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1 NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
. TECHNICAL NOTE NO. 1092

FLIGET INVESTIGATION OF THE COOLING CHARACTERISTICS OF A
TVWC-ROW RADIAL ENGINE INSTALLATION
I - COOLING CORRELATION

By E. Barton Bell, James E. Morgan
| John H, Disher, and Jack R. Mercer

SUMMARY

Flight tests have been conducted to determine the cooling
characteristics of a two-row radial engine at altitude in a twin-
engine airplane and to investigate the accuracy with wvhich low-
altitude cooling-correlation equations can be used for making
cooling predictions at higher altitudes, The test engine was oper-
ated over a wide range of conditions in level flight at density
altitudes of 5000 and 20,000 feet,

Satisfactory correlation of the cooling variables was obtained
at both altitudes by the NACA cooling-correlation method. By use
of correlation equations developed for specific altitudes, average
engine temperatures could generally be predicted to within +5° F,
When temperatures at an altitude of 20,000 feet were predicted by
correlation equations established at 5000 feet, they were usually
within -10° F of the ac‘ual measured value, Slightly more accurate
regsults were obtained when the equations were based on the density
of cooling air at the rear of the engine than when they were bhasged
on average or front densities; however, the difference was smell for
the range of altitudes encountered,

A relatively simple procedure is followed in this report, which
may be used to evaluate the cooling performence of any conventional
air-cooled power-plant installetion and to determine the optimm
conditions of operation for satisfactory cooling and maximum range.

INTRODUCT ION

The problems involved in the correlation of important engine
. and cooling variables and of predicting cooling performence in flight
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have been the subject of many investigations. These investigations
have been based to a great extent, hcwever, on results of cooling
tests made on single-cylinder test units, torque stands, and in
wind tunnels,

Several ilmportant factors have prevented making consistently
accurate flight cooling predictions from sea-level cooling tests.
The effects of the greatly different atmospheric conditions existing
at altitude and the accompanying compressibility phenomena are
difficult to account for accurately because of the lack of experi-
mental data. The distribution of cooling air may be greatly different
in flight than in torque-stand tests and the effecte of varying
exhaust pressure further complicate the problem. The distribution
of charge air is also likely to be different because of different
throttle settings and changes in carburetor-entrance conditions owing
to intake-scoop configuration.

Because consgiderable difficulty has been experienced in making
flight cooling predictions from the results of ground-level test
installations, a further logical step was to determine the accuracy
with which a cooling correlation established in flight at a low
altitude could be used for cooling predictions at higher altitudes,
Flight tests to determine the cooling characteristics of a two-row
radial engine were therefore conducted at the NACA Cleveland labo-
ratory. In the present report, cooling-correlation cquations arc
established for two altitudes by the method devoloped in reference 1
and the accuracy of using the low-altitude correlation for higher
altitude predictions is investigated. The effect of using front,
rear, and averagc cooling-air densities on the accuracy of the equa-
tions 1s also included. The equations that are developed are employed
to evaluate the cooling performance and limitations of the enginc
installation,

In the second report to be written on this investigation, an
analysis will be made of the factors affecting the cooling-air pres-
sure distribution within the engine cowling. A study of the cngine
temperature distribution will be prescnted in the third report and
some of the results of the sccond report will be used in an investi-
gation of the factors controlling temperature distribution.

The tests were conducted with a twin-engine airplane in level
flight at density altitudes of 5000 and 20,000 feet cver as wide a
range of power and cooling-air pressure drop as flight conditions
would permit,




NACA TN No, 1092

SYMBOLS

The following symbols are used throughout the report:

ihp

isac

K,m,n

alt

Cooling-Correlation Symbols
constant proportional to engine friction
constant proportional to blower power
brake hormepower
constant proportional to engine displacement

specific heat of aiv at constant pressure, 0.24 Bbtu per
pound per °F

impeller diameter (0.917 for test engine), feet
acceleration due to gravity, 32.2 feet per second per second
indicated horsepower

indicated specific air consumption, pounds per indicated
horgepower per second

mechanicsl equivalent of heat, 778 foot-pounds per Btu
constants derived from cooling data
engine speed, rpm

absolute pressure in exhaust manifold at altitude, inches
mercury

absolute pressure in exhaust manifold at sea level, inches
mercury

cooling-air temperature (stagnation), °F
cylinder-barrel temperature, OF
charge-air temperature ahead of carburetor, °F

mean effective gas temperature, OF
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reference mean effective gas temperature when charge-air
temperature in manifold is 0° F, °F
cylinder-head temperature, °F

charge-air temperature in manifold calculated on dry-air
basis, °F

impeller tip speed, feet per second
welght of charge-air flow, pounds per second
cooling-air pressure drop, inches water

blower temperature rise acrogs supercharger on dry-air
basis, °F

change in mean effective gas temperature due to T,, °F
cooling-air density, slugs per cubic foot
front cooling-air density, slugs per cubic foot

