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Flight and test-stand investigation of high-performance fuels in R-1830-94 
engines If - Comparison of cooling character1stlos of flight end test-stand 
engines 

National Advisory Committee for Aeronautics, Thehington, D. C. 

U.S. I If* Restr. tables, graphs 

The oooling oharacterlatios of three R-1^30-94 engines, two of which were mounted in e 
teat stand end tht other in a B-24D bomber, were investigated at variable cooling-air 
preaaure drop, carburetor-air flow, and fuel/air ratio.   The teat results of all engines 
«ere then compared with each other end with predicted cooling data.    It was found that 
vflder similar power and oooling conditions the average rear-spark-plug-bosa temperatures 
itrained by the engines differed by a marl mum of *>9°F and l£°P at tako-off and respectively 
-rtad cruising powers, and that the cylinder temperatures in the flight-tested engine were 
T^Msally higher then those in the test-stand engines* 
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RATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

for the 

Air Materiel Command, Army Air Forces 

,  FLIGHT AND TEST-STAND INVESTIGATION OF HIGH-PERFORMANCE 

FUELS IN R-1830-94 ENGINES 

,/•'.....' IV - COMPARISON OF COOLING CHARACTERISTICS OF 

FLIGHT AND TEST-STAND ENGINES 

By Marcel Dandois 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 airplane, 
were investigated and the results were compared. The flight tests 
were made at a pressure altitude of 7000 feet; the test-stand runs 
were made at ground-level atmospheric conditions. Three cooling 
runs were made for each engine: variahle cooling-air 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, 
Indicated that the differences in predicted maximum and average 
cylinder temperature between any two engines were mainly caused by 
internal engine conditions. The maximum calculated temperature 
difference at take-off power was 49° F and occurred between the 
flight engine and one test-stand engine for the cylinder heads. At 
recommended cruise power, the maximum difference between any two 
engines was 16° F. 

Actual cylinder temperatures of the three engines at nearly 
the same operating conditions of charge-air flow, fuel-air ratio, 
and cooling-air pressure drop paralleled predicted temperatures for 
the same conditions. This result was found to be true for a limited 
period of engine running time, this period coinciding with the tine 
during whioh the cooling-correlation data were taken. 
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INTRODUCTION 

An investigation is boing conducted at the NACA Cleveland labo- 
ratory at the request of the Air Materiel Command, Army Air Forces, 
with three R-1820-94 engines, one installed in a nacelle of a 
standard B-24D airplane and two on test stands, to correlate the 
knock-limited performance of these engines and to evaluate triptane 
as a component of aviation fuels in typical aircraft engines. 

The correlation of knock-limited performance ie dependent upon 
cylinder temperatures and cooling limitations. The cooling charac- 
teristics of the flight engine were reported in reference 1 ( part I 
of this series of reports), which presents the results of high- 
performance fuel tests in R-1330-34 engines. A comparison of fuel 
knock limits and engine cooling limits is presented in reference 2 
(part II). A ccimparison of SS-B and triptane-blended fuels is pre- 
sented in reference 3 (part III). 

The present report gives a cooling correlation for comparing 
cylinder tetiparatures, cooling -air pressure drops across the cyl- 
inders, and carburetor-air flew* of R-1350-54 engines in flight and 
in teet-stand oporatlon, and is analogous to rafarcnoa 4, which 
presents a comparison of flight ai-d'test-stand R-1830-J0C engines. 

EQUIPMENT AND HiSTRUMETJTATION 

Engine specifications. - The tests were conducted on P.-lrJ50-94 
onginos (flight, mfr. Nc'.. P-14C77G; test stand 1 ar.d 2, rfr. 
Kos. P-13663-i and P-14C787, respectively). All three angina* had 
beon overhauled after varying periods of operating. Bach angina 
was equipped with a two-speed supercharger (lor; gear ratio, 7.15:1; 
high gear ratio, 3.47:1), an 11.3-inch-diai.,'et..dr iapellor, and a 
Bendix-StroTterg PD-12F7 carburetor with foal injection at the 
impeller through spinner ncz-.len. A Bonsai spark advance setting 
of 25° B.T,C. was used throughout the tests. 

Engine __installations. - The flight angina was mounted in the 
left Inboarn?~naceT[la of* a~B"84J) airplane (A.C. No, 42-40223); the 
other three engines in the airplane vwre of the standard R-1C30-43 
type. A conventional cowling., an axhauat maiifold system with 
turboauparcbargar, and a carburetor-air ducting with intercooler 
were incorpoivited in the installation for Tito flight tests. 

