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SUMMARY

The operating temperatures of sodium-cooled exhaust valves in
a liquid-cooled cylinder were investigated for a large variety of
engine conditions by means of a thermocouple embedded in thie valve
head. HMeasurements were also made of the exhaust-gas and the
cylinder-head temperatures. Only one of the six cylinders in a
multicylinder bloci was fired for these tests.

The engine operating variablec that affected the valve tem-
perature most for a given vercentage change in the operating variable
werc: (a) fuvel-alr ratio, (b) indicated mcan cffective pressure,
(c) compression ratio, and (d) spark advance (for greatly advanced
or retarded positions). Injection of internal coolants (water or a
mixture of 50 percent water and 50 percent alcohol) a2t a congtant
indicated mesn effective precsure decreased the vzlve temperaturs
for a fuel-alr ratio richer than stoichiometric although the use of
an equel weight of additional fuel was more effective; for a fuel-
air ratio leaner than stoichiometric the injectlon of water alone
decreased the valve temperature but the injection of & mixture of.
water and alcohol increased the valve temperature at all except the
highest ratios of internal ccolant to fuel. n increass in external
cooling was not an effective means of lowering valve teuperature.

Valve-temperature measureuments revealed that corrosion and
deposits on the surface pf the valve head affected its temperature
at the engine conditions tested. Operation et a measured temperature
above 1500° F was possible without preignition when a valve with a
nongcaling (Nichrome-coated) head was used but preignition was
encountered at e measured temperaturs of about 1350° F when a valve
with scale on the head (uncoated head) was used. The temperature
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distribution around the valve head as measured by the thermocouple
was not uniform; the temperature was highest on the portion of the
valve head nearest the exhaust spark plug.

INTRODUCTION
A

An invesbtigation has been conducted at the NACA Cleveland lab-
oratory to determine the effect of engine operating variables on the
exhaust-valve tempevaturea of a ligquid-cocled aircraft-engine cyl-
inder. This investigation was given impetus by the occurrence of
preignition in cylinders of this design on several occasions at
this laboratory. The preignition was thought to be caused by over-
heated exhaust valves. Previous investigations of exhaust-valve
temperatures have hed a somewhat limited scope in that only a few
operating variables were examined; in this investigation a large
number of operating variebles were explored over wide ranges. Meas-
urements of the cperating temperatures of both Nichrome-coated and
uncoated exhaust valves, and of the temperatures necessary ‘o induce
preignition were included. Exhaust-gas and cylinder-head tempera-
tures were measured to show their relation to the exhaust-valve
temperature.

The valve-temperature measurements were made with a thermocouple
embedded in the valve head. his method had been previously uged to
measure the temperature at the center of the crown of a hollow-head
sodium-cooled valve. (See reference 1.) The engine used for the
present tests was equipped with tulip-type valves having sodium-
filled stems., In a valve of this design the hottest part of the
valve head is between the stem, which is cooled by the actlion of the
gsodium, and the outer edge, which is cooled by the contact with the
geat. The thermocouple was installed in a position estimated to be
the hottest part. Only one of the six cylinders in a multicylinder
block was fircd for these tests and only one of the two exhaust valves
in the cylinder was provided with a thermocouple

APPARATUS
Ingine Setup
Fngine. - The tests were conducted on a single-cylinder engine
using a liquid-cooled multicylinder aircraft-engine block adapted to

& CUE crankcase. (Seo reference 2.) The cylinder bore is 5.5 inches;
the stroke 6.0 inches; the displaccment ig then 142.5 cubic inches.

8
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The normel compression ratio of this engine is 5.65. An electric
dynamometer absorbed the engine power and an NACA balanced-dievhram
dynamometer-torque indicator (reference 3) measured the torgu The
test engine was lubricated with Navy 1120 oil and was sooled w1th a
mixture of 30 percent AN-E-Z ethylene giycol and 70 percent water by
VOLUEe .

Induction system, - Combustion air was supplied from the cen-
tral laboratorv gysten thr ugn a pressure-regulating vaive, a thin-
plate orifice, and an electric heater to the surge tanix shown in
"igure 1. The fuel and internal cooliants (when used) passed throub
caiibrated rotamebters and then were injected at the entrance to a
vaporization tark through which the mixture passed before induction
into the cylinder. (See fig., 1.) The vaporization tank was beffled
to promote vaporiza tion'érd thorough mixing of the fuel, the internal
co0ian (wl*-en used), and the air. Inlet-a.r temperature was measured
at the exit of the surge tank and mixture temperature was measured
near the exit of the vaporizetion tank, The inletsalir~pressure tap
was located in the inlet elbow near the cylinder port,

