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SIMMARY

An anslysis vas made of & campound engine consisting of a
canpreesor, a two-stroke compression-ignition engine that furnished
the power for the campressor ; and a turbine that was driven by the
geses from the engine and produced the nst useful work of the cycle.
This form of power plant is called & gas-generstor engine.

The analysis indicetes that an engine of this type should be
capable of operating with a brake specific fuel consumption of
0.32 pound per horsepower-hour and should have ean installed spe~
cific welght coamparable to that of a typical turbine-propeller
engine. This performance should be obtained with limiting values
of cylinder pressure and turbine-inlet temperature that are
coampatible with relleble engine operation.

INTRODUCTION

The high ges temperatures nscessery for the attaimment of low
specific fuel consumptlon in comventional heat-power cycles can at
present be achieved only by the use of some form of the reciprocating-
type Internal-cambustlon engine. Likewise, in order tc obtaln low
specific englne weight, expansion of the gases to low pressures
must be accamplished by the use of a gas turbine. These facts meke
the combination of a reciprocating engine and a gas turbine a
: degirable arrangement, :

In the usual form of such a compound englne (references 1 to 5) s
the greatest portion of the work of the cycle 1s usually performed
by the reciprocating engine. The high specific weight of the
reciproceting engine and the relatively low specific weight of the
gas-turbine component mekes 1t edvantageous, however, for the gas
turbine to perform as much of the work of the cycle as is consistent
with the attairmment of high over-agll efficiency. By thls division
of work, the reciprocating-engine ccmponsnt performs only the work
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accamplished during that portion of the cycle thet involves high
pressures and high temperatures; consequently, this component can
then be made relatively small and light.

An analysls of an englne having a division of work such that
the power of the reciprocating engine is Just sufficient to drive
the compressor is reported herein. Under these conditions, the
turbine furnishes the entire net output of the complete engine.
This combination of a reciprocating-type internal-combustion engine
that drives 1ts own supercherging compressor and generates gag for
further expanslon through a turbine will be called a piston-type
gas generator in this report, The combination of a piston-type ges
goenerator and a gas turbine will be called a ges-generator engine.
A dlagrammatic sketch of such a power plant is shown 1n figure 1.
Because the primary purpose of the reciprocating element in this
engine is to produce hot gases for the turbine, this component will
be designated a piston-type burner.

SELECTION OF CYCLE

The conventlional compound engine consists of a ccmpréssor, e
piston engine, and & turbine, all geared to e single sheft (refer-
ences 1 to 5). Such an englne usually operates with a fuel mixture
at or near the stolchimmetric mixtwre and 1s limited in 1ts perform-
ance by (a) a maximum alloweble peak cylinder pressure, and (b) a
maximum allcoweble turbine-inlet temperature. In order to establish
relations that will form the basls for modificstions to the cycle
of the conventlonal compound engine and thus obtain a lower
specific power-plant welght, the effect of operation at a leaner
mixture ratio will first be considered. Thils changs will permit
higher menifold pressures, with resultant higher air flows, for
a given limiting maximum cylinder pressure. The net result of
the two changes 1s that the increased air flow and the reduced
mixture retio so counteract one another that the power output of
the plston-engine component remeains approximately constant. At
the same time, the higher alr flow results in & larger turbine
output and compressor Input; as a result, the output of the entlre
engine increases by the smount of the difference between the increase
in campressor input and the increase in turblne output.

It is generelly recognized that the turblne ard the aircreft
coampresgor are characteristically light devices for high power
ratings and thaet in the campound engine the welght of the piston-
engine component is the predaminating factcr in fixing the specific
woight of the power plant. Because the Iincrease In powsr resulting
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from reducing the mixture ratlo in the compound engine is obtained
wlthout eny change in the weight of the piston-engine component,
the net result should be & reduction in the specific weight of the
power plant.

Altering the division of work between the plston-engine and
turbine components causes the characteristics of the cycle to
epproach more closely those of the Brayton cycle; therefore, reducing
the mixture ratio wlll lead to higher specific fuel consumptions.

Because of the menner in which the specific welght and the
specific fuel consumption very, the proper dlvision of work between
the plston engine and the turblne depends upon the service for which
the alrcraft is intended and must be arrived at from ean aircraft-
renge analysis. Inasmuch as such data suitable for selecting the
proper divislion of work are lacking, any declslon regarding the
division of work can only be arbiltrary. For the purposes of this
report, the dlvision of work selected was that abt which the piston-
engline component delivere Just enough power to operate the compres-
sor and the net useful work of the cycle 1s derived from the turbine.
Anslysis has ghown that this division of work wlll permit sizeable
reductions in specific welight over that of the conventional compound
engine and at the same tilme will retain the low fuel consumption
obtainable with this engine. In addition, the separation of the
campressor and turbine drives allows more flexlibility in the con~-
struction and operation of such an englne.