The test-stand enginen vara cooled by drawing air at ground- 
level atmospheric oon&lclons across the engines with ar. axhauB+er 
fan. A C -47A cowling was mounted en these engines. The co\ 1 flvjfl 
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were removed to permit individual exhaust stacks to be led out 
radially 1)6115.114 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. 

Engine Instrumentation.  - The location of all thermocouples 
and cooling-air pressure tubes is completely described in refer- 
ence 1.    The instrumentation for the flight and test-stand engines 
was similar except for the absence of rear-spark-plug-gasket 
thermocouples on the test-stand engines. 

Fuel flows were measured by a deflecting-vane-type fuel flow- 
meter in flight and by rotameters on the tost stands.    In flight, 
air-flow measurements were obtained from the observed uhcompensated 
carburetor-metering pressure and converted to air flows by means of 
carburetor calibrations.    On the test-stand installation, air flows 
were obtained 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- 
oped by Pinkel and presented in reference 5. The general procedure, 
the method of calculating all associated secondary data, and a 
sample calculation are presented and explained in reference 4, 

Three series of runs (variable carburetor-air flow, variable 
cooling-air pressure drop, and variable fuel-air ratio) were made 
at an engine speed of 22.30 rpm in low supercharger gear ratio at a 
spark advance of 25° B.T.C. Flight tests were made at a pressure 
altitude of 7000 feet; test-stand .runs were made at ground-level 
atmospheric conditions. 

Symbols 

The following symbols are used in the cooling correlation: 

K    engine speed, rpm 

n,m,K constants derived from cooling data 

T    average engine temperature, cylinder heads or barrels, °F 

Ta   cooling-air stagnation temperature, °F 
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% 

carburetor inlet-air temperature, °F 

mean effective gas temperature, cylinder heads or barrels, °F 

mean effective gas temperaturo based on manifold 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 stagnation density at front of engine to 
IIA.CA standard density at sea level 

Cooling-Correlation Equations 

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

outlined in references 1 and 4, and the function =—~j   was plotted 

W0 

Ap 

O 

against w, 
aAp 

S 
. A direct comparison of the lines for each engine 

on the same logarithmic grid is misleading because variations in 
exponents n/m cause differences in the value of the abscissa scales 
of each engine. For this reason the curves were plotted on separate 
logarithmic 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 variables in the 
functions, expressed by the ordinate and abscissa scales, and by 
determining changes in Wc, OAp, and T caused by the different 
curves of each engine. 

The cooling variables nay be analytically calculated by solving 
the equations defining these curves. The working equation is 
usually given in the form 

T„ tf„ 
E a Ts " T   (oap)- 

For ease of comparison of the variables, the constants for each 
engine are presented: 

-lilB 
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K n n n/n 
Cylinder beads 
Flight engine 0.270 0.683 0.320 2.134 

. Test-stand 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  .365 .689 .469 1.470 
Test-stand engine 2  .490 .566 .446 1.270 

The constant n determines the degree of effect that charge- 

air flow has on the function 
Tg- 

and hence on cylinder tempera- 

tures. Tliis effect Is seen to vary as much as 16 percent at the 
cylinder heads and 24 percent at the cylinder barrels 'between any 
two engines, which indicates differences In internal engine condi- 
tions. 

The constant m determines the degree of effect of cAp on 
T - T 

the function    a . A -variation of 5 percent at the cylinder 
TG-T 

heads "between any two engines indicates a very uniform effect of 
cooling air upon average cylinder-head temperatures. At the cyl- 
inder "barrels this difference increases to 21 percent, which indi- 
cates less uniformity of cylinder-barrel cooling "between any two 
engines. 

A comparison 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 E 
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 powers). The values of K taken 
from figure 2 are: 

Engine Heads   Barrels 

Flight 0.295 0.497 
Test stand 1 .265 .419 
Test stand 2 .275 .466 v>v 

lilLiii f£S 
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This method, of plotting the correlation lines (fig. 2) affords 
direct visual comparison 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 of clxange of cylinder temperature with power and with OAp* 
The curves of figure 2, however, should not he used for calculating 
specific values of W0, aAp, or T because of the error intro- 
duced in averaging the exponents but should serve for direct visual 
comparison. 