Hh
(=3

o

Exhaust svotem. - The exbaust gases passed through a short
water-jacketed pipe into a silencer and then through a 4~inch pive
to a 24~inch header. The pressure in the header was maintained at
about 4 inches of water below thospx ric, which gave an average
pressure at the entrance to the silencer of 30 +1 inches of mercury
gbgclute for all of the tests except that wi tn variable exhsust®
pressure., During this test the 4-inch exhauvst pine was connected
to the central laboratory aititude-exhaust sgdfem and the exhaust
pressure was controlled by valves in this system. ZExhaust-pressure
measurements were made in the silencer near the entrance.

hermocouple Install

Exhaust-valve thermocouple. - The ex‘naust-valve—th ermoc
ingtailgtion used is showvnm in f;twva 2. Stock sodium-cooled «wlTes
‘2

with a stem diameter of /8 inch a2nd a head dismeter of 1 inches

...

-
-

were used for all tests. The thermocouple junction was formed in
the valve head st 2 point 9/16 inch from the center by Jjoining a
constantan wire with the valve stsel. The constAut,n wire end 3
gteinless-gteel stem wers extended frow the valve to a pogition
outside the cylinder where the thermocouple circuit was completed

The thermoelectric potentizl in most tests was measured by & portable
rotentiometer with balance of the potentials indicated by a light-

beam gelvanometer. In some tesis a self-balancing potentiometer was




s

4 NACA TN No, 1209

used. The stainless steel used for the extended stem had a negligible
thermoelectric notential when Joined with the steel of the valve stem,
Becauge of the design of the omne-wire thermocouple, electrical circuits
perallel to the vaLve -gteel and constanten circuit occurrecd from the
valve seat through the aluminum cylinder hesd and the bronze valve
guide to the valve stem or to the valve~-spring retainer and then to
the valve stem. The error introduced by the possihle circulating
currents was investigated in bench tests for a one-wire thermocouple
installed in a hollow-head sodium-cooled valve (having the same metal
composition) of an air-cooled cylinder and was found to be negligible
(releredce 4). The error introfuced in the present thermocouple
measurements is also believed to be negligible.

A thermocouple was ingtalled in sach of four exhaust valves. Two
of these valves (valves 1 and 2) had uncoated heads and the other two
(valves 3 and 4) had Nichrome-costed heads. The valve material is &
high chrome-nickel sustenitic stesl, AMS-5700, =and the Hichrome coat-
ing is a nickel-g¢hrome alloy, ALQ—LGN?, wiichn is used primarily as a
corroaion-resistant coating. The thermocouple installstion for
valve 3 differed from that for the other three valves in that the
extended stem was designed for intermittent rather than gliding con-
tact with the external. circuit. This valve was used to check the
thermocouple rezdings of a valve with sliding contacts in order that
the presence of siray electrcmotive forces due to the sliding contacts
could be detected. Ilo appreciable digcrepancies were observed.

-

Caelibration curves for the four valves are shown in Figure 3.
r (51

The points for valve 2 (uncoated) were obtained after more than

50 hours of operat icr 'n the engine, including a momentary tempera-
ture as high a3 1870° F. - These points coincide with the curve for
valves 1 and 3, which were new at the time of calibration, The
curve for valve 4 is slightly different; a variation in the thermo-
electric properties of the stesl valve stpck may account for this
deviation,

BExhaust-gas vhermocounle, - Exhaust-gas temperatures were mess-
o™ S )
ured near the center of the exbhaust-gas pipe with a quadruple-
shielded chrcomel-alumel thermocouple (fig. 4).

Cylinder-head thermocourle. - Measurements of cylirder-head
temperatures were made with an irocn-constantan thermocouple installed
in a hole drilled directly above the exhaust-spark-nlug bushing to a
point midway between the two exhaust-valve geats. (See fig. 5.) The
resulis of previous tegls indicate this point to be in the kighest-
tempersture region of the cylinder head.
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TEST PROCEDURE

A bagic set of engine cperating conditions was chosen (2pprox-
imately normal rated power conditions for the full-scale multicyl-
inder eng*nﬁ); each operating variasble was ﬁndiv dually tested
while the others were maintained constant at + tasic value, The
following table showas the basic values and tna range throvgh which

each operating varisble was tested:

