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SUMMARY

A dynamometer stand investigation was conducted to determlne
the effect of exhaust pressure on the performance of an 18- cylinder'
alr- cooled radial engine equipped with a ¢onventional exhaust col-
lector rlng The investigation covered a range of engine speeds
from 1400 to’ 2600 rpm, inlet-manifold pressures from 30 to 50 inches
of mercury absolute, fuel-air ratios of 0. 063, 0.069, 0.085, and
0.100, and spark settlngs of 20° and 35° B.T.C. The exhaust pres- -
sure was varied, in general, from approximately 6 inches of mercury
absolute to about 20 inches of mercury above the inlet-manifold
pressure. :

At constant values of engine speed, inlet-manifold pressure,
carburetor-air. temperature, fuel-air ratio, and cooling-air pres-
sure drop, an increase. in exhaust pressure resulted in a decrease
in power and charge-air flow and in an intrease in inlet-manifold
temperature and"average cylinder-head temperature. The exhaust- gas
temperature reached a peak value at an exhaust pressure of about 0.8
of the inlet-manifold pressure.

Comparison of the results of the present investigation with
those previously obtained on a similar engine, which had a smaller.
nominal valve overlap (40°), showed that the effect of exhaust pres-
sure on engine power and charge-air flow was greater on the engine
with 62° valve overlap. For example, at an engine speed of 2000 rpm,
an inlet-manifold pressure of 30 inches of mercury absolute, and a
fuel-air ratio of 0.085, a change in the ratio of exhaust pressure
to inlet-manifold pressure from 0.2 to 1.6 caused a 52-percent
decreage in brake horsepower on the engine with 62° valve overlap
and a 3l-percent decrease on the engine with the 40° valve overlap.
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INTRODUCTION

A research program was instituted. at the NACA Cleveland labora-
tory to determine the increase in power and efficiency obtainable by
gearing an exhaust-gas turbine and g connressor to the crankshaft of
a conventional aircraft engine, '

As the first phase of the progrem, a dynamometerPstand investi-
gation was made on an 18-cylinder, air-cooled, radial engine with a
400 valve overlap to determine the effect of exhaust pressure on
engine performance and cooling., The results of this investigation
are reported in references 1 and 2. The computed performance of a
composite system consisting of this engine with a turbine and a com-
pressor mounted on a common shaft and geared to the crankshaft is
reported in reference 3, : :

During the course of the foregoing Investigation, a newer model
engine of the same type, which incorporated several changes including
an increase in nominal valve overlap from 4C° to 6520, became avail-
able., Because the change in valve timing waa expected to influence
the effect of exhaust pressure on engine performance, an investiga-
tion similar to that reported in reference 1 was conducted with the
newer model engins. -

The investigation covered a range of engine speeds, inlet-
manifold pressures, and fuel-air ratios. The exhaust pressure was
varied over a wide range with various combinations of these
variables, ' :

The results are presented in the form of curves that show the
effect of exhaust pressure on engine power, charge-air flow, volu-
metric efficiency, inlet-manifold lemperature, cylinder-head temper-
ature, and exhaust-gas temperature. Representative curves taken
from reference 1 are included for comparison,

INSTALLATION AND INSTRUMENTATION

The R-2800-57, 18-cylinder, air-cooled, radial engine used for
this investigation has a take-off rating of 2100 brake horsepower
at 2800 rpm and a normal rating of 1700 brake horsepower at 23500 rpm,
Pertinent specifications for this engine and for the R-2800-5 engline
(reference 1) are given for comparison:
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R-2800-57 R-2800-5

engine engine

Bore, inches I N £ 5.75
Stroke, inches . . . . . . . . . . . v .. . . . . 600 . 6.00
Displacement, cubic inches . . . . . . . . ., . . 2804 2804
Compression ratio. . . . . . « . « v . « . . . .« 6.75 6.65 -
Propeller-reduction-gear ratio . . . . . . . . . 0.45:1 0.5:1 .
Valve overlap, degrees . . . . . . +« + « « « « . . . B2 A 40
Spark setting, degrees B.T.C.: ‘ '

