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engines
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The cooling characteristics of three R-1830-94 engines, two of which were mounted in a

test astand and the other in a B-24D bomber, were investigated at variable cooling=-air

pressure drop, carburetor-air flow, and fuel/air ratio. The test results of all engines
vere then compared with sach other and with predicted cooling data.

It was found that
wveder siallar power and oooling conditions the averags rear-spark-plug-boss temperatures
1}"ained by the engines differed by a maximum of 49°F and 16°F at tako-off and respectively

rated crulsing powers, and that the cylinder teamperatures in the flight-tested engine were
dninally higher than those in the test-stand engines.
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NATIONAL ADVISCRY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

for the

SRITEAN

Alr Meteriel Commend, Army Air Forces

" PLIGHT AND TEST-STAND INVESTIGATION OF HIGH-PERFORMANCE

FUELS I R-1830-94 ENGINES
‘. " IV - COMPARISON OF COOLING CHARACTERISTICS OF
' FLIGHT AND TEST-STAND ENGINES

By Marcel Dendois and Milton Werner

SUMMARY

. The cooling characteristics of three R-1830-94 engines, two of
‘which were mounted in a test stand and the other in a B-24D airplans,
" were investigated and the results were compared. The flight tests
were made at a pressure altitude of 7000 Teet; the test-stand runs
were made at ground-level atmospheric conditions. Three cooling
runs were made for each engine: variable cooling-alr pressure drop,
variable carburetor-air flow, and variable fuel-air ratio.

Cooling-prediction calculations applied to two test-stand and
one flight R-1830-94 engines, equipped with the same instrumentation,
4ndicated that the differences in predicted maximum and average
eylinder temperature between any two engines were meinly caused by
internal engine conditions. The maximum calculated temperature
difference at take-off power was 49° F and occurred between the
flight engline and one test-stand engine for the cylinder heads. At

recamended crulse power, the maximum difference between any two
- engines was 16° F.

Actual cylinder tomperatures of thoe three engines at nearly
the same operating conditions of charge-air flow, fuel-ailr ratio,
and cooling-air pressure drop parallelod predicted temperatures for
the same conditions. This result was found to be true for a limited
periocd of engine rumning time, this period coinciding with the time
during which the cooling-corrolation data were taken.
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INTRODUCTION

An investigation is being conducted at the NACA Cleveland labo=-
atory at the request of the Alr Materiol Comwmand, Army Air Forcos,
7ith three R-1820-94 englines, one installed in a nacelie of a
stendord B-24D airplene and two on test stands, to correlato the
knock-linited performence of these engines end to eveluaste triptanec
as a component of aviation fuels in typical aircraft engines,

The corrsleticn of Iknock-limited performence is dopendent upon
cylinder temperatures end ccoling limitations. The cooling charac-
teristics of the flight engine were revorted in referonce 1 ( poxrt I
of this serios of renoris), which presents the results of high-
pexrformance fuel tests in R-13830- 34 engines. A ccoparison of fuel
knock linmits and engine cooling limits is presentod in refersnce 2
(part IT). A comperison of 335-R snd triptans~blendied fuels is pre-
gented in reforence 3 (pert IIT).

The present report gives a cocling correlaticn for comparing
cylinler tewpsratures, cooling air pressure drops across the cyl-
inde»s, end carburctor-air flows of K-1830-S4 englires in flight end

in teet.stanl oporaticn, and is arslcgous to reifercnce 4, which
presents e comperieon of flight end test-stand R-1830-20C engianes.

EQUIPVLIT AND ILNSTRUMENTATICHN

Engine cpecifications. - The tests were conducted on R-1A350-94
engines (flight, wfr, No. P-14C776; test stand 1 srd 2, wir,

Kos. P~136€%% and P-140787; ret wectlvoly). All throe enqlaca had
beon overhaunied after vorying neriocds of oporation. Each enginae
was equipped with & two-speed supercharger (low goer »avio, 7.15:1;
high gear ratio, 8.47:1), en 1ll1. 3-1nch-6.ia:'~rd-.-3r Lrpaller, and &
Bendix-~Stromters PD-12F7 cavburetor with fi injection at the
impeller through spinner nczazlea, A norm .l. spark advance setting
of 25° B.7.C. was used throughout tho towmtis.

Ingine installaticng. = Tho flight epgine was mounted in tho
left irboard nacciis of a B-24D ajirplsae {4.C. No, 42-402237: tho
other three engzinss in the wir.lane verse of the standerd R-~1830-43
type. A converniional cowling, en exiavst manifeld system with
turbosuperclavrger, and a card arctor-air ducting with intercooler
were incovporated in the inetellation for the flight tests.

