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CORRECTION OF TEMPERATURES OF AIR-COOLED ENGINE CYLINDERS FOR
VARIATION IN ENGINE AND COOLING CONDITIONS

By Oscar W. Scary, BEnJaauN PINEEL, and HErMan H. ELLERBROCE, JTI.

SUMMARY

Factors are obtained from semiempirical equations for
correciing engine-cylinder temperatures for variation in
important engine and cooling conditions. The variation
of engine temperatures with atmospheric femperature is
treated in detail, and correction factors are oblained for
various flight and test conditions, such as climb at con-
stant indicated air speed, level flight, ground running,
take-off, constant speed of cooling air, and constant mass
flow of cooling air.

Seren conventional air-cooled engine cylinders enclosed
in jackets and cooled by a blower were tested to determine
the effect of cooling-air temperature and carburetor-gir
temperature on cylinder temperatures. The cooling-air
temperature was varied from approzimately 80° F. to
230° F. and the carburetor-air temperature from approxi-
mately 40° F. to 160° F. Tests were made over a large
range of engine speeds, brake mean effective pressures, and
pressure drops across the cylinder. The correction factors
obtained cxperimentally are compared with those obtained
Jrom the semiempirical equations and a fair agreement is
noted.

INTRODUCTION

In present-day air-cooled engines of high specific
output, cooling is very often the factor that limits
engine performance, As a result, several problems arise
which require that cooling data obtained at one set of
test conditions be converted to apply at another. Be-
cause of the strict limits set on maximum cylinder
temperatures in acceptance tests and because of the
difficulty of obtaining a standard set of test conditions
both in flight and on the ground, a method is required
for correcting the engine-cylinder temperatures to the
standard conditions. It is very offen necessary to
predict cylinder temperatures at eltitude from tests
made on the ground and cylinder temperatures in the
summer from tests made in the winter.

The correction of cylinder temperature for variation
in atmospheric temperature is of particular interest to
persons concerned with acceptance tests. In the past,
several methods have been used for making this cor-
rection.

In May 19383 the Chief of the Bureau of Aeronautics,
Navy Department, issued to the inspector of navsl air-
craft the following corrections to be applied to observed
cylinder temperatures for change in sfrut air tempera-
tures: “1.5° F. for every 1° F. strut air for the cylinder-
head temperatures and 0.5° F. for every 1° F. strut air
for the eylinder-base temperatures.”

The Army Air Corps has issued the following instruc-
tions for correcting engine-cylinder temperatures:
“In determining temperatures for satisfactory opera-
tion to be encountered with anticipated summer tem-
peratures, a correction will be added to the actual
recorded temperature and the corrected temperature
will be the anticipated engine summer temperature.
This correction is the difference between the actual air
temperature and the anticipated summer air tempera-~
ture for the particular altitude and it is added directly
to all engine temperatures to determine the antici-
pated summer temperature in each cese.”

Campbell (reference 1) obtained a correction factor
of 1; that is, for every degree rise in air temperature,
thereis a 1° F. rise in cylinder temperature for a constant~
velocity condition. The Army and Navy methods
did not specify the conditions for which the corrections
applied and it is to be assumed that they were to be
applied to all flight conditions.

Besides affecting the temperature of the cooling air,
the variation in atmospheric temperature affects other
factors that, in turn, influence the engine cooling; for
example, the density of the cooling air, the speed of the
airplane, the engine power, and the temperature of the
mixfture at the intake manifold. It is thus evident that
the value of the correction factor for variation of
cylinder temperature with atmospheric temperature
will depend to some extent on the type of test to which
it is to be applied.

An expression for the correction factor as a function
of the test conditions will be obtained from equations
for the rate of transfer of heat from the engine gas to
the eylinder wall and from the cylinder wall to the
cooling air. Under Application of Results, curves of
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this function will be presented and an explanation will
be given of the procedure by which the correction fac-
tors may be readily determined without reference to
the analysis. A table has been prepared covering cor-
rection factors for flight and ground conditions of:
climb at a designated air speed, level flight at a given
pressure altitude, stationary on ground at a given at-
mospheric pressure, constant airplane velocity, and
constant mass flow of cooling air. From this table, a
close estimate of the correction factor may be rapidly
obtained. A discussion of the table is included later in
the report.

In any maneuver of short duration in which there is a
sudden increase of power or decrease of cooling-air
velocity, the cylinder temperatures, because of the time
required for temperatures to stabilize, will depend on
the time necessary for the completion of the maneuver.
In such cases, the correction factor for the variation of
atmospheric temperature will depend on the effect of
atmospheric temperature upon the time duration of the
maneuver. An equation will be derived for the cylinder
temperature as a function of the engine and the cooling
conditions and the time. -The effect of variation of
atmospheric temperature upon cylinder temperature
for the take-off and the climb condition will be dis-
cussed. . o

The results of tests made at the request of the
Bureau of Aeronautics, Navy Department, by the
N. A. C. A. at Langley Field, Va., during 1934, 1935,
and 1936 to determine the effectof atmospheric tem-
perature on cylinder temperatures for seven service
cylinders at various operating conditions are given in

this report.
DISCUSSION OF PROBLEM

Cylinder temperature as a function of engine and
cooling conditions.—As a starting point in the analysis,
the equations for the transfer of heat from the combus-
tion gases to the engine cylinder and from the cylinder
to the cooling air will be reviewed. It has been shown
in reference 2 that the rate of heat transfer (B. t. u.
per hr.) from the combustion gases to the cylinder
head may be written, as a good first approximation,

H=Ba,I"(T,—T) )

and the rate of heat transfer from the cylinder head to
the cooling air may be written
H,=Kao(App/e))™(Tr—Ts) @)
H is the heat transferred per unit time from
combustion gases to cylinder head, B. t. u.
_ perhr.
Band K, constants.
a;, internal area of head of cylinder, sq. in.
I, indicated horsepower of each cylinder.

where

n’ and m, exponents.
T,, effective gas temperature, °F.
T,, average temperature over the eylinder-head
surface when equilibrium is attained, °F,
H,, heat transferred per unit time from cylinder
head to cooling air, B. t. u. per hr.
a,, outside wall area of head of cylinder, sq. in.
Ap, pressure drop across cylinder, in. of water
(includes loss out exit of baflle).
p, average density of cooling air, 1b. ft.7* sec.?
po, density of air at 29.92 in. Hg and 70° IV, Ib,
1t.7* sec.?
T,, inlet temperature of cooling air, °F. (tempera-
ture of atmosphere).

(For convenience, a complete list of the symbols used
is given in an appendix.)

For equilibrium the rate of heat transfer to the
cylinder head is equal to the rate of heat transfer away
from the cylinder head and, solving equations (1) and
(2) for T, the following equation is obtained

7T
T“_K%(A;p/po)'" +1 ®

E.GLI“,

Equation (3) gives the average head temperature as a
function of the important engine and cooling variables.
A set of equations similar to (1), (2), and (3) may be
written for the barrel. In the following discussion,
wherever an equation is derived for the head, it is to be
remembered that a parallel equation applies for the
barrel. The values for Kao, Ba;, m, and n’ were ob-
tained from blower-cooling tests on Pratt & Whitney
cylinders 1340-H and 1535 (reference 2) and are given
in the following table.

+1

Ku, Ea, m n’
Crlinder
Head | Barrel | Head | Barrel | Head | Barrel | Head | Barrel
1240-H...._._. 81 3B.0| 522 27| 034 03] 0.64 0.84
1588 e 3.5 17.1 b § 35 SR 88 .31 68 |omaeeemn

The values for Ba,, m, and n’ should be about the
same for a cowled engine under flight conditions and
Kay should be somewhat higher. The form of equation
(8) waschecked by flight tests on a Grumman Scout
airplane equipped with & Pratt & Whitney 1535 engine
(references 2 and 3).