METHODS OF ANALYSIS

Combustion in gas generator. - The anelysis shows thet the
inlet-gas pressures and temperatures and the fuel-air ratios used
with the piston-type burner are such that compresslon ignition with
fuel inJjection 1s the most practical combustlion process for this
cycle, With such & process, the maximum buwrner pressure attalned
depends primarily upon the repidity of combustion and mcme definite
rete of combustion-pressure rise must be assumed. For present
purposes, the rate of burning was assumed to be equal to that
producing the maximum rate of pressure rise occurring in & spark-
ignition engine. This burning rate requires the use of efficiencies
that are compatible with the Otto cycle and are somewhat higher
than those encountered in the conventionsl Diesel cycle at a given
expansion ratlo. It should be pointed out, however, that consider-
eble combustion pressure is developed when the burning rate
approaches constant-volume combustion. It can be shown that in
a pressure-limited engine, the efficiency of the Otto cycle 1is less
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than that of the Dlesel cycle because of the higher compression ard r
expansion ratios pexrmitted by the Diesel cycle. The cholce of the
high burning rate used in this anmslysis therefore leads to conserva-
tive results., Compression lgnition permits the use of the two-stroke
cycle with a consequent reduction in specific welght. Furthermore,
the analysis indicates that the fuel-air ratios are sufficlently
lean for the simple piston~ported loop-scavenged ‘cylinder to perform
satlisfactorily, although this scavenging process is inferilar to that
of the uniflow cylinder.

¥Z8

Performance data. - The symbols and equations used in obtaining
the performence data for the gas-generator engine are given in
appendixes A and B, respectively. No convenient expression relating
the burner-inlet pressure, the burner-expansion ratio, andi the mix-
ture ratio to the limits of burner-exheust temperature amd of peak
burner pressure could be obtained. Because of this limitation, it
wvas necesgary to set up a series of curves for each operating condi-
tion of the gas generator and to use & graphical solutlion to locate
the desired operating point.

In order to have the gas generator operate with the performance
given by this analyeis at more than one condition, 1t is necessary
that the compressor and the turbine operate over a range of mass-flow
rates and pressure ratios without appreciable changes in efficiency.
Although several means by which this condition may be approached
are avallable, the megnitude of the problem does not permit their
disoussion here. For this reason, the efficiency of the compressor
and the turbine was assumed to remain constant over a range of pres-
sure ratios and mase flows and & variable-area turbine nozzle was
assuned.

The primary variables used 1n the analysis and the ranges
through which these variables were investigated are gliven in the
following table:

Variable | Basic Range
value . investigated
Peak burner pressure, lb/eq in. 1600 1200 - 1600
Turbine-inlet temperature, °R 2260 1960 - 2260
Altitude, £t 20,000 8ea-level - 50,000
Burner-scavenge ratio 1.0 0.7 - 1.3
Campressor efficiency 0.85 0.7 - 1.0
Burner thermal effilciency 83tandard |0.60 -~ 1.05 X standard

8gtandard burner thermal efficiency is that defined by equa-
tions (7) and (8) of appendix B.
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The basic values of the variasbles are the values that were malntained
constant when the effect of one of the variables was being investi-
gated. Because the effect of turbine efficlency was obvlicus, it was
not included as a variable. Consideration of Jet thrust also was
onitted in order to avoid an additional varisble,

The basic values of the limits in the preceding table (peak
burner pressure anl turbine-inlet temperature) were chosen, after
an examination of a wide variety of data taken from both piston-type
and turblne~type engines, to be campatible with reliasble engine
operation at the present time. In this connection 1% should be
pointed out that the turbine-inlet temperature selected, 2260° R,
1s somewhet below the measured peak gas temperatures in current
turbine-type englines. Temperature gradlents in the gas stream in
these engines ceuse wide differences to exist between the peak and
the mean gas temperatures. Because of the manner in which the hot
geses are produced in the gas generator, temperature gradients
should not be a problem in operation of thls engine amd operation
ghould be satisfactory at the chomen temperature.

Welght data, - The estimated welght of the gas-generstor engine
was obtained by scaling camponent parts of various current recipro-
cating, turbine-propeller, and turbojet engines to match the condi-
tions of the gas-generator engine, and by taking their assembled
weight as that of one possible configuration of the gas-generator
engine, 4 résuné of the specific~welght caloulations 1s given in
apperdix C.

RESULTS ARD DISCUSSION

The results of the anelysis of the gas-generator engine
described herein are presented in plots showing the effect of
campressor-pressure ratlo, altitude, engine operating limlts,
scavenge ratio, and component efficiency on the baslc performance
of the ges-generator engine. An anelysis and breakdown of the
specific weight of the engine ig alsoc presented.