: {Bagic
Opsrating variable ivalue Range investigated
Fuel-alr rabtio 10,0657 0.057-0.118
Iindicated mean effective pr es-? BCV 141-224
sure, Tb/sq in, ;
Engins speed, rmm i 2600 1300-3000
Spark ¢ dvance, dez B.7.C. i
Inlet ! 77 10-77
Exhaust 34 18-83
Mixture temperaturs, CF 200 AT-274
Cutlet coclant temperature, ©F| 280 122-269
Coolant-fiow rate, gal/min 105 75-122
Exhaust pressure, in. EHg 30 8-54
absolute
Compression ratio | 6.65] 5.00-9.75
Rune were also made with variable engine speed with the indicated
meatn: effective prezsure adjusted to maintain congtant indicated
norsepower,
In order to obtain information on exhaust-valve Temperatures
encountered during high-output cperation, additional ruas werc made
at an engine speed of 300C rpm (wnAcﬂ is take-off rated sveed for

cale engine) with an indicated mean effective pressure of
sguare inch (which is approximately 25 percent
indicated wean effective pressure

the full-s
300 pounds wper
higher tnan the rated tuu@“rp

for the full-scalse rnﬁ“ﬁc and & mixture temperature of 130° W,
Temperature measvrements vere mede 23 the fuel-zir retio was varied
from 0.08 to about O.ll. This power level was thﬂ highest stitainzable

)

_without kmock in the fuel-air-ratio r igated with the fuel

usedc

ange inve

Tegts with internal coolants wers run at two fusl-air ratios,

0.08% and 0,06, with ratios of internzl coolant to fuel from O
t¢ about 1.0, The inlet-gir empe¢ut‘re was adjusted to give ths
basic mixture temperature (200° F) with no internal-ccolant flow
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and was held congtant ss the internal coolents were injected. The
internal coolants used incluvded water and g mixture of 50 percent
ater and 50 percent ethyl alcohiol by volume {(referred to herein as
"water-alcohol miyture”) The ethyl alcohol wes denatured with

5 percent methyl alconol,

With the exception of the tests with wvariable commression ratio,
23-R fuel wes used (minimum-guality specification AN-F-28), the com- |
presgicn ratio was 6.65, and the inlet-oil temperature was 1385° F
Because 28-R fuel knocked at the highest compression ratios uesbed,
a fuel blend of 90 psrcent triptane and 10 percent benzene with
3.8 milliliters TEL per gallon waz vsed for the comnression-ratio
tests. The use of tnis fuel blend rn“uTUed in cylinder temperatures
approximately equal wo those obtained with 28-R fuel at basic
conditions,

Friction runs (which were required to compute indicat
efTective pressure) were made by motoring the engin VY
tions with no fuel flow, Fricticn reedings were taken as guickly
a8 possible af'ter a period of firing.

(‘D
o
ct

RESULTS AND DISCUSSION
Temperatvre Variations st Constant Engine Conditions

Teuperature distribution arcund exhaust-valve head. - The seal-
ing gualities of a valve and the stress distribution in the valve
head depend in part on the btemperature pattern arcund the valve head

under opersting conditions. Because the exhaust valve rotates in
its 5u1de during the +p'-g, his temrerature pattern around the
circle desgcribed by the & rnocoque Junction could be determined.,

T

The rate of rotation wag aboutb Lé rpn at the basic operating condi-

tiong; subsequent runs revealed that this speed is about unermal for

LI

similar opers thg conditions without the thermocoupie ingtzllation,

temperature measurements were nmade svery 45° as the valve rotated.
A redial pattern of the results thus obtained is showm in figure 6.
The meximum temperature dif
temperature directly opposite the maximum. At engine speeds between

100 and 3000 rpm, the difference between the maximm and minimum
valve teurersture changed as the eng*nn speed wag chanzed; an increase '
in engine speed resulied in a emaller tempesrature differcnce, Increas-
ing the engine speed caused the rate of rotation of the ¢alve to .

ference ic about 70° ¥, with the minimum
B

\
|
With all the engine conditions maintained zt the basic values,
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increase and at the high rates of rotation the time was probably
insufficient for the temperature at the thermocouple Jjunction to
follow the fluctuations measured at the lower rates of rotation.

t an engine speed of 2100 rpm this temperature difference wasg about
100° F, whereas at 3000 rpm it was about 50° F, Between these two
values the difference was approximately linear with engine speed.

The angular location of the maximum temperature with respect to
the cylinder head is also shown in figure 6. Several factors may
cavse one gide of the valve to have a higher temperature than the
other side;  possibly the origin of the combustion near this side of
the valve is most important. Also of importance ie the probability
that more of the exhaust gases pass through the valve on the side
nearer the cylinder wall because the path on this sids is more
direct. Temperature variations around the valve seat would also
influence the temperature variations around the valve head; no
attempt was made to measure the temperature distribution around the
valve seat because of thermocouple-installation difficulties. Tests
conducted on an air-cooled cylinder from & radial engine at the NACA
Cleveland laboratory have shown that the temperature-distribution
pattern around tie valve seat is similar in shape to that for the
valve shown in figure 6. The temperature pattern around the valve
head and seat might have been ciiferent, however, had all six cyl-
inders in the multicylinder block been firsd.

