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NACA ATRCRAFT ENGINE RESEARCH LABORATOBY
MENMORANDUM REPORT o
for the
. Air'MayerieliCommaﬁd, Army Air-Forces.
CHABGEwAIR DISTRIBUTICN AMONG TEHE CYLINDERS OF
A DOUBLE-ROW RADIAL AIRCEAFT ENGINE

By Donald C. Guentert and John G. Ferkén

~

SUMMARY

v A motering investigation was made c¢n a full-scale double-row
radial aircrai't engine to determine the magnitude of charge-air
weight variations among the cylinders and the factors contributing

to these variations., Charge-air distribution patterns were obtained
from measurements of the maximum compression pressures in the individ=
ual cylinders at various operating conditions with the cylinder intake
ports open to the atmosphere and with the complete engine.-

Engine operaﬁing variables including engine speed, carburetor-
throttle angle, and volume flow had little effect on the charge-air .
distribution pattern of either row of cylinders of the complete engine.
The spread in these patterns wag found to be only slightly greater than
the spread encountered in the individual cylinder. rows with the intake
ports open to the atmosvhere. Although engine speed had little effect.
on the distribution pattern of an individual row of cylinders, it had.
a pronounced effect on the relative amount of charge air taken into
the front and the rear rows of cylinders of the complete engine.
Possibly because of resonance effects in the front-row and rear-row
intake pipes, which had different lengths, the front-row cylinders

received an average charge approximately 7% percent greater than the

average of the rear-row cylinders at an engine speed of 2000 rpm. With
an increage in speed, thig difference decreased until the front-row
cylinders received an average charge 1 percent less than that of the-
.rear-row cylinders at 2600 rpm.



2 ’ . NACA MR No. E6F27

Calculations indicated that the maximum spread in the over-all
charge-alir distribution observed in these tests would account for a
svread of about 23° F in the rear-spark-plug-gasket temperatures in
an engine operating under normal conditions at an engine speed of
2000 rym as compared with a spread of apout 60° F obtained at the
ganme speed in tests of a similar double-row radial engine equipped
with an injection impeller. Temperature spreads due to variations
in charge air among the cylinders of the front and the rear rows
taken separately were calculated to be only 10° and 5°© ¥, respectively.

]
oo INTRODUCTION

An investigation requested by the Air Materiel Command, Army Air
Forces, to improve the cooling characteristics of a double-row radial
engine has shown that a large variation exigts among the cylinder-head
temperatures of the standard engine (reference 1). Because the temper-
ature of the hottest cylinder determines the‘cdoling»air pressure drop
and the fuel enrichment required for operation within cylinder-head
temperature limitations, a large variation in individuval cylinder-head
temperatures seriously limits engine performance and fuel economy.

Factors contributing to variations in cylinder-head temperature are
nonuniform distribution of fuel and charge air to the cylinders, unequal
cooling-air distridbution, and irherent differences in the construction
of the cylinders that aifect the heat transfer through the cylinder walls.
The results of the investigation reported in reference 1 show that a
considerable improvement in mixture distribution and in cylinder-head
temperature variation can be obtained by the use of an NACA injection
impeller. A reduction in the difference of cylinder-head temperatures

" between the front and rear rows was obtained by the use of ducted head
~ baffleg, which directed cooling air to the critical-temperature regions
of the cylinders (reference 2). Even with these improvements, a varia-

tion in the cylinder-head temverature still'existed.

Accordingly, addltlonal tests were made at the NACA Cleveland
laboratory to determine the magnitude of charge—alr welght variations
among the cylinders and the factors contributing to these variastions.

A full-scale double-row radial aircraft engine was motored by a variable-
frequency electric motor and the charge-air dlstribution was determined
by. measurements of the maximum compression pressures in the 1Pd1v1dual
cylinders.