Performance of Gas-Generator Engine

Basic performance data., - The performance of the gas-generator
engine for three values of the burner-expansion ratio 1s ghown in
Pigure 2. Superimposed on this plot are lines of constant peak
burner pressure equal to 1600 pounds per square inch and lines of
constant turbine-inlet temperaturs equel to 2260° R; the intersection
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of thege two curves lccates the cptimum operating point fram a
power-output standpoint for the chosen engine operating conditions
and limits. At any other point, the englne msy be limited elther
by peak burner pressure or by turbine-inlet temperature and losses
in engine efflclency and, or, power output result. The operating
range of the engine is shown by the shaded area on the curves.

At the optimum opersating point, the breake specific fuel con~
sumption 1g about 0.32 pound per horsepower-hour. Thig low velue
of fuel consumption 1s obtained principally by the use of the high
expansion ratio of the gases (from the mean cambustion pressure to
ambient-air pressure). The specific output (net work output of gas-
generator power plant) 1s 0.052 Btu per cycle per cubic inch of
cylinder volume or, for & mean plston speed of 2600 feet per minute,
a gtroke of 6 Inches, and a compression retioc of 4.2, the output
is 4.18 breke horsepower per cubic inch of piston displacement.

The high power output is attributed to the large elr capescity of
the gas-generator engine in comparison to that of the conventional
reciprocating engine. Thls power output 1s obtained desplte the
fact that the brake specific air consumption 1s approximately twice
that of the reciprocating engine. At the optimum point, the mixture
ratio of the engine is about 0.032 pound of fuel per pound of air,

Effect of altitude., - The performance of the gas-generator
engine is shown in figure 3 as a function of altitude, As the
altitude of coperation 1s lnoreased, simultanecus adjustmente musb
be made in manifold pressure and burner-expansiocn ratio in order
to maintain the prescribed limits of pesk burner pressure and turbine-
inlet temperature., At the same time, however, the brake specific
air consumption decreases because the cycle efficiency and the
burner~-mixture retio increase. The net result of these variations
is that the power output of the gas-generator engine 1s substantially
constant up to an altitude of sbout 30,000 feet; asbove this altitude,
the power output decreases. The power drops about 30 percent when
the altitude 1s increased from 30,000 to 50,000 feet. This varilia-
tion in power output is partly caused by the memner in which the
asmbient tempereture varies with altitude.

The low fuel consumptions shown in figwre 3 are a direct
result of the high cycle efficlencles attainable by a complete-
expansion engine. Because the gas-generator engine 1s pressure-
limited, the expamsion ratio increases with altitude and thus the
fuel consumption decreases. The breake specific fuel consumption
is 0.32 pound per horsepower-howr at 20,000 feet and decreases
24 percent in an ascent from sea level toc 50,000 feet.

vZ8
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Figure 3 also shows that an effective change in expansion ratio
1s necessery for operation at the selected limits at different alti-
tudes. This chenge 1s necessary in order to preserve the balance
between the peak burner pressure and the turbine-inlet temperature.
Such a change can be effectively brought about merely by varying
the time of fuel iInjectlon. The resultant chenges in the pressure-
volume relation are shown by the typical burner indicator cards
presented in figure 4.

Effect of engine operating limits. - The effect of varying the
peak burner pressure and the turbine-inlet temperature on the per-
formance of the gas~-gemsrator engine is shown in figure 5.

Reducing the turbine-inlet temperature from 2260° to 1960° R
at oconstent peek burner pressure reduces the power outpuk about
20 percent. A small decrease in the speclific fuel consumption is
also noted; this decrease is a result of operating the engine at a
higher meen combustion pressure. In order to obtaln the limiting
cylinder presswre at reduced turbine-inlet temperature, the mani-
fold pressure must be reduced and the burner-expansion ratlio raised.
The net result 1s that the specific alr-flow rate (alr-flow rate
‘through piston-type burner, 1b/(cycle)(cu in.) burner volume) is
reduced and the brake specific alr consumption is raised, vhereas
the over-all expansion ratio is little changed. The selection of
a limiting turbine-inlet temperature therefcre has a2 primery effect
on the specific weight of the engine,

Reducing the peak burner pressure at constant turbine-inlet
temperature reguires that both the manifold pressure and the burner-
expansion ratioc be lowered. The net effects of these changes are
that brake specifioc air consumptlion is changed only & small amount,
but the air-flow rate and therefore the power output are again
appreciably reduced. Lowering the pesk burner pressure results 1in
reduced over-all expansion ratios and consequently In higher fuel
consumptions; therefore, the selection of a limliting peak burner
pressure 1ig of importance in determining both the specific weight
and the specific fuel consumption of the engine.

Effect of change in scavenge ratic. - Exhsust-gas dilution
(at 1ow values of scavenge ratio) and low combustion efficiency
(at high values of scavenge ratio) distinctly limit the range of
scavenge ratlo over which the gas generator cen opersate., Thils
limitation 18 & nabtural result of the gas-generator mode of opera-
tlon. The work of the burner, which 1s equal to the work of the
compresscr, must increase in proportion to the gquantity of air
handled. The burner, however, is limited in the quantity of air
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it can accammodete; therefore, when the scavenge ratio 1s Increased,
the mixture reatio in the burner must be emriched in order to presexrve
the balance between compressor and burner powers.

