is considered to bypags the



blowdown-turbine blading but may pass through the shroud of the turbine end assist in

cooling the turbime, The acavenging air then mixes with the combustion gases that have
papted through the blowdovn turbine end the mixbure of these gases la ayallable to pro-
duce work in the steady-flow turbine. :

%2

The horsepower of the blowdown turbine iB glven by the squetion
] 1 3
7b 7b

r - Try -n
bthp = ¥ -€ .2 _718 0881 x 144(p,. - 35)|1 - _1.’_1‘..,..__1‘111_,_ 20
bilp = 55T 75,060 R7b LA (pp - 2) . Po — (20)

-l ~1

The value of* "Tb was chosen to be O, 60 & conservative &saumption based on material from
refercnce 12.

Tempersture of mixture entering B'beaﬂy-flloﬁ turbine. - An enerésr balance across the
cylinder daring the scevenglng process resnits 1n . '

R By + g - B = K

where

E.  inbernal energy of gases in cylind.e.;r: .a.t gtart of scavenging process, Btu
Eg total enthé.lpy of entering scavanging air, Btu - -
By 1nteﬁal energy of éaaes in eylinder ai end-of acavengling prooe;as, Btu
H . eﬁtlialpy of scavenging gases leaving cylinder, Btu - |

Receuse

620LE "OH WH VOVN

By = 6y,s M Tx
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. o | By = oy,g M5 Tg
where M 1is here the weight of the gases and
Ty = My Ty
then
By = Bg - -
and thus ' '
B, = E,

An energy 'ba.la.nce of the blowdo‘&m procese from the cylin,d.er yields
the sguation

EI..' = By + ¥ + Hg
where .
Ex‘- internal emergy Iin cylinder ai btime of exhaust release, Btu
Em Internal enersy in cylinder after blowdown Lo inlet-m.aﬁifold.
pressure, Biu
W work oubtput of blowdown turbine, Btu
HS en;ktlilpy of combustlon. gases after leaving blowdown turbine,

The total enthalpy ZE[ of gases eﬁtering the steady-flow turbine
is then '

Hc"’Hg:"Er"Fm"'E.a,”w=He

B, - B, 1is glven by the equation

To To °p,b 0,491
- = _& - . x 144
E, - By T, To - T R;b (py - Pp)

and 1f the enthalpies are computed from & temperature base of 660° R,
the Lemperature of the exhaust gases errbering the steady-flow turbine
with blowdown turbine included is . .
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re Oy p bthp 33,000
—2 B0
iy To - TR7y, (Pr =) 0491 x 144 - W 778 + 680  (21)
e,l =
WJ. C. . 'S‘Q -~
v p,g iy

The temperature of the gases enﬁefing the steady-flow turbine with
the blowdown turbine omitted is

Ys Te Op,b
Ty Tg - 1 §%ﬁg (Py = Pp) 0.491 x 144
To,2 = A = + 660 ,  (22)
Vg Cp,g W

Weight-flow rate of auxiliary-compressor alr regquired to reduce
temperature of gages entersing steady-flow turbine to 1800° F, - The
welght-flow rate of auxiliary-compressoy air with blowdown turbine
Included 1s given by ths equation

W 1400 - Wy oy o (Tg 1 - 660)

- Gp,a 660 - op o 1400

The weight~flow rate of euxiliary-compressor alr if the blowdoﬁn tur-

t %p,e
°p,a Tac

W

ao . (23)

...bine l1s omitted ig

_Wyop o 1400 - W 0 o (T, 5 - 660)

(24)
T 660 - 1400

Yac

cp,a. ac cp,a cr,e
Hoxrgepower required to drive auxillery compressor. - The horse-

power required to drive the auxiliary compressor is

pe \0-283
189.1 Wgo Tg |\ 5] -

achp = - -
P N 550

(25}

The alr temperature at the outlet of the auxiliary compressor is
gliven by : - :

T
Tpo = -2 (EE -1+, (286)

0.283
Mo Pa)

- Horsepower of-steady-ﬂlow-turﬁine,lf The horsgpowef produced by
the eteady~flow turbine 1s
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_ 79'1‘
Pa ?’e
'_I_'et 1 P 1
— - e .o -.'"-

The gas—mixtm:-e temperature T _ may be’ either T 1, if the blow-
. dowr.-turbine is present or - 'I'e 2:’ when the ‘Dlowdowh turbine is :
omitted. .- When tempereture-limited operation is encomxtered T-

is 2080° R.

-

778 C ﬁe

.sfhp > m-, °p,e - (27)

Net "br&ke horsepower. 'j Thé' :'i'e'_b brakéﬂhorsfep_owar 'qf .thg'cgn-

.pogite englne is" R : .

.~

- -
-

Ir thP is - less tha.n (c.’ap + achp) y g, é ig changs& to ';Il .
;. e
and the prodict 'ﬂ % (sfbp - chp - achp) is elgebiraically added.,

8,9 B
Net braks speci‘ic fuel congu.mntion The net’ br&ke specific
fuel’ o'onsumpt.ion of ‘the composite englne is -

W . e

[ .
bsfc = —=— 3600 . 29
" . mbhp : o . ( ).

Net braka Epecif‘io horsepmmr. - For con'venience, —calcula,tions
of ths component-engline horsepowers and alr flows were ’based on a
piston displacement.above the ports of 1 cpbic foot.

If the ratio of campression ratio based on piston displacement
above the inlet ports to ‘the compression ratio based on total plston
displacement is teken to be 0,8, & conservative figure, the ﬁota.l
piston d.isplacement then becomas

! I‘c - OQB

r - l

= 1728 X 1.25
' (o]

Vg

and the net brake specific power pér cublc inch of pilston d.ispla.ce-
ment is

- S S . T, - 1.
., . .nbéhp o GPRP- _Tc T .. (30
- . LY e .np‘ -:.p LF ETé—g rc _0.'8 - . . . - ( )

At a compression ratlo of 6, the piston displacement would be
the same ag that of & 12-cylinder engine with & bore of 6 inches and

a atroke of 6.2. incheg.
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{a) With poppet exhaust valves.
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Figure 1. ~ Schematic diagram of unifiow two-stroke-cyctle
engine.



Fig. Ib NACA RM No. E7D29
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(b)) with sliding-sleeve exhaust valve.

Figure I. - Concluded. Schematic diagram of uniflow two- -
stroke-cycle engine.
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Figure 2. - Comparative exhaust-flow areas for two- and four-
stroke-cycle englnes from start to full opening.
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Figure 5. - Effect of pressure ratio pg/P, On net brake specific
horsepower of composlte engline for varlous compression ratlios.
Maximum avallable temperature of gas mixture to steady-flow
turbline unlimited.
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NACA RM No. E7D29 Fig. 6
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Flgure 6. - Effect of pressure ratlo pe/py on net brake specific
horsepower of composite engine for varlous methods of operation.
Compression ratio, 3.
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Flgure 7. -~ Effect of pressure ratio Pe/Pm on net brake speciflic
fuel consumptlion of composite engine for various compression
ratios. Maximum avallable temperature of gas mixture to steady-
flow turbine unlimited.
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Figure 8. - Effect of pressure ratilo pe/'pm on net brake speclific
fuel consumption of composite englne for varlous methods of oper-
ation. Compression ratle, 3.
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specific fuel consumption of composite englne.
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NACA RM No. E7D29 Fig. 11
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Figure 11, - Effect of pressure ratile pe/pm and compression ratlo
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