It is also shown in reference 2 that the temperature
of the combustion gases T}, is dependent on the air-fusl
ratio, the compression ratio, the carburetor-air tem-
perature, and the spark setting and, as a good first
approximation, is independent of the engine speed and
the brake mean effective pressure. Curves obtained
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from reference 2 showing the variation of T, with air-
fuel ratio, spark setting, and carburetor-air tempera-
ture for a Pratt & Whitney 1340—-H cylinder and with
air-fuel ratio for a Pratt & Whitney 1535 cylinder are
reproduced in figure 1. In the range to the rich side of
the theoretically correct mixture, 7, increases from
approximately 1,100° F. at an air-fuel ratio of 10.5 to
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By a rearrangement of terms, equation (3) may also =

be written r_T .
— L) ur_j m
Zﬁl —Fal(APP/Po)

Thus, for a given engine installed on & given airplane, a

Taryur :
T:—Tap is plotted

straight line is obtained when

1,150° F. at 12.5, and to 1,200° F. at 14.5. The fore- | against App/p, on logarithmic coordinates. The slope
Cylinder Engine b.mep. Corburefor- . . .
- s;%ed {lb./sq.in} air zEc;)mp. 1340-H Cylinder 1340-H Cylinder
(rpm) (°F.
1340-H o 1,500 163.0 85 Engine speed, 1,500 r.p.m. Engine speed, (500 r.p.m.
1535 v 1850 96.2 &/ bmep., 1020 Ib/5qin. bm.ep., 10,5 [b/5q.in.
X 1,850 127 a3 Carburetor-air temp., 93°F. C Viming, 28° B.T.C.
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Fraurs 1.—Efect of air-fuel ratio, spark setting, and carburetor-alr temperature on Ty (curves from reference 2).

going values apply for a carburetor-air temperature of
about 80° F. A 1° F. variation in the carburetor-air
temperature produces epproximately a %° F. variation
in T,.

For the barrel, T, has a value of about 600° F. at an
air-fuel ratio of 12.5 and a carburetor-air temperature
of 80° F. The effect of carburetor-air temperature on
T, for the barrel is about the same as for the head.

of the line will be equal to m and the intercept at
App/pe=1 will be equal to Ka,/Ba,. All the tempera-
ture datae for the given installation should fell on this
curve provided, in each case, that the equilibrium tem-
perature has been attained. It is evident that the
temperature 7, corresponding to any desired set of
test conditions within the useful range can be calculated
from curve. A curve of this type is shown in
figure 12 of reference 2.
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Change in cylinder temperature with change in
engine and “cooling conditions.—For a constant mass
flow, engine horsepower, and T',, the variation of T,
with T, is obtained by differentiating equation (3):

_ Kao(Apo/po)™
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where «, which may be called the “basic temperature
correction factor” is the change in cylinder-head tem-
perature per degree change in cooling-air temperature.
Figure 2 shows « for the head and the barrel plotted
against the average head and barrel temperatures for
various values of T, and T',.

_oT, Ba,I™ _T,—T : 1) If variations also occur in the density, the pressure
=T, Kao(A;qp/po)“‘_'*_ T,—T. ( drop, the indicated horsepower, and in T, then the
Ba, I increment in cylinder-head temperature for a small
change in these factors is given by
1.0
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FieuRE 2.—Eflect of cylinder tgmperature Tx or Ty on o af verious values of 7, and T'se
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K%LABP/ po)™
BGII n

— Kao(Apo/py) ™ 11

BalIﬂl
2(Applpo) , ., d
[dT.,—m(T,.— Fapafe T DT I]

dT,
+Kag_(_AP /o)™
BalI"’

dTy=

+1

With « as previously defined,

dr, (1—a) d(apo/s)
Py el + fr T —m  Rpolp

Thus, for emall changes in the variables T,, T,, App/py,
and 7, T';is increased by the amounts ed T, and (1-a)dT',
and a percentage change in T',— T, is effected equal
to —ma times the percentage change in App/p, and
n'a times the percentage change in I. For example,
with a=0.8, m=0.34, and n'=0.64, a 10° F. increase in
each of T, and T, causes an 8° F. and a 2° F. increase
in T, respectively. A 10-percent change in each of
App/py and I causes & —2.7-percent and a 5.2-percent
change in T',—7T,. Similar relations may be obtained
for the barrel. The values of m and n’ are about the
same for the barrel as for the head but, as seen from
figure 2, « is slightly lower for the barrel.
From equation (4)

In—Te=(—a) (T,—T,) (6)
and equation (5) may be written

, I
+n'e7 (5)

dT= adTot (1 — @)dT,—ma(l —a) (T,— T.) %%

(=) T—T) F @
It is evident from equations (4), (5), and (7) that, when
the values of T, or a are known, the variation in eylin-
der temperature with engine and cooling conditions can
be determined for any test condition.

The present tests of seven service cylinders were made
to determine the values of ¢ and 7, for a range of
engine conditions. Tests were also made to obtain the
effect of carburetor-air temperature on T, and cylinder
temperature.

Effect of variation in atmospheric temperature on
cylinder temperature at constant pressure altitude.—
For tests in which atmospheric temperature is changed,
in addition to changes in 7%, there are generally intro-
duced changes in T, Appfps, and I. These changes
depend on the specific tests under consideration.

As the pressure drop across the cylinder in a given
flight condition depends on the atmospheric density

and the airplane velocity, and the velocity depends on.

the engine power, the assumption will be made that
209142—10——5

pAp is proportional to p*I*. From this relation be-
tween pAp and p*I¥, there is obta.ined

d(App/po) _ dI
Applpe U p +y7

Since p varies inversely as the absolute atmospheric

temperature,

dp a7,

» T.+460

With regard to carburetor-air temperature T, two
conditions will be considered, one In which the car-
buretor-air temperature is equal to the atmospherie
temperature, and the other in which it is held con-
gtant by means of a carburefor-air heater. The rela-
tion between the carburetor-air temperature and the
atmospheric temperature for these two cases may then
be expressed by

dT=2zdT,

where z=1 for the first case mentioned and 2=0 for the
second case. Then, as the indicated horsepower for a
constant manifold pressure varies inversely as the
square root of the absolute carburetor temperature,

cﬂ d(T.+460)—% ., dT,
=T +460)% — 2 3(T.+460)
. dT
daT dT,,
Then dT —a—‘ T, dT. dT,=bzdT,

Inserting the foregoing quantities in equation (7) and
combining

g" _{1+0 sl I‘i‘)ﬁﬁoT“) +-26(1—a) (8)

ez Can ] ©)

The correction factor e is the change in cylinder
temperature per degree change in atmospheric tempera-
ture at a constant pressure altitude. The effect of both
atmospheric pressure and temperature on cylinder tem-
peratures can be obtained from equation (3).

The last term in equation (8) is a small correction
for variation in 7. When the carburetor-air tempera-
ture is held constant, z=0 and this term is zero. ¥When
the carburetor-air temperature is allowed to vary with
the atmospheric temperature, z=1 and this term be-
comes (1—a)b. The value of b, as stated in the
results, will be taken equal to 0.50 for both the head
and the barrel. In figure 3, the remaining term in e is
plotted as on against A for various values of «, 7,
and 7, The curves pass through ax=a at A=0. It
is noticed .that, for & given value of e, the value of &,
does not depend appreciably on the value of T, used.

where
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FIGURE 8.—Variation of correction factor a, with A when carburetor-air temperature s constant, for various values of &, 7%, and 7.




CORRECTION OF TEMPERATURES OF AIR-COOLED ENGINE CYLINDERS _ 55

From figures 1, 2, and 8, it is apparent that the
value of oy for any given average cylinder-head tem-
perature and cooling-gir temperature may be obtained,
provided that the value of A for the flight or the test
condition is known. It will also be noticed that, for
large temperature variations, the value of o varies
slightly in going from the initial to the final value of
T, and it is necessary to choose an average value for
the range covered. As an added refinement after the
first approximation, a corrected value of o may be
obtained by averaging the values at the initial and the
final conditions. A number of test conditions includ-
ing those of climb, level flight, ground running, and
constant velocity will be considered in a later section
on Application of Results.

Equation for cylinder temperature for varying oper-
ating conditions.—¥hen the power and the cooling
conditions of an engine change, time is required for
the cylinder temperatures to reach their equilibrium
values. For short maneuvers or for maneuvers in
which the conditions are varying, the time required
to complete the maneuver must be considered in the
determination of the effect of atmospheric temperature
on cylinder temperature.

The rate H at which heat is carried from the gas to
the cylinder head is equal to the sum of the rate at
which the cylinder absorbs heat and the rate H, at
which heat is transferred to the cooling air:

H=cM2 i g,

where ¢ is the specific heat of the head.
M, the weight of the head.
¢, the time.

Substituting from equations (1) and (2) for H and
H, respectively, there results

BuI(T,— Ty =e M+ Kao(apolp)™(Ts— T2
QT
A5 ~+ B Bauv
ch: agF +[Kao(Apo/po)™+Ba, I*1Ty=Ba, I* T,
+ Kao(App[po)™Te

For any given variation of Ap, p, I, T, and T, with
time, the solution for T} is

1 P
"Wf”'[ :%emﬁ‘mdt—[— Thu] (10)

A=Ka, (App/po)™+Ba I
B=Ba,I*T,+ Kao(App/po)* T,
and T}, is the average temperature of the head at {=0.
For the case where A and B change at the time =0

and thereafter remain substantially constant, equation
(10) reduces to

where

Al

Tn,=Tn— (T;.—T;.o)e_m (11)

where T, is the final average temperature that the head
will reach when equilibrium is attained and is given by
equation (3), and T, is the average temperature of the
head at time {. Equation (11) may be used for cases
in which small variations in A occur after the initial
change at {=0. In such cases an average of the values
of A should be used.

