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RESEARCE MEMORANDUM

STUDY OF COMFRESSOR SYSTEMS FOR A GAS-GENERATOR ENGINE

By Bernard I. Sather and Max J. Tauschek

SMMARY

Var i ous net hods of providinb compressor~-capacity and pressure-
ratio control in the gas-generator type of compound engine over a
range of altitudes fram sea level to 50,000 feet are presented.

The analytical results indicated that the best nethod of con-

trol is that in which the first stage of conpression is carried
out in a variable-speed supercharger driven by a hydraulie slip
coupling. The second stage of compression could be either a rotary
constant - pressure-rati o-type compressar or a pi ston-type compressor,
both driven at constant speed. The enalysis al SO indicated that

B the variation of the value of the |oad coefficient for the first
and second stages of the rotary constant-pressure-tgpe compressor
conbi nation was within reasonable limts and that the valve timng

- of the piston-type compressor could be kept comstant for the range
of altitudes covered. Wth respect to engine performance, other
control schemes elso appeared feasible. A variable-area turbine

’ nozzl e was shown to be unnecessary for ecruilsing operation of the
engine.

INTRODUCTION

An anal ysi s of an sircraft-propulsion system known as a plston-
type gas-generator engine is presented in reference 1. In this
power plant a two-stroke-cycle, compression-ignition engine drives
a conpressor, which in turn supplies air to the engine. No other
shaft work is abstracted from the engine. The gases fromthe gen-
erator conprising the compressor-engine combination are then uti-
lized in a turbine, which produces the net useful work of the cyole.
A diagrammatic sketch of this power plant is shown in figure 1

The anal ysis of reference 1 indicates that such an engine nay

have | ow specific wei ght combined With | ow fuel consunption of the

- order of 0.32 pound per brake horsepower-hour, whi oh has been con-
firmed, to a certain extent, by the experinental results reported
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in reference 2. The reference analysis is idealized, however, in
that the probl emof engine comtrol was not considered. In order for
t he performance of an actual engine to approach that of the ideal
curves, at | east three steps nust be accomplished: (1) A compres-
sor that is capable of operating over a range of air flows and
pressure ratios nust be obtained; (2) simlarly, a turbine that wll
operate over the range of air flows and pressure ratios nust be
obtained; and (3) satisfactory neans of maintaining proper engine
g.imitsl (pgak cyl 1 nder pressure and turbine-inlet tenperature) nust

e evol ved.

The first of the preceding steps, which pertains to the control
of compressor capacity and conpression ratio, is treated herein. The
specific objective of this investigation, which was conducted a% the
NACA Lewis | aboratory, is to evaluate various combinations of com-
mressorsand dxriving nechani sms with respect to engi ne performance
as a function of altitude. Beceuselt is currently impoasible to
make a complete eval uation with due consideration for such itens as
campressor Wei ght, devel opnent problens, and control stability, the
present amalysis is based on the degeneration of the power output
and the fuel economy of the gas-generator engine in question when
campared With the i deal engine. Sone qualitative discussion of com-
presaor welght, however,i s incl uded.

METHOD OF ANALYSI S

The various conpressor-control systens that were investigated
ingluded t he following combimations of elemenbs:

glg Const ant - pressure-rati o compressor withthrottl| ed inlet
2) Multistage constant-pressure-rati 0 ccmpressoxr W th first
st age (superchargingstage) driven by three-speed gear
(3) Miltistage constant-pressure-ratio conpressor wth first stage
(supercharging stage) driven by hydraulic slip coupling
§4) Const ant - vol ume si ngl e- st age compressoxr
5) Constant-volume compressor with throttled i nl et
(6) Constant-vol une compressor with means of varying vol umetric
capacity
(7) Supercharged const ant - vol une conpreasor canprising constant-
pressure-ratio first stage (supercharging stage) driven by
hydraulic slip coupling fol lowed by final stage of conpres-
sion in constant-volune conpressor

In the preceding 1ist, the ternms "constant vol une" and "constant
pressure" refer to compressors exhibiting t hese characteristics at



[4

1078

NACA RM No. E9AZ8 3

constant speed or effective speed. Thus the centrifugal ccmpressor
or the m xed-fl| ow compressor (reference 3)woul d most nearly rep-
resent the constant-pressure-ratio group. The constant-volume Cl| ass
woul d include any, of the positive-displacement compressors, such as

t he pi ston-type compressor or Roots bl ower. The axial-flow com-
pressor Wwoul d also fit into this elass 1f suitabl e neans were avail -
able f Or broadening itsS operati ng range SO as t 0 maintain high effi-
clency over 8 tide range of pressure ratios and air flows. Schematic
di agrans of the vari ous systems ar e shown in figure 2.