Pigure 6 ahows the effect of change 1n scavenge ratio on the
performance ¢f the gas-generator engine., As the ascavenge ratio
increases, the power output undergoes a large increase, which may
provide e convenlent means of controlling power output of this engine.
This change in power is almost directly proportionsl to the quantity
of air flowing through the engine, because the changes in the brake
gpecific air consumption are small; as a result, power output la
approximately proportional to the product of manifold density and
pocavenge ratilo.

The rise 1n the fuel-conswmptlion curve is caused by the changes
in the burner pressure drop and in burner mixture ratioc.

Calculations indicate that with & scavenge ratio of 1.3, the
burner mixture ratio is in excess of 0.06., At a scavenge ratlo
of 0.7, the burner mixture ratioc is much leaner but approximately
35 percent of the charge consists of exhaust gases fram the
previocus cycle.

Effect of change in ccmponent efficiency, - In the gas-
gensrator engine the effect of change in turbine efficlency is
clearly apperent. Because the turbine delivers all the net brake
output of the engine, the brake specific fuel consumption of the
englne 1s inversely proportional and the specific output of the
engine is directly proportional €o turbine efficiency.

The effect of changes in compressor efficlency is 1llustrated
in figure 7. This figure 1lndicetes that such changes result in
large changes in the specific output, but affect the brake specific
fuel consumption only slightly. The magnitude of the loss resulting
from reductions in compressor effilclency et any operating condition
is dependent to a large extent on the brake specific ailr consump-
tion of the engine. At conditions under which the brake specific
alr consumption i1s low for the basic campressor efflclency, the
offect of change in occmpressor efficlency becomes small.

The effect of changes in thermal efficlency of the piston-
type burner is difficult to treat analytically because of the
intimate relations existing between thermal efficiency, peak
burner pressure, and rate of pressure rise during ccmbustion. If
it is assumed that part of the fyel burns at approximately constant
volume et the beginning of the expansion process and the rest burns
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at the end of the expanslon, the gas-generator-engine perfarmance

will very as shown in figure 8. In this plot, the ratio of actual
burner efficilency to burner efficiency as defined by equetion (8)

of sppendix B is used as the abscissa. Thils condition of reduced

burner efficiency would correspond to the use of over-rich mixture
ratios in the burner, where scme of the scavenging alr 1s reguired
to complete combustion.

Figure 8 shows that Improvements in burner efficlency lmprove
the specific ocutput. A change in the burner efficiency must be
canpensated for by adjusting the burner-expansion ratlo; however,
increasing the expansion ratio requires the use of lower manifold
pregsures with a consegquent reduction in air-flow rates and in
gpecific output.

It should be pointed out that if the burner efficiency is
altered by a change fram constant-volume to constant-pressure
cambustion, the over-all performance of the gas-generator englne
will be improved, inasmuch as both higher manifold pressures and
higher expansion ratlios can be used.

Specific Weight of Gas-Generator Engins

The installed speclific weight of the gas-generstor engine was
estimated to be 1.4l pounds per horsepower at 20,000-foot altitude.
(See appendix C.) The operating coniitions upon which this value
1s baged are the basgic cornditions ‘used throughout this report.

A comparison of the specific weight of the gas-generator engine
with three other current propeller englines is as follows:

Specific
) welght
Engine Type (1b hp)
(=)

A Liquid-cooled reciprocating 1.98

B Alr-cooled compound 2.39

c Axlal-flow turbine pro_peller 1.36

Ges gen- |Axisl-flow campressor, liguid-

srator cooled burner 1.41

8511 specific weights based on installed weight
without propeller and on meximum contlinuous power
at 20,000-foot eltitude.
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The vdlue of specific welght for the turbine-propeller engine
in the preceding table msy appear scmewhat higher than epticipated,
but the wvalues are nevertheless comparable because the component
parts of thie turbine-propeller engine were used in meking up the
gas-generator engine. The turbine-propeller englne has a second
advantage 1n that the power rating is based upon turdine-inlet
temperatures 100° F higher than those used for the gas-generator
engine and also includes the effective shaft horsepower resulting
from Jet thrust.

The low specific welght of the gas generator 1s duwe to two
fectore: high specific alr-flow rates and low specific eir con-
sumption. The specific welght of the reciprocating engine is high
because of its low air-flow rate; whereas that of the turbine-
propeller engine 1s higher than would be expected on this basis
because of the inherently poor specific alr consumption of this
engine.

CONCLUSIONS

An analysis has been made of & gas~generator compound engine,
in which the piston~engine element supplies only enough work to
drive the compressor. This perticular division of work between
the turbine and piston-engine elements wes selected In an attempt
to retain the desirable fuel~-consumption cheracteristics of the
compound englne and at the seme time to achieve a low specific

power-plant weight.