Variation of cylinder temperature with atmospherie
temperature for & maneuver of short duration.—V¥ith
t now taken as equal to the fime of completion of the
maneuver, T4, is the temperature at the completion of
the maneuver. The effect of T on cylinder tempera-
ture will be obtained for the case where the carburetor-
air temperature and the engine power are assumed to
be held constant. From equation (11), for & change in
atmospheric temperature of d7, for the pressure alti-
tude at which the maneuver is completed and of 4T,
for the pressure altitude at which the maneuver is
started, the change in T, is given by

ATy = crd ot (Ty—Tho) u(

- (oz;dTa— aMdTO) e_v

where o, i1s the correction factor, and T} is the tem-
perature of the atmosphere at time {=0.

da_ mEao(App[e)™  d(Appley) mad(App/p,)
4 [Kay(Ape/p)™+BaI™] Appfp, Appfp,

As I is held constant, App/p, may be assumed to be
proportional to s* and ¢ proportional to p* or to
(I'4-460)"* where T is the average temperature of the
atmosphere during the maneuver; then

dA | dt d
I+ =mertu)
Since p is inversely proportional to 7+460
dp___dI'
p  T+460
and the equation for dT’», becomes
dT
dTA‘=0£xdT¢— (Th T,,o)e c"f(max+u)T+460

At

i (a)‘dTa —_ aMdT o) G—EH
From equation (11)

4 T,—T, .

¢ M=r—T,
and
At -1 Th—Tx
M~ BT, —T;,
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.5 The quantity » is shown plotted in figure 4 against
: ' (O—T0 )/ (Th—Th). When Ty, is equal to Th, r is

e equal to zero and dT4,is equal to ;dT,. For T,,=T},
4 _ : r is again zero and dTh,=om@T,. It is thus evident
that, for very short maneuvers, the change in T}, de-

/_ \ ~ | pends, as may be expected, more on the change in T},
than on the change in T, with atmospheric tempera-

take-off will be considered in a later section.

APPARATUS

2 . =
/ _ \\ The apparatus consisted of a single-cylinder air-

/ cooled engine, a supercharger for boosting carburetor-
y A intake pressures, an electric dynamometer, a cooling
/ system, heaters for varying the temperatures of the
cooling and the carburetor air, a refrigerating system for

cooling the carburetor air, and the necessary instruments
Lo to measure the factors involved. A diagrammatic
sketch of the set=up is shown in figure 5 and a photo-
graph of the engine with the cylinder enclosed in the

o 2 .4 &

(55 )/(55,)

F1ourE 4.—Curve showing effect of (Ta—Ta)/(Ta—Th onr.
Ta—Ts, Ta—Thxy

=TT, 8 To=T5, B cooling jacket is shown in figure 6.

. Cylinder-thermocouple joyrometer d. Thermometer . o ., Cold-junction fhermometer,
g. Aa':—’— nerneee p__,@\_/ c.wm  ..e, Static-pressure_manometer Z, Carbiretor-air thermomefer
c. Manometer f, Thermocouple terminal box ard mancmeter

a- d : '
Orifice. Qrifice fonk. . ... [-Orifice (—
Cylinder-air A
U_.C C:__U Heaters Jaciiref _'m _ )
i ] u o
q - - :
5, Air-flow b
' Surge
4 fani

O)(C o
1
Selector

switches _
Cooling-air blower Engine  Dynamomefer
FiaURE 5.—Diagrammatlc sketch of equipment.

and the equation for dT,, finally becomes - AIR-COOLED CYLINDERS
T _T The seven air-cooled cylinders (fig. 7) used in these
dTh‘=aAdTa—h_68:’ (mox+uyrdT tests were from the following engines: Pratt & Whitney
+ 1340-H, 1535, 1830, and 1690 engines; and Wright
Ty—Th, 1820-F, 1820-G, and 1510 engines. They were
— (andTe—ardTy) T,—T, (12) | adapted to the base of a universal test engine (reference
‘ 4). The valve movements and the timing of the single-
Th—Ts, Ts—Thy 7| cylinder engines were approximately the same as of the
where i T, logem—p - - multicylinder engines. Slight changes in stroke were
! made on the single-cylinder engines as compared with
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the multicylinder engines to permit the use of available
crankshafts. The bore, the stroke, and the compres-
gion ratio of the cylinders mounted on the single-
cylinder test stand are given in the following table.

- Compres-|
Bore Stroke
Cylinder H sion
Pratt & Whitney:
133-H .. —] 5 (] 6.52
[ 544 873
5is 35 6.15
636 [} 585
63 7 6.64
5] T 7.40
5 351 6.20
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area of the exit of the jackets to the clear avea between
the fins for the 1340-H, 1820-F, 1690, 1820-G, and
1510 cylinders was approximately 2; for the 1535 and
1830 cylinders, the ratio was approximately 3.

TEST EQUIPMENT

An N. A. C. A. Roots supercharger was used to in-
crease the carburetor-intake pressure during tests with
manifold pressures greater than atmospheric. A tank
was placed In the air duct between the supercharger
and the engine to reduce pressure pulsations caused by
these units. An electric dynamometer absorbed the
power and measured the torque of the engine.

FIGuRrE 8.—Set-up of single-cylinder air-cooled engine showing jacket and air duct.

CYLINDER JACKETS

In each test, the cylinder was enclosed in a sheet-
metal jacket open at front and rear. The jacket had a
wide entrance section giving a low velocity of approach
of the cooling air to the front half of the cylinder and
fitted closely against the fins over the rear half, resulting
in & high air velocity in this region. The ratio of the

The cooling system consisted of a blower to supply
the cooling air, an orifice tank to measure the quantity
of air, and an air duct between the blower and the
jacket enclosing the cylinder. Baffles and screens wers
located in the air duet to insure a uniform temperature
and velocity distribution.
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Front

Rear
1340-H

" " Rear
1690

. ZReapt o T
. 1830

FIqurE 7 (a).—Front and rear views of oylinders from Prait & Whitney engines showing Iocation of thermocouples.

A 60-kilowatt heater consisting of four groups of
separately controlled heating elements located in the
air duct between the blower and the jacket was used for
varying the temperature of the cooling air. In the tests
in which the carburetor-air temperature was varied,
temperatures higher than those of the room were ob-
tained by heating the air with electric heaters placed in
the intake-air line. For temperatures lower than
atmospheric, the air to the carburetor was passed
through a radiator submerged in a bath of kerosene into
which carbon dioxide was expanded.

The standard test-engine equipment was used for
measuring the engine speed and the fuel consumption.

INSTRUMENTS

Iron-constantan thermocouples and & direct-reading
portable pyrometer were used to measure the cylinder
temperatures. The thermocouples were made of 0.016-
inch-diameter wire and were peened to the cylinder head
and spot-welded to the barrel. The temperatures wers
messured on all eylinders by 22 thermocouples on the

head, 10 on the barrel, and 2 on the flange, located as
shown in figure 7. Thermocouple 12 was a standard
Navy gasket-type thermocouple placed under the rear
spark plug. The temperature of the cooling air at the
inlet of the jacket was mesasured near the cylinder by 2
thermocouples connected to a sensitive galvanometer.
The temperature of the cooling air at the outlet of the
jacket was measured by 10 iron-constantan thermo-
couples. The cold junctions of all the thermocouples
were placed in an insulated box. Liquid thermometers
were used to measure the temperature of the air entering
the orifice tank, of the cold-junction box, and of the
carburetor intake. '

The pressure drop across the cylinder was measured
by a static tube located in the space ahead of the cylinder
where the velocity head was negligible. This static
tube was connected to a water manometer. A water
manometer was used to measure the pressure in the
orifice tank and a mercury manometer was used to
measure the carburetor-intake pressure.
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Rear
1820-F

. Rear
1820-G

Rear
1510

FIGUBE 7 (b).—Front and rear views of cylinders from Wright engines showing location of thermocouples.

TESTS

Tests were made of the seven cylinders to determine
the values of « and T, at various engine speeds, indi-
cated horsepowers, and mass flows of the cooling air.
A list of the test conditions covered is given in table I.
In each test the engine power, the engine speed, the air-
fuel ratio, the carburetor-air temperature, the oil tem-
perature, the spark timing, and the mass flow of the
cooling air were held constant and the cooling-air tem-
perature was varied. The range of the cooling-air tem-

peratures in most of the tests was from 80° F. to 230° F.
The « in & given test for each of the 34 thermocouples
was determined by plotting the temperature measured
by the thermocouple against the cooling-air temperature
and obtaining the slope of the resulting straight line.