These possi bl e combinations were derived by setting up the
ideal requirements for the compressorfor the gas-generatorengine
and t hen sel ecting the compressor systems nost likely to fulfill
these demands. The ideal requirements for the compressor (fig. 3)
were conputed fram reference 1. Engi ne speed was mot i ncl uded 8s
a control means because of the necessity for keeping the scavenge
ratio within reasonabl e Ximits (reference 1). Thus, (8) if neans
were provided for keeping the scavenge ratio constant, such as a
variable-area turbine nozzl e, the redustion in engine speed neces-
saryto decrease the compressor-pressure ratio to the required
value as altitude is decreased (fig. 3) would result in greatly
reduced air welight flow and hence reduced engine power out put; and
(b) if no neans are provided for controlling scavenge ratio at
wlll, as tithe case at' the fixed-area turbine nozzl e, reduction
in engine speed would result in inocreasing the scavenge ratio and
hence burner mixture ratio beyond t he usabl e range.

Al the combinations were investigated with the analysis of
reference 1 used as a basis. The changes required in the analysis
8s 8 result of the use of 8 specific compressor are given in the
appendixes, All the combimetions were analyzed With a fixed-area
turbine nozzl e and, in addition, systems 2 to 6 were al so treated
W th a variahle-area nozzle.

In anal yzi ng t he various combinations, t he desi gn conditions
of the compressors were set to provide sufficient capecity and
pressure ratio for engine operation 8t an altitude of 20,000 feet.
At this altitude, the engine was assumed to operate with design
operating |imts of peak cylinder pressure of 1600 pounds per
squar e inch, turbine-inlet temperature of 1800° ¥, and scavenge
ratio of 1.0. For ecaloculatiomsof operation at higher altitudes,
the turbine-inlet tenperature and the compressor speed were held
constant and the peak cylinder pressure was al |l owed t o decrease.
At |ower altitudes, the generator-inlet pressure was SO varied as
to maintain both engine limts, unless the characteristics of the
campressor System precluded this possibility, in which case the
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cylinder pressure was allowed to vary. When turbine-nozzl e area
was fixed, it was inpossible to hold the scavenge ratio to 8 con-
stant value of 1.0 at altitudes other than the design altitude
because under choked conditions the area of the turbine nozzle
deternmines the gas flow through the engine; however, the val ue of
scavenge ratio did not vary greatly from1.0 over the range of alti-
t udes considered. WWen the area of the turbine nozzle was nade
variable, t he scavenge rati o was kept constant at a val ue of 1.0.
The scavenge ratio of the 1deal gas-generator engine was 1.0 for
811 altitudes.

Syetems 2, 3, and 7, which utilize a rotary supercharging
compressor, were SO arranged that the supercharger operated at
rated speed at an altitude of 20,000 feet and i dl ed at Sea level.
In the system lnvolving t he t hree-speed gear combination, the
supercharger \\AS assvumed to idle at & pressure ratio of L at alti-
tudes bel ow 10,000 feet end to operate in the | ow speed gear ratio
at altitudes between 10,000and 20,000 feet. Above 20,000 feet,

t he supexrcharger operated i N high speed.

. The over-811 efficiency of any combination of compressors was
made equal to 0.85 at an altitude of 20,000 feet. Although thia
practice resultedin rather high stage efficiencies, it was neces=
sary that the data agree with t hat of reference 1 at this basic
condition. The | ack of accurate data on the efficilencies of
constant-volume compressors, as, for example, that of the axial-
flow compressor at of f - desi gn conditions Or the piston-type com-
pressor at hi gh pistonspeeds, precluded comparison of the
constent-pressure and constant-volume campressors on an ef fi Cci ency
baslis. The most reliable NACA data on efficiemcy of piston-type
campressors, however, indicate val ues in the range from0.85 to
0.95, which is entirely compatible with the general assunption.

No changes in efficlency W th changes in the specific £low for the
const ant - pressur e compresaors Were consi dered; instead, the pres-
sure ratios of these conpressors were |imted to values that woul d
permit a noderate operating range. This linmtation was necessary
in order to avoid considerations Of compressoxr design, which are
beyond the scope of this report.

RESULTS AND DISCUSSIONR

~_ Because Of the inherent differences i N compressor character-
istics, the results of the anal yses of constant-pressure-ratio

campressors and constant-volume CONPressors are discussed separately.

The effects of fixing the turbine-nozzle area and of designing for
high altitudes are al SO considered.

8L0Y
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Constant-Pressure-Ratioc Compressor

Effect of throttling. - The effect of throttling the compressor
inlet as acontrol nmeans 1s shown in figure 4, which shows that
throttling provides 8 neans of maintaining the engine limits (peak
burner pressure and turbine-inlet temperature) in the altitude
range up to 20,000 feet, but that the engine i s penalized by large
reductions i n brake output. This penalty is 8 natural result of
t he hi gh compressor power | 0ad in the gas-generator type of engine.
Consequently, al t hough throttling is considered t 0 be applicable
to t he gas-generator engine W t h the constent-pressure-ratio cam-
pressor, it is undesirable from 8 standpoint f low-altitude powex
out put .