NACA standard sea-level density, 0.002378 slugs per cubic
foot

ratio of cooling-air density to standard density, p/po

O based on front cooling-air density, pp/o,

Airplane-Performance Symbols

—

velocity of sound in air (e = 33.424/T + 459.4), miles per
hour

coefficient of drag
coefficient of 1lift
compressibility factor
Mach number

dynamic pressure, inches water

impact pressure in compressibvle flow (qc = Foq), inches water
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wing area (602 for test airplane), square feet
ambient air temperature, °F

true airspeed, miles per hour (or ft/sec as specified)
airplane gross weight, pounds

propulsive efficiency

Pressure-Tube Symbols
total pressure

static pressure

Subscripts
average engine
barrel
front row
head
intake side of cylinder
rear row
top of cylinder
axial location of pressure tubes in direction of cooling-

air flow

AIRPLANE AND ENGINE

A twin-engine airplane (fig. 1) powered by two-row radial
engines was used for these tests. This type of airplane afforded
sufficient space for a large amount of instrumentation and allowed
a wide range of operating conditions for the test engine; the ser-
vice ceiling of the airplane was approximately 25,000 feet, The
engines were enclosed with short-nosge low-inlet-velocity cowlings
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having cowl flaps around the lower half of the periphery with the
exception of the space at the bottom occupied by the oil-cooler
duct, Charge air was admitted through twin intake ducte at the
top of the cowling., The welght of the airplane during the flight
tests was approximately 30,000 pounds,

The engine was of the l€-cylinder two-row radial air-cooled
type with a normal rating of 1500 brake horsepower at an engine
speed of 2400 rpm end a take-off rating of 1850 brake horsepower
at an engine speed of 2600 rpm. The engine was equipped with a
gear-driven, single-stage, two-speed supercharger having a low-
blover gear ratio of 7,6:1 and a high-blower gear ratio of 9.45:1.
A torquemeter having a gear ratio of 2:1 and an injection carbu-
retor that was standard for the engine were used.,

The four-bladed propeller was 13.5 feet in diameter, of the
constant-speed type, and equipped with cuffs,

The fuel used throughout the tests conformed to specification
AN-F-28,

INSTRUMENTATION

The engine~instrument installation was made on the right engine
of the airplane, In addition to the standard flight and engine
measurements, provisions were made to deternine engine torque, fuel
flow, weight of engine charge air, fuel-air ratio of individual cyl-
inders, cylinder temperatures, cooling-air temperature and pressure
drop, and cowl-flap angle. The engine fuel-air ratio was obtained,
in most cases, by averaging the fuel-air ratio of the individual
cylinders, as determined by Orsat analysis of the exhaust-gas samples,
When exhaust-gas samples were not obtained, the engine fuel-ai:xr ratio
was calculated from the fuel flow, which was measwured by a fuel flow-
meter, and the charge-air flow, which was determined by the method
discussed in appendix A, Calculated values of fuel-air ratio agreed
on the average with the available measured values to within *3,5 per-
cent, Continuous records were taken indicating airspeed, altitude,
engine speed, torque, and manifold pressure., The power developed by
the left engine was assumed to be equal to that of the right engine
becauvse all operating conditions were set the same on both engines.

Temperatures, - The locations for measuring cylinder temperatures
are shown in figure 2, The temperatures vsed for correlation were
obtained by thermocouples located on the rear of the head between
the two top circumferential fins (Tyz) and at the rear middle of the
barrel halfway up the finning (Tgz). In addition to these two thermo-
couples, cylinder temperatures were measured on the rear spark-plug

6
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gagket (le) and at the conventional location at the rear of the
cylinder flange (Tl4). Thermocouples Ty and T, were embedded and

peened one-sixteenth inch below the surface of the cylinder and T4
was gpot-welded to the surface of the cylinder flange.

The temperature of cooling air in front of the engine was taken
ag the stagnation air temperature computed from values obtained from
a calibrated shielded thermocouple mounted below the fuselage. The
temperature of the cooling air as it left the cylinders was obtained
by thermocouples located on rakes behind each cylinder; one thermo-
couple was behind each head and one behind each barrel, as shown in
figure 3(b), The temperature of the engine charge air was measured
by two thermocouples in each of the two intake ducts leading to the
carburetor, All temperatures were measured by iren-constantan
thermocouples and recording potentiometers.

Pregsures, -~ The pressure drop that was used for correlation
was obtained by total-pressure tubes in front of the engine and
static tubes behind the engine, The pressure in front of the engine
wag determined from the average of the total-pressure tubes located
at the baffle entrance on the top and intake side of the front-row
cylinders, The pressure at the rear of the engine was determined
from the average of static-pressure tubes mounted on rakes behind
the rear-row cylinders, The locations of theseé tubes are shown in
figure 3 and described in table I, Instrumentation of the test
engine included other pressure tubes (also shown in fig, 3) in order
to compare pressure drops measured by the method used herein with
pressure drops measured by several other methods, See table II,)
All pressures were ovtained by a liquid manometer board that was
photographed in flight or by recording mancmeters, which are accurate
to within£0,1 inch of water,