Variations in charge-air distribution among the cylinders due to
such factors as inherent differences in cylinder construction, piston
blow-by, and differences in the piston-displacement curves caused by



the anguler positicns ascumed by the master rods were fir?t dotaimined
hy mobtoring the engine at varicus sneeds with the cylinder intelre porss

onen to the atmospvhere. The charge-air QLStT-b“GiOl among tihe cyline
ders of the complete engine was then investigated throughcut a range
of carburetor-thirottle setitings and volume flows and for speeds ranging
from 1600 to 2800 rom to eveluate the effect, of the nonunifoim charge-
air distribution around the engine-stage suwercharger collector noted
in reference 3., These teats also peimitied a determination of the
effect of the difference in length of the iIntale pipes on the dlstri-
ution of charge air to the cylinders. The charge-air Cistribution
patterns are presentcd as nondimensional curves of the ratio of the
charge-air vevnu+ in & par Tﬂcula" cylinder to the average charge-alr
W>“ont in all the cylinderg »lctted egainst cylinder nimber.
3 were made to determine the apnroximabe shreads in
the cyi;“der “earnSDarﬁ—plug rasket temperaturss that could be exvected
av 1 chargs-cir dis tribution cheerved in tae motoring
tew*s. : - f
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3

tance twice ﬁhe nartow dimensicn of +the inlet dust,

N e

atic-nress A temperature measurements were taiken in each of the
cylinder intalke pires to determine the volume flow at the supercharger
cutlets., Although the actual static pTGSSJ 63 were probebly inaccurate
oving to the fluctuating flow in the in*’ke pipes, consistent values of
an average vressure wers obtainable at tht rarmoau operating noints
because of the damuing aculon of the ;ong nressure tubes, '

N

Direct measurcment of the ckﬂfgp~awr weight in eech cylinder is
difficult,, Becauvse the caa“ge~a"* weight is proportional tc the naximum
pressure in the cylinder, an indication of the charge-air weight was
obtained by mecasuring the marimum presgurve during ths compression cycls,
Inasmuch ag 1€ m um-pressure unlts weve rveguirsd, units of simnlo
construction similar $0 the dlaphragm-indicator unit described in refer-

ence 4 were used., The metlhod veed to connect the units to a common
valancing-pressure gystea and Lo an electronic indi atcor circuit is
showm in Tigure 2 The vecuum CONNEC ulon to the »nregsur i

.:‘I.‘C»(QeaQ*: nO uu.(/ -L
7 preventing movement

-
dsrd on‘* ag & means o;

TESTS
Intake norts open S0 abtmosvhere, - For the tessts with intake ports
open to the atmosphere, the inteke plpes were removed in order tha +he
cylinders could tele in air directly from th +mo spiers; pecause the
air flow con ons

1d not be measured under these co dit
wressures in the cylinders were the only alr measu
wvere made ot engine svesdz of 1600, 18850, 200C, 22
2600 rom, An unstable condition o_ the drive moto
at exactly 1800 rmn. "

8, the meximuin
renments made., Rung
<o, 2400, end )

r prevented oreration

omp*eus engine. - For the tests on the complete englne, the
intaike pipes were connected. The effect of engine speed on the charge-
air distribubion was determined Dy mobtoring-the engine at speeds of
1600, 1850, 2000, 2200, 2400, and 2600 rpn with the carburetor throttle
set in the wide-cpen position. Alr-flow, Uresvure, ané temnerature
meagurenents upstresm of the carburetor and n the intake pipes, . as
well ag the maximum cylinder pressures, were taken at each speed. At

two engine spceds, 2000 and aLOO 1;m, rung were also made at carburetor-
throtbtle settings of 50° and 40° froem the closed position to detevmine‘/
the c¢ffecy of uhu,curbcveuorwthrottle vogition on the charge-air dis-
“tribution. '
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Two runs were made at 2000 and 2400 rpm with two volume flows at
Cr ch speed to debermine if the change in velocity accompanying a change
volume flow at the supercharger inlet would cause a displacement of
nJ distortion in the charge-air distribution pattern. Because the
position of the carburetor made installation of adequate instrumen-
tation difficult, the volume flow at the supercharger inlet could nod
be determined. The volume flow at the supercharger outlets expressed
in texrms of vz/n (vhexr QZ is the volume flow at the supercharger
outlets in cu ft/sec and n is the supercharger speed in rps) was
therefore used as a parameter., The values cf G, were calculated
Ivon the total charge-air weight flow and the average density of the