Effect of three-gpeed supercharging-compressor drive. ~ An
inspectlon of figure 5 indicates that the performanc8 of a gas-
generator engine with 8 three-speed supercharging compressor is
subject to | arge power | 0sses at altitudes just bel ow t hose at which
the gear changes take place, This fact, coupled with the difficulty
of providing 8 change’'gear and 8 clutch capable of handling the
required powers, i ndicates that this system i s undesirable for gas-
gener at or application.

. BEffect of hydraulic-slip-coupling supercharging-compressor
drive. - The performance of the gas-generator engine when egquipped
Wih 8 multistage constant-pressure-ratio campressor comprising8
supercharging compressor driven by 8 hydraulic slip coupling and
followed by a constant-speed final compression St age i S presented
in figure 6. It wlll be noted that only & small loss in power
between sea level and 20,000 f eet ocours when t he coupling i S used.
The efficiency of the coupling is 8 linear function of the slip;
it is equal to zero at 100-percent S|lip and approaches 100 percent
as t he slip approaches zero. Because the oonpressor'torque varies
with the sgquare of the speed, it can be shown that the coupling
Povver | 0SS i s 8 maximum at 50-percent Sl ip, and is egual to One-
ourth of the full-load compressor power if the air f| ow remains
constant. Furthermore, t he compressor driven by t he coupling
comprises 8 fraction of the total conpressor in the gas-generator
engine. ‘The smal| coupling-power | 0ss relative to the tot81 com=
pressor | oad indicates alogical reason for the small influence
of the coupling on the over-all performanc8 of the gas-generator
engi ne.
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Const ant - Vol ume  Conpr essor

In the case of the constant-volume conpressor, the piston-type
campressor,i n particul ar, has nunerous inherent umigue advant ages
for gas-generator-engine applications, sone of which may be |isted
ag follows:

. (a) Provides 8 compact, light machine for operation at the |ow
air flows and high pressure ratios required by the gas-generator
engine.

(b) Possessee 8 broader operating range (hi gh efficiency over
wide range of pressure ratios and air flows) t han equivalent rotary-
campressoy types.

(c) Permts a higher compressorefficiency to be obtained at
high pressure ratios.

(d) Delivers 8 positive Supply of air under all operating con-
ditions, including starting and 1dling. ‘

*

Adventage (8) deserves sone el aboration. The same piston-type
conpressor is capable of operating over an extrenely w de range of
pressure ratios,for exanple, from 2 up to values of”20 or 25. At
the same time, the weight is fixed by structural stiffness require-'
ments, SO that 1ittle if any change i n Wei ght accompanies 8 change
in pressure ratio. In the equivalent constant-pressure-ratio cm
pressor, an increase i N pressure rati o can be obtalned only by
staging with a conmequent | ncrease in weight. Thus, 8s the required
pressure ratio is increased, the piston-type compreassor becones
| i ghter relativeto the constant-pressure compressoxr.

Al'so, because of the staging required to obtain high pressure
ratios, the efficiency of each stage of the constant-pressure com-
pressor must be extrenely high in order that the over-811 efficiency
of the constent-pressure~compressor combination My approach the
efficiency easi IK attainable with the constant-vol une piston-type
campressor (0N the order of 0.85). The fact that such efficiencies
may not be obtainable with the constant-pressure compressor i NCreases
the desirability of using the piston-type conpressor.

The prime advant age of the constant-pressure compressor is,
of course, its extremely high volune-flow capacity, leading to 8 |ow
specific wei ght. At | ow volumetric flow rates, however, this advan-
t age disappears t0 8 certain extent because of the difficulty of
desi gni ng t hese compressors with snal| flow passages and clearances
and with high rotational speeds.

L]

8L0T
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Consequently, the ideal circunmstances for the use of the
pi ston-type compressor are | ow volume-flow rates and high pressure
ratios. These circumstences are present in the gas-generator engine,
particularly in the final stages of compression.

The size of the piston-type compressor need not be excessive.
The rati o of campressor volume to burner volume is 10.35 for the
case of the gas-generator engine with t he unsupercharged piston-
type compressoxr and the fixed-area turbine nozzle at 20,000 feet.
If the conpressor i s supercharged for all altitudes other than sea
level, this ratio becomes 6.01. |f supercharging is used al so for
sea-l evel operation, however, the compressor-volume — burner-vol ume
ratio may be made to approach unity. Inlet ramdueto flight speed
further reduces the required volunme ratio, Furthermore, fitting
the required conpressor volume into the gas-generator engine and
furnishing the necessary reciprocating notion is not a great design
problem In certain engi ne configurations, such asthe axial engine,
t he reciprocating notion is readily available and a conpact, small-
frontal-area engine may be easily attained. Further decrease in
size of the piston-type compressormaybe obtained by making the
compressor double-acting.

One disadvantage may be ascribed to the piston-type compres-
sor In that considerable work will be regquired to develop it into a
practical high-speed machine; however, this same di sadvant age
applies to rotary campressors required to operate at very high
pressure ratios and efficiencies.