Calculation of Mean Effective Gas Temperature 

The experimental data initially used for calculating corre- 
lation equations, namely, the data at variable aAp and variable 
Wc, were taken at a constant fuel-air ratio of 0.08. A value of 
Tff  of 1086° F for cylinder heads and 536° I" for cylinder barrels 

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

A curve of Tg  plotted against fuel-air ratio 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 (fin. 3(b)) passes through the originally 
assumed values of Tg  at a fuel-air ratio of 0.08. The signifi- 

cance of this curve is that, if such widely unrelated data show a 
relatively constant variation of T^  with fuel-air ratio, it may 

be considered usable for cooling-correlation calculations on any 
B-1830-94 engine. 

Temperature Conversions 

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

RE ft til .IS 
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all three engines the deviations of maximum "boss temperatures 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 calculations 
involving gasket-temperature conversions. 

Average cylinder-barrel temperatures plotted against maximum 
cylinder-barrel temperatures as measured by rear-middle-barrel 
thermocouples and rear-hold-down-flange thermocouples are pre- 
sented in figures 6 and 7, respectively. In figure 6 the maximum 
middle-barrel temperatures show more nearly a constant difference 
from the average throughout the temperature range than cylinder-head 
temperatures; this difference is greatest for the flight engine. In 
figure 7, the deviation of maximum rear-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. Tho conversions of rear-hold-down-flange tem- 
perature (fig. 7) show the least agreement of all maximum-to-avorage 
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 temperatures, which are primarily dependent on oil flow. 

The relation between average rear-spark-plug-boss and average 
rear-spark-plug-gasket temperatures are shown in figure 8 for only 
the flight-engine data because of the absence of spark-plug-gasket 
thermocouples on the test-stand engines. This conversion (fig. 8), 
used in conjunction with that shown in figure 5, permits Eaximum 
rear-spark-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 against average 
rear-hold-down-flange temperature for the three engines is shown in 
figure 9 at throe representative values of cooling-air oAp. Because 
individual curves for each engine at each a&P were fairly close 
together, an average of the throe engines at each oAp is presented 
in figure 9 for clarity. The difference In oAp effect ij caused 
by tho difference in location of tho rear-middle-barrel and the rear- 
hold-down-flange thermocouples on the cylinder. 

1 * s*. v* ? ii'i.; y ;. »»., >J 
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Comparison Calculations 

Based on the cooling-correlation equations of each engine, cal- 
culations were made tc isolate and to compare for each engine the 
three main variables affecting cooling; namely, the carburetor-air 
flow Wc, the cylinder-head and cylinder-barrel cooling-air pressure 
drop cAp, and the cylinder-head and cylinder-barrel temperature T. 
These calculations were made for four specified engine operating 
conditions: take-off power, 100-percent normal rated power, maximum 
cruise power (67-percent normal rated power), and manufacturer's 
recommended 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 manufacturer's specified conditions (ref- 
erence 6). These conditions include engine speed, manifold pressure, 
brake horsepower, mixture-control setting, and limiting cylinder tem- 
peratures at low supercharger gear ratio. 

The four important parameters required to make the comparison 
calculations are listed in part B. The methods used in obtaining 
these parameters are: 

(1) Carburetor-air flow corresponding to the manifold pressures 
and brake horsepowers given in part A were estimated from test-engine 
data and reference 7. 

•d 

(2) Fuel-air ratios corresponding to the carburetor-air flows 
were obtained from flow-bench tests of a Bondix-Stromberg PD-12F7 
carburetor, conducted by Bendix Products Division of Bendix Aviation 
Corporation. 

(3) Available cylinder-head and cylinder-barrel cooling-air pres- 
sure drops were obtained as follows: The indicated airspeed of the 
airplane flying at an altitude of 7000 feet was determined for normal 
rated, maximur cruise. and rccommerjled cruiGo powers. These values 
were taken from B-24D cruising control charts (reference 3). At 
take-off power with all four engines operating at the same conditions 
and a &ross woiGht of 50,000 pounds, an indicated airspeed of 
130 miles per hour was assumed. These values of airspood wero con- 
verted to airplane impact pressures, which in turn were converted to 
cylindor-hcad and cylinder-barrel pressure drops by means of flight 
data taken at various cowl-flap openings. A final multiplication by 
the density correction factor O gave the oAp values listed in 
table I. 

mi 
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(4) Average rear-spark-plug-boss and. average rear-middle-'barrel 
temperatures corresponding to the specified maximum temperatures In 
part A, table I, were obtained from figures 5 to 9. 

In addition to the valves listed in table I, the following air 
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° P. 

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, 
maximum rear-spark-plug-gasket, average and maximum rear-middle-barrel, 
and maximum rear-flange temperatures obtained when maintaining 
carburetor-air flows and cylinder-head and cylinder-barrel cooling- 
air oAp specified. 