karge eir in the 18 intake pipes. The value of Q /u could Dbe

varied only from approximately 0.14 to slightly more than 0.16 by
throttling at the inlet; this limited range, however, is representa-
tive of the range in actdal engine operation.

=

\0 e

Calibration of maximum-pressure units. - As a check on the opera-
tion of the maximum-pressure units, periodic calibration runs during
the tests were mads at an engine speed of 2000 rom, at wide-open car-
buretor throttle positicn (in the case of tests on the complete en glqe),
and at a cconstant carburetor upper-deck pressure. A basic charge-air
distribution pattern for operation under these conditions was estab-
ished by seven runs made with different mgx1mum-prcssure units in a
jiven cvlwncar during each run., From these data, an average charge-
2ir distribution pattern wes obbtained. A maximum spread in the pres-
ure recordéed by the seven units in any particular cylinder of about
1.9 percent of the average pressure indicates the reliability of the

nexirmm-pressure readings. The aversge spread was only 1.4 percent
Oi'thS average pressurec., Differences in running conditions may have
caused some of the spread in pressures as the seven calibrations were
made on different days. In order to compensate for differences between
units, a correction was obtained each day for every unit by comaring
vhe calibration run of that day with the average charze-alr distribu-
tion nattern. '

(]

FD G’]

[0}

RESULTS AD TS“US

Inasmichh as the charge-alr weight in a cylinder when the »niston
is at top dead center is dircctly nroportional to the meximun preg-
sure in the cylindsr, the results of all the charge-air distribution
tests are presented as nondimonsional nlots of WA, (vhere W/,
is the ratio of the charge-air weight in a particular cylinder W
to the averags v61zht in all the cylinders ¥, ) egeinst cylinder
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number. The spreed of a distribution pattern is defined as the differ-
ence between the mazimum end the minimum values of W/Wa for the cyl-
inders in that nattern.

(D
«@

’

Distribution Patterns with Intake Ports Cpen to Atmosthere

-air distribution patterns ac enpiﬂe'ﬁveeds from 1600

The cherge-a
to 2600 rpm with the intake ports open to the atmosrhere are shown in
figure 3., 1In geueral, the front-row cylinders received a smaller

charge of air than ithe rear-rcw cylinders, probably because the rear-
rov cylinders partly restricht the fliow of air into the front-row cyl-
inders vhen the intake nives ars not inshalled. ILittle ckange in the
distribution pattern was apparent with change in sneed., For the six
specds, the average spréeds in the geparate oatuerno of the front-~row
and the rear-row cylinders were an“ox imately 2§ and 4= percent,
respectively. This variation in charge air among cylinders in the
same rovw vas Jrobably dve to differences in cylinder construction, in
piston blow-dy, and in The piston-displacement curve caused by the
angular foulthons assumed by the master rods.

Distrivution Pasterns of Ccnn ate Ingine

N

- Effect of engine smeed. - The effect of engine speed on the
charge -air di“urwcub¢ow in the c“mp iete engine is shovn lr £
D

figure 4.