From t hese practical considerations, the piston-type compres-
sor seened an attractive choice for a constant-volume-type com
pressor for use with the piston-tgpe gas-generator engine, although
the results would be applicable to other forns of oonstant-vol une
conpressors. For these reasons, the piston-type compressor was
i ncl uded in the anal ysis.

Effect of fixed-displacement oonstant-vol ume compressor. -
Figure 7 shows the performance of a gas generator using a fixed-
di spl acenent piston-type compressor (that is, one equipped wth
automatic conpressor val ves), as compared With the performance of
the ideal gas-generator engine. Wth this type of conpressor
rate of air flow through the engine is substantially dependent upon
only conpressor speed. Consequently, with a fixed restriotion in
the turbine, turbine-inlet pressure nmust increase until the flow
t hrough the turbine matches that through the compressor. The
resul tant high menifold pressures and conpressor |oads cause the
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bur ner ﬁressure to increase above the limiting value at altitudes
bel ow t he 20,000-foot critical al titude; therefore, the systemis
not usabl e.

Effect of throttl ed fixed-displacement const ant-vol une com
pressor. = Throttling the exhaust fromthe fixed-displacement
pI ston-type compressor W |l only make the situation regarding
burner pressure worse inasnuch as such a change will increase the
compressor | oad without appreciably affecting the manifold pres-
sure. Throttling the inlet to this compressor, however, permts
the air flow and consequently the manifold pressure to be reduced
to a point atwhioh limting values of burner pressure are attained
at altitudes bel ow the cxritical altitude. Actually, the oonpressor
| oad is higher than that of the ideal engine, so the nanifold pres-
sure must be lower then that of the ideal engine, causing a reduc-
tion in performance. Figure 8 shows the performance Of such a
throttl ed engine. The large | 0SS inbrake out put and the increase
in fuel consunption between 20,000 feet and sea |evel makes this
system unattractive for gas-generator use

Effect of variabl e-di spl acement oonstant-vol une _conpressor. -
The performance of a (as- Jenerator engine equipped with a variable-
displacement campressor, that is, a piston-type compreassor equi pped
W t h mechanically actuated val ves that permit variable timing with
this device, is illustrated in figure 9. On the basis of engine
performance, this systemis quite satisfactory. The pi St on com-
preasor,however, musthandl e air at anbi ent atnospheric conditions.
Under thi S circumstance Of high volumetric air flow, the piston
compressor My become rel atively heavy as compared with equi val ent
rotary types. This fact, in addition to the valve complication,
makes this scheme undesireble for gas-generator use.

Ef fect of supercharged fixed-displacenent constant-vol une
compressor. - INe use of a variabl e-speed supercharger driven by a
hydraulTc slip coupling With a fixed-displacenent piston-type
compressor affords a means Of adjusting alr flow through the engine
and utilizing all the piston-type-conpressor displacement at all
altitudes. The performance of such a combination i S presented in
figure 10. The curves of this figure indicete that this schene is
the most prom sing of those incorporating a piston-type conpressor.
[t is interesting to note that, when a superchargingcompressoris
used, the time at which the reciprocating-campressor val ves open
and close is substantially constant with changes in altitude
(fig. 11), so that mechanical val ves with fixed timing can be sub-
stituted forthe automatic valves without Incurring a penalty in
engine performance.
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Comparison of Piston-Type and
Rot ar y Compressors

The two nost successful methods of satisfying the conpressor
requirements i N t he gas-generator engineappear to be the use of
a vari abl e- speed supercharging compressor fol | owed by either a
constant -vol une piston-type or a constant-pressure stage for com=
pression of the air to burner-inlet pressure. Unfortunately, the
lack of dat a concerning t he piston-type-compressor wei ghts and
efficiencies precl udes a definite evaluation of the two compressor
types. Figure 12 shows the performance of the two gas-generator
engi nes as cal cul ated by the nmethods of this report.Bel ow the
critical altitude, the performance of the combination wWith the
pi ston-type constant-vol ume compressor is slightly superior to
t hat obtained With the constant-pressure conbi nati on. The slight
difference i n performance between the two systens i s caused by
the fact that the pressure ratio across the constant-pressure com=-
pressors it a function of the inlet temperature, whereas that for
t he reciprocating compressor i S constant.

The varistions of values of |oad coefficient Qn for the
first stage (supercharger) and second stage asa function of alti-
tude for the multistage rotary constant-pressure compressor W th
firststage driven by a hydraulic slip coupling is shown in fig-
ure 13. Although the values of Qn vary widely for the super-
charger below an altitude of 10,000 feet, the tip speed of this
conpressor is quite |low, which may keep it out of a surging con-
dition. A The variation of @n for the second stage 4s within
present acceptable |imts. The pexrformance of the supercharger
when used with the piston-type conpressor is substantially the
sane as that shown in figure 13.