Tre test-astand engines ware coonled LY drawing air at ground.-
ievol ctmosphexic comdivions aciocs the engines witu an ethaistar
fen., A C--47A cowling was mounted on these enginzs. The covl flana
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were renmoved to permit individual exhanst stacks to be led out
radially belhind the cowling. Carburetor air at ground-level condi-
tions was furnished to the test engines through a variable-speed
blower, a heat exchanger, and a 20-inch-diameter pipe.

Ingine instrumentation. - The location of all thermocouples
end cooling-air pressure tubes is completely described in refer-
ence 1. The instrumentation for the flight and test-stand engilnes
wos similar except for the absence of rear-sperk-plug-gasket
thexrmocouples on the test-stand engines.

el flows were measured by a deflecting-vane-type fuel flow-
weter in flight and by rotameters on the test stands. In flight,
air-flov measurements were obtained from the observed uncompensated
carburetor-metering ypressure and converted to air flows by means of
carburetor calibrations. On the test-stand installetion, air flows
were cbtained by a 6-inch-diameter orifice installed in the
carburetor-air duct according to A.S.M.E. specifications.

PROCEDURE

The method used in correlating the cooling data was that devel-

ored by Pinkel and presented in reference S. The general procedure,
the method of calculating all associated secondary data, and a
semple calculation are presented mnd explained in reference 4.

Three series of runs (variable carburetor-air flow, variable
cooling-air pressure drop, end variable fuel-air ratio) were made
at an engire speed of 2250 rpm in low surpercharger gear ratio at a
spark advance of 25° B.T.C. Flight tests were made at a pressure
altitude cof 7000 feet; test-stand runs were made at ground-level

atmospheric conditiona.
Symbcls
he following symbols are used in the cooling correlation:
N engine speed, rrn
n,m,K constants derived from cooling data
T average engine temperature, cylinder heads or barrels, oy

A cooling-air stegnation temperature, °F
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cerburetor inlet-air tempersture, °F
mean effective gas temperature, cylinder heads or bearrels, >

meen effective gas temperaturo based on menifold temperature
of 0° F, cylinder heads or barrels, °F

charge-air flow; pounds per hour/1000
average cooling-air pressure drop, inches of water

ratio of cooling-air stagnetion density at front of engine to
HACA standard density at sea level

Cooling-Correletion Equations

The constants n and m were obtained by means of the method

outlined innymferences 1l and 4, and the function Tg - g wes plotted
agalinst W;AM « A direct comparison of the lines for each engine
on the sapme logarithmic grid is misleading because variations in
exponents n/m cause differences in the value of the abscissa scales
of each engine., For this reeson the curves were plotted on separate
logaritimic grids for each engine (fig. 1). Any comparison of
engine-cooling variables that makes use of these curves must be
arrived at by substituting specific values of the variasbles in the
functions, expressed by the ordinate and eabscissa scales, and by
determining changes in W,, o04p, &and T caused by the different
curves of eech engire.

The cooling variables may be analyticalily calculated by solving
the equations defining these curves. The working equetion is
usually given in the form

n
T - Ty A
=

T. -7

g-"T (osp)™

For ease of comparison of the variables, the constants for each
engine ere preesnted:
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. X n n n/m
'Cylinder heeds
= Flight engine 0.270 0.683 0,320 2,134
- . Test-gtand engine 1 ,274 576 305 1,890
Test-stand engine 2 ,280 ,594 .303 1,960

Cylinder barrels :
Flight engine 0.505 0,742 0.567 1.309
Test-stand engine 1 .3685 689 .469 1,470
Test-stand engine 2 .,490 566 .446 1,270

The constant n determines the degree of effect that charge=-
. T e
. @alr flow has on the function ,I,-——% and hence on cylinder tempera-
. g -

tures. This effect is seen to vary as much as 16 percent at the
" .. oylinder heads and 24 percent at the cylinder barrols between any

two engines, which indicates differences in internal engine condi-
tions.