From equation (1) it is evident that, with engine con-
ditions held constant, H is zero when T, is equal to T'y;
and from equation (2) itis apparent that at equilibrium,
for & constant value of the mass flow, H is proportional
to T,—T,.
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Thus, in the foregoing tests when the average tem-
perature difference between the cylinder head and the
cooling air is plotted against the average head tempera-
ture, the value of T, at which T,— T, is zero is equal to
T,. The value of T, for the barrel may be obtained in
8 similar manner. The procedure is illustrated in
figure 8. A straight line is drawn through the points
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erg&ﬂx 8.—Values of T, for head and barrel of 1830 eylinder: ¢
E speed, . D. - 1, 518
Indicated horsepowe.r 38,57
Indicated mean effective pressure, Ib./sq. in ........... 11kl
ADplpy, 1. of water. . 1527
Carburetor-air tempera 04
Fuel consumption, lb ﬂ hp.fh: .. 0.486

and extrapolated to the horizontal axis. Because of the
large range through which the.extrapolation is madse,
the value so obtained is approximate.

Additional tests were made of the 1340-H, 1535,
1820-F, 1830, and 1510 cylinders, for which the cooling
conditions and the engine power were held constant
and the carburetor-air temperature was varied. It was
necessary to readjust the throttle setting at each new
carburetor-air temperature to maintain constant power.

From equation (7) it is evident that for this onse

aTy=(1—a)dT,

or
ar =32 a7,
The quantity b is then glven by the following expres-
sion:
af, T,—T,dT,

The value of b was obtained as indicated by plotting
T against T, obtaining the slope, and multiplying by
(Ty—T)/(Ty—T,), where the values of T, and T,
were taken corresponding to a carburetor-air tempera-
ture equal to atmospheric temperature. The value of
b obtained in this manner is approximate but, since the
eflect of variation of T, on T} is small, an accurate

velue is not required.

During each test, observations were made of the
engine torque, the engine speed, the fuel consumed, the
carburetor-intake pressure and temperature, the spark
setting, the temperature of the air entermg the orifice
tank, the temperature of the cooling air entering and
leavmg the jacket, the cylinder temperatures, the pres-
sure drop across the orifice tank, the pressure at the
entrance of the jacket, and the barometmc pressure.

The weight of the cooling air was controlled by vary-
ing the speed of the blower. The carburetor-intake
pressures were varied either by throttling the intake or
by boosting with the supercharger.

Gasoline conforming to Army Specification Y-3557
and having an octane number of 87 was used for most
tests. "For the most severe conditions, ethyl fluid was
added to the gasoline in a sufficient amount to suppress
audlble knock.

COMPUTATIONS

The engine horsepowers given in this report are all
observed values and were calculated from the corrected
dynamometer-scale reading and the engine speed. The
method of computing the cooling-air weight is given in
detail in reference 5.

The cylinder temperatures, the inlet cooling-air tem-
peratures, and the outlet cooling-air temperatures were
corrected for instrument calibration and cold-junetion
temperature.

The specific fuel consumption was calculated from
the observed weight of fuel used, the time required to
use this fuel, and the indicated horsepower.

The pressure drop obtained from the static tube
placed in front of the cylinder included both the drop
across the cylinder and the loss out the exit of the
jacket. It is denoted by the symbol Ap in this report
and is given in inches of water.

RESULTS

Experimental values of a.—The experimental values
of & for the various points on the cylinder showed no
consistent trend with either the location or the tempera-
ture of the points, except that the values on the head
grouped about a common value and the values on the
barrel grouped about another value. It was also found
that thermocouple locations on the cylinder which had
higher than average «’s in some tests had lower than
average o’s in others and, again, no consistent trend
could be detected. It was, therefore, considered expe-
dient to average the values of a for the head and the
barrel separately and to present these values in this
paper as the correction factors. The values of « are
shown in table II. : S —
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Effective gas temperature 7,.—The values of I,
were obtained in the manner previously described and
are listed in table I. An average value of T, was ob-
tained as representative of the cylinder for average test
conditions and is listed at the bottom of the column in
table I. Most of the average values for the head and
the barrel were close to 1,150° ¥. and 600° F'., respec-
tively. The largest deviation from these values oc-
curred for the 1690 and 1820-F cylinders and for the
barrel of the 1535 cylinder. As shown in figure 1, the
values of T, vary with the spark timing, the air-fuel
ratio, and the carburetor-air temperature. The fore-
going values hold for & normal spark timing, a cerbu-
retor-air temperature of approximately 80° F., and an
air-fuel ratio of approximately 12.5 and agree fairly
well with the values given in figure 1.

Calculated values of «.—The values of « for the
various test conditions were calculated, making use of
equation (4), and are shown in table IT. The values of
T, used (see table IT) were 1,150° F. for the head and
800° F. for the barrel except for the 1690, 1820-F, and
1535 cylinders, for which the average values of 7,
shown in table I were used. The values of T, T3, and
T, used correspond to the condition in which no hesat
was added to the cooling air by the electric heaters.
The values of o were caleulated for the 1510 eylinder,
using the velues of T,, T%, and T, corresponding to
maximum cooling-air temperature and are shown in
table III. Comparison of these values with the cal-
culated velues shown in table II for the 1510 cylinder
shows very little difference, as is to be expected.

The experimental values of « are plotted in figure 9
against the calculated values. A line is drawn in each
figure for a 1:1 correspondence between the ealculated
and the experimental values. The points fall about
each line and, although the scatter is wide, the same
general trend is indicated.

Experimental values of 5—The values of b, the ratio
of increase of T, with increase of carburetor-air temper-
ature, were obtained in the manner already described.
The variation of cylinder temperaturs with carburetor
temperature was small, of the order of 15° F. increase
in cylinder temperature per 100° F. rise in carburetor-
air temperature. It is apparent that small extraneous
variations in cylinder temperature due to variation in
other conditions would introduce a large percentage
error in the value of 5; however, because of the small
effect of variation of T, on cylinder temperature, the
value of b need not be very accurately known. The
values of b obtained from several tests of the various
cylinders are listed in table IV.

As there is no apparent reason for & large difference
between the values of b for the various cylinders, an
average was taken of all the available values. An
average value of 0.38 is obtained as compared with the
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FIGURE 9.—Experimental against caloulated vales of a.

value of 0.58 obtained from figurs 1. In the present
report & value of #=0.5 will be used in making the
computations. The term containing b in equation (8)
occurs only in cases where the carburetor-air tempera-
ture is allowed to vary with the atmospheric tempera-
ture and, for these cases, an uncertainty in the com-
puted value of &, equal to 50 percent of b(l—a) will
exist when the foregoing value of & is used. In most
cases, this uncertainty will be a small percentage of a.

APPLICATION OF RESULTS

The correction factors for the variation of cylinder
temperature with atmospheric temperature will be con-
sidered for the following cases: _

A. Constant carburetor-air temperature and engine

power.
1. Climb af constent indicated air speed to a
given pressure altitude.

Level flight at a given pressure altitude.

Stationary on ground at a given barometer.

Constant airplane velocity.

. Constant mass flow.

B. Carburetor—a_\r temperature equal to and varymg
with atmospheric temperature; engine power
varying with carburetor-air temperature;
constant manifold pressure; and constant
engine speed.

o o0 o
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1. Climb at constant indicated air speed to 2
given pressure altitude.

2. Level flight at a given pressure altitude.

3. Stationary on ground at a given barometer.

C. Maneuvers of short time duration. Constant

carburetor-air temperature and engine power.
1. Climb to critical altitude.
2. Teke-off.

Cases A and B refer to equilibrium conditions and
case C refers to varying conditions. .

In the following calculations, the values given for
the Pratt & Whitney 1340-H cylinder in the earlier
Discussion of the Problem will be used for m and »’.
The values of m and »’ for other cylinders differ only
by & slight amount from these values and will introduce
only a small difference in a.

Throughout the rest of the report, the problem will
be simplified by taking the average density of the air
flowing around the cylinder as equal to the atmospheric
density. This assumption introduces no appreciable
error as the two densities are practically proportional
and it is only the percentage density change that is of
consequence in the analysis.

CONSTANT CARBURETOR-AIR TEMPERATURE AND ENGINE POWER

From the relation given earlier, that pAp may be
written proportional to ¢*I¥, it is evident in the present
case (constant engine power) that y=0. It has also
been stated earlier that 2=0 when the carburetor-air
temperature is held constant. Thus, for the cases
noted under A, the values of ¥ and z in equations (8)
and (9) are zero and A=2z. The value of z will be
found for the various cases.