FLIGHT PROGRAM

Four series of tests were run for the purpose of obtaining data
for cooling correlation at NACA density altitudes of 5000 and
20,000 feet and they were followed by other miscellaneous flights,
Generally, four to six test points were obtained during each flight.,

The conditions for the four series of tests are listed in the following

table:
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Series|Brake |Density |Engine|Pressure |Carburetor setting
horse-|altitude| speed |drop
power (ft) | (rpm) |(in.
(a) water)
1 800 5,000 | 2400 | Varied Automatic rich
1000 5,000 2400 | -=~do--- Do.
1250 | 5,000 | 2400 |---do--- Do,
1500 | 5,000 | 2400 |---do--- Do.
800 20,000 2400 | ~--do-~- Do.
900 | 20,000 | 2400 (---do=--- Do.
1000 20,000 2400 | ~---do--- Do,
1050 20,000 2400 | =~-do=~-~ Do.
1085 20,000 | 2400 | ~=--do=--~ Do.
2 |Varied| 5,000 | 2400 | P5.0 Automatic rich
3 800 | 5,000 | 2000 | DP4.0 Varied
800 | 5,000 | 2400 | P4.0 Do.
1000 | 5,000 | 2400 | P7.5 Do.
4 1000 5,000 |Varied| DP4.5 Automatic rich

8A11 flights at 5000-foot density altitude were made in
low blower; all flights at 20,000-foot density altitude
were made in high blower.

bAverage value.

The pressure drop was varled by use of cowl flaps and by varying
the airspeed. The airspeed was varied at constant power by use of
the landing flaps and by lowering the landing gear.

DISCUSSION OF RESULTS

The method used for correlating the variables affecting cooling
was developed in reference 1, A general form of the equation is

n
Th"Ta=K We
Tg = Ty (oaP)™

The term OAP as it appears in the correlation equation is used
as an indication of the weight flow of cooling air passing over the
cylinders. If the actual weight flow were used instead of pressure
drop, one equation should suffice for all altitudes, assuming a
negligible change in the over-all heat-transfer coefficient. If an
equation based on OAP is to be accurate for all altitudes, however,
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corrections for variations of cooling-air density across the cylin-
ders must be applied to the pressure drop, as discussed in refer-
ences 2 and 3. As a possible means of minimizing the necessity of
making complex ccrrections for compressibility, cooling-air density
measurements obtained at several general locations were used in the
correlation equation to determine which density would result in the
most accurate equation over a range of altitudes.

Correlation equations were obtained based on front, rear, and
average cooling-air densities. The rear density was calculated from
values of temperature and pressure measured behind the engine; the
average density was obtained by averaging the front (stagnation) and
rear densities. Curves of mean effective gas temperature Tgo

plotted against fucl-alr ratio are shown in figure 4 and construction
curves required to determine the correlation equations for front den-
sity are shown in figures 5 to 7; similar construction curves were
required for the rear and average donsity equations but are not
included. Details of the calculations arc precscnted in appendix A,
The coefficients and exponents of the equations are presented in the
fcllowing table:

Altitude . '

(£t) 5000 20,000
Density Front AvoragoiRear Front!|Average! Rear
Hoeds |n| 0.57| 0.57 |0.57|20.57| 20.57 |20.57

mi .34 S8 1 GBALL LB 31 .30
K| .46 .44 | 431 .46 .44 .42
Barrels |n| 0.41} 0.41 10.41;20.41} 20.41 |80.41
m|{ .37 P l ol 35 B
K| .79 S8 | J3paell |8 Ve

8pssumed valucs. (See appendix A.)

From tho tablc it may bc scen that the exponent m decrcases
somewhat with an increase in altitude for all three densities. This
decrease is largely attributed to changes in the cooling-air-flow
prattern and to the effect of compressibility on the relation between
cooling-air weight flow and pressure drop. The table further shows
that at an altitude of 5000 feet, the exponent m is not noticeably
affected by the various densities but that a change is reflected in
the coefficient of the equation because of the use of the different
densities. At an altitude of 20,000 feet, however, the values of the
exponent m obtained when using front, rear, and average densities
are slightly different. The variation, although not large, may be
explained by the fact that the magnitude of rear density changes with
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a change in pressure drop because of the resulting difference in
cooling-air temperature and pressure at the rear of the engine.
This change in rear density is in contrast to a comparatively
constant front density.

In order to evaluate the equations based on the three densities
and to determine which of these densities will give the most accu-~
rate equation over the range of altitudes, average engine tempera-
tures have been calculated using the 20,000-~foot data in the
5000-foot equations, A summary of the results is given in the fol-
lowing table:

Difference between actual and calculated
Dengity (temperature when Z0,000—foo? dataoare
used in the 5000-foot equations, °F
Average ! Maximum
Front 10 18
Head | Rear i 14
Average 9 L7
Front 8 15
Barrel| Rear 5 10
Average 7 s

The computations show that all temperatures calculated for an
altitude of 20,000 feet by means of the 5000-foot equation are less
than the actual values, Furthermore, the computations based on rear
density are slightly more accurate than those based on front density,
Rear density, however, is difficult to calculate without knowledge
of the heat rejected from the engine to the cooling air, On the
other hand, the front density may be readily calculated for any antici-
pated flight conditions, The maximum error between the actual and
calculated temperature when using the front density is only 5° F
greater than when using the rear density, which indicates that unless
more precise results are desired, front density can be satisfactorily
used for altitudes up to 20,000 feet.