Because the maximum temperature during rotation of the exhaust
valve is of most importance with reference to preignition, valve
corrosion, and valve strength, only maximum temperatures are
presented, except where otherwise ncted.

Effect of surface condition on exhaust-valve temperature. -
Frequent determinations of the exhaust-valve temperature werec made
at the basic operating conditions. These measgurements showed that
the temperature varied as much as 50° F for the two valves with
uncoated heads. When these valves were removed from the cylinder,
gcale and deposits were observed on the surface of the valve head.
The surface condition of one of these valves (valve 2) after
36 hours of operation is shown in figure 7. When this valve was
cleaned of all deposits and scale and the seating surfaces were
reground, the temperature at the basic engine operating conditions
was found to have increased about 50° F above the Lemperature
measured just before the cleaning and reseating. ZIZvidently, the
gcale and deposits acted as an insulating layer and when they were
removed more heat was transferred from the hot cylinder gases to
the valve. An investigation made at this laboratory on an air-
cooled cylinder has shown that the amount of corrosion and deposgits
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on uncoated exhaust-valive heads veries with power output, which may
account for much of the variation of valve temperatures at the basic
operating conditions after periods of varieble engine operation.

Effect of Fngine Operating Variables. on
Exheaust-Valve Temperature

Fuel-air ratio., - The valve temperature reacts 1o changes in
fuel-air ratio in the manner characteristic of most cylinder-head.
temperstures (fig. 8). For the test at an engine speed of 2600 rpm
and an indicated mean effective pressure of 200 pounds per square
inch (apvroximetely normal rated power output), the maximum tempera-
ture of 1254° F occurred at a fuel-air ratio of about 0,088, with a
ravid decresse in tempersturs as the mixture was leaned or enriched
from this value.

Exhaust-gas and cylinder-head temperatures are alsc shown in
figure 8 for comparison., Because the exhaust-gas thermocoupl
(fig. 4) had not been installed when the valve and cylinder-head
temperatures were ohtained, the exhaust-gag temperatures werc
obtained later; the data from this repeat test are shown as a dashed
line in figure 8.

Tests made at high power output with the mixture temperature
lowered to avoid knock are zlso presented in figure 8. The maximum
valve temperature was 13%8° F at the test conditions noted.

Tndicated mean effective pressure, - The rate at which the
exhaust-valve temperature Increasel with increasing indicated mean
effective pressure is shown in Tigure 9. The relation is not quite
linear: the higher the power level, the lower the rate of tempera—
ture incresse. At the basic conditions (indicated mean effective
pressure SOO 1b/sq in.), the valve temperature increased approxi-
mately 1.2° F for an increase indicated mean effective pressure
of 1 pound ner square inch, which is equivalent to a valve-
tem”erature increase of approximately 2.6° F ver horsepower. The

orresponding rates of increase for cxlaust-b s and cylinder-head
tumreratures are zbout 1.4° and 1.2° F per horsepower, respectively.
Exhaust-valve-temperature data for an air-cooled cyliander in refer-
ences 4 (fig. 9) and 5 (fig. 12) show that the rate of temperature
change w1b3 indicated mean effective pressure is about the same as
the value given in this revort, although the operating conditions
were 00331ﬂerablg different. The data for the air-cooled cylinder
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algo show that chenges in valve and port design, which changed
valve-temperature levels as much as 200° F, did not avpreciably affect
the rate of temperature change with indica ted mean effeciive otressure.

Engine gpeed. - The variation of exhaust-valvp temperature with
engine areed when the indicated mean effective nrossure is held con-
gbant 1s shown in figure 10. AL the basic condition of 2600 rmm, the
valve temperatuvre changesd approximately 4.5° F ner 100-rrtm change in
engine speed or 1.3° F per horsepower. The exhaust-gas and the
crlinder-head temueratures chanzed about 2.0° and 0.8° F per Lorse-
power, respechively, at the same conditions. A comparison of these
values withh those obivained from figure § is shown in the following
table:

= A | L 5 :
Bagic value | Slope of cuxrve &%

of veriable bagic conditions

Operating variable (°F /)
LKIEHSL:EYuPHSt*CJlinQGJ

- H b b

vaiLve i &as ! aAead

e = . | | 5
Indicated mesx 200 ib/sq in. $Bu0 e 1% 152

effective nressure E !