Climb at constant indicated air speed (A-1).—For
chimb at constent indicated air speed,

pV:i=constant

where V is the true velocity of the airplane.
As Ap=K,pV?

then pAp=pconstant

and, thus, z=1. . .

The correction factor e, may be obtained from figure
3 for A=1.0 for various values of T, and 7,; it applies
for the case of slow climbs in which the final equilibrium
temperature is very nearly reached. For fast~climbing
airplanes, the cylinder temperature lags behind the
equilibrium temperature and the effect of atmospheric
temperature on the fime of duration of the climb must
also be considered in obtaining the correct factor. 'This
case will be discussed later.

Level flight at a given pressure altitude (A-2)—At
the level-flight condition

R,CppV*=t.hp.

where K, is a constant and Op is the drag coefficient.
If it is assumed that the thrust horsepower remains
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constant for & constant engine power and that the drag
coefficient is practically constant at the maximum-
velocity condition in level flight, then

pV:=caonstant

and, since Ap=K,pl"?
i
pAp=pz(%) X constant=p"¥ X constant

For this case 2=x=1.333.

Stationary on ground at a given barometer (A-8).—
From reference 6 & relation may be obtained between

the nondimensional quantity v/Ap/o'nD and the non-

dimensional power coefficient P/pn’D* for a cowled
engine stationary on the ground. This relation may be

approximated by
P )%
pnilP

VAP_

onD

where n, propeller speed.
P, propeller power.
D, propeller diameter.
K., a constant.
d, an exponent.

The exponent d may be taken as & constant for a given
propeller and cowling combination and for a short
range of variation of P/pn®D®. 'The values of d obtained
from reference 6 were found to lie between % and X.
Froin the preceding relation for a given engine power,
engine speed, and propeller, Ap is proportional to
p'~¢% and pAp is proportional to p*~%. The value of
A for this case lies between 1.50 and 1.666. As may
be seen from figure 3, there is only a small difference
between the values of ay for these two values of A.

Constant airplane velocity (A—4).—The case of sub-
stantially constant airplane velocity with variations in
atmospheric temperature accurs in level flight when the
carburetor-eir temperature and engine power are al-
lowed to vary. This case will be taken up in section B.
In some acceptance tests on a dynamometer stand,
however, a constant air velocity is maintained irre-
spective of atmospheric temperature while carburetor-
air temperature and engine power are held constant.
The following factors apply in correcting the average
head and barrel temperatures obtained in these tests
to a standard cooling-air temperature.

V=constant
pAp=K,p*V*=p?* X constant
A=2

The correction factors for this case are the highest of
those obtained. Campbell (reference 1) found that,
for constant velocity, constant power, and constant
carburetor-air temperature, o, was approximately 1.1
for the thermocouples on the head of the cylinder tested.
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Corresponding to an air temperature of 70° F. (the
mean of Campbell’s temperatures), a value of T, of
1,150° F., and an average of his cylinder temperatures
on the head of 358° F., figure 2 gives a value of « of
0.73. With this « and a value of T, of 70° F., figure 3
shows that, for constant velocity (\=2), o is approxi-
mately 1.0.

Constant mass flow (A-5)—It is advisable in ac-
ceptance tests conducted on the dynamometer stand,
whenever possible, to maintain a standard mass flow,
because then there is no correction necessary for varia-
tion of pAp since

pAp=K,p?*V*=constant
A=0 and ay=«

CARBURETOR-AIR TEMPERATURE EQUAL TO AND YARYING WITH
ATMOSPHERIC TEMPERATURE

Cases where the carburetor temperature is equal to
and varies with the atmospheric temperature will now
be considered. For these cases 2=1.

Climb at constant indicated air speed to a given pres-
sure altitude (B—1).—The angle of attack for optimum
climb for an airplane equipped with a constant-speed
propeller depends more on the angle of attack for mini-
mum horsepower required than on the horsepower
available. It may therefore be assumed that the slight
variation in horsepower available due to temperature
change will not appreciably affect the indicated air
speed for optimum climb. As in the case of A-1

pV?=constant
pAp=K;p*V?=pX constant=pI°X constant

Thus z=1 and y=0

and from equation (9)

1 0.64
)\=|:1 +§<0 —m) =1—0.941=0.059

Level flight at a given pressure altitude (B-2).—In
level flight at full open throttle, p¥? is approximately
proportional to the thrust horsepower. If the thrust
horsepower is assumed proportional to the indicated
borsepower of the engine,

eVi=K;I
pAp=K;p*V?=pt I X constant
Thus
% .2
=3 Y=3

4 1/2
A= [§+_2-<§_ 1.882>:|= 0.725

Stationary on ground at a given barometer (B-3).—

As in case A-3,
A P \d
#—K( _a__>2

and
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On the assumption that the propeller power is pro-
portional to the indicated horsepower and that the
engine speed is held constant,

otI¢
php=KL 7 =Kot I¢

Thus
r=2—d y=d
and
)\=[2—d+%(d-—1.882)]=1.059—%
When
1
d—§ A=0.89
1
=9 A=0.81

The values of 2, ¥, 2, and X for the various conditions
considered are listed in table V. Calculated correction
factors for the various conditions for several values of
atmospheric and average head and barrel temperatures
are also given in the fable. The value of T, in the com-
putations was taken as 1,150° F. for the head and 600°
F. for the barrel. The maximum cylinder-head tem-
perature was assumed to be 125° F. higher than the
average head temperature and the maximum cylinder-
barrel temperature was assumed to be 80° F. higher
than the average barrel temperature. Differences
between the maximum and the average cylinder-head
temperatures as low as 40° F. are being obtained on
modern cylinders. For conditions B, in which the
carburetor-air temperature was varied, the quantity
(1—a)b was added to the value read from figure 3 to
obtain the value of o, in the table.

MANEUVERS OF SHORT TIME DURATION

Climb to critical altitude (C-1}.—The case of climb
at constant indicated air speed from a pressure altitude
of pp to a pressure altitude of p at constant indicated
horsepower, engine speed, carburetor-air temperature,
and air-fuel ratio will now be considered. The rate of
climb or vertical ascent will be assumed to be practi-
cally independent of atmospheric temperature. The
height of the climb in feet is given in reference 7 as

Z=122.9(T460) 1ogm%°-

Then the time of climb may be obtained by the equa-
tion
T4+460 0

= 122'9v¢><—6010g1°11

where v, is the rate of climb, ft. per min.

From the equation for time of climb, it is evident
that the value of u in equation (12) is —1. The
present climb condition corresponds to the condition
A-1, from which the value of A=z=1 is obtained. If
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the last term of equation (12) is omitted as negligible,
the increase in cylinder-head temperature with an
increase in atmospheric temperature of dT, at the
pressure altitude p and an increase in the average
atmospheric temperature of d7 is given by

ATy, =odT,+adT
where
—T
a,=-1f_*_—4£(1—ma)r

The magnitude of the factor «, which was intro-
duced by the variation of the time of climb with the
mean atmospheric temperature between the pressure
altitude p, and p, will now be investigated. Figure 10

40 T T
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F16URE 10.—Variation of correction factor a; with Ta— T,
a;-j;t;;{;“(l—ma)r

shows a, plotted against T,— T3, The values of a,
m, and T were taken as 0.8, 0.336, and 0° F., respec-
tively. Curves are given for values of T,—T}, of
100° F. and 150° F. It is seen that, when the cylinder
temperature lacks only 10° F. of reaching its equilib-
rium value, the value of «;is 0.04. When the equilib-
rium temperature is reached, as in a slow climb,
T3—Ty=0 and a,=0. This case reverts to. the case

A-1. The maximum value of o for T;—T;=100 is
0.06 and, for other values of T,— T}, is in the direct
ratio of T,—Thy to 100. Although it is rarely known

by what amount the cylinder temperature lags behind
the equilibrium temperature in an actual climb test,
figure 10 is of interest in showing the magnitude of the
error that might be expected in neglecting «,. In some
cases, where the value of T,— T3, is known roughly, the
value of «, can be estimated.

A method of estimating T,— T, in flight for a cowled
engine provided with adjustable cowling flaps is to
record the cylinder temperatures and the test con-
ditions at the top of the climb and then to fly in level
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flight at the final altitude with the flaps adjusted to
restrict the pressure drop across the oylinders to that
obtained in the climb with the same engine conditions
and again to record the cylinder temperatures. It
should be borne in mind, however, that the two cooling
conditions may not be entirely equivalent, as a diffor-
ence in the turbulent air movement in front of the
cylinder may be expected.