The constg.nt Tm determines the degree of effect of cAp on
the function = ; « A variation of 5 percent at the cylinder
"+, heads between any two engines indicates & very uniform effect of
: cooling air upon average cylinder-head temperatures. At the cyle
inder barrels this difference increases to 21 percent, which indi=-
cates less uniformity of cylinder-barrel cooling between any two
engines,

A comparlson of the values of the constant K, or ordinate
intercept of the correlation curves, is meaningless when different
abscissas are used. When an average value of the exponent n/m for
all three engines is used in plotting the correlation lines as in
figure 2, however, a common abscissa is obtained and the intercept K
becomes a measure of the relative position of the lines in the normal
operating range of the engines (the cylinder-barrel curves tend to
cross each other at extremely low powcrs). The values of K taken
from figure 2 are: '

Engine Heads DBarrels
Flight 0.295 0,497

Test stand 1 .265  ,419
.. Test stand 2 - ,275  .466
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This method of plotting the correlation lines (fig. 2) affords
direct visual compariscn of the curves of each engine. The relative
cylinder-temperature levels of the engines for constant power and
cooling is apparent by inspection. The slopes indicate the degree
of rate oi cihange of cylinder temperature with power and with OCAp.
The curves of figure 2, however, should not be used for calculating
gspecific values cf W,, oAp, or T because of the error intro-

duced in averaging the exponents but should serve for direct visual
comnarison,.
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Calculation of Mean Effective Gas Temperature

~  The experimental data initially used for calculating corre-
lation equations, namely, the data at variable oAp and variable
W.y were taken at a constant fuel-air ratio of 0.08, A value of
'I'go of 1086° F for cylinder heads and 536° F for cylinder barrels

was assumed at this fuel-air ratio and at a reference manifold tem~
perature of 0° F, These values were used in the ccuputations of
the correlation equeticns, as in references 1 and 4.

A curve of T plotted against fuel-air retio is useful in

cooling predictions at fuel-air ratios other than 0,08, The data
points for this curve (fig. 3(a)) were obtained by applying the
correlation equations to widely varied test data for each engine
under knocking and nonknocking conditions using 23-R, triptane-
blend, and xylidine-blend fuels, These data fall within the same
band of scatter irrespective of which engine was used and a curve
faired through these points (f£iz, 3(b)) passes througa the originally
assumed values of '.I.‘e_0 at a fuel-air ratio of 0,08. The signifi-

cance of this curve is that, if such widely unrclated data show a
relatively constent veriation of Tﬁo with fuel-alr ratio, it may

be considored ussmble for cooling-correlation calculations on any
R-1830-94 cenginc.

Temperature Conversions

In order to use the engine cooling specifications involving
mexirum allowable engine temperatures in the correletion equations,
which were based on average cylinder temperatures, the reletion
between average and maximum crlinder temperatures must bo known,
Average rear-spark-nlug-boss temperesture is plotted against maximum
rear-spark-plug-boss temperature for each engine in figure 4., For

BESTAIL




- " NACA BM No. E6I12

all three engines the deviations of maximum boss temmeratures from
the average tend to increase with increasing temperature; for the
flight engine, however, this increase in deviation is less pro-
nounced. Conversions of rcar-spark-plug-gasket temperature are
presented in figure 5 for only the flight engine because no gasket
thermocouples were installed on the test-stand engines; this

curve, however, was considered suitable for test-stand calculaticns
involving gasket-temperature conversions.

Average cylinder-barrel temperatures plotted against maximum
cylinder-barrel temperatures as measured by rear-middle-barrel
thermocounles and rear-hold-down-flenge thermocouples are pre-
sented in figures 6 and 7, respectively. In figure 6 the maximum
middle-barrel temperatures show more nearly & constant difference
from the average throughout the tewperature range than cylinder-head
temperatures; this difference is greatest for the flight engine, In
figure 7, the deviation of maxirmm reer-hold-down-flange temperatures
from tho average increase with increasing temperature for the flight
engine and test-stand engine 1 and are more nearly constant for
test~stand engine 2. The conveisions of rear-hcld-down-flange tem=
perature (fig. 7) show the least agreement of all maximum-to-average
conversions presented in figures 4 to 7. This lack of agreement
may be caused by the rear-hold-down-flange thermocouples partly
reflecting cylinder-barrel temperatures and partly reflecting crank-
case temporatures, which are primarily dependent on oil flow,

The relation between average rear-spark-plug-boss and average
rear-spari-plug-gasket temperatures are shown in figure 8 for only
the flight-engine data because of the absence of spark-nlug-gasket
thermocouples on the test-stand engines. This conversion (fig. 8),
used in conjunction with that shown in figure I, permits maximum

) rear-gpark-plug-gasket temperatures to be converted to average rear-

spark-plug-boss temperatures, or permits cooling-correlation calcu-
lations to be based on the manufacturer's specified maximum temper-
ature limits (reference 6), which are given in terms of rear-spark-
plug-gasket temperatures.