The aneslyslse shows that the ges-generator englne can attain a
low specific fuel consumption because of the high pesk burner
temperatures permitted by the piston~type burner and because of the
complete expansion of the working fluid in the burner end the tur-
bine. This type of power plant has an inherently low specific
welght because of the high air-flow rate through the burner, which
1s obtained by reducing the work output of the plston-type burner
in relastion to that of the turbine.

On the basis of the analysis presented, it may be concluded
that the ges-generator engine is seemingly capable of operating at
moderate altitude with a brake specific fuel consumption of the
order of 0.32 pound per horsepower-hour; the specific weight with
limiting values of cylinder pressure and gas temperasture ccmpatible
with reliable engine operation 1s comparable witk that of the
turbine-propeller engine.

Flight Propulsion Resesrch Laborsatory,
Nationel Advisory Committee for Aeronautlcs,
Cleveland, Ohio,
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

specific heat at constant pressure of compressor alr,
0.24 Btu/(1d)(°R)

specific heat at constant pressure of turbine gases,
0.27 Btu/(1b){°R)

base of natural logerlthms

enthalpy of air entering compressor (taken as zero),
Btu/1b

enthalpy of gases entering turbine, Btu/lb

lower heat of cambustion of fuel, 18,500 Btu/lb fuel
congtant

ambient-air pressure, 1b/sq in. absolute

burner-caupression pressure, 1lb/sg in. absolute

burner-discharge pressure, 1b/eq in. absolute
burner-inlet pressure, 1b/eq in. absolute
heat loss froam burner, Btu/lb fuel

expansion retio of fluld in burner

over-all mixture ratio, 1b fuel/lb air

mixture ratio in burner, 1lb fuel/lb air

pressure ratio of compressor

scavenging ratio (ratio of volume of air flowing through
burner per cycle measured at burner-inlet conditions
to volume of burner)
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ambient temperature, °R

burner ccmpression temperature, °R

meen turblne-inlet temperature, CR

burner-inlet temperature, °R

temperature of residusl gesees in burner after blowdown, °R

temperature in burner at end of scavenging, °R

work of compressor, Btu/lb air

work of turbine, Btu/lb air

ratlio of specific heats of turbine gases

adiabatic compressor efficlency

burner thermal efficilency (ectual)

burner thermal efficiency (ildeal)

reduction-gear efficlency, 0.95

scavenging efficiency (ratic of volume of air remaining in
burner at end of scavenging process measured at inlet
conditions to volume of burner)

adiabatic turbine efficliency based on static downstream
pressure, 0.85

vi8
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APFPENDIX B

ANALYSTS OF GAS-GENERATOR PERFORMANCE

The following equations were used to estimate the performance
of the gas-generator engine:

Compressgor celculations. - The performance of the compressor
on the basls of work done per poundi of air hendled can he calcu-
lated by simply assuming a velue for the adiabatic efficlency.
Thus,

By = By (2g) (1)

T
Ty = n—:’ [(RP)O.283 - l] + Tg (2)
We =Cp.a (T - Ta) (3)

Scavenging efficlency and scavenging ratio. - Data presented
in reference 8 indicate that the scavenging ratio for a piston-
ported, looped-scavenged cylinder can be represented quite accurately
in the range under discussion by considering the engine ports &s an
equivalent orifice and using the orifice equation

Rg =K /(1 - Pe/Pw) Tn

In this equation, the constant K includes the area and the dis-
charge coefficient of the eguivalent orifice ani a conversion
factor to make the unites consistent. Evaluating the constant K
from the datae of reference 3 for a mean piston speed of 1800 feet
per minute and for the definitlon of scavenging ratio given results
in the equation

Rg = 0.0910 A/(1 - De/Pp) Tn ' (4)

This equation is for port arrangement D (fig. 23, reference 6)
with an inlet-opening time of 58° B.B.C. and an exhaust-opening time
of 74° B.B.C. For a high-speed engine, the port areas can be so
enlarged thet the gas veloclties through the ports are unchenged.
Equation (4) will then apply also for piston speeds in excess of
1800 feet per minute. :
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Several types of scavengling process can occur in the piston-
ported engine. In the case being considered, scavenging is
egsumed to occur through perfect mixing, where sach element of
incaning air mixes completely with the geses in the cylinder and
an equivalent volume of the mixture then flows out of the cylinder.
Thie assumptlon is baged on the data Iin reference, 7. For thils
process, reference 8 gives the egquation '

g = (1 - equ) (5)

For this process, the temperature at the enmd of the scavenging
process is given by the equation (reference 5)

T 6)

TS=
T, -R
m 8
1l - l -=]e
( TI')

The solution of this equation requires a knowledge of the tempera-
ture of the gases remaining in the cylinder at the end of the blow-
down proceas. Reference § Indicates, however, that at moderately
high scavenglng ratics the effect of change In this temperature on
the final scavenging temperature ls amell; therefore, the tempera-
ture of the cylinder gases was assumed constant at 200° R.