It is evident, from the foregoing considerations, that
the cylinder temperatures at the end of a climb depend
not only on the engine and cooling conditions prevail-
ingatthat time butalsoon their history during the climb.
An ideal case was discussed in which the engine condi-
tions were held constant during the climb. In climb
tests as they are performed at present, the throttle
is set at & definite stop atsea level and is adjusted to a
new position at a prescribed altitude to bring the mani-
fold pressure up. The mixture control and the car-
buretor-air temperature are set at sea level and are
usually not again adjusted unless the engine functions
improperly during the fight. It is known that the
mixture becomes richer for a given control setting as
the altitude is increased. The manifold pressure drops
between the two altitudes at which it is adjusted. Even
the maintenance of a constant manifold pressure does
not insure constant power, as the charge to the engine
depends also on “the exhaust back pressure. Thus,
until more complete control of the engine conditions
can be maintained during the climb, good correlation
of the temperature data for this flight condition can-
not be expected. For an engine provided with cowling
flaps, more accurate data can be obtained by flying the
airplane in level flight at the critical altitude with the
flaps adjusted to provide the same pressure drop as is
obtained in climb. The temperatures obtained in this
manner would be close to the equilibrium temperatures
corresponding to the engine and cooling conditions in
climb at the critical altitude.

The following example is given as an illustration of
the variation of cylinder-head temperature in 2 elimb.
The airplane is assumed to be provided with a 9-
cylinder Pratt & Whitney 1340-H engine operating at
550 horsepower. The climb is assumed to take place
at a constant indicated air speed that provides a con-
stant pressure drop Ap of 4.7 inches of water across the
cylinders. The weight of the cylinder head is 18.86
pounds and the specific heat is 0.25 B. t. u. per Ib. per
°F. for aluminum. The average cylinder-head tem-
perature just before entering into the climb is assumed
to be 300° F. A climbing speed of 2,700 feet per minute
is assumed. The temperatures and densities corre-
spond to the standard altitude (reference 7). The
foregoing values were substituted in equation (11).
The values used for Ka, Ba,, m, and n’ are those
obtained from the single-cylinder-engine tests. The
value of K would probably be somewhat different-for
the cowled engine in flight. The calculated average
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cylinder-head temperature T, at each 1,000 feet of
altitude up to 7,000 feet is shown in the following table.
The equilibrium temperature T'; that would be reached
at each altitude, if the engine temperature responded
instantaneously to & change in conditions, is also
listed in the table.

Altttude (tt) | Ta °F) { Th, CF.)

0 450 300
1,000 450 387
2, 000 45) 383
3, 000 450 384
4,000 450 400
&, 000 450 412
6, 000 451 421
7, 000 451 428

It will be noticed that, for this case, the equilibrium
temperature T is the same at sea level as at 7,000 feet,
the effect of the decrease in density being compensated
by the effect of the decrease in etmospheric temperature.
The actual temperature T, still lacks 23° F. of attain-
ing equilibrium at 7,000 feet.

Take-off condition (C—2).—In the take-off, the engine
is first warmed up until the oil reaches the desired tem-
perature. The throttle is then opened to the manifold
pressure for take-off and the airplane is put into motion.-
In general, the pressure drop available in take-off is not
sufficient to cool the engine at the high power teke-off
rating. Because of the heat capacity of the cylinder
material, however, the temperatures increase at a finite
rate with time and the final temperature reached at the
instant of teke-off depends, other factors remsining
constant, on the time of duration of the take-off run.
The time duration of the take-off run for landplanes is
usually in the neighborhood of 10 to 20 seconds and,
in this short time, the cylinder temperatures are con-
siderably less than the equilibrium temperature for the
horsepower and the cooling-pressure drop involved.

As an illustration, consider an airplane equipped
with a Pratt & Whitney 1340-H cylinder that, in being
warmed up preparatory to take-off, has attained an
average cylinder-head temperature of 300° F. The
throttle is then opened to provide & power of 550
horsepower, or 61.1 horsepower per cylinder, at a pro-
peller speed of 1,500 r. p. m. For a typical cowling
and propeller combination, a value of 0.177 was ob-
tained from reference 6 corresponding to the present
value of +/Ap/n (n is in revolutions per second, and Ap
is in pounds per square foot). Then

Ap=38.75 in. of water.

It is shown in reference 6 that, for low airplane speeds
the pressure drop depends mainly on the propeller
slipstream and that, as a good approximation, Ap can
be assumed to remain constant up to the teke-off
velocity.

The average cylinder-head temperature for equilib-
rium at the given power and pressure drop may be

obtained from equation (3). The value of T, is taken
as 1,150° F. and of T, as 59° F.

T—T, 1,150—59
= Rasapilo™ n 1"‘1",,=73.1(3.75)*m N 1+59
Ballﬂ' 5.22(61 .l)ﬁ‘M

—469° T.

Inasmuch as the engine and cooling conditions remain
constant during the run, equation (11) may be used:

A=Kao(App/p)™+Ba, I
=78.1(3.75)0%+ 5.22(61.1)%#=195

The weight of the head Af is 18.86 pounds and the spe-

cific heat ¢ for aluminum is 0.25 B. t. u. per Ib. per °F.

so that
A 1
m—41.3 e
Tr,=469— (469 —300)e =469 —169¢ 4%

where £ i8 in hours.
On the assumption that the take-off run requires 10
seconds, the value of T}, over this period is given by

£ (sac.) [} 2 4 [3 8 10

T, (°F.) | 80| 304 | 307 | au 316 3i8

It is seen that, for this case, the average head tem-
perature increases only 10.6 percent of the difference
between the initial and the final equilibrium tempera-
ture.

The time required for take-off varies inversely as the
square root of the atmospheric density and it is a simple
matter to calculate the effect of variation of atmos-
pheric conditions on the temperature rise of the cylinder
during take-off. The cylinder temperature at the time
of take-off depends mainly on the initial temperature
of the engine and therefore depends on the instructions
followed by the pilot in warming up the engine. For
example, if the pilot is instructed to warm up the engine
to the same temperature at the start of the take-off run
irrespective of atmospheric temperature, then variation
of atmospheric temperature will have only a small effect
on the cylinder temperature at take-off.

As an illustration, refer to the case just considered
of take-off at a given engine power, a given carburator~
air temperature, and a given engine speed. The in-
crease in cylinder-head temperature is given by equa-
tion (12), where now ZTy=T,=T. Equation (12)
becomes

dTs, Ti—T, To—T;
= L C =) CEne
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where ay, is the variation of the initial head tempera-
ture T}, and ) is the variation of the final equilibrium
head temperature T, with atmospheric temperature.
From the values of T, T3, and T, previously obtained,
a value of «=0.63 is calculated from equation (4).
Since the pilot is assumed to warm up the engine to the
same temperature prior to take-off independent of
atmospheric temperature, aa, is equal to zero. If the
take-off occurs at a constant indicated air speed, as
previously mentioned, the time for take-off is inversely
proportional to the square root of the density

focp™d

from which there is obtained u=—%. (See develop-
ment of equation (12).) The value of x as given by
condition A-3 will be used because only a small change

in +/Ap/n with airplane velocity in the take-off range is
indicated in reference 6.

z=A=0.5 to 0.666

Using values of 2=0.5, «=0.63, ,=0, u=—%, and
m=0.34, the foregoing equation becomes

dTM 0'4(Th—Th0)r| T"t_Tho

T, T.+460 ' T,—=Tp *
0.4X169r
=-—5§é;€-6-+0.106ax

=0.13740.106

The maximum value that r can haveis 1/e and the maxi-
mum value of 0.13r is

0.13

5718 005

For the present case, however,

Ty—Th,

T =1—0.106=0.894
[y 7

and r=0.10. (fig. 4)

dT,,_
dT,

The value of e,(A=0.5, T;,=1,150, T,=59, «=0.63) as
obtained from figure 8 is 0.72 and

0.130X0.104-0.106c0=0.01+0.106 e,

It is evident that the effect of atmospheric temperature
on the take-off temperature in the present case is small.

Attention is directed to the fact shown by the cal-
culations that the power in take-off can be increased con-
siderably and still not result in dangerous cylinder head
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and barrel temperatures if the femperatures of the
cylinders just prior to take-off are low. Piston temper-
atures, however, will respond more rapidly to a sudden
increase in engine power and may be the limiting factor.