Effect of Variabl e-Area Turbine Nozzle

Examination of t he dat a comparing t he fixed-area nozzle with
the variabl e-area nozzle (figs. 14 to 18) indicates that only a
slight reduction in performence i S incurred through the use of the
fixed-area nozzle. Generally, a small drop in power occurs at
al titudes bel ow t he 20,000~foot Critical altitude, which is caused
by a change in scavenge I at i 0 incurred through lack of adeguate
air-flow control, In general, the Rower |o0ss issnall in com
parison Wi th the problems incurred i n t he successful development
of such a device; therefore, the variable-area turbine nozzle wll
not be further considered in this report.
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Effect of Designing for Hgh Atitudes

The performance curve for the gas-generator engine equi pped
with avariabl e-speed supercharger driven by a hydraulic coupling
(fig. 6) indicates that some |osses are incurred in going from sea
level to the design altitude. Because these |osses increasein
magni tude as the design altitude is raised, it is of interest to
exam ne the case in which the engine is designed for a very high
altitude. In figure 19, the performance of the gas generator with
t he vari abl e- speed supercharging compressor i S shown when t he
optimum altitude is 40,000 feet. It is noted that in this case
the loss in brake output at moderatealtitudes (0 to 20,000 £t)
is nore serious than for the case of the engine designed for
20,000-foot optimumal titude. Mre brake output, however, is
avail able for clinmbing to an altitude of 40,000 feet and above,
and this engine should therefore be nore satisfactory in applica-
tions where a high-altitude engine is warranted

SUMMARY OF RESULTS
The results of the analysis presented herein for various
met hods of providing conpressor-capacity and pressure-ratio contro
for the gas-generator engine operating overa range of altitudes

with constant peak cylinder pressure and constant turbine-inlet
tenperature may be summarized as fol | ows:

1. The best nethod of conpressor control appeared to be that
in which the Tirst stage of conpression consisted of a variable-
speed supercharger that was driven by a hydraulic slip coupling.
The second stage of conpression could be either a rotary constant-
mressure-ratio-type CONPressor or a pi ston-type compressoxr, both
driven at constant speed. The variation of load coefficient @n
for the £irstand second stages of conpressi on when a constant-
pressure-vatio final - conpressi on stage was used remainedWw t hin
reasonable limts overthe altitude range considered. Wth a
constant-volume compressor for final compression, the valve timng
of the piston-type compressor could be held constant over the alti-
tude range considered.

2. Qther control nethods, which appeared feasible with regard
t 0 engine performence, are the use of a constant-vol une, piston-
type compressor Wi th variable valve timng or a constant-pressure
compressor, the first stage of which 1sdriven by a three-speed
gear,
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3. Throttling generally produced |arge power |osses at other
than the design altitude in the gas-generator engine.

4. For cruising operation of the engine, the conplication of a
varisble-area turbine nozzle was not warranted.

Lewis Flight Propulsion Iaboratory,
Nat i onal Advisory Committee'for Aeronautios,
C evel and, Onio.
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APPRENDIX A

SYMBOIS
The following symbols are used in this report:
percent age cl earance in piston-type compressor

specific heat at constant pressure of compressor air,
0.243 Btu/(1b)(°R)

specific heat at comstent pressure of turbine gases,
0.270 Btu/(1b)(°R)

acceleration due to grevity, 32.2 £t/ sec?

lower heat of combustion of fuel, 18, 500 Btw/1b f uel
mechanical equi val ent of heat, £t-1b/Btu

engine speed, cycles/sec

total pressure, 1b/sg in. absol ute

bur ner exhaust pressure, 1b/sq in. absol ute
burner-inl et menifold pressure, 1b/sg in. absolute
static pressure, 1b/sq in. absol ute

ambient air pressure, 1b/eq in.

bur ner compression pressure, 1b/eg in. absol ute

| oad coefficient, cu £t/revolution

pressure coefficient of compressor

expangion ratio of fluid in buarmer

over-allm xture ratio, | b fuel/1b air

mixture rati o in buwrmer, | b fuel/lb air

pressure ratio in piston-type compressor

1078
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Bps1
B2
%:0

H =
ml-EI ml_:l

i

)

<

pressure ratic in first stage of compressiom, rotary
compressor

pressure ratio in second. stage of compression,
rotaxry cConpressor

over-all pressure rati o across compressors

scavenge ratio (ratio of volune of air flowing through
burner per cycle measured at burner-inlet conditions
to volume Of burmer)

tenperature, °R

anbi ent air temperature, °R

bur ner compression temperaturs, °R

meen turbine-inlet temperature, °R

burner-inlet tenperature, °R

tenperature in burner at emnd of scavenging, °R

vol une, cu £t

total volume of burmer above ports, cu ft

total vol une of reciprocating compresscr, cu ft

wor k of compressor, Btu/ib air

wor k of turbine, Btu/lb air

ratio of specific heats of turbine gases

adiabatic over-al |l efficlency of rotary compressor

burner brake t her mal efficiency (actual)