A carburetor-throttle angie of 6 a® (wide open) and a Qc/n of approx-
imately 0.16 were maintained during these tests. A pronounced effect
of -gneed on the difference bw“vecn the charge-alr in tne front-row
and the reax-row cylindcrs ig shown by the distridution patierns
prescented. At an engine. speed of 1800 rpa, uhu average charge-air

weight of the front-row cylinders was about 2§ percent greateér than
that of the average rear-row cylinder. This 41

Fwn

erence increesed with

&
=

.L
increasing spsed to a meximum of 7% vercent at 2000 ron and then
decreased until at 2600 rom, which was the highest spsed invesbigated,
the front-row cylinders were receiving an average charge-air weight
about 1 percent less then the average vear-rov cylinder. This phencm-
non wvag probably dune to rem effects produced by resonsnce in the

intaie »ince., Because the front-row intake qipc are z difTerent
- L L N '
length (245 in.) from the rear-row intake pipes (l in.), resonance

[ ]

docs not occur at tiie same gpeed for the twe rovs of cylinders., A
redesign of the intale nipes to make the front-row and rear-row pipes

the same length might therefore hieln cgualizc the charge-air distri-
bution hoetween the two rows of cylinders.
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Although engins gpeed had a pronounced effect on the charge-air
digtribation between the two rows of cylinders, 1t lLad 1little efect
0 the distribution nattern among cyviinders of *“he seme row. The
istribution to the rear-row cylinders was guite uniform, kaving an
average spread of about Zé pe“cant for the six suseds .investigated.
The distrivution to *the fronu -rovw cylinders, however, wes lesg unifcrm
than to the rear-vow cylinders, nav_ng an averasze spraaé of about
S percent for the six sveeds. A large part of tris spread can be
attributed to cylinder 14, vwhich was low abt all speeds. This char-
acteristic of cylinder 14 was algc fcund in the disbribution at the

AY

gupercharger-collechtor cublebts (reference 3).
& [} N

The spread in the distributicn pastern of eeach row of cylinders
with the intake poris open to the atmorpre ¢ vas cnly slightly less
than that of the complisie engire, ¥or the six s»eeds, the average
spreads in the front end the rear rows of the engine with the open

3 n .
s ports were ?~ ané 45 nercent, resvectively; whereas the srresds

PPICSRI i : 1 . s
witi ths c*mzheqe elg ine were 5 percenv and 2z percent, respacitively.
o .
Mechanicel differences emong cylinders arvaarently had as great an
eifect upon tie c Aarue alr distribution as any fiow distortion in the
supercharger section.

T™.e»

Bffect of carburetor-throttle anle, - The effect of carburetoi-

throstlie angle o the charg 3 svtion among the cylinders of the
compiete engine is shown in figure 5. Distribution navteins at
carburetor-throttie angles of 68° (vide o>er) 50O end 40° from the
cleosed nositicn and at a consbant value of /J of anproximately G.l6
are shown Tor engine gveeds of 2000 2nd 2406 rpm. The coincitence of
the patbterns shows that the carburetor-throttle angle had no effect on
the charge-air distribubtion of this particular installation,

o

¢ effect of volume {low on the charge-
ders isg shown in fisure 6. The dig-
28l

Effect of volume flow. - Th
sbribution among the cyiin 8
on patterns were obbsined at engin

o &

ribud e speeds of 2000 and 2400 rpm
with the carburetor throttle in the wide-omen position, 63%, Ths
distribution vaticorns at both specdas showsd no Qe?lqiuu change with
the limited change in QE/Q that was possible in thie range of cngine

ongrating conditions. :

Calculated cylinder-head temperature spread. - In order to deter-
mine the approximate spread in the cylinder rear-gpark-plug-gasket
temperatures that would result from the charge-air distribution spread
indicated by the tests, calculations were made based on NACA cooiing~
correlation curves for an earlier model of the double-row radial engine
(reference 5). These calculations were made with values of fuel weight
cooling-air temperature, and cooling-air pressure drop that were assumed
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equal for all the cylinders and with charge ‘air weights determined
by the charge-air distribution patterns in figure 4, At 2000 rpm,
where the charge-alr spread was greatest, the calculated over-all
rear-sparx-plug-gaskev temperature spread wag found to be 230 F;
whereas the spreads in each cylinder row were only 10° and 5° F in
the front and the rear rows, respectively. These spreads in cylinder
rear-spark-plug-gasket temperatures are considerably less than the