Burner efficlency. - If the efficlency in the ideal constant-
volume cycle 1s celculated with due regard for factors such as
variations in the specific heats and chemilcal dissocliation, then
the calculated efficlenoy willl closely agree with the efficiency
of an actual engine. The agreement can be further lmproved by
introducing empirical corrections for heat loss, combustion time,
and other modifying factors.

In reference S, such a cycle is itreated and an empirical equa-
tion is developed for the efficiency of the ideal cycle as a func-
tion of the expansion ratic and the fusl-air ratlo. This equation
has been adopted as thé basmls of the work presented herein:

1\
" -2 (g)

vZ8

"
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where
n = 0.3867 - 6.5 . 0.043 (7)
Rm,b e

These efficiency equations were selected to be compatible with the
assumed burning rate in the piston-type burner.

The following corrections were considered in order to make the
calculated efficlencies more compatible with actual values; these
losases were approximated from data presented in references 8 and 10:

Factor Reduction in
thermal efficilency

Hoat transfer « ¢ o« ¢ o« o o o o o o o o s 2 o o s o o o 5.0
Cambustion time and varietion « ¢« ¢« « ¢ ¢ ¢« ¢ « ¢ o o ¢« O
Mschanicﬂ friction * L ] L] L] [ 3 [ ] [ ] L ] - - [ ] [ ] L ] [ ] L ] L] * [ ] 2 . 0

Thus, the burner efficlency can be found from the equation
1\2
My, = 0.925 - (R—) ‘ (8)
e
where n is ocalculated as in eguation (7).

In applying this value of efficlency to the performance of
the gas generator, 1t 1s necessary to satisfy the condition that

We =My Ry by (9)

Because a simple relation between Ty and R, does not exist, 1t

beccmes necesseary to use & trial-a.:ﬂ—error method of solution. The
procedure for this cese was as follows:

The burner efflclency was first approximated by the use of the
egquation

(10)

l ¢
t = 0, O
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(The use of & prime on the symbols indicates an approximation.)
Using thig value, the over-all fuel-a.ir ratio was estimated by use
of the relation

' b (11)
Bp' = Y

This value of over-all mixture ratioc was modified to represent
approximately the mixture ratlo exlsting in the burner cylinder
as follows:
RgBp '

g

Rn,b' = (12)

Using this value of Ry y', the burner-efficlency calculations

were repeated and the corrected mixture ratios were found from
equations (9) and (12). One such approximetion was usually
sufficient.

Maximum burner pressure. - The calculation of the maximum
burner presswre ls necessarily camplicated because the application
of ideal-cycle relastions for other than constent-pressure cycles
indlcates values of pressure thst are much higher than thosme actually
present. In thls analysis, the calculated values of peek burner
pressure were so modifled by e factor determined from reference 1l
a8 to meke them more nearly representative of the actual values.

For the present purposes, 1t was assumed that the ratio between
the 1deal maximum burner preasure and the burner compression pres-
sure was a function of the compression temperature and the mixture
ratio in the burner. Actually, the compression pressure would also
have a small effect on this quantity, but the errors resulting from
neglecting this effect, particularly at lean mixtures, are within
the accuracy of this report. Curves of the ldeal combustion pres-
sure ratio as a function of mixture ratlc with compression tempera-
ture as a parameter were prepered and used in the analysis; the
glope of the curves at the zero intercept can be found by the use
of an air standard cycle, whereas the rich-mixture points can be
evaluated by using the methods of reference l2.

Reference 11 shows thet, in a spark-ignition engine at the
fuel-air ratio at which the rate of pressure rise 1s nearly a maxi-
mum, the actual peek cylinder pressure is only 0.70 of the ideal
value. Such a factor mey be used to calculate the actusl pesk
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burner pressure; however, it obviously must be dependent upon the
mixture ratic and must reach a limiting velue of unity when the
mixture ratic is zero. Determining the value of this factor at
leaner mixtures from spark-ignition-engline data would be incorrect
becauge of flame-gpeed effects. The factor C was therefore
expressed as a linear function of the mixture ratlc by means of
the equation

C = =3.75 Rm,'b + 1.0 (15)

The procedure for caleculating the maximum burner pressure was
ag follows: The compression pressure and temperature were calculated
by means of the equatlons

Po = P (Re)T"%° (14)
Ty = Tg (Be)?">° . (15)

With these values, the ldesal maximum burner pressure was found
using the cambustion-pressure-ratioc curves. The actual pressure
was then evaluated by multiplylng the ideal pressure by the cor-
rection factor from equetion (13).