Average rear-middle-barrel temperature plotted ageinst average
year-hold-down-flange temperature for the three engines is shown in
figure 9 at three renregentative values of cooling-air ¢Ap. Because
individval curves for each engine at each ¢gAp were fairly close
together, an average oi the thrve engines at each oAp is presented
in figure 9 for clarity. The differonce in oAp effect i3 caused
by tho difference in location of the rear-middle-barrel and the rear=
hold~-down-flange thermocouples on the cylinder,

I S TN ”
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T Comparison Calculations .

Based on the cooling-correlation equations of each engine, cal-
‘.culations were made tc isolate and to compere for each engine the
© three main variables affecting cooling; nawmely, the carburetor-air
flow W,, the cylinder-head and cylinder-barrel cooling-alr pressure
drop cAp, and tie cylinder-llead and cylinder-barrel temperature T.
These calculations were made for four snecified engine operating
conditions: take-off{ nower, 100-nercent normal rated power, maximum
cruise power (67-vercent normal rated power), and menufacturer's
recamnended criise power (44-percent normal rated power).

The engine conditions at each of the four powers are listed in
table I. Part A lists the mammfacturer's specified conditions (ref-
erence 6). These conditions include engine sneed, manifold pressure,
dbrake Lorsenower, mixture-control setting, and limiting cylinder tem-
pexatures at low supercharger gear ratio.

The four important narsmeters required to make the comparison
calculetions are listed in mart B. The methods used in obtaining
these paremeters arve:

(1) Carburetor-air flow corresponding to the manifold pressures

and brake horsepowers given Iin part A were estimated from test-engine
data and reference 7.

(2) Fuel-air ratios corresnonding to the carburetor-air flows
were obtained fiom flow-vench tests of a Bendix-Stromberg FD-12I7

- carburetor, coadvcted by Bendix Products Division of Bendix Aviation
Corporation.

(3) Available cylinder-head and cylinder-berrel cooling-air pres-
sure drops were obtained as follows: The Indiceted airspeed of the
airvlane rlying at an altitude of 7000 feet was determined for normel
rated, maximur: cruise, and rccommended cruise powers. These values
wore takon fiom B-24D cruising control charts (refcrence 8), At
take-off nowcr with all four cengincs cperating at the same conditions
and & gross woight of 50,000 pounds, en indicated eirsnced of
130 milecs por hour was assumed. These values of airsncod were con-
voerted to airplane impact pressurcs, which in turn werc convertod to
cylinder-head and cylinder-barrcl sressure &rops by means of fiight
data taken at various cowl-fla) opcnings. A final muitiplication by
the density corruction factor O gave the OAp values listed in
" table I.
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(4) Average rear-spark-plug-boss and average rear-middle-barrel
‘temveratures corresponding to the specified maximum temperatures in
part A, teble I, were obtained from figures S to 9.

In addition to the valves listed in table I, the following ailr
.temperatures were assumed: at take-off power cooling-air and
carburetor-air temperatures, 100° F; at all other powers cooling-air
and carburetor-air temperatures, 60° F,

The results of the following three sets of calculations at each
" of the four specified engine operating conditions given in table I
are listed in the respective parts of table II.

A. Calculation of average and maximum rear-spark-plug-boss,
maximun rear-spark-plug-gasket, average and maximum rear-middle-barrel,
and meximvm rear-flange temperatures obtained when maintalning
carburstor-air flows end cylinder-head and cylinder-barrel cool:l.ng-
air oAp snecified.

B. Calculation of cylinder-head and cylinder-barrel  cAp, which
were necessary to maintain maximum specified cylinder-head and

cylinder-barrel temperature limits with the specified carburetor-air
flows.

C. Calculation of carburetor-air flows and corresponding brake
horsepowers, which were obtained when maintaining a cylinder-head and
cylinder-barrel cooling-air o©Ap and maximum specified cylinder-
head and cylinder-barrel temperatures,

Basing calculations A and B on a constant carburetor-air flow
for all sngines introduces an error, lnasmuch as brake-specific-air-
flow data indicate that the flight engine air flow was about 5 percent
higaer then that of the test-stend engines fcr a glven power level.
This discrepancy may be due either to 1nternal engilne differences or
errors in carburetor alr-flow calibrations,

RESULTS OF COMPARISON CALCULATIONS

: A comparison of the results of each calculation ehows tha.t, at

: 'balm-off power only, all three ongines exceed the manufacturer's
specified cylinder-hoad and barrel tomperature limits given in refer-
ernce 6. The high take-off tcmperaturcs obtecined from coollng pre-
dictions based on correlation calculatlons, however, are those that
would be attained if the assumed engine power and cooling conditions

" b ¢
g oty
,.




