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TWO RADIAL ATROCRAFT INGINES
By Sidney J, Shames and ¥Wllliam Howes

SUMMARY

Alr-consumption data from calibrations of two radial alrcraft
engines were ansiyzed to show the relation of engine alr consumption
to its primary influencing factors: intake-maniiold pressure, ex~
haust back pressure, intake-manifold temperature, and englne speed.

The analysis of the test data from these two englnes led to
the establishment of a relation of variables upon which the deslign
of automatic metering controls can be based. The results of this
analysis also substantiate the conclusions presented in a similar
published report. The data from one engilne indicate that the alr-
consumption correlation obtalned for this englne is accurate within
+ 2 percent except under certain conditions that are well outside
current engine-operation limits. This analysis and previous work
done on other engines indicate that engines of the same general de-
sign tond to have elmilar pressure paremeters. Investigations of
each design of engine muat be conducted, however, to make an accurate
determination of the parameters affecting alr consumption and the
relation between them.

INTRODUCTION

At the request of the Air Technical Service Command, Army Air
Yorces, engine air~consumption data are heilng analyzed at the NACA
Cleveland laboratory to show the correlation betweem the predom-
inating variables that influence alr flow and the manner irn which
these variables may be used as a basis for the detign of automatio
metering controls for alrcraft englnes.
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Analyses of the alr-consumption parameters for a XR-3350-4
engine and a B~2600-8 englne are presented in reference 1. The
analysis presented herein, which is an extemsion of the evaluation
of alr-consumption parameters for automatic meterlng controls, has
been made with data from engine A (B~2800-5) and engine B (_m-lsao—ua) .

From the data of englne A a more deteiled analysis of any
limitatione of the type of correlation presented hereln was possible,
inasmuch as the tests were specifically condusted for the effect of
exhaust back pressure on engine performance and thus covered operation
with e wlder range of exhaust back pressures than were previocusly
available., The limiting conditions are cunsidered and eveluated.

The data for the analysis of engine A were obtained from NACA
tests; the data from engine B were obtalned from tests conducted at
the Naval Alr Material Centeor, Naval Alr Experimental Station., Both
of these engines are of the carburetor type.

METHOD OF ANALYSIS
Tho analysis presented herein has been made in a manner similar
to the analysls of reference 1 in that only the following predom-
inating factors that influence englne alr consumption are considered:
(1) inteke-manifold pressure, (2) exhaust back pressure, (3) intake-
manifold temperature, and (4) engine speocd. 4lthough the method of
enalysis and the results presented are very similar to those of ref-

erence 1, several addltional graphs are presemnted in order to show
the resulte more clearly.

The followlng symbols are used in the analysis:

Pm 1ntake-manifold pressure measured at supercharger-ceese rim,
inches of mercury absolute

Pe exhaust back pressure, inches of mercury ebsolute

tm 1intake-manifold temperature, OF '
N engine speed, rpm

| engine alr consumption, pounds per cycle

K, speed factor (doviation of alr flow from reference speed)
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ANALYSIS .AJSID-BESULTS
Pa.ra.matera :E‘or Engine .A.

B.esults of the a.na.lysis of the data obtalned from tests of
engine A (2~2800~5) are presented in figures 1 to 5. This 1l8-cylinder
engine has a bore of 5.75 inches, a stroke of 6.00 inches, a valve
overlap of 409, and a compression ratlo of 6.05. The test work from
wvhich these data were obtained was so conducted as to control intake-
manifold pressure, exhaust back pressure, and carburetor-alr tempera~
ture. Under these conditions of operation, intalke-manifold tempera~
ture varied considerably; therefore a correction to some reference
temperature was necessary in order to correlate the data for the
individual effects of intalke~manifold oressure, exhaust back pressure,
and engine sveed. From the available data, curves of alr flow were
plotted against intake-manifold temperature at eilght different con-
stant conditions of aspeed, intake~manirold pressure, and exhaust back
pressure. (See fig. 1). ILinear curves of the same slope could be
drawn throush each set of deta points in figure 1. The meximum
deviation from the data polnts was less than 2 percent and, in most
of the cases, leass than 1 percent. The value determined for this
slope was 0.00017 pound ver cycle per °F. With this value the data
were then corrected to a reference temmerature of 1500 F,