Engine speed 2600 rm Gl Lod o b (E8E .6

For a given change in power output, the valve and cylinder-head tenm-
peratures were affected loss end the sxhauct-gas temperature was

ai'fected more when the change in power outpub was caused by a change
in eugine sneed than when caused by a change in indicated mean

de 2 L.

effective pressure.

When the engine speed was increased and the indicated hors
power maintained uonqunxu, the valve temperature decreased (ilg. 11).
The cylinder-head temperatule also decreased but the exhaust-zas
tempnerature increased. A brief ar 31}3»@ will show that these trends

are in accordance with the 1nCi gtions of figures 9 and 10,

Although the valve tempeiature changed somewbat with esagine
speed at constant indicated horaepower, a corre)sﬁion, wirlco has a
maximum variation with teast data of +30C ¥, has bteen derived th
expresses the valve temncrature

28 a function of indicated lhorse-
power for vericus fuel-air ratios (fig. 12). For this correlation
the average valve tempex ?t;re was uded and was assumed to be halfway
between the maximum and minimum valve temPevﬂture for each data
point, Beceuse the rate of valve rotation varies during overation
at different engine speeds, it may be expvected to influence the




10 NACA TN No, 1209

values of maximum and minimum valve temperature. In this correlation
the average temperature was clhiogen to relate the variables tested
rather than the maximum temperature because it more closely repre-
sents the over-all effect of heat addition to the valve head regard-
less of the rate of valve rotation. Data were taken from the runs

of figures 8 to 1l and from two additional runs wita varisble fuel-
air ratio. A three-dimensional plot (fig. 12) was mede to renpresent
the average valve-temperature data, using a linear scale for fuel-
air ratio and logarithmic scales for valve temperature and indicated
horsepower. These logarithmic scales permit the variation of valve
temperature with indic=ted lLiorgsepower to be represented by straight
lines. Withln the engine-speed range of 2100 to 3000 rym, this plot
may be used to estimate the average valve temperature for various
values of indicated horsepower and fuel-air ratio. The maximum

valve temperature may be obtained by making an addition to the aver-
age temperature ranging linearly from 50° F at 210C rpm to 25° F a%
3000 rpm. 8

Spark advance. - The effect of spark advance on the exhaust-

valve temperature at constant indicated power is presented in fig- %
ure 13, These data show that the valve temporature is lowest at a

spark advance of approximately 260 and 32° B.T.C. for the inlet and
the exhaust, respectively., Advancing or retarding the spark from
this point increased the valve temperature. This mininum point
occurred at a spark advance near the peak-power value for these
operating conditions. The value of peak-power spark advance was
determined by noting the spark advance at which maximum power was
obtained for a constant manifold pressure.

Data from two different valves were used to obtain the exhausiv-
valve-temperature curve of figure 13. At values of spark advance
above 58° and 64° B.T.C. (inlet and exheust, respectively}, preigni-
tion occurred with the uncoated valve; this condition necessitated
the use of a valve with a Nichrome-coated head (valve 3) to obtain
data at higher values of spark advance. The dsta from these two
valves showed sufficient agrecment to be represented by a gingle
curve. (See fig. 13.)

The variations of exhaust-gas and cylinder-head temperatures
with spark advence are also shown in figure 13. The minimm point
for the exhaust-gas-temperature curve occurs at a spark timing
slightly advanced from the peak-nower position; the minimum point for
the cylinder-head-temperature curve is retarded from the peak-power
vogition, The snark advance for minimum temperature of the exhaust
valve was about midway bpetween those for minin temperatures of tle
exnaust gas snd the cylinder head. »
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Mixture temperature. - The effect of mixture temnerature on
exdaust valve temperature zt constant indicated power is presented
in figure 14. The relation is linear; the valve temperature
changed about 23° F per 100° F change in mixture temperature.

The temperatures of the exhaust gas and cylinder head also
varied linearly with mixture temmerature. The exhaust-gas temner-
ature varied about 25° F and the cylinder-head temperature about
8° B, respectively, per 100° F change in mixture temperaiure.

Qutlet coolant tenperature. - The tests et various outlet
coolant tem“eratureb revealed that an increase in exbternal cooling
had a relatively small effect on the exhaust-valve tenperature.

The valve tbmneratu*e changed linearly with coolant tempersture at

a rate of about 34° F per LLOO F change in coolant temperaturc.

(See fig. 15.) The corregponaing rates of change for exhaust-gas
and cylinder-head temperature were sbout 14° and 800 ¥, respecuvively,
per 100° F change in coolant temmerature.