For altitudes above 20,000 feet, a Pratt & Whitney Aircraft
report indicates that the use of rear density will result in the most
accurate indications of weight flow; for such applications, a low-
altitude correlation based on rear density would likely result in a
marked improvement in accuracy over a gimilar correlation based on the
front density,

When the equations are used for making predictions at altitudes
at which they were determined, any of the three densities may be used

1le,
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with approximately the same degree of accuracy. For the present
tests, temperatures calculated by this means were, on the average,
within £5° F of the actual measured temperatures,

In order to permit comparison of the correlation equations
presented herein with those determined in other cooling investiga-
tions that are based on other methods of measuring temperature and
pressure drop, figures 8 and 9 and table II are presented, Fig-
ure 8 shows the relation between average head temperatures Tyz and
average and maximum rear-spark-plug-gasket temperatures T and
figure 9 shows the relation between average middle-barrel tempera-
tures Tg and average and maximum cylinder-flange temperatures Ty,.
Table II gives a basis for comparing the pressure drop measured by
the method used herein and the pressure drop measured by three other
conventional methods,

APPLICATION OF THE COOLING CORRELATION

In order to demonstrate the use of the correlation equations
for evaluating airplane cooling performance, suitable curves have
been calculated for a range of altitudes from sea level to 20,000 feet
using the equations based on front density; pressure-drop calculations
between sea level and 8000 feet were made by use of the cooling equa-
tion established at an altitude of 5000 feet and those calculations
between 14,000 and 20,000 feet were made by use of the 20,000-foot
equation; these ranges of altitude were arbitrarily chosen. Mean
values of the constants of the two equations were used to obtain an
equation for the intermediate altitudes, The 5000-foot equation
could have been used throughout the range of altitudes with small
error but inaemuch as the 20,000-foot equation was available, it was
also used, Two curves of airplance performance (figs, 10 and 11) that
facilitate determination of the value of cooling-air pressure Arop
for a given operating condition were also used in making these
cooling-performance computations, The first of these airplane per-
formance curves (fig, 10) shows the relation between dynamic pres-
sure q and engine power during level flight for three cowl-flap
settings and three gross weights. This relation was computed using

the following aerodynamic equations in conjunction with a curve of

CL2 plotted against CD that was determined in flight:

Q=3 V2 (1)

W = c, (p/2) SV° (2)
3

7 bhp = Cp (p/2) s (3)

11
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and

(4)

when V is in feet per second, The procedure for determining

such a curve in flight is described in reference 4, A value for

q was assumed and equation (2) was solved for the value cf Cr,
corresponding to the specified weight condition., The curve wasa

then used to determine the value of Cp corresponding to the known
value of Cj and the specified cowl-flap setting, Equation (4)

was then solved for«ﬂ§~bhp using a value of 0,85 for the propul-

sive efficiency n inasmuch as estimates indicated that it remained
practically cons*tant for the wide range of conditions encountered
with the test airplane, Computations made in this manner were used
to establish the curves shown in figure 10, From this figure, knowing
the density ratio, brake horsepower, gross weight of the airplene,
and cowl-flap setting, the dynamic pressure q may be found and then
converted to impact pressure q (qc = ch). The seccnd curve used
to compute pressure drop is that of AP/qc plotted against cowl-flap
opening (fig, 11); this curve represents the average of a number of
test points. As can be seen from figure 11, for this installation
opening the cowl flaps fully produces about 80 percent more preasure
drop than that obtained with closed cowl flaps at the same indicated
alrspeed, Because of the decreased airspeed when the cowl flaps are
opened at constant power, however, the effective increase in pres-
sure drop is only about 40 percent,

Temperature predictions based on pressure drops estimated by use
of figures 10 and 11 showed an average error of £7° F for 105 runs
and thus are nearly as accurate as those based on measured pressure
drops. An example of the procedure used for making temperature pre-
dictions is shown in appendix B,

A comparison of the cooling-air pressure drop available with
the cooling-air pressure drop required to limit maximum cylinder-
head temperatures to specified values is presented in figures 12 and
13, This comparison is shown for four operating conditions at maxi-
mum gross weight (36,000 1b) and a light gross weight (26,000 1b) in
NACA standard atmospheric conditions and Army summer air, The fuel-
air ratio specified for each operating condition is the approxinate
value that would be metered by a carburetor with standard setting,

The abrupt upward displacement of the curves of required pres-

sure drop, when the supercharger is shifted from low- to high-blower
ratio, is due to the additional cooling load imposed by the increased

12
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charge consumption and the rise in mixture temperature with the
increased supercharger compression. The decrease in pressure drop
available that results from increased gross weight is small at high
power but more pronounced at low power as may be seen by comparing
figur§ 12(a) (military power) with figure 13(b) (50 percent rated
power) .