Turbine-inlet temperature. - If the gas generator (ccmpressor
and burner) is isclated and treated as a steady-flow machine, the
mean turbline-iniet temperature can be found by means of a simple
heat balance

Hy, + (b By) - Q = By (L + Ry)

In order to evaluete thls equatlon, it 1s flrst necessary to fix
the heat loss Q3. The heat loss was taken &s being equal to

18 percent of the heat input (reference 10). Then, if the enthalpy
of the entering air is taken as zero, because the enthalpy of the
entering air and that of the burner geses 1s practlcally the same
at temperature Tg, the quantity Hg can be expressed in terms of

the turbine-inlet temperature. Thus,

(1 - 0.18) I BRm = op,g (Tg - Ta) (1 + Bm)

- 0.18) h T, (1
T =(l 0-18) Bo Fn + oy, Ta (1 + Fn) (16)

g cP,S (1 + Rm) :
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The specific heat Cp,g is tks mean specific heat between the
turbine-inlet and turﬁine-outlet temperatures. The value of this
quantity was estimated fram the data In reference 13 and was
coneldered to be constant at (.27 for this work.

Turbine calculations. -~ The turbine work per pound of air can
be fournd from the conventional equation

2-1

Wy = Mg op g Tg (1 + Rm) 1 - (3—:) 7 (17)

Data from reference 13 was used to establish °p,8 = 0.27 and
y = 1.34. ?

Unit performance calculations. - It is desirable to express
the output of the gas-generator power plant in terms that do not
require reference to & specific burner size or speed. Such e term
for the output i1s Btu per cycle per cublc inch of burner volume.
In order to modify the turbine work to put it on this basis and
algo to conasider the reductlion-gear efficlency, the following
equation was used:

Ny Wg Rg 144 py

8
1728 53.3 Ty (18)

Brake output =

The brake thermsl efficlency of the unlt can best be expressed in
terme of the breke specific fuel consumption

2545
befe = __Wim (19)
r 't
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APPENDIX C

ANALYSIS OF SPECIFIC WEIGHT OF GAS-GENERATOR ENGINE

The particular gas-generator engine selected for this analysis
haes & rating of 3000 brake horsepower at an altitude of 20,000 feet.
The limitations sesumed to apply for continuous engine operation
were & peak burner pressure of 1600 pourds per square inch, =
turbine-inlet temperature of 2260° F, and & mean piston speed. of
2600 feet per minute.

Inspection of the performence dete show that in the range of
altitude from sea level to 20,000 feet the power output of the gas-
generator engine is preactically constant. Inasmuch as the compres-
sor and the turbine pressure ratios increase with altitude, it is
apparent that the condltlions which will determine the welight of the
engine that will operate over this altitude renge will be those ab
20,000 feet. Some consideratlon, however, should be given to
mcreasing the power output for 'ta.ke-off purposes which can most
readily be accamplished by increasing the scavenge ratilo (£1g. 6)
or the turbine-inlet temperature (fig. S5). Either method should
require a larger campressor, turbine, and reduction gear. It is
anticipated, however, that for short-period operation overloading
of the reduction gear and relatlvely inefficlient operation of the
compressor and the turbine can be tolerated; as a result, the
critical condition in determining the specific welght of the gas-
gonsrator engine is maximum conblinuous power at 20,000 fest.

The specific welght of the engine can be estimated by treating
each component separately and then summing the component specific
weights.

Compressor. - The performance data in figure 2 show that the
selected gas-generator englne will require an air-flow rate of
8.0 pounds per secornd at a compressor-pressure ratlc of 21 in
order to deliver the required power. The nesrest approach to such
a canpressor ls that of an exlsting turbine-propeller engine; a
500-pound, l4-stage, axiel-flow compressor handles 11.7 pounds of
air per second at a compressor-pressure ratio of about 7. Analysis
shows that 22 stages would be needed to reach a compressor-pressure
ratio of 21. In order to scale this campressor to the slze needed
to accammodate the gas-generator engine, it was assumed that the
welght of the compressor required would be directly proportionsal
to the weight of air handled and to the mmber of stages. In
addition, 1t was assumed thet the compressor would be bullt in
two parts in order to operate satisfactorily at the regquired
pressure ratlio, and that this construction would incur an addi-
tilonal 30-percent increase ln welght. The specific welght of
the gas-generator compressor would therefore be
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500 8.0 _ 22
%000 ~ 11.7 X 12

X 1.30 = 0.233 1b/bhp

Piston-type burner. - Examination of the data in figure 2 shows
that the piston-type burner must have a cylinder volume of 1060 cublc
inches. for the required power output. The only two-stroke-cycle
engine of this approximate size is the Junkers Jumc 207 engline
(reference 14). This engine is of the two-stroke-cycle opposed-
piston type, operates at a peak cylinder pressure of about
1600 pounds per square Inch, has a cylinder volume of 1086 cubic
inches, and weighs 1470 pourds, complete with all accessorles. In
consldering the weight of this device for use in the gas-generator
engine, 100 pounds were deducted from this weight figure Iinasmuch
as the supercharger and the reductlon geer are not needed. The
specific weight of the pilston~-type burner thersfore beccmes