Coolant-flow rate. - The exiaust-valve temperature was unaf-
fected by the flow rate of external coolant in the range tested,
(See fig. 16.) The exhaust-gas temperature was also unaffected
and the cylinder-head temperature, only very slighuly affected.
The normal coolant flow is so great that little additional cooling

esulted from any reasonable increage.

Exhausi pressure. - As the exhaust pressure was increased, the
exhaust-valve temperature also incressed. (See fig. 17.) The tem-
perature rise was avout 2.2° F for a rige in exhaust pressure of
1 inch of mercury. The exhaust-gzas and cylinder-head temueratures
also increaged with exhsus’ pressure; the rates of increase ars
2-f>mud 0.4° F per inch of mex ccury, respectively, at basic condi-
tions. The temperature rise in each case may be attributed to the
decreased expansion of the exheust gesec and the possibil ity that
less fresh charge is blown tirough the cylinder during the va lve—
overlap period.

Compression ratio. - The exhaugt-valve temperature decreazed
rapidly as the compression ratio increased from 5.00 %o 8,00, dbut
decreased more slowly with & further incresse in compressicn Y'atlo
(fig. 18). As the compression ratio was increased from 5 +00 o Sulrs
the total drop in valve temperatire was 130° ¥F. For this same
change in comprescion retio the exhaust-gas temperature dropped
about 310° F and the cylinder-hezd semperature decreased about 30° F,
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This decrease in cylinder-head temperature with increasing compres-
sion ratio may be explained by the fact that the temperature at the
cylinder~head-thermoccuple location between the exhaust-valve seets
(fig. 5) is influenced by the temperature of the exhaust gas.

Comparison of effects of englne operating variables. - In order
to Tacilitate a comparison of the effects of operating variables on
the exhaust-valve temperature, the curves showing these effects have
been superimposed in figure 19, The individual curves have been
vertically adjusted to pass through a common pceint. This point rep-
resente the approximate average of a large number of check determin-
ations at the basic overating condition. Any variation in a temper-
ature measurement at this basic condition was caused by scaling of
the valve head, deposits on the valve head, distortion of the valve
Lhead, and experimental error. Very little adjustment in temperature
(2° to 9° F) was necessary to make most of the curves pass through
this point dbut in one case (variable sparic advance) an ad justment of
23° F was made. In two other cases (variable compression ratio and

~

variable exhaust pressure) an adjustment of 13° F was necessary.

This composite plot shows the effect of any operating variable
tegted on exhaust-valve temperature in comparison with the effect
of any other operating variable. The exhaust-valve temperature
changed most rapidly for given percentage differences in fuel-air
ratio, indicatec mean effective pressure, compression ratio, and
spark advance in the greatly advanced or retarded position; changed
less rapidly for given percentage differences in exhaust pressure,
mixture temperature, coolant temperature, spark advance in the
normal range of settings, and engine speed (at constant indicated
horsepower and at constant indicated mean effective pressure); and
wag unaffected by any change in coolant flow for the range tested.

Intcrnal coolants. - The date for internal-coolant injection

at fuel-air ratiocs of 0.085 and 0.08 are shown in figures 20(a) and
20(b), respectively., In figure 21(a) the effects of water injectionm,
water-alconol injection, and mixture enrichment with fuel on the
temperature of the exhaust gas, the exhaust valve, and the cylinder
head are compared for a fuel-alr ratio richer than stoichiometric
(0.085), The curves for fuel erriciment have been vertically
adjusted from the fuel-air-ratio curves shown in figurs 8, (engine
speed, 2600 rpm; indicated mean effective pressure, 2C0 lb/sq in.)

to pass through points representing the approximate average temper-
ature of a large number of check determinations at the basic operating
conditions. The curves fdr internal coolants have also been
vertically adjusted a small amount to pass through the average
temperature at the basic condition., From this basic cordition, the
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two coclants shown were injected at increasing rates up to coolant-
fuel ratios of about 1,0. These curves show that mixture enrich-
ment with fuel was considerably more effective as a coolant than

the use of either water or the water-alcohol mixture., If water or

a water-alcohol mixture is necessary for Imock suppression, however,
and if all other conditions are equal, less exterrnal cylinder
cooling weuld be required with the use of the water-alcohol mixture
than with the use of the water mixture. The greatest difference
between these two coolants was in their effect on the exhaust-gas
temperature. Vater injection cooled the exhaust gas very little;
whereas the water-alcohol mixture cooled it anpreciably., Two causes
are apparent for this effect: (1) The alcokhol is a fuel and there-
fore effectively enriches the mixture; and (2) Unpublished tests on
this engine have shown that water slows the burning more than a
water-alcoheol mixture, thereby increasing the exhaust-gas temperature
by effectively retardinz the ignition timing. (See fig. 13.)