The variation of air flow with intake~manifold pressure at various
exhaust back pressures and five constant speeds is shown in figure 2.
Because it was desired to obtain a simple relation between the varlables,
linear curves of the same slope were drawn on each of the plots at
exhaust back pressures of 10, 20, 30, 40, and 50 inches of mercury
absolute. With the exception of certain vointe, which will be discussed
later, those curves follow the data points relatively well. Because
the linear curves in figure 2 can be drawn to the same elope, the change
in air flow ver inch change in intake-~manlifold pressure 1s the same for
all speeds and exhsust back pressures. IExamination of figure 2 shows
that the spacing between each of the exhaust-back-pressure curves for
each engine spocod 1s equal but that the amount of this spacing decreases
with an increcase in engine speed; thls decrease indicates that the
change 1n engine air flow per inch change in exheust back pressure de—
creases slightly with increesing engine speeds. This effect has beon
noglocted because the error ao introduced in the air-consumotion
correlation 1s only about 0.5 percent. A more detailed analysis of tha
effect of engine speed on the change in air flow with a change in ex~
haust back tressure is givon in the sppendix.
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Tho following equation, which is obtained from figure 2(c),
renresents the alr consumption at an engine speed of 2000 rpm and
an intake~manifold temperature of 150° F':

¥/ 2000 I.P,,D = 0.000336 (11 pp ~ pg) =~ 0.0047 (1)
\150° ¥ :

Although equation (1) is corroct at all speeds with regard to
slope, it roquires a correction for the relatlve location of the
various curves at the difforent spmeeds befors it can be applied to
speeds other than 2000 rpm. ¥Figure 3, vhich is a replot of figure 2
at an exhaust back pressure of 30 inches of mercury sbsolute, was
plottod to obtein this correction. A croass vlot of figure 3, which
1s given in figure 4, indicates the required speed correction. In-
asmich as this correction is 1ndeperdent of intake~manifold and ex-
haust back pressures, the ordinate in flgure 4 has been written as
the deviation of alr flow from the alr flow at 2000 rpm.

Whon the temperature—-correction factor and tho speed correction
are incorporated in esquation (1). the following alr—consumption
rolation is obtaired for engine A at any intake-manifold prossure,
exhaust back ressure, intake-manifold temperature, and engine speod:

W = 0.000336 (11 om ~ pe) +0.00017 (150 - tm) +XKn ~ C.00L4T (2)

The speed factor Kn 1in equation (2) is the ordinate in figure
4 for the particular speed at which the air consumption is desired.

The correlation between thr actual engine air consumption and
that computod from oquation (2) is shown in figure 5. Figure 5(a)
ghowa the correlation for oxhaust back pressures from 28 to 32 inches
of mercury absoluto; figure 5(b) for exhaust back wressures from 7 to
28 inches of mercury absolute; and flgure 5(c) for exhaust back
pressures from 32 to 65 inches of mercury absolute. With the excep—
tion of some vpoints at very low exhaust back nressures and some at
very hLigh exhaust back pressures, the computed and actual air flows
aro within +2 porcent. The points at low exhaust back pressures occur
at englne speeds of 1800 rpm and bvelow and at intake-menifold pros—-
sures greater than 4O inchos of mercury absolute; the points at high
exhaust back pressures occur when the ratio of intake-manifold pros~
sure to exhoust back prossure is less than aporoximately O.7. Sose
figs. 5(b) and 5(c).) Inasmuch as both of these conditions are out~
slde the present engine operatlng range, they are not considered to
1limit the application of the correlation.
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Parameters for Bngine B

-~ --.The.test work, the method of analysis, and the results of the
anelyeies of the data from the nine-cylinder englne B (XB-1820-U2)

are similar to those in reference 1 and are presented in filgures 6

to 10. PEngine B has a bore of 6.125 inches, a stroke of 6.875 inches,
a valve overlap of 40°, and a cormpression ratio of 6.7. A reference
temperature of 100° F was used rather than 150° F as in the englne'd
analysis inasmach as it corresponded closer to the memn 1nteke manifold
tamperature for the entire series of englne B tests.

The elr conaﬁmption of engine B 'at any operating conditlons can
be calculated from the following equation:

¥ = 0.000525 (5.33 pp ~ Pe) +0.000125 (100 ~ ty) + K, +0.0044 (3)

The speed factor Kp 1n equation (3) is plotted in figure 9.
Figure 10 shows the correlation between the actual alr flow and the ailr
flow computed from equation (2) for both sea~level and altitude condi~
tions. Although the accuracy of the correlation between the computed
and actual elr flows at sea level is about 2 psrcent, the dlfference
in computed and actual gir flow under altitude conditions is approxi-
mately U4 percent.

Because so few data were mvailable, 1t was not possible to deter-
mine the limiting conditions for enmgine B that were obtained for englne
A.