adiebatic ef fici ency of piston-type compressor

adi abatic efficiency of rotary compressor, first stage

adi abatic efficiency of rotary compressor, second stage

over-all adiabatic efficiency of compressorunit
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reduction-gear ef fi ci ency, 0.95

scavengi ng efficiency (ratio of vol une of air remaining
in burner at end of scevenging process, measured at
inlet conditions, to vol ume of burner)

efficlency of slip coupling

adi abatic turbine efficiency, total to static, 0.85

density, Ib/cu ft

1078 *
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APPENDIX B

ANATYSTIS OF CYCLE

In gemeral, the anslysis of the cycle i s similar to that of
reference 1. A condensetion of that anelysis is gi ven hexre for
convenlence. Because reference 1 i1s an idealized analysis, certain
varistions must be made when considering the gas-generator engine
W th regerd to comtrol. These specific details will be presented
in t he succeedi ng eppendixes.

The following method of enalysis was used to estinmate the
i deal i zed pexrformence of the gas-generator engine.

Conpressor cal cul ations. - The over-all performence of the
compressor wnit on the basis 0f work dame per pound of air handled
is

Wy = oy o (TyT) (B1)
where
T 0.283
T, = n:'o (BP:O - ) + T (m2)

Scavenge efficlency and scavenge ratio. - The scavenge ratio
of the pilsten-type burmer is given by the equaticn

Rg = 0.0910 A[(1-Po/B ) Ty, (B3)

and t he scavenge efficiency by the equation

-R
Mg=1l-e 8-

The temperature of the gases in the cylinder at the end of the
scavenge process is

Tm
5Il! -] -
1'<1'm e 8

St is assuned that the inlet and exhaust menifolds are suf-
Piclently lavge S0 that total and sStatiCc pressures are spproxirmmtely
equal

(B4)

Ty =
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Burner efficiency. - The brake thermal efficlemcy oft he
piston~type burner is

1 n
n, = 0.925 - = (B5)
0Re
wher e
n = 0.3867 —Be5 . 0043 (B6)
665 _ ¢ Re
Bm,b

The relation between the work of the compressor and the burmer
out put isgiven by the equation

Yo = MBRadc (27)

Because no simple rel ation between 1y and R, exists, a
trial-and-error method of solution i S necessary.

The burner efficiency was first approximated by the equation

0.32
1= 0.925 - (1_) (B8)

Ty
Re

(The use of the prime on the synbols indicates an approximation.)
With thi s velue, t he over-all fuel-alr rati o was estimeted by

W
t = c B9
A (29)

This val ue of over-all mixture ratio was nodified to represent
a;ﬁproﬁmtely the mixture rati 0 existing in the cylinder by use of
the equation

Rn,p' = RT? SRm (210)

With thi s value of Rp,p's ! he burner-efficiency calculations were

repeated and the corrected mixture ratios were found from eque-
tions (B7) and (B1O).
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Maximum burner pressure. - Curves of the ratio of ideal peak
burner pressure to compression pressure as a functlion of mixbture
ratio and with campression temperature as g parameter were pre-
pared by use of the fuel-glr cycles end methods of reference 4
for the rich mixburesand by use of air cycles for very lean
mixbures. These presgsure ratlios were modified by the factor

F=-375 Rm,b + 1.0 (B11)
- to bring the ideal ratios Into accardance wlth engine dsta.

Compression pressure and tamperature were computed from the
equationg

1.35
P =Fg R (B12)
m,=T, RO (B13)

Turbine-inlet temperature. - A heat balance applied to the
gas-generator engine showed that, wilth the assumpblon of a heat
loss equivalent to 18 percent of the fuel-heat inpul, the Hurbine-
inlet temperature was gven by the equation

_ (1-0.18) heBpy + CP’dI‘a (1+Bm) (B14)

e °p,g (1+Bm)

Turbine power. - The oubput of the turbine in Bbtu per pound
of air is

z=1
Do\ 7
Wg = Ny Cp,g Tg (1+Rm) |1 - (-P:) (B15)
where
Y = 1034
and
co,g = 0.27

Unit performance calculatlons. - The output of the gas-
generator engine on the basis of Btu per cycle per cubilc inch of
burner volums 1s
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antRS 144 PITJ.

Brake output =—37zg 55.50, (B16)
and t he brake specific fuel consumption is
2545
befc = Z555 B (B17)

W



8L0T

NACA RM No. E9AZ8 19
APPENDIX C

PISTON-TYPE COMPRESSOR

The pressure rati o across t he plston-type compressor uni quely
determ nes t he scavenge ratio of the piston-type burner, as nay
be shown by the foll owi ng compressor-cycle analysis, which uses
as a basis th? idealized pressure-volume indicetor diagram of s
pi ston-type compressor:

4 3

Pressure

1 2

Volume
Inaemuch as the temperature ri se across the compressor is

based on the adiabatic efficiency, for the ratio of specific
heats of 1.395

T 1 [, 0.285_ 1
4 ——— -
bl (Rp ) (c1)

I f the percentage of clearance C is defined as

V4

¢ = V2 - V4

where vy = v4 IS the compressor displacement, then

Yo _ _C
¥z I+T

The wei ght of air delivered by the compressor per cycle is

(V3 - 74) Pz

and the scavenge ratio Ry is



20 NACA RM No. E9AZ28

V3 ~ V4 V3 ~ V4
Vb P3 b

Rﬂ=

when 4t is assuned that both the burner and conpressor operate at
t he sane number of cycles per unit time. Because

Pgv4 P1V3
T, ~ Ty
and
AL
Tz Iy
t hen
Pp Tz ¥,
et m T
and
Cv (LT3 _©
V3T T4 V2 \RyT, TT+C
so that
_V_z_.(;_“_-‘;_ c)
s 2 B‘PTz l1+C
and.