The foregoing results on the relative effectiveness of water
injection, water-alcohol injection, and mixture enrichment with
additional fuel apply oniy if the fuel-air ratio is richer than the
stoichiometric mixture, If the fuel-air ratio is leaner than
stoichiometric the effect of internal-coclant injection becomes
guite different, as shown in figure 21(b), when the internal coolants
are injected at a basic fuel-air ratio of 0.06. The internal-coolant
curves were again veriically adjusted a slight amount to meet at the
basic condition., At this fuel-air ratio water was the best coolant
in the lower flow rezion, whereas additional fuel was the best when
large flow rates were roquired. When the water-alcohol mixture was
used, the temperatures first rose and then declined gradually as
more internal coolant was added. The effect of the water-alcohol
mixture was to enrich the fuel-air mixture toward stoichiometric
until a coolant-fuel ratio of about 0.47 (calculated stoichiometric
mixture) was reached because alcohol is a frel; a further increase
in coolant=fuel ratio enriched the fuel-air mixture beyond stolichi-
ometric and decreased the temperature., Up to a coolant-fuel ratio
of 1.0, the cylinder temperatures associated with water-alcohol
ihjection remained substantially higher than with water alone,

With water injection at high flow rates, the exhaust-gas
temperature bezan to rise quite steceply as the ratec of water injection
wasincreased (fig. 21(b)). This rise was caused by the slower burning
accompanying the water injection as proved by obtaining a curve with
the spark advanced to the peak-power value for cach point. When the
engine wag operated in this manner, the exhaust-gas temperature
continued to decline as more watcr was injected at high flow rates.
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Exhaust-Valve Temperatures at Which Preignition Was Encountered

Preicnition was enccountered twice during the course of this
investigation and wes detected by an abnormal rise in cylinder temper-
ature. The exhaust valves and spark plugs are the only probable
gources of preignition in this engine; because cold-opsrating sparx
plugs were used, the preignition probably originated at the exhaust
valves. Subsequent insvection revealed that the valve with the thermo-
couple was most lilzely bthe source in both casez because of muc
greater scaling of the head.

8

When the data for the spark-advance curves of figure 13 were
obtained, the tests were started with an uncoated valve that had
just been cleaned of all scale and deposits. With this clean valve
no difficulty was encountered when the temperature rocachied 1365°
After operation for aboubt & hours at verious conditions on anotier
part of the test program, preignition was encountered at 1345° F,
After this case of preignition the valve temperature for given
operating conditions was found to be consistently highor than when
+he valve was first installed. Upon cxamination the valve was found
to leak morc than usual, probably becaugs permonent distortion
of the walve head whsn 2ubﬁectci to the high temperatures associated
with preignition., Tho consistently higher Lcwncvatures fox the
check pointe of figure 13 are attributed to ti 7€

@
(9]
b

A few hours lator preignition was again cncountered with this
valve and thig time it was allowed to continuc for sceveral minutes.
At the start of proeignition the valve temperature was 1350 O F and
it rosc rapidly as preignition advanced. Vhen the valve roachod a
-wmmahwcafdumtlkOoﬁ(mtxmm'wdoncdﬁmawbvcwwe
ig. 3) a large drop in ongine power was noted., When tho engine
was disessembled, the valve was found to have a portion of the head

clted away within about ‘/2 inch of the thermocouple J1n"b*0n
(*ig. 22). The head of the valve with the thermocouple was badly
gecaled; whorcas thoe hoad of the othor exhaust valve was in good
condition.

Hy o

Temperatires slightly above 1300° F (extrapolated on calibration
curve) worce mcasurod without proignition when a valve with a MWichrome=-
coated head was uscd. Refercnce 6 points out that an austenit
valve stecl, 'gic to that used in the valves for this inves
gation, and stoll aroc »robably prone to locad attack at tempera-
tures above 1380° F, whorecas & nickel-chrome alloy, similar to the
Nichrorsc coating on the prescnt vn“"o heads, was found to reelst
rapid lead atbaclk uw to about 1550 ° Fe A mixture of lead oxide and
iron oxide wns bclioved to form en insulating leyor on the surfaco
of uncoatod valves that induced proignition, The forcgoing results
indicato that the scale and dopositg, which formed on the head of

S
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the uncoated valve, probably reached a temperature sufficiently high
to cause preignition, whereas the temperature of the valve stecl as
measured by the thermocouple remained substantially below this tempex-
ature. Because the Nichrome-coated valve did not scale at the temper-
atures encountered in the test engine, the temperature of the surface
exposed to the combustion chamber was probably not much greater than
that measured by the thermocouple and preignition did not occur.