Although the specific cooling performance of this particular
installation may not be of general interest, a discussion of the
curves serves to 1llustrate their application. The curves show,
in general, that the engine in this installation will cool satis-
factorily with standard carburetor setting under all power condi-
tions in NACA standard atmospheric conditions. In Army summor ‘Zhilials
which is representative of more severe cooling conditions, however,
it may be seen from figurc 13(a) that cnrichment would be required
to limit the maximum cylinder temperaturcs to specified values for
high-blower opcration at 70 percent rated power. Figure 13(b) indi-
cates satisfactory cooling for 50 percent rated power with open cowl
flaps for 26,000 pounds gross weight but shows that the tempcraturs
limits would be slightly exceeded for 36,000 pounds gross weight in
Army summer air. A leaner carburetor setting at this power, if it
allows satisfactory operation, would help to cool the engine boccause
the specified fuel-air ratio is approximately that at which the cyl-
inder temperatures peak and either richer or leaner operation would
decreasc the temperaturcs.

As a means of demonstrating the combined effects of cowl flaps
and fuel-air ratio on specific range when they are varied to limit
cylinder temperature to the maximum allowable value, figure 14 is
Presented; curves for two altitudes are included. Figure 14 shows
that a sizable increase in the specific range of the airplane may
be realized by operating as lean as feasible and prcviding adequate
cooling by means of cowl flaps rather than cooling with excess fuel.

For the specific conditions of figure 14 at an altitude of
8000 feet and an air temperature of 700 F (corresponding to Army
sunrmer air), a l4-percent increase in specifiic range is possible by
operating at a fuel-air ratio of 0,063 and three-fourths open (30°)
cowl flaps rather than at a fuel-air ratio of 0,08 and one-fourth
open (10°) cowl flaps, when the same cylinder-head temperatures pre-
vail in both cases. The fuel-air ratio of 0.08 is approximately
that which would be metered by the standard carburetor. The decrease
in true airspeed due to the increased cowl-flap opening would be
about 10 miles per hour for these conditions. The gaps in the curves
for air temperatures of 46° and 56° F represent a range of fuel-air
ratio at which the specified head temperature would be exceeded;

135
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whereas the end points of all the curves indicate the limits of
fuel-air ratio beyond which the head temperature would be less
than the specified value.

These cooling-performance calculations have been made only
for the cylinder head but they could be made equally as well for
the barrel. For this particular installation, cooling of the barrel
was less critical than of the head for the operating conditions
encountered and thus the evaluation of cooling performance has been
based on head-temperature limits. The performance curves indicate
no serious cooling problem present for this installation in level
flight when operating in the range of conditions that were assumed.

The procedure followed herein for predicting cuoling perform-
ance 1s applicable to any airplane equipped with air-cooled engines.
The use of this procedure allows an evaluation of the cooling charac-
teristics of the power-plant installation over a wide range of oper-
ating conditions from data obtained in the cumparatively few flights
required to establish the cooling-correlation equation and airplane
performance characteristics.

SUMMARY OF RESULTS

From rlight cuoling tests of a two-row radial engine in a twin-
engine airplane, the following results were obtained that are appli-
cable to level flight:

1. Satisfactory correlation of the cooling variables has been
obtained in flight tests at density altitudes of 5000 and
20,000 feet,

2. Average engine temperatures calculated for a specific alti-
tude by use of the correlati.n equations developed for that altitude
were, on the average, within £5° F of the actual measured temperature
and were always within +16° F. £

3. When average engine temperatures at an altitude of 20,000 feet
were predicted by cocling-correlation equations established at an
altitude of 5000 feet, they were usually within =10° F of the actual
measured value. Slightly more accurate results were obtained when
the equations were based on the density of cooling air at the rear
of the engine than when they were based on average or front dengities;
however, the difference was small for the range of altitudes encoun-
tered.

14
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4, For specified airplane operating conditions, estimates of
cooling-air pressure drop were made with which it was possible to

compute cylinder temperatures comparable to the accuracy of calcu-
lations based on measured pressure drop.

5. The relatively simple procedure followed herein was used
to evaluate the cooling performance of this typical air-cooled
power-plant installation and to determine optimum conditions of
operation for satisfactory cooling and maximum range.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, November 30, 1945.

15
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APPENDIX A

DETAILS OF CORRELATION CALCULATIONS

In reference 1 a method was established for correlating the
important variables affecting engine cooling. This method equates
the quantity of heat transferred from the products of combustion
to the cylinder walls with the quantity of heat rejected from the
cylinders to the cooling air. One form of the equation may be
written

n
Thoasy o G
g~ % (caP)®

The methods of obtaining the values of the variables in the equa-
tions are discussed in the following sections.

Head temperature, cooling-air temperature, and pressure drop. -
The value of head temperature T) used was the average temperature
obtained by the 18 thermocouples T13; T, was taken as stagnation
air temperature and AP was the average of the pressure drops
measured by tubes in the baffle entrances of the front-row cylinders
and at the rear of the rear-row cylinders as described in the section
on instrumentation.