Crulsing advance . . . . . ¢« 4« « « & o « o6 « « . 35 25

Normal advance . . . . « v + o « o « o o« o 4« < . 20 25 -
Blower-gear ratio:

o A T.6:1

High . . . . « s + 4« 4 s+ + 4+ s s s & s a.e + « None 9.45:1
Imneller dlameter, inches . .« v . v . .. . . . 11,5 S 11.0

The engine was equipped with an automatlc‘two position spark-
advance unit, which was altered so that it could bée locked in elther
of the two positions.(20° or 35° B.T.C.). :

A photograph and a sketch of the setup are shown in figureo'l
and 2, respectively. The installation and instrumentation was essen-
tlally the same as described in reference 1, o

The exhaust collector ring was the same ag that used in refer-
ence 1 except that the original expansion joints were replaced by a
sleeve~type expansion Joint enclosed in a gastight bellows., The
collector ring was built in halves and comnected to the laboratory
altitude exhaust system through a Y-shaped section of pipe and a
large diameter 90° miter elbow, The engine exhaust pressure was
measured by a static-pressure tap located where the exhgust vine
was connected to the 30° elbow.

Exhaust-gas temperatures were measured, as in reference 1,
approximately 18 inches downstream of the Jjunction of the Y-shaped
section with three quadruple-shielded chromel-alumel thermocouples
immersed to about 0.3 of the pipe diameter and spaced 120°.

The cooling-air total pressure in front of the engine was
measured ahead of cylinders 4, 10, and 16. Two shrouded total-
pressure tubes were mounted on supports in front of each of the
three cylinders: one at the same radial distance as the middle
circumferential head fin and one at the same radial distance as
the center of the cylinder barrel. The cooling-air inlet tempera-
ture was measured by three thermocouples wired in parellel and
mounted on the total-pressure-tube supports.
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In reference 1, static pressure behind the heads was measured
with a tube on each rear-row cylinder and the static pressure behind
the barrels was measured with three static-pressure tubes mounted on
supports behind the rear-row cylinders. For the present inveastiga-
tfon, the static pressure behind the heads was measured with open-
end tubes placed in the sheltered region behind the baffle curl on
the inlet side of cylinders 1, 5, 9, end 15 at the same radial dis-
tance as the cylinder-head total-pressure tubes. The static pressure
behind the barrels was similarly obtained on the same cylinders with
tubes located at the same radial distance as the cylinder-harrel
total-pressure tubes,

Cylinder-head temperatures were measured on all cylinders with
bayonet-type thermocouples located in wells at the rear center of
the cylinder heads. This thermocouple replaced the rear spark-plug
boss and gasket thermocouples used in reference 1. Barrel tempera-
tures were measured on all cylinders with thermocouples that were
peened into the muff at the rear center of the barrel.

The total pressure at the carburetor top deck was taken as the
carburetor-inlet pressure and the carburetor-air temperature was
taken as the value obtained with six thermocouples connected in
parallel and located in the air stream about 5 inches above the car-
buretor top deck, The inlet-manifold (blower-rim) pressure was
measured at a manifold-pressure-gage connection in the blower hous-
ing. The inlet-manifold (mixture) temperature in the inlet pipes
was obtained by averaging the temperatures measured with an
unshielded thermocouple placed in the center of each inlet pipe
approximately 4 inches from the port.

PROCEDURE

The investigation covered a range of engine speeds from 1400
to 2600 rpm, inlet-manifold pressures from 30 to 50 inches of
mercury absolute, and fuel-air ratios of 0,063, 0.069, 0,085, and
0,100, Most of the investigation was made with the normal spark
setting of 20° B,T.C.; some data were obtained, however, at low
power with the cruising setting of 350 B.T.C. With each of the
foregoing variables held censtant, the exhaust pressure was varied
from approximately 6 inches of mercury absolute to about 20 inches
of mercury above the inlet-manifold pressure, except during high
manifold-pressure operation where instrument limitations occurred
and in a few other cases when engine operation became unstable or
incipient detonation occurred. ’ '
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For each. seriss of runs, the cooling-air pressure drop was 3o
ad justed that the maximum cylinder-varrel temperature wes between
280C and 300° ¥ (the corresponding maximum hLead temperature was
between 3200 and 3750 F) with the exhaust pressure at approxi-
mately 28 inches of mercury absolute. The cooling-air pressure
drop was then maintained constant at this value while the exlaust
pressure was varied, Sufficient time was allowed at each value of
exhaust pressure for the cylinder temperatures to reach equilibrium,
The oil-in temperature was maintained at 160° +10° F,