. over-all spread of approximately 60C° F and front-row and resxr-row
spreads of approximately 50° and 35° F, respectively, obtained in
actual operation at 1200 brake horsepower and 2000 rpm (reference 1),
- Inasmuch as a reasonably uniform distribution of fuel can be expscted
from the injection impeller used in the tests reported in refer-
ence 1, most of the temperature svread found in those tests was
apparently due to differences in cooling characteristics among the
cylinders such ag cooling-air rressure drop, cylinder-fin heat- .
transfer coefficient, and cylinder internal cooling. A similax
condition was found in cooling tests on a double-row radial engine

of 2800-cubic-inch displacement (reference 6), which pressnted cal-
culations showing that the temperature variations-remaining after
soluticn of all distribution problems, including cooling-air pressure
drop, would amount to approximately +2C° F. :

SUMMARY OF RESULTS

From tests in which a full-scale double-row radial aircraft
engine was motored in an investigation to determine the chargemair
distribution among the cylinders, the - following results were obtained:

1. Engine operating variables including speed, carburetor-throttle
angle, and volume flow had little effect on the charge-air distribution
of either the front-row or rear-row cylinders of the complete engine.

2. The spread in the charge-air distribution of either row of
cylinders with the intake ports open to the atmosphere was of the same
magnitude as the spread encountered :in.the complete engine. T?e aver-
age spreads found in the front and the rear rows were 25 and 45 percent,

-respectively, with the intake ports open to the.atmosphere and 5 and

.
Zé-percent; respectively, in the complete engine.

3. Change in engine speéd had a pronounced effect dﬁ the differn
ence in the charge-air weight received by the front and the rear rows
of the complete engine. At an englne speed of 16C0 rpm; the front-row

cylinders received an average charge-air weight about Z%fpercént greater
than the average of the rear-row cylinders. This difference increased
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to a mazimum of 7% percent at 2000 rpm and then decreased with

increasing speed until at 2600 rpm, which was the highest sneed
investigated, the front-row cylinders were receiving an average
charge-air veight about 1 percent less than the average of the

rear-row cylinders. Resonance effects .in the front-row and the
rear-row intake pipes, which were of different lengths, may be

an explunation of this phencmenon.

4. Calculations based on cooling-correlation data indicated
that the maximum chargs-zir distribution spread encountered in the
motoring tests (at an engine spsed of 2000 rpm) would acccunt for
-an over-all-spread in rear-spark-plug-gesket temperatures of
about 23° F and spreads among the front-row and the rear-row
cylinders taken separately of 10° and 5° F, respectively. Rear-
spark-plug-gasket temperatures obtained under actual operating
cenditions at the same engine speed from a similar engine equipped
with an injection impeller showed an over-all spread of about 60° F
and sorezds of about 50° apd 35° F among the front-row and the rear-
row cylinGers taken separately. Because a reascnably uniform fuel
cistribution can be expected from an injection impesller, comparison
of these data indicates that much oi' the temperature spread can be
attributed to diff'erences in cooling characteristics among the
cylinders. :

Aircraft Engine Research Laboratory,
National Advigory Committee for Aeronautics,
Cleveland, Ohic.
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Figure 2, ~ Schematic diagram of maximum-pressure—measufing system for motoring tests
of a double-row radial aircraft engine.
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Figure 3. — Effect of speed on charge—air distribution cf doubie—row radial aircraft

engine with cylinder intake ports open to the atmosphere.
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Figure 4, — Effect of speed on charge-air distribution of double-row radial aircraft

engine with full-open carburetor-throttle angie, 68°, and Qy/n of ap  ximately 0. 16.
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Figure 5. — Effect of carburetor-throttle angle on charge-air distribution of
double-row radial aircraft engine at a 02/n of ap rroximately 0.16.
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Figure 6. — Effect of volume flow on charge-air distribution of double-row radial
aircraft engine with full-open carburetor throttle, 68°.
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