'_1'50  - f\ESi““\'TE“ ' NACA R No, E6IL2

were to be continued until temperatures stabilized. This state was
never reeched in actual B-24D tests because the airplane spoed,
assumed constent in the calculations, increased with time and the

" engline power was cecreased to standard climb conditions a few minutes
after take-off. Furthermore, & severe air temperature (100° F) was
chosen for the cooling calculations,

The greatest differences in temperature, cooling-air pressure
drops, and charge-air flows occur at teke-off power. At this power
the aversge rear-spark-nlugs-boss temperature of the flight engine is
33° F higher tlan that of test-stand engine 2, which is 16° F higher
than that of test-stand engine 1; the maximm difference in average
rvear-svark-plug-boss temrerature is therefore 49° F, or a decrease of
9.3 percent fiom the highest temperature. At lower powers the sequence
remains the same bui the temperature differences decresse. For exsmple,
at recommonded cruise nower the averago rear-spark-plug-boss temperas-
ture of the flight engine 1s 7° F higher than that of test-stand
engine 2, which is 8° F highor then that of test-stend engine 1l; the
maximum difforence is therefore 15° F, or a decrease of 4.7 percent
from the highost temperature.

It is ovident from the relative position of the lines in fig-
ure 2 that the flight engine runs slightly hotter than test-stand
engine 2, which runs hottor than test-stand engine 1. Tho cooling-
air nreasuro drops necossary to meintain englne operation at the
temporature limits statod in teble I differ by as much as 47 porcent
betweon any two onglnes at take-off power and by 31 percent at
recamicnied cruiso nower. Tho carburctor-air flows and the corre-
sponding breko horsepcwers atteinabic, 1f limiting temperatures and
cooling-air prossurc drops ¢f table I arc uaintained, diffcr botween
any two cnglnos by e maximum of 25 percont at teko-off power and a
maximm of 21 nercont at rccommonded cruiso powor.

The preccding cbsorvetions indicete thet thoe cooling charactere
istics of R-1350-94 enginos, when mountcd in the particular test-
atand ingtaliation uscd in theso investigetions, are an uncortain
Indication of the cooling charactoristics of similar engines obteinod
in flight. Tho engino toimporaturcs in flight can bo predicted from
tho presont tost-stand ongzino date within 10° to 50° F, deponding on
tho »vower conditicn., This lack of agruomont in cooling of the ongines
1s probebly ceuwsod by discrevancics in carburetor esir-£low moesuromonts
and intornal ongino conditions and might bo groatly improved if the
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engines were in the same condition with respect to ring wear, spark-
plug conditions, end carbon deposits, end if infallible air-flow
measurements were avalilable in flight,

Installetion differences between flight and test-stand engines
such as cooling-air control, cowling design, and exheust piping
probably contribute to a smaller extent to the disagreement between
flight and test-stand c¢ylinder temperatures.

The actual cylinder-temperature differences of the three engines,
taken at as nearly the same conditions of cerburetor-eir flow, fuel-
air ratio, and cooling-air pressure drop as could be found smong the
various date, were the same as the predicted temperature differences
for date taken at about the same time as the cooling-correlation
data, At other times during the test period of the engines, the
measured cylinder-temperature differences bore much less relation to
the predicted temperature differences. Each engine was subJected to
at least one overhaul during its testing period, which further indl-
cates that normal changes in internal engine conditions during the
testing period affect internal cooling characteristics and the relation
of internal temperatures to extermal cooling.

SUMMARY OF RESULTS

._ Cooling predictions and a comparison of cooling characteristics
_of two test-stand and one flight R-1830-94 engines, equipped with
the same instrumentation, showed the following results:

1, Under similar power end cooling coniitions the average rear=
spark-plug-boss terpesratures attained on the three test engines
differed by e maximum of 49° F at take-off power and by a maximum
of 16° F at recommended cruise power (44-percent normal rated power).
The oylinder temperatures of the flight engine were usually higher
than those of one test-stand ongine, which were higher than those of
the ‘other tost-stand enginc under similar power and cooiing conditions,

2. From an annlysis of the cooling-correlation constants, tho
differencos In tcmmeraturc level werce most likely caused by intermal
enginc difforences, although diffcoront methods of measuring carburotor-
alir flow may also havo contridbutcd,

3. Differencos in cooling-air control, cowlings, and exhaust
piping betwoun flight and toste-stend engincs had littlo offect on
cylindor-tomporaturo disagreements betwoen those two installations.
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4. A coamparison of cooling prediction caloulations such as was
made emong these three ensines was accurate for a limited period
of the engine running time, and actual cylinder temperstures of
these engines paralleled calculated temperatures for similar pomr _

- oonditions during this period of time.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aerona.utica,

Cleveland, Ohio, /]
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