Mean effective gas temperature. - The mean effective gas tem-
perature T, 1is a function of fuel-air ratio, inlet manifold tem-
perature, and exhaust pressure for a given engine with a fixed spark
timing (references 1 and 5), An equation expressing this relation
is

Ty = Tg, + ATg (1)

The change in mean effective gas temperature AT, is dependent
on the temperature of the charge in the manifold Tp.  Inasmuch as
the temperature in the manifold is difficult to measure by a thermo-
couple owing to the partial vaporization of fuel, it was approximated
by summing up the charge-zir inlet temnerature T, and the computed
temperature rise across the supercharger AT. The value of T, on
a dry-air basis ig expressed as

Ty = Tc + AT (2)

From reference 6, an approximate expression for blower temper-
ature rise AT on a dry-air basis (without fuel) is derived as

16
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a7 = U (3)

Substituting for AT in equation (2) gives

v? (4)

Jcpg

T

m::TC 5

From single-cylinder tests (reference 5), it has been found
that a change of 1° F in the temperature of the charge resulted in
a change of about 0.8° ¥ in the mean effective gas temperature for
the heads, This effect was assumed to hold true for multicylinder
flight tests because of satisfactory results in wind-tunnel tests
on multicylinder engines (reference 7). Accordingly

Tg = Tgy + 0.8 Iy (5)

When equation (4) is combined with equation (5), the following
expression may be written Uz
Ty T 08T, %
g &0 c Jcpg

For the engine tested the following equations were computed for the
heads;

Low blower -

Ty = Tg, + 0,8|T, + 22.1 (100() (7)
High blower -

Tg = Tgy + 0.8 | Tg + 3.3 (;OO;> (8)

=

For the barrels, the change in mean effective gas temperature
was taken as 0.5° F w%en the charge temperature was changed 197,
Accordingly, the equations for the barrels are:

Low blower

Tgo + 0.5 T  +22.1 Gooc) (9)

(0.8}

High blower

Tg = Tgo + 0.5 |T, + 34.3 (;OO;> (10)

L7
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Equations (7) to (10) were used to obtain curves of Tg

against fusl-air ratio (fig. 4) ror a density altitude of 5000 feet
as discussed in a later section on calculation procedure. Because
the mean effective gas temperature is affected by a change in
exhaust pressure, a separate T8 curve was calculated for

20,000 feet (fig. 4). This curve was obtained by reducing the
values of the 5000-foot curve by a fixed percentage determined from
r¢ 'erence 6, which shows the drop in Tg with exhaust pressure.

Charge-air weight flow. - For any given fuel-air ratio, the
charge-air flow to an engine is approximately proportional to the
indicated horsepower. Thus, a single curve should be obtained when
charge-air flow per unit time per indicated horsepower. or indicated
specific alr consumption, is plotted against fuecl-air ratio. Once
such a curve has been established, it is necessary to know only the
fuel-air ratio and indicated horsep wer in order to determine charge-
air flow. Reference 7 presents an equation that expresses indicated
horscpower in terms of readily measured variables. The general form
of the equation is

2
: o i | /N N
ihp = bhp +LA + B(WG)J\iaaé> ~-C (Psl - Palt) 1000 (11)

The specific forms of equation (11) for the test engine are:

Low blower

s \2 N
ihp = bhp +l27 + 8.64 ww\looo) - L(Py; - Bugy) siee (3E)
High blower
2
N N
ihp = bhp +.27 +13.36 w:](lOOO) 1.7¢(Pg) - Pait) 7555 (13)

In order to determine the curve of indicated specific air con-
sumption plotted against fuel-air ratio from the flight data, it
was first necessary to make a carburetor calibration of compensated
metering pressure against weight of charge-air flow. This calibration
was made in a test cell with the carburetor intake ducts assembled in
place to simulate the flight installation. Values of We obtained
from the metering pressure read in flight were then used in conjunc-
tion with equations (12) and (13) to establish the indicated specific
air consumption curve shown in figure 15. This curve was assumed to
be valid for all conditions of power and altitude. For the correlation
eéquations, the weight of charge-air flow was then calculated from this
curve and from equations (12) and (13).

18
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Calculation procedure. - In flight tests it is difficult to
obtain and hold consiant the exact desired conditions; more steps
are therefore required to reduce flight cocling data than to reduce
test-stand or wind-tunnel data where desired conditions can be
maintained within close limits. Because it is impossible to main-
tain constant cooling-air pressure drop, weight of charge-air flow,
and fuel-aixr ratio in these tests, it was necessary to apply cor-
rections for the variation of these factors.