SUMMARY OF METHOD OF DETERMINING CORRECTION FACTORS
FOR VARIATION OF CYLINDER TEMPERATURE WITH ATMOS-
PHERIC TEMPERATURE

Reference to equation (8) or figure 3 shows that the
correction factor an (change in cylinder temperature per
degree change in stmospheric temperature) may be
determined when the values of T, 7%, «, and X areknown.
As pointed out-in the discussion following equation (8),
the values given in figure 3 do not-include the last term
in equation (8), 2b(1—e«). When the carburetor-air
temperature is held constant, z is equal to zero and this
term reduces to zero. When the carburetor-air tem-
perature is allowed to vary with the atmospheric tem-
perature, z=1 and this term becomes b(1—e«), where &
may be taken equal to 0.5. This small correction must
be added to the value of a) obtained from figure 3 for
the cass of z=1. Vhen the exact value of 7, is not
known, it-is seen from figure 3 that a value of 1,150° P,
for the head and of 600° F. for the barrel may be chosen
without introducing sppreciable error. The value of A
corresponding to the condition under consideration may
be obtained from table V. It may also be determined
from equation (9), as previously shown. The basic
correction factor & (change in cylinder temperature per
degree change in cooling-air temperature when mass
flow of cooling air, engine power, and carburetor-air
temperature are held constant) may be determined from
equation (4) or figure 2 when T, T,, T, and T} are
known; T, is the atmospheric temperature, T the
average head temperature, and T the average barrel
temperature. As may be seen from figure 2, the as-
sumed values for T, may also be used for determining «
without introducing an appreciable error.

In many practical cases only the maximum head and
barrel temperatures and the atmospheric temperature
are obtained in the tests. The difference between the
average head temperature and the maximum cylinder
temperature depends on the type of finning and baf-
fling; the better the finning, of course, the smaller the
difference. In the following table are given the approx-
imate differences between the average head and the
maximum cylinder temperatures for the cylinders
tested.

Temperature
Cylinder difference (°F.)
Pratt & Whitney:
1330-H ]
1635 o
1535 (flight) 100
1830 ]
1600. %
Wright:
¥ 70
40
1510 %
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The average barrel temperature is of the order of only
30° F. lower than the maximum and can be quite closely
estimated. From figure 2 it may be seen that an error
of 25° F. in the estimated value of the average head
temperature will cause an error in the value of « for
the head of 0.03; an error of 10° F. in the estimated
value of the average barrel temperature will cause an
error in the value of « for the barrel of 0.02.

The preceding method is Hllustrated with the following
example. An engine is tested in level flight and a
maximum head temperature of 425° F. and & maximum
barrel temperature of 250° F. are obtained at a cooling-
air temperature of 20° F. The engine is provided with
en air heater adapted to maintain a standard tempera-
ture at the carburetor of 70° F. It is desired to deter-
mine the value of the maximum cylinder temperatures
if the cooling-air temperature were 70° F. at the same
altitude and engine condition. If it is assumed that
the average head and barrel temperatures are 125° F.
and 30° F. lower than the respective maximum tempera-
tures, the values of T, and T are 300° F. and 220° F.
Corresponding to these values of T and T} and to a
value of T, of 20° F. and 7, of 1,150° F. and 600° F.
for the head and the barrel, respectively, figure 2 shows
& value of « for the head of 0.73 and for the barrel of
0.68. From table V, case A-2, a value of \ of 1.33 is
obtained. The required correction factors . corre-
sponding to the values of \, a, T}, and T, are read from
figure 3. The values obtained are o=0.93 for the
head and 0.80 for the barrel. The maximum cylinder
head and barrel temperatures, corrected to a cooling-
air temperature of 70° F., are then 472° F. and 290° F.,
Tespectively.

The correction factors for & number of test condi-
tions are included in table V. For each condition, the
factors were determined for average head temperatures
of 350° F. and 275° F., average barrel temperatures of
300° F. and 225° ¥., and atmospheric temperatures of
100° F. and 0° F. These values bracket the usual oper-
ating range. For most test conditions, the variation of
the correction factor over this range is small and an
average value may be used. Where a large variation
exists, the correction factors corresponding to a desired
set of conditions may be obtained by interpolating be-
tween the values given in table V. In this connection
it should be noted that a probable uncertainty of +5
percent exists in the values of the correction factors.
Approkimate maximum head and barrel temperatures
are also listed in the table and were obtained by adding
125° F. to the average head temperature and 30° F. to
the average barrel temperature.

GENERAL REMARKS

The dependence of cylinder temperatures on the
engine power, the air-fuel ratio, the carburetor-air tem-
perature, the pressure drop of cooling air across the
cylinder, and the cooling-air temperature has been
shown. It has also been shown that the correction

factor for variation of cylinder temperature with at-
mospheric temperature depends on the type of flight
or test to which it is to be applied. Correction factors
have been obtained for several ideal cases.. Various
girplanes, however, have different refinements of equip-
ment for controlling the engine and cooling factors and
therefore present separate problems. These problems
can be readily investigated by the methods illustrated.

Obviously, when cooling tests are made for accurate
comparisons of cylinder temperatures, the factors that
are not intentionally varied should be held as closely
as possible to a standard and should be measured in
order that corrections may be applied for small varia-
tions from the standard.

It is the practice at present to use the temperature
of the rear spark-plug gasket as the index of the cooling
of a cylinder. The temperature of the rear spark-plug
gasket has been found to depend on the condition and
construction of the plug, the cleanness of the plug, and
the tightness with which it is inserted in the cylinder.
For these reasons, the temperature of the rear spark-
plug gasket may at times give incorrect indications of
the cooling of a cylinder. The comparison of the cooling
of a cylinder based on the reading of a single thermo-
couple may be misleading and it is recommended that
the average of a number of thermocouples located at
standard positions on the head and the barrel be used
to obtain average head and barrel temperatures.

In a multicylinder engine, variations of as much as
50° F. occur between the maximum temperatures of the
various cylinders. This fact tends to complicate the
problem of correlating the femperature date obtained
on such engines. An average of the maximum tfem-
peratures for all the cylinders would give the best
correlation.

Although the methods in this paper apply for correct-
ing the average head and barrel temperatures, the mag-
nitude of veriation of these temperatures indicates
closely the magnitude of variation of the maximum
cylinder temperatures to be expected.

In the computations, various additional refinements
that might have been considered would have introduced
small corrections. For example, it was found in the
present tests that heating the cooling air tended to
reduce the weight of the charge and the engine power
even when the ecarburetor-air temperature and the
manifold pressure were held constant.

In the consideration of the supercharged engine, the
assumption was made that & 1° F. variation in carbu-
retor-air temperature causes a 1° F. change in inlet
manifold temperature. This assumption is only a rough
approximation, as compression by the supercharger,
cooling of the compressed charge, and evaporation of
the gasoline would alter the relationship. The effect
of carburetor-air temperature on cylinder temperature
for a constant engine power is small, however, and it
was not considered worth while to make a more accu-
rate analysis.
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Tests of one cylinder were made to determine the
effect of oil temperature on cylinder temperature. It
was found that & variation in oil-out temperature from
128° F. to 171° F. caused only a very small change in
cylinder temperature. Although the majority of the
thermocouples indicated & slight increase, some of the
thermocouples showed & decrease. The quantity of oil
circulated was found to have a greater effect.

The correction factors in the present report apply to
the case where the engine is not detonating. When de-
tonation occurs, the engine temperature changes more
rapidly with a,tmospheric temperature because the in-
tensity of detonation is also affected by the change in
temperature.

CONCLUSIONS

1. The values of the cylinder-temperature correction
factors for cooling-air temperature for constant engine
conditions and constant mass flow calculated from
semiempirical equations agree reasonably well with the
experimental values,

2. The cylinder-temperature correction factors are
lowest for the constant-mass-flow condition and highest
for the constant-velocity condition.

3. The cylinder-temperature correction factors for &
fast climb are slightly higher than those for a slow
climb when the cylinder temperatures do not attain
equilibrium in the fast-climb.

4. A change in carburetor-air femperature affects
the cylinder-temperature correction factors by chang-
ing the effective gas temperature, but the effect is small.

5. It is recommended that the average of a number
of thermocouples on the cylinder head and barrel be
uged as a measure of the head and barrel temperatures.
A single thermocouple, especially one located on the
rear spark-plug gasket, may give misleading results.

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NaTioNan Apvisory COMMITTEE FOR AERONAUTICS,
LanerLey FieLp, Va., June 20, 1938.



APPENDIX

SYMBOLS

outside wall area of head of eylinder, sq. in.

internal area of head of cylinder, sq. in.

Kay(Appfpo)™+Ba I

ratio of change of effective gas temperature
(T,) to change of carburetor-air tempera-

_ ture (7).