Yo |2 i o.zes‘) c
Rs=vapE+nc(Rp -] -1%% (c2)

The value of Cin this enalysis is 0.03. The volume ratio
vc/vb I S determined from the limiting condlitlions of engine oper=-

gtion at an altitude of 20,000 feet and a scavenge ratio of 1.0.
For an unsupercharged compressor, the val ue of this retio is 10. 35.

1078
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Varieble-displacement compressor. - 'he displacement of the
piston~type compressor may be effectively varied by comtrolling
t he valve timing by means of some mechanical arrangement. It IS
possi bl e to decrease the displacement by: (1) closing the inlet
valve early, (2) closing the inlet walve late, or (3) closing
the exhaust valve late. Method (3) is the one considered in this
analysis, and 1f X 1is the percentage of the piston stroke that
t he piston has returned when t he exhaust val ve 1s cl osed | ate,
the scavenge ratio will then be

v ‘
A K
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APPERDIX D

HYDRAULIC SIIP COUPLING

The hydraulic slip coupling is perhaps the sinplest and nost
practical means of obtaining ochanges in the speed of the first-
&age compressor. |n addition, the hydraulic coupling provides
some Shook and vibration isolation. Reference 4 [ists some of
the design features of current slip couplings.

The size of the coupling needed to treansmit the power to the
first-stage compressor need not be excessive because the torque
and the horsepower of the fluid coupling varies as the fifth power
of the dlameter and only a relatively small change in diameter
W || be necessery t 0 cover a large range in treansmitted parer.
Current fl ui d couplings can therefore be used in the gas-generator
engine with only a small variation in the size of the coupling
unit.

The type of hydraulilc coupling considexred in this analysis
i s the scoop-comtrol hydraul i c coupling. Vari ati ons in speed of
t he secondary are made possi bl e by means of an edjustable-sccop
t ube, extendi ng from the i npel | er seotiont oa rotating reservoir.
01l pesses from the working circult t hrough the nozzles provided
in the imner casing and collects in the r ot at | ng reservoir from
which it is returned to the coupling circult. The scoop tube
is mounted of f center, so that in its ful |y extended position it
handl es all t he oil in the rotating reservoir, but when brought
toa fully retracted position, all the oil drains into the
reservolr and the coupling is fully disconnected. Varying the
scoop position from a fully extended t0 a fully retracted position
varies t he speed of t he secondary unit from maximum to zero
values,

In the type of fluid coupling considered, i N which there
I S no torque-reaction member, the torque input equals the torque
output, and the efficiency is equal. to the ratio of secondary
to primexry speed, so that

o

Lwt=-—§-='q

hp in (1)

B,1

o

where
Np primexry speed, rps
Ky seoondary speed, rps

1078
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APPENDIX E

ROTARY COMFRESSCR

The rotary compressor in this analysis 1s considered to be
either a centrifugal or a mixed-flow compressor. Its performence
characteristics are assumed to fol |l ow t he same laws as t hose
undexr which a centrifugal compressor operates.

The tenperature rise acrose each stage is therefore

z, [/2, 0.283
o = = || &= -1 (E1)
Teg [\ T2

where mpg is the stage efficiency and P5/P; 1s the pressure
ratio across the stage. The work required in Btu per pound. of
air is

Wy = Op o AT (22)
When speed changes end thelr effects on the performence of t he

compressor ar € considered, iti S convenient t 0 use the forms
i nvol vi ng t he pressure coefficient

p,\0+263
Vip

where Vip 48 the tip speed in feet' per second. Because

3o - p.\0+283 .
Wy = —e2— L (]—?3) -1 (B4)
Negd 1 '
t hen
2
-
W = 9ea T (E5)
Nag €
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and
Pp [y, eV
Py J8 °p,a T2 (26)

B -
K= i; = Tgy (B7)

then the work put into the primery side of the slip coupling is

2
Qa3 V7“1
Vo=is g K (E8)
and if
VT = NED
where D ig the diameter of the ocmmpressor
- qad NBZDZ .I.':E
¢ ngg €& Ny
8o that
v o lea TP
C ngqg 8 B
and inssmmch aa
NS =K Np
2p2
K K
¥ = q_uﬁ_ ._P___. (Eg)
© Mg 8