1370
=20 _ 0,457 1b/bh
5556 0.45 /bhp

Turbine. - In order to determine a reasoneble weight for the
turbine of the gas-generator engine, the turbines from several jet
englnes were welghed; the resulting data are shown in figure 9 as
a function of gas-flow rate. For a mean gas-flow rate of
420 cubic feet per second, it appears, from figure 9, that the
turbine would weigh 105 pounds. These data, however, are for
pregsure ratios regquiring single-stage turbines, and a four-
gtage turbine would be required for the gas-generator engine.
Becanse the welght of the turbine is roughly proportional to
the number of stages, the specific weight of the ges-generator
turbine is

105 x 4
SS5os— = 0.140 1b/bhp

Reduction gear. - The only cwrrent turbine-propeller engine
for which data are available has a reduction gear deeigned to
reduce shaft speed from that of the turbine to that of the propeller
and to handle & maximum of 2800 horsepower. This gear, Including
accessory drives, weighs 435 pounds. In adepting this gear to the
gas-generator engine, it was assumed that 35 pounds could be elim-
inated by removing the accessory-drive gears (because these drives
have slreedy been provided on the plston-type burner) and that for
a change fram 2800 to 3000 horeepower the weight would be directly
proportional to the horsepower. Thus, the specific weight of the
reducticn gear becomes

1 44:]
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400

Sa00 = 0-143 1b/bhp
Conpresgor-drive gear. - Analysis of the performance date shows

that spproximetely 1940 horsepower is required to drive the compres-
sor. No data are available for a gear having the required speed
ratlo for this application. Because the speed ratioc here ies about
one-half of that required for the propeller-reduction gear, however,
a single-stage reduction gear should be sufficient and the specific
welght of the required gear can be estimated by assuming that it
welghs, on a specific basis, 70 percent as much as the propeller
reduction gear. In addition, the weight 1s assumed to be
increased by 30 percent because the gear must have two oubput
shafte., The specific weight of the compressor-drive gear for
the ges-generator engine therefore becomes

1940
0.143 x Zz55 X 0.70 X 1.3 = 0.084 1b/bhp

Heat exchangers. ~ The welght of the radlator and oil cooler
wasg calculated by assuming thet 16 percent of the heat of the fuel
is rejected to the coolant and 2 percent to the oll. These figures
result In heat-rejection rates of 5880 Btu per minute to the oil
end 47,000 Btu per minute to the coolant. Data in reference 15
indicate that the oll cocler will reject approximately 2500 Btu per
minute per aquare foot of frontal area per 100° F initial tempera-
ture difference, and that the corresponding heat-transfer rate for
the readistor would be 6000 Btu per minute per square foot per 100°-F;
these fligures are for coolers 12 inches deep. For a fluid tempera=
ture of 250° F and NACA standard air at 20,000 feet altitude, the
necessary oll-<cooler volume 1s therefore 5.6 cublec feet and that
of the radiator 10.8 cubic feet. Wet weights for these heat
exchangers were fourd to be 48 pounds per cublic foot for oil
coolers and 54 pourds per cubic foot for radistors. On this basis,
the gpecific weight of the oll cooler for the gas-generator engine
becomes

5.6 X 48

and that of the radiator

10.8 X 54

=500 — = 0-194 1b/bhp
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Migcellaneocus. - Undexr this heading is included the weight of
coolant and oil in the gas-generator engine itself, reinforcing of
the manifolding to withstand the high presswres, and other items
not heretofore considered. This welght was estimated at 200 pounds,
or

200
_200 _ 0.067 1b
3000 /bhp

Summary. - The installed specific weight of the gas generator
in pounds per brake horsepower-hour is the sum of the preceding
items and is sumarized as follows:

cmpressor . L] . L L] L) L] - L] L] L * L . L] - - . L L] L] * . L] L] Ol233
P 'lB'bOn-'bype burmr ¢ & @ & e 6 & ° & o ¢ & & & © & s o 3 s . ‘j: 57
T‘n‘bine ® & ¢ 6 6 @ 8 & 6 8 e & 6 * & & & ¢ & & o 0 & o o » .140
ReAUCtion EBY .« o« « o o o o o o o s o ¢ s o ¢ o s o o o o o 143
Cdnpressor-d.riv’e gear ¢ & & ¢ @ & & & s & e & " & & s e ¢ e ¢ . 084
Rmatw L ] L] L] L] L] L . * L] - . L] L] L L] L] . . L] L] L] L] . L] L] * 0194
oil cwler L] L] L[] L ] . L2 L] L] . * L] L] - L] . * L] L[] L - L] L] * L] L ] '090
MiBscellanfouS « « « o « o o o o ¢ o s s s s o o o o « o o o o o067
Installed specific woelght « « ¢ ¢« ¢ ¢ o ¢ o ¢« ¢ s o ¢ o ¢ o o L.408
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