The destructive tendencies of preignition can be appreciated by
noting the effect of abnormal spark advance on ‘semperatures shown
in figure 13. The high temperatures resulting from preignition well
advanced from normal spark timing may cause valve distortion, scaling,
and improper seating with consequent burning of the valve head.

ACCURACY AI'D PRECISION

Accurate neasurements of the temperature of the exhaust-valve
head during calibration were obtained by means of a standard thermo-
couple spot-welded to the valve head, The valve head was heated in
an electric furnace but the stem projected through a hole in the
furnace and was cooled by an air blast. The external thermocouple
contacts used for calibration were thou used for obtaining actual
test data on the enblLe. The static calibration is believed to be
accurate within 5° F., Errors caused by heat conduction along the
thermocouple wire may be as high as 25° F, The error introduced by
uging the one-wire thermocouple because of circulating currents and
the error due to stray electromotive forces at the sliding contacts
are believed smell encugh that the measured temperatures are probably
within 40° F of the true values. No account has been take en, however,
of any changes in the heat-transfer characteristics of the valve tHat
may have been caused by the thermocouple installation

The exhaust-valve temperature as measured by the thermocouple
during cngine operation was affected by the surface condition of the
valve head and by the conformity of the valve seat to the seat
ingert in the cylinder block to such an extent that the measured
valve temperature varicd as much as 50° F at the basic engine
conditions. Whien preignition had boen encountered, the valve temper-
ature at the basic conditions was abnormally high. For these reasons
the data cannot always be comparcd from one test to another, TFor each
individual test, however, tho running time averaged only qbont 1 hour
and the repr odvcwoil;ty of data was found to be within 15° F.

The exhaust-gas thermocouple did not measure the true gas temper-
ature but mercly indicated the temperature that may be attained by an
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engine pert subjected to the flow of oxhaust gases at the same position i
in the pipe and at the same cooling conditions. Most of the trends '
“indicated by the exhaust~gas temperatures as measured, however,

probably hold for both the total teumperature and the static temperature.

SUMMARY OF RESULTS

Measurements of the temperatures of sodium-cooled exhaust valves
in a liquid-cooled cylinder by means of a thermocouple embedded in the
valve head indicated that:

1. For a given perceiatage change, the following engine operating
variables affected the valve temperature mosh: {a) fuel-air ratio,
(b) indicated mean effective precsure, {¢) compression ratio, and
(8) spark advence (fcor greatly advanced or retarded positions)a

2. At fuel-air ratios richer than stoichiometric and at constant
mean effective nressure, the addition of water or a mixture of 50 per-
cent water and 50 wercent alcohol decreased the valve temperature; -
however, the use of an equel weight of additional fuel was more
effective.

3. At fuel-air ratios substantially leaner than gtoichiometric
and at constant mean effective pressure, the injection of a mixture
of water and alcohol increased the valve temperature at all except
the highest ratios of internal coolant to fuel tested. The injection
of water alone, however, decroased the valve temperature.

4. External cooling was not an cffective meens of lowering the
valve temperature.

5. The surface coniition of the velve head affected the operating
temperature, Surface scale and deposits formed en insulating layer
hat apparently reached temperatures substantially higher than the
tempeorature of the valve head. Opera ion at a measured te
above 1500° F was possible without preignition when a valve with a
nonscaling (Hichrome-coated) head was used; preignition was encountered,
however, at a measured btemperature of about 1350° F with a valve having
scale on the uncoatsd head. ;
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6. The temperature distribution around the valve head when one
cylinder out of six in the multicylinder block was fired was not
uniform; the temperature was highest on the portion of the valve
head nearest the exhaust spark plug. The effect of adJjacent operat-
ing cylinders on the temperature distribution around the valve head
was not determined.

Aircraft Engine Research Laboratory,
National Advisory Ccmmittee for Aeronautics,
Cleveland, Ohio, September 24, 1946,
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gure 6. - Exhaust-valve-temperature distribution as measured with thermocouple at
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28° B.T.C.; exhaust 34° B.T.C.; mixture temperature, 200° F; outlet coolant tempera-
ture, 250° F; coolant flow, 105 gallons per minute; exhaust pressure, 30 inches mer-
cury absolute; compression ratio, 6.65; fuel, 28-R.
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Figure |6. - Effect of coolant-flow rate on temperatures of exhaust

valve, exhaust gas, and cylinder head. Fuel-air ratio, 