For & glven compressor Np and D are constants and are
selected after determination of the operating range required.
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The pressure ratio is given by the equaticm
3.535
P q_, D?N 2 K2
2. (1,22 2 (E10)
Py Jg Cp,a Ty

\Wen in this analyeis a two- st age compressor is used with the first
stage driven at a variable speed, the value of

necessary to
obtain a desired over-all pressure rati o across the ccmpressors
may be found by the followlng procedure:

Rp,l ] (1 . 2 __9__)3.535

T
where the constant A takes into account t he diameter of the
first-stage conpressor, the speed ©€the prinary member of the
coupling, the pressure coefficient, and Jdgey. Then,
T
1 0. 283 )
—_— -1+
Ta= mg.1 (Rp,l Te,1

where T2 is the tenperature of the air leaving the first stage,
end

Rp’z i} (.- . 1)3.535

T2

where B is a coetent {h5t takes into amount the diameter of the
second-stage compressor, its speed, the pressure coefflclient, and
J5°:p‘ Now

Ty 0.283 )
o'y (Rp,l "

R
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so that

A B
l+.1l2

o =g-"—1-<§ 0283 -1)

0.283
Kz = .T_l_ RP)O - l L)
0.283
1 (RP,J- -l nc,l)

0.283

T
B2 oL Bp,0 -1
Alis B T, )
Ty A
Ka'l‘l + nc,l

Thi s equation may be transposed into a quadratic equation in K2
from which K2 may easily be found. .

(E11)

Compressgors i n series. = Wien two compreassors are commected | n
series, the over-allefficiency is different fromthe stage effi-
ciencies. Because comparison Of t he performence in this analysis
IS to be made with that of reference 1, it is necessary to know the
rel ati on between stage and over-all efficienocy in orderthat the
over-ell conpressor efficiency in this anal ysis at an altitude of
20,000 feet may equal the compressor efficiency at 20, 000 feet
glven i n reference 1.

The over-all adiasbatic effilciency isgiven by the equation

0.285 - l
Tlc o= 1 - 1 Rp,lo
4 0.283 + 0.283 0.283
—% 5, ,0.288 7+ L [ L “1+ 1 -1
' Mg,1 Pyl ' Me,2 ["o,l (Rp:l ) ] (RP;Z )

(E12)

where

RP:J- Bp,2 = Bp,0 (E13) -
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APPERDIX F

TURBINE NOZZLE
The mass f| ow through a convergent nozzl e with oriticel flow

P_ X 144 f _2.-
" JTa % iz ) ()

where

W  weight flow, 1b/sec

A area, sq £t

R gas constant, £t-1b/(1b) (°R)

i f

and
R = 53.35
then
Pe
W= 75.35 A == (¥2)

8

This mass flow must be equal to the sum of the alr fiow through
the burner and the fuel flow. Thus

Pn% _75.354 %
8T, R 1+ Ry 'v/_
T

g

so that

P
ﬁ_aRsz.wé%%«H.nm) wher e e.i%
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but

.rﬁ R g _B';_

Py T,/ \0.0910
80 that | f

Tg = 2260° R
1+
o= (Tm Ru) (F3)
0.5862 { == = 120.8 Rs
(= )
and 3 1
4990 (1 + ) 0.7065 (1 + )
| &2 ) - G B) | )
100 8 T

For fixed turbine-nozzle-exrea operation, the value of turbine-
nozzle area is fixed at that required for operation at an altitude of
20,000 feet at a soavenge ratio of 1.0, a peak burner pressure of
1600 pounds per square inch absolute, and & turbine-inlet pressure
of 2260° R This val ue of turbine-nozzle eaxes @ was 0. 001686 square
f oot per oubiec foot of burner vol une per cycle per second.

Wien a fixed-turbine-nozzle area is used in conjunction with
t he reciprocating compressor, it i S necessaxy that t he operating
conditions, for which the scavenge ratio determned by the recip-
roosti ng compressor equalst he scavenge ratiodeterm ned by the
turbi ne nozzle, be obtained by means of a graphical sol ution.
Other graphical solutions are, of course, necessary even if the
turbine-nozzle area is not fixed as there 1s no conveni ent expression
relating burner-inlet preesure, burner-expansion ratio, and mixture
retio to the limiting conditions Of peak burner pressure and turbine-
inlet temperature.
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(e) Multistage constant-presaure-ratio compressor with
first stage driven by hydraulle slip coupling.

Figure 2. Schematic disgrams of systems used in analysis,
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Pigure 2. - Concluded. Schematic diegrams of aystems used In analysls,
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coupling and turbine having fixed-area nozzle.
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with first stage driven by hydraulic sllp coupling and turbine

having fixed-area nozzle.
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Plgure 14.- Effect of fixed- and variable-area turbine nozzles
on performance of gas-generator engines incorporating two-
stage rotary compressor with firast stage driven by a three-
speed gear.
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Figure 15.- Effect of fixed- and variable-area turbine nozzles
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coupling.
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