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 engines introduces an error, inasmuch as brake-specific-air- 
flow data indicate that the flight engine air flow was about 5 percent 
hlgner than that of the teBt-stuid engines fcr a given power level. 
This discrepancy may be due either to internal engine differences or 
errors in carburetor air-flow calibrations. 

RESULTS OF COMPARISON CALCULATIONS 

A comparison of the results of each calculation shows that, at 
take-off power only, all three engines exceed the manufacturer's 
specified cylinder-head and barrel temperature limits given in refer- 
ence 6. The high take-off temperatures obtained from cooling pro- 
dictions based on correlation calculations, however, are those that 
would be attained if the assumed engine power and cooling conditions 

Si 
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were to be continued until temperatures stabilized. This state was 
never reached in actual B-24D tests because the airplane speed, 
assumed constant in the calculations, increased vith time and the 
engine power was decreased to standard climb conditions a few minutes 
after take-off. Furthermore, a 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 take-off power. At this power 
the average rear-spark-plug-boss temperature of the flight engine is 
33° F higher than that of test-stand engine 2, which is 16° F higher 
than that of test-stand engine 1; the maximum difference in average 
rear-Bpark-plug-boss temperature is therefore 49° F, or a decrease of 
9.3 percent from the highest temperature. At lower powers the sequence 
remains the same but the temperature differences decrease. For example, 
at recommended cruise power the average rear-spark-plug-boss tempera- 
ture of the flight engine is 7° P higher than that of test-stand 
engine 2, which is 9° F higher than that of test-stand engine 1; the 
maximum difference is therefore 1S° F, or a decrease of 4.7 percent 
from the highest temperature. 

It is evident 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 hotter than test-stand engine 1. Tho cooling- 
air pressure drops necessary to maintain engine operation at the 
temperature limits statod in table I differ by as much as 47 percent 
between any two engines at take-off power and by 31 percent at 
recommended cruiso power. Tho carburotor-air flows and the corre- 
sponding brako horsepowers attainable, if limiting temperatures and 
cooling-air pressure drops of table I are maintained, differ between 
any two engines by a maximum of 25 percent at take-off power and a 
maximum of 21 percent at recommended cruiso power. 

The preceding observations Indicate that tho cooling character- 
istics of E-1350-94 engines, when mountod in the particular tost- 
stand installation used in these investigations, are an uncortain 
indication of tho cooling characteristics of similar engines obtained 
in flight. Tho engine temperatures in flight can bo predicted from 
tho present test-stand engine data within 10° to 50° F, depending on 
tho power condition. This lack of agreement in cooling of the onginos 
is probably caused by discrepancies in carburetor air-flow rooasuromonts 
and internal engine conditions and might bo greatly improved if tho 

iESTRitfEB 
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engines were In the sane condition with respect to ring wear, spark- 
plug conditions, and carbon deposits, and if infallible air-flow 
measurements were available in flight. 

Installation differences between flight and test-stand engines 
such as cooling-air control, cowling design, and exhaust piping 
probably contribute to a smaller extent to the disagreement between 
flight and test-stand cylinder temperatures. 

The actual cylinder-temperature differences of the three engines, 
taken at as nearly the same conditions of carburetor-air flow, fuel- 
air ratio, and cooling-air pressure drop as could be found among the 
-various data, were the same as the predicted temperature differences 
for data 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 indi- 
cates that normal changes in internal engine conditions during the 
testing period affect internal cooling characteristics and the relation 
of internal temperatures to external cooling. 

SUMMAEX OF HESUUTS 

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

1. Under similar power and cooling conditions the average rear- 
spark-plug-boss temperatures attained on the three test engines 
differed by a 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 cylinder temperatures of the flight engine were usually higher 
than those of one test-stand engine, which wore higher than those of 
the other tost-stand engine under similar power and cooling conditions. 

2. From an analysis of the cooling-correlation constants, the 
differences in temperature level were most likely caused by internal 
engine differences, although different methods of measuring carburotor- 
alr flow may also have contributed. 

3. Differences in cooling-air control, cowlings, and exhaust 
piping between flight and test-Btand engines had little effect on 
cylindor-tooporaturc disagreements between those two installations. 

r«r. 
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4. A comparison of cooling prediction calculations such as was 
made among these three engines was accurate for a limited period 
of the engine running time, and actual cylinder temperatures of 
these engines paralleled calculated temperatures for similar power 
conditions during this period of time. 

Aircraft Engine Research Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 

Marcel Dandois, 
Mechanical Engineer. 
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