In most cases the engine charge air was taken into the induc-
tion system directly from the atmosphere; in some cases, it was .
obtained from the "laboratory nigh-pressure air supply. The charge
air was furnished- to the carburetor at a pregsure sufficient to
give the desired inlet-manifols. pressure with full-oven engine
throttle, the carburetor-iniet pressure being controlled by means
of a butterfly valve located in the charge-air pipe between the
air-measuring orifice and the carburetor, All engine data were
cbtained with the engine throttle in full-open position.

RESULTS AND DISCUSSION

The data are presented in a manner gimilar to that of refer-
ence l; representative curves from reference 1 are included for
comparison, i

Effect of exhaust pressure on indicated power. ~ The dimen-
sionless quantity ¢ (ratio of engine indicated mean effective
pressure to engine inlet-manifold pressure) is used as a measure
of indicated power (reference 4). '

The indicated mean effective pressure (and hence ¢) is defined
to include the contributions of all four strokes of the cycle; ¢
was corrected to a constant inlet-manifold temperature of 660° R on
the agsumption that indicated power varied inversely ag the abgo-
lute inlet-~manifold temperature, The variation of the ratio ¢
with the ratio of engine exhaust pressure to inlet-manifold rres-
gure Pe/Pm for the various inlet-manifold preassures is shown in
figure 3 for constant values of engine speed, fuel-air ratio, and
spark setting, As in reference 1, the plots are independent of
inlet-manifold pressure for the range covered. The effect of speed
on ¢ is amall within the range investigated for speeds of 2200 rym
and avbove.
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Faired curves (taken from reference 1) showing the variation of
d with Dg/py Tor the engine with 40C valve overlap at & fuel-air
ratic of 0.085 are included in figure 3(b) for comparison. Although
the curves for the two engines are for slightly different gpark
settings, the differences between them may be considered as illus-
trative of the effect of the different valve overlaps. For example,
at an engine speed of 2000 rpm, increasing Pe/Pm from 0.2 to 1.6

results in a decrease in ¢ of 42 and 25 percent for the 52° and

40° valve overlaps, respectively.

Effect of eximaust pressure on brake horsepower., - The variation
of brake horsepower with pg/pp Tor various engine speeds, inlet-
manifold pressures, fuel-air ratios, and for two spark settings is
shown in figure 4, During the investigation, the carburetor-air tem-
perature varied slightly from 550° R and the brake horsepower was
corrected to 550° R on the assumption that the power varied inversely
as the square root of the abasolute carburetor-air temperature. The
inlet-manifold temperature, as shown in & later section, increases with
exhaust pressure for constant carburetor-azir temperature., The brake
horsepower shown in figure 4, which was corrected to a congtant
carburetor-air temmerature, thus incluvdes the effect of the varying
inlet-manifold temperature; whereas the curves cf ¢ in figure 3,
which were corrected to constant inlet-menifold temperature, do not.

The brake horsepower was measured with the engine throttle in
the full-open position, the carburetor being gupplied with air atv a
nregsure sufficient to give the desired pressure at the inlet mani-
fold, The variation of the ratio of inlet-manifold pressure to full-
throttle carburetor-inlet pressure Pm/Pc with engine specd is
ghown in figure 5. This faired curve, which is plotted for a
carburetor-air temperature of 550° R, is included to facilitate the
determination of p; for the various operating conditions, The
curve is accurate to about +1,5 percent for values of Pe/Pm near
1.0 and to about 2.5 percent over the renge of Pe/Pm covered..