Ba, I" T+ Kao(App/pe)™Te

constant.

specific heat of metal in cylinder head, B. t. u.
per 1b. per °F.

drag coefficient.

exponent.

propeller diameter, ft.

heat transferred per unit time from combustion
gases to cylinder head, B. t. u. per hr.

heat transferred per unit time from cylinder
head to cooling air, B. t. u. per hr.

indicated horsepower of each cylinder.

K, K, K;, K, constants.

exponent.

weight of eylinder head, 1b.

propeller speed, r. p. s.

exponent.

pressure at initial altitude of c¢limb, in. Hg.

pressure at final altitude of climb, in. Hg.

propeller power (brake horsepower), ft.-1b. per

sec.
T"_TE‘I Ty—Thy
Ta— i no 08« TB_IM
time, hr.

inlet temperature of cooling air, °F. (tempera-
ture of atmosphere).

average temperature over the cylinder-basrel
surface when equilibrium is attained, °F.

temperature of carburetor air, °F.

effective gas temperature, °F.

average temperature over the cylinder-head
surface when equilibrium is attained, °F.

average temperature of atmosphere during
maneuver, °F.

temperature of atmosphere at time =0, °F.

average temperature of cylinder head at time
t=0, °F.

average temperature of cylinder head at time
t, °F,

exponent.

Uey

Vv,

%Yz
s

@,

Oy

O

Ay

Ps

Po,

Ap,

rate of climb, ft. per min.

true velocity of airplane, m. p. h.

exponents.

height of climb, ft.

basic temperature correction factor; changs in
cylinder temperature per degree change in
cooling-air temperature; mass flow of cooling
air, engine power, and carburetor-air tem-
perature remaining constant.

correction factor for any test condition when
equilibrium. is attained; change in cylinder
temperature per degree change in atmos-
pheric temperature.

correction factor for any test condition at time
t=0; change in cylinder temperature (T},)
per degree chenge in cooling-air tempera-
ture (T%).

correction factor during a climb; change in
cylinder temperature per degree change in
atmospheric temperature.

el ()]

average density of cooling air, 1b.-ft.”* sec.?
(average density of the air entering and leav-
ing the fins).

density of air at 29.92 in. Hg and 70° F., 1b.-

it.7* sec.?
pressure drop across cylinder, in. of water
(includes loss out exit of baffle).
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URE ON CYLINDER TEMPERATURE

TABLE I.—TEST CONDITIONS FOR EFFECT OF COOLING-AIEXTEMPERAT
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TABLE II.—CALCULATED AND EXPERIMENTAL VALUES OF a
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TABLE III.—VALUES OF o« CALCULATED AT HIGHEST AIR TEMPERATURE

a(Caleulated) T,
T, T, T
Cylinder Berfes : T_'—ﬂ T_'_ﬁ Barrel Head
T,—T, T,—T

CF) (°F.) ©°F) Barrel Head CF.) C°F.)

1 226 325 398 0.756 0.822 800 1,150
2 27 362 487 . 655 748
3 219 340 427 L6832 LT
4 244 350 481 L7102 793
6 205 348 i 812 -763
1810 T 277 350 429 T4 .8%
8 235 351 436 .682 780
9 249 355 440 .698 .788
10 345 sgg 107 750 821

11 198 3 434 .598 .782 ———
13 227 303 .710 .82l
14 224 393 452 . 550 L7142
B !
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TABLE IV-—VALUES OF b OBTAINED FROM CYLI“IDER TESTS

Indlcat.ed Carbureto P
Engine Apalpy Fuel con- | Aruuretor-
Crylinder speed ) eﬂeet.iva h%:ge%%t;‘gr (mt:e% a gn;im ti%a y alr temper 8-
r D. m. Tessire wa .{1. bp./hr.
(lg.lsq. in.) . (" F.) Head Barrel
1,501 140, 6 4.5 17.18 0. 461 45-120, 2 0.7%4 0
1840-H 1,502 153.1 45.26 18.50 470 47.3-126 1006 . 519
] 1, 537 87.7 20.54 10.85 .448 74-187 . 740 0
1635 { 1,528 119.2 26.7 15.47 444 45-153 846 384
------ - 1,787 1351 8.5 15.97 A5 34-154 . 607 .360
1,302 94. 26 31,96 ~ | 18.32 . 601 39-148 —. 159 0
1820-F. -4 1,501 117.12 45.80 13.84 442 76-128 .32 .20
] 1, 508 120, 23 47.07 18. 87 Wi 84-160 . 368 .19
1850 . { 1,634 117.9 879 20. 52 . 518 58. 5-150 . 590 . 388
-=man Lest | 173 8.93 | 20.63 467 81-148 it . 634
1610... { 1, 503 118.0 24.2 16.83 . 433 46-157 . 254 .209
- 1,702 122.6 28.5 16.14 442 78-153 . 233 L1117

TABLE V.—EFFECT OF FLIGHT CONDITIONS ON ENGINE TEMPERATURE CORRECTION FACTORS

say
T, T, T, T,
Flight condition 4 z z RN Y T}nu (°F‘) dmez ('F.) («F')
_ ( F_') CF) Head { Barrel
A. Constant carburetor-eir temperature and engine power: :
. Climb at constant indicated air speed tos glven Pres- 0 0 1 1 475 350 330 300 0 0.88 0.80
sure sltitude. a 475 350 330 300 100 .87 .67
- 4K 275 285 225 4] .91 .73
. 400 5 255 225 100 .91 .80
2. Level filght at & given prassure altitude. . oo oo 0 0 1.83 L33 475 350 330 300 0 .93 .65
476 350 330 300 100 .91 .09
. . 400 276 255 225 0 .98 .78
. : . 400 275 258 225 100 .95 .82
3. Stationary onground at givenbarometer.. .. .. __. 1] 0] L5166 L5066 475 350 330 300 0 .98 .69
. 475 350 330 300 100 9% .7
275 255 225 0 Lo .78
. 400 276 255 225 100 .07 8
4, Constant airplane velocity : 0 1] 3 2 475 350 330 300 0 105 .73
475 350 330 300 100 .98 T4
400 278 258 225 Q L.og .83
R _ 43 278 255 225 100 1,00 .85
5. Constant mass flow 0 1] Q .0 475 s 330 300 0 .70 .50
i 475 330 300 100 .76 .60
400 275 255 225 [ .76 .03
. 400 275 255 225 100 .8 .78
B. Cerburetor-alr temperature equal to and varying with at- i
mospherlo temperature, enging power v with
carburetor-air temperature, constant manifold pres-
aure, and constant peed: L
1, Climb at constant Indi ted alr speed to a given pres- 0 1 1 . 032 475 350 330 300 1 .86 76
sure altitude 478 %0 330 300 100 .88 .80
400 275 255 25 0 .88 .81
. 400 275 2585 25 100 91 .87
2, Level flight ata given pressura altitade_ ... .86 1 188 .70 475 350 330 300 Q 97 .83
475 350 830 300 100 .98 .85
275 255 225 0 .08 .88
400 275 255 25 100 .87 .90
8. Statlonary on ground at a given barometer......-—--_. L I] 1L50-.66| .81-.80 475 35 330 300 1] L00 .85
. 475 350 330 300 100 .97 .88
400 276 255 225 0 1.00 90
400 275 255 225 100 .99 o1

o The values of a, for the head are calculated for T'e=1,150° F. and for the barrel for T'y=000° ¥,




OO FORI6) (43 47) AV 20915
Schey, Oscar W. |pivISION: Power Flants, Reciprocating (6) IORIG. AGENCY NUMBER
Pinkel, B. SECTION: Cooling (1)
Ellerbrock, H. E. | cROSS REFERENCES: Gylinder temperature - Correction R-645
(28474) REVISIO
AUTHOR(S) :

AMER. TMLE: Correction of temperatures of air-cooled engine cylinders for variation in
engine and cooling conditione

FORG'N. TITLE:
ORIGINATING AGENCY: National A~ _sory Committee for Aeronautics, Waehington, D. C.
TRANSLATION:
COUNTRY | LANGUAGE [FORG'NLLASS U. S.CI.AS DATE FAGES ILLusS. FEATURES
U.S. Eng. nclass 1938 photos, tablee, diagre,graphs
ABSYRACT

Factors for the correction of engine-cylinder temperature are derived from semiempirical
equations, and compared with those obtained experimentally in various flights and tests.
The effects of the cooling-air temperature and the carburetor-air temperature on ths cylin-
der temperature are determined by placing eeveéral conventional air-cooled engine cylinders
in closed Jackets and exposing them to various temperatures. The cooling-air temperature
is varied from 80OF to 2300F, while the carburetor-air temperature is varied from 40°F to

160°F, The experimental correction factors checked with fair agreement with those obtained
by the eemiempirical equatione.
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