The procedure uesed in obtaining the final cooling-correlation
equations at an altitude of 5000 feet was as follows: The data
taken in flight series 1 and 2 were used in conjunction with a pre-
viously established curve of T8 plotted against fuel-air ratio
from refercnce 8 to obtain the first approximate exponents n and
m, It was necessary to uge this TB curve established in other

tests because the runs in flight series 1 and 2 could not be made
at a constant fuel-air ratio of 0.08, which would have becn desir-
able, By substitution of the approximate exponents n and m in
the gencral form of the cooling equation, the valucs of K were
computed for the individual data points. When these values of K
werc used, the values of (Ty - Ta)/(Tg - Ty,) were corrected for
small variations in chargc-air flow We and a new and more ncarly
corrgct exponent m was obtained. In the same fashion, the equa-
tions were corrected for small variations in gAP and a new eXpo-
nent n was obtained. By the usc of thesc corrected values of n
and m, new values of K were calculated for scveral runs madc at
a fucl-air ratio of approximately 0.08. When these calculations of
K were made, the value of Tg, based on a value of Tgo of 1086° P,

was obtained from equation (7) or (8). The average of these new values
of K was used with the data from flight series 3 to plot a curve
of Tg against fuel-air ratio (fig. 4). Final values of the expo-
0
nents n and m were obtained by using this corrected 'I'g curve.

The final correlation curves for all runs were then plotted in the

, [ n/m
form (Th - Ta)/(Tg - Th) against (yc /:»ASAP uging the final
corrected exponents n and m and the Tg curve that had been
establighed.

Inasmuch as thé range of charge-air flow at an altitude of
20,000 feet was very limited, it was impossible to determine the expo-
nent n from data obtained at that altitude. The assumption was there=-
fore made that altitude does not affect the heat-transfer process from
the combustion gases to the cylinder walls and the values of the expo-
nent n for an altitude of 20,000 feet were assumed to be the same
as the value determined for 5000 feet. Final values of pressure-drop

1,
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exponent and the correlation equations for an altitude of
20,000 feet were determined in the same manner as at 5000 feet.

A similar procedure was used for determining the correlation
curves for the cylinder barrels.

20
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APPENDIX B

SAMPLE PREDICTION OF CYLINDER TEMPERATURE

In order to calculate the maximum spark-plug-gasket temperature
the fcllowing conditions in level flight were assumed:

Bralo HOPEODOWOR . & « ¢ « « o o« o w o B8l e e G e S GETOD)
ENTINeSPosd, HBM W w al w e leh m el A a et ek e el e - RS SERR RS AE G0
Paelvaly 1810, v v » « o & v » A RT REE  A
BUPBTCHar@ers . « « o o @ % » ® & w9 s oap e A e s LOWEDLOWeE
GOt aADie S W Sl o & e v e b e b e el em i S R i e e
Breggire Bltitndn, Fe0bli G o« 4 e o 5 @ & B ae s e e @ e 0000
Fesosniy ToBppratur®, T, + . & & v « v o 4 ¥ « 4 ¢ % 4w v w0k
Froo=alr density Pabl0. + « w o o o o o v lad o 0 6 e sle e ht QSHEE
Alrplane grogs welghb, Pounds « . « & 4 « & s s s » s 4 o » 56,000

Cooling-~air presgsure drop. - In order to obtain OAP for use
in the correlation equation, the dynamic pressure q must be found
and converted to the impact pressure dc by means of the compressi-
bility factor F,, which is determined from Mach number M.

The dynamic pressure gq may be obtained from figure 10. For
the given conditions

V3 bhp =4/0.798 X 1700 = 1519
therefore, from figure 10
g = 32.3 inches water

- ¥ Mz M M6
e =+ +=F+ 30" 1860 T

M= V/A
V = 45.084/¢/0 = 267 miles per hour

a = 33,42,/T + 459.4 = 777 miles per hour

]

287 ~
el
2 \ 4
~ {0.27) (0.37)
Fo =14 7 + 0 .

AL
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Fo = 1.034
s = Foqa = 1.034 X 32.3 = 33.5 inches water
From figure 11, for closed cowl flaps AP/qc = 0,28, Therefore
AP = 0,28 X 33,5 = 9.38 inches water

Front cocling-air density ratio Ops computed from stagnation
conditions, may be obtained by use of the equation

2.5
Op = Ofpeg air (1 + 0.2M2) = 0,854

Therefore

OpAP = 0.854 X 9,38 = 8.0 inches water

Cooling-alr temperature. - The cooling-air temperature will be
taken as the ambient air temperature plus the full adiabatic rise
(stagnation conditions)

2
v
Ta =T+ 1,79 «1063
7287\? o
T, =8l+ 1,79 {£L) = 96  F
a \100,
Mean effective gas temperature. - In the absence of carburetor

heat or charge cooling, T, is assumed equal to Tg,. When the value
of T, 1is substituted for T and the value of Tg, 1s used that

corresponds to a fuel-air ratio of 0.10 (fig. 4) in equation (7) of
appendix R

Tg = 900 + o.sl}s + 22,1 (Z.S)é] = 1096° F.