Faired curves of brake horsepower against pe/pm, cbtained
from figure 4, are shown in figure 6 with gimiler curves (blower
gear ratio, 7.6:1) from reference 1 for geveral engine speeds at a
fuel~air ratio of 0.085 and ‘nlet-manifold pressures of 30 and
40 inches of mercury absclute.. The effect of valve overlap isg again
cvident, At an engine speed of 2000 rpm, and an inlet-menifold
pressure of 30 inches of mercury absolute, a change in Pe/Pm from

0.2 to 1.6 causes 52-and 3l-percent decreases in power for the 62°
and 40° valve overlaps, respectively.
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The effect of exhauvst pressure on engine bréke horsepowver can
be generalized by use of the dimensionless quantity a, defined as
the ratio of the brake horsepower at any value of Pe/Pm to the

‘brake horsepower at pg/py = 1.0 for the same altitude, engine
speed, inlet-manifold pressure, fuel-air ratio, and spark setting.
The variation of o« with Pe/Pm for constant engine speeds is
shown in figure 7. Each curve represents the best possible fairing
for all the data obtained at that engine speed.

Effect of exhaust pressure on charge-air flow and volumetric
efficiency. - The variation of charge-air flow W, with pe/pm
for various engine speeds, inlet-manifold pressures, fuel-air
ratios, and for two spark settings is shown in figure 8. The
charge-~air flow was corrected to a carburetor-air temperature of
550° R by the sams method as the brake horsepowsr. The figure:
shows that charge-air flow decreases with increasing pe/gn in
much the same way as power,

Faired curves of charge-air flow against pe/pm obtained
from figure 8 are shown in Tigure 9 with similar curves (blower
gear ratio, 7.6:1) from reference 1 for several engine speeds at
a fuel-air ratio of 0.085 and inlet-manifold pressures of 30 and

40 inches of mercury absolute. In general, the engine with 62°
valve overlan had a greater breathing capacity than the engine

- with 40° valve overlap when pe/pm was less than 1,0 and a smaller
. capacity when ©p./p, was greater than 1.0,

The volumetric efficiency (defined as the ratio of the vol-
ume of charge air taken into the engine per cycle at inlet-manifold
bressure and temperature to the displacement volume of the engine)

- is plotted against pe/pm for constant engine speeds in figure 10;
curves from reference 1 are included for comparison, The data
obtained with the engine with 62° overlap over the range of exhaust
pressures at the various inlet-menifold pressures, fuel-air ratios,
and at two -spark scttings are included in figure 10 and good corre-
lation of. the data is observed.

From figures 5 and 8 the auxiliary supercnarger nower required
to supvly the charge alr to the carburetor can be computed for any
altitude and engine condition. This auxiliary supercharger pover
must be subtracted from the measured brake horsepower to obtain the
actual brake horscpower because in this investigation the carburctor
air was supplied by the laboratory air system at the pressure neces-
sary to give the desired inlet-manifold pressure.
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Variation of power with charge-air flow. - The veariation of
indicated borsepower minus pumping horsepower (ihp - php), which
represents the work of only the compression and expansion strokes of
the cycle, with charge-air flow W, is shown in figure 11, Sepa-
rate plots are shown for each fuel-air ratio and spark setting, and
each plot is keyed according to engine speed. The data obtained
over the range of exhaust pressures at each inlet-manifold prossure
are included in the points shown for each engine speed. Power and
air flow were corrected to a constant inlet-manifold temperature
of 660° R.

The correlation of the data is, in general, satisfactory. The
gcatter that occurs is probably mainly due to blow-through of charge
during the valve overlap period at low exbaust pressures, to system-
atic errors in the estimation of pumning power, which was based on
a square indicator card, and to small changes in combustion and
cycle efficiency.