DISCUSSION OF RESULTS

The better correlation ohtained for the data from tests of englne
A as compared with that obtained from the data of engine B 1s believed
to be due to the variation in test methods used. The teste of englne A
wore spocifically conducted to obtein the information required in this
analysls and precauntions were therefore taken to emsurc that the test
conditions were maintained and were thoese recorded. In addition, any
questionable data were repeated and inconsistenclies were thus further
eliminated. The englne B data, on the other hand, were obtained from
standard Navy celibration tests in which no special precautions such
as the foregolng were takan. Furthermore, the purpose of the engine B
tests was to determine operation of the power plant under present
operating conditions. The tests were therefore not made over as wlde
a range of conditions as the engine A tests, Although thls factor
prohibited determining whether the ﬂ:h—percent spread in the correlation
was caused by any limiting conditions, 1t is more likely that the spread
resulted from the test method used. The precautions teken in the engine
A tests seem to be necessary in order to obtaln reliable data for an
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eir-consumption anelyeis. Correlations as satisfactory as those ob-
talned for engine A could probebly be obtalned for any englne i1f the
teat conditlons were as well controlled,

As stated in referemce 1, any difference in pressure parameters
between engines 1s believed to be caused by the difference in design
of the cylinders and of the inteke and exhaust systems, This state-
ment is further substantiated by the similarity of the pressure pare-
meters that have been computed for the XR-1820-42 (engine B),. the
R~2600-8 engine (reference 1), and XR-3350-4 englne (reference 1),
which are engines of very simllar construction, and the marked dif-
ference between these parameters and those obtalned for. the R-2800-5
engine, (engine A) which is of a different construction, The limita-
tions of the avallable data do not permit a satlsfactory analyels of
the design features that exert the greatest influence.

Although the temperature correction is considered lndependent of
the alr flow per cycle, it 1s actually an average for the range of alr
flows that the particular engine handles. Inasmuch as engines of
greater displacement consume greater quentlties of alr per cycle, the
correctlon factor should increase with cylinder Aisplacement. This
trend 18 substantiated 1n the temperature-correction factors that have
been determined for the engines analyszed.

SUMMARY OF RESULTS

The followlng results were obtained from an analysis of alr-
consumption data from tests of engine A (R-2800-5) and engine B
(XR-1820-U42):

1, The results of the analyels substantiate previous work in
that equations were obtailned which relate lntaske~mnnifold pressure,
exhaust back pressure, inteke-manifold temperature, and engine speed
to, englne air consumption and which cen be used as the design basis
for automatic metering controls.

2. The accuracy of the equation for engine A is within +2 per-
cent over the present englne operating range; indications are that
silnilar accuracy can be obtained for any engine if careful techniques
are used to obtain the alr-consumption data.

3. Although englnes of the same genersl design tend to have simi..
lar pressure parameters, individual calibration tests are necessary for
each design.

dircraft Hogine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 21, 1945,
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APPENDIX - EFFEOT OF ENGINB SPEED ONF THE
EXIUST-PACK--PRESSURD CORRBUTION

'.L’h.e nagnitude of the error in englne alr consumption in equation
(2) caunzed by neglecting the chenge in the effect of exhaust back
pressure with changes i1n engire speed is consldered herein.

Inasmuch as-equabtion (2) was calculated from figure 2(c), any
alr-consumrntion calculation at an engins speed of 2000 rpm will be that
indicetel on figure 2(c). TFor example, at an intake-manifold pressure
of 34 inches of mercury absolute, an exhsust back pressure of 30 inches
of mercury absolute, and an infcke-monifold temperature of 1500 ¥,
figure 2{c) indicates an air flow of 0.1109 pound per oycle. This same
value is cbtained with eguation (2). Similarily, eny calculation at any
other manifold conditions at an englne spesed of 2000 rpm wili correspond
to that indicated on figure Z(c).

Furthsrmere, inasmuch es the speed correction K, corracts condli-
tions a% an exhavst buck pressure of 30 inclhies of mercury absolute, any
al>.corsumptlion caleulation at any swesd gnd intake-manifold éondition
at an exhaunst back presmre of 30 incheue of mercury absolute will also
correspound to thet indlceted by figure 2.

The discrepancy occurs in celculating the alr flow at any speed
other than 2000 rpm with ezhaust back prsssures other than 30 inches of
mercury atsolute. TFor insiance, tko mir flow calculated from egquation
(2) at an inteke-manifcld prasstre of 3l inches of mercury absciute, an -
exhaust back pressurs of IO :aches of mercury absolute, an iniske-
manivaié temperature of 1500 F, and an ougzine speed of 2400 rpm is
001195 pound per cycle; whereas Ffigurs 2(z) indicales that it is 0.1187
pound per cycle. The 3ifference betwoen these wvmluea is 0.E7 percent.
At the same lutake-manifyid ccndition and engine specd but at an ex—
hauet back pressure of 20 inches of wercury absolute, the alr congumption
calculated from equation {) 1s 0,1161 pound per cycle whereas figure
2 shows tnat it 1s 0.1158 pcund per cycie. Ths difference in this case
18 0.26 percent. The error at an intake-manifcld pressure of 45 inches
of mercury absoluto, an exhsust back pressure of 10 =uches of mersury
absolute, an intebs-manifclé temperature of 1500 ¥, and an engine speed
of 2400 rpm is found to be 0.56 percent.
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In a simllar manner; the error may be calculated at other englne
operating conditions. The maximum error incurred in the englne
operating range 1s O.7 percent end occurs at low intake-manifold
pressures when the elr flow 1s very low.
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