Charge-air flow, - In order to determine W,, a value of 0.00172
i1s ebtained for isac from figure 15 for the given fuel-air ratio of
0.10. When ihp is expressed as wc/isac and substituted in equa-
tion (12) (appendix &)

W, = 0, 00172{}700 + (27 + 8.64 W,) 260&) - 1.74 (29.92 - 24.89) 2890

2600
100

1000

or
We = 3.56 pounds per second

z2e
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When the values that have been obtained for o04F, T,, T,, and
We are substituted in the general form of the cooling equation and
the values of exponents and coefficients that were obtained at an
altitude of 500C feet and based on front density are used, the equa-
tion may be solved for T,.

' 2 .57
Ll S8 ﬁi;iﬁlﬁ.f.
1096 = T, (5.0)0-5%
or
Ty = 415" F

By use of figure 8 the maximum rear-spark-plug- pasket tempera-
ture corresponding to an average temperature 113 of 413° F is approx-
imately 466° F,
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TABLE I - PRESSURE-TUBE LOCATIONS
Pres-iType ofiPressure- |Circumfer- |Axial Radial
sure |tube measurement ential location in | location
tube location Iposition direction of| from
(a) ion cylinder|cooling-air | cylinder-
| flow flange
f (in.) base
i {in.)
Hpps |Total [Between fin|Intake side|3/16 down- 2
head and baffle | stream of 7i§
at head f entrance
baffle baffle curl
entrance i
Hypy |Total [Between fin:Center of |3/16 down- ;
i head and baffle icylinder stream of 12—~
at head i entrance 8
baffle | baffle curl
f entrance !
Hypy iTotal |Between Iin|Intake side|3/16 down- E
head and baffle stream of 3i§
at barrel | entrance
l baffle | baffle curl
rentrance { i
Py, |Closed-|Rear of ;Ccnter of |7/8 down-
end ihead on cylinder stream of i
static jrake | barrel fins
Pys |Closed-|Rear of iCenter of |7/8 down- ’
end barrel on fcylinder stream of 52?
static !rake ! barrel fins

8p gketch of the pressure-tube ingtallation and an

explanaticn

of the symbols are presented in figure 3.

National Advisory Committee
for Aeronautics
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TABLE II - COMPARISON OF PRESSURE DROP MEASURED BY FOUR METHODS

{ AP/q, AP/6F,
|
Pre?sure:drop Method Cowl |Cowl |[Cowl |Cowl
designation flape|flaps | flaps|flaps
(1) full |closed|full |closed
open open
Heads
Hyyoq + Hyoi
2yp !/_EEA__NQZE‘ ~ (Py4) | 0.45| 0.28 | 1.00| 1.00
l Y 2 )A.‘ }14
N Pl rr
B * .
AP _Eﬁi,ufééi; ws {Pror) 45| .29 | 1,00| 1.04
2 g 3 / h7
~ T xrr
/Hpoq + Hyot
AP “hel T7hett _(p, ) 50l .33 1 1.11] 1.18
5 \ 2 / hb |
. <y rr | |
' APy 3(th) ~ (Ppy) .37} .24 | .e2| .s6
Ao | !
Barrels .
ZAPl (HEp2i) . = (Ppa) 0.40{ 0.24 | 1.00| 1.00
AP, (Hp21) ¢y -(rb7)rr; .45% L7 1071 1La2
|
|
AP Hyo- - : . 1.05| 1.0
3 ( b2i)p. = (Pre) .| 42| .26 5 )8
AP, (Hp1) - (Poa) 301 .19 | .75] .7

1a sketch of the pressure-tube installation and an explanation of

-

the symbols are presented in figure 3.
“Method used for correlation.
SIn iront of cylinders 2, 6, 11, «nd 16 only.

Nation

al Advisory Committee

for Aeronautics
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Figure 2. - Side sectional view of test-engine cylinders showing thermocouple locations.
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\\

H totai pressure

TW“

\

N

M

Pressure-tube subscripts
h head
b barrel
to 2 longitudinal location
of tube relative to
cylinder

i intake side of cylinder
t top of cylinder

¥Instrumentation used for correlation

(a) Front three-quarter view.

Figure 3. - Front- and rear-row cylinders showing pressure-tube and cooling-air thermo-

couple

installation.
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Figure 4. - variation of mean effective gas temperature with fuel-air ratio for
cylinder heads and barrels at density altitudes of 5000 and 20,000 feet.
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‘Figure 5. - variation of (Th-Ta)/(Tg-Th) and (Ty-T,)/
(T,-Tp) with charge-air weight W, for cylinder heads

g
and barrels at density altitude of 5000 feet.
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Figure 7. - Cooling-correlation curves for cylinder heads and
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Figure 12. — Comparison of pressure drop available for cooling with pres—
sure drop required to limit maximum spark-plug-gasket temperature to
500° F. Supercharger shifted to high blower at 9500 feet; level flight.
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Figure 13, - Concluded.
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Figure 14. - Computed variation of specific range with fuel-air ratioonhen cowl flaps
are varied to maintain maximum spark-plug-gasket temperature of 450° F. Gross weight,
30,000 pounds; engine speed, 2100 rpm.
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Figure 15. — Variation of indicated specific air consumption with fuel-air ratio.
Density altitude, 5000 feet.
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