Effect of exhaust pressure on inlet-marnifold temperature, - The
present investigation showed that, with constant carburetor-air tem-
perature, engine speed, inlet-manifold pressure, and fuel-air ratio,
the inlet-manifold temperature tended to increase as the engine
éxhaust pressure was increagsed. This increase is illustrated 'in
figure 12 where Ty - T¢ (inlet-manifoid temperature minus
carburetor-air temperature) is plotted against Pe/Pm for constant
engine speeds and fuel-z2ir ratios at a carburetor-air temperature
of aporoximately 550° R, The plots are independent of inlet-
manifold pressure and spark setting., The increase of Tp - Tc with
pe/pm is considerably more pronounced at low than at high engine
speeds, and when the exhaust pressure is greater than about 0.8 of
the inlet-manifold pressure.

Exhaust-gas temperature., - Exhaust-gas temperature, as measured
in the unlagged exhaust collector, is plotted against Pe/Pm for
the various engine operating conditions in figure 13. The measured
temperature increased as engine speed and inlet-manifold pressure
increased and as the fuel-air ratio decreased from 0,100 to 0.0869;
the temperature stayed substantially constant as the fuel-air ratio
was further decreased to 0,063, A change in spark setting from 20°
to 350 B.T.C. resulted in a decrease in exhaust-ges temperature for
ctherwise constant conditions, as would be expected because of the
improvement in the thermal efficiency of the engine. The tempera-
ture reaches a peak value in the region of Pe/Pm near 0.8. Unpub-
lished data obtained on the engine of reference 1 indicated that,
with the collector well lagged; the exhaust-gas temperatures were
about 250° F higher -than with the unlagged collector,
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Effect of exhaust pressure on cylinder-head temperature. - The
variation of cylinder-head Egﬁrerature with exhaust pressure is.
shovn in figure 14 by plotting the quantity (T, - Tg)/(Th - Ta)i
against pe/pm for constant inlet-manifold pressures, engine speeds, -
~and fuel-air ratios. The cooling-air pressure drop across the cyl-
inder heads was very nearly constaut for each set of variable
exhaust-pressvre runs and the average values are listed in the fig-
ure, The guantity (T, - T,) is the difference betwesn the average
cylinder-head temperature and the cooling-air inlet temperature:

(Th - Ta)y 1is the corresponding value at pg/py = 1.0. The guan-
tity (Ty - Ta)/(Tp - Ty)y increases with increasing pe/p, despite
the consistent decrease in power: level shown in figure 3,

SUMMARY OF RESULTS

The results of a dynemometer-stand investigation conducted with
an engine with 62° valve overlap (R-2800-57 (C-series)) over a range
of engine spseds from 1400 to 28500 rpm, inlet-manifold pressures
from 30 to 50 inches of mercury absolute, exhaust pressures from
about 6 inches of mercury absolute to approximately 20 inches of
mercury above the inlet-manifold pressure, fuel-air ratios of 0.063,
0:.069, 0.085, and 0.100, and spark settings of 20° and 35° B,T.C.
may be summarized as follows:

1. At constant values of engine speed, inlet-manifold pressure;
carburetor-air temperature, fuel-air ratic, and cooling-air pres-
sure drop: '

(a) Engine power and charge-air flow decreased as the exhaust
pressure increased,

(b) Inlet-manifold temperature increased with exhaust pressure.,
The effect was more pronounced at low than at high engine speeds
and at exhaust pressures greater than about 0.8 of the inlet-
manifold pressure,

(c) Average cylinder-head temperature increased with exhaust
pressure,

(d) Exhaust-gas temperature reached a peak value at an exhaust
pressure of about 0,8 of the inlet-manifold pressure. In general,
the exhaust-gas temperature increased as engine speed and inlet-
manifold pressure increased and as the fuel-air ratio decreased from
0.100 to 0.089; it stayed substantially constant as the fuel-air
ratio was further reduced to 0,063,
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2. The effect of exhaust pressure on engine power and charge-
air flow was greater on the engine with 62° valve overlap than on a
similar engine with 40° valve overlap. -

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, January 2, 1947.
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Figure |. - Dynamometer stand setup for I8-cylinder, air-
cooled, radial engine with 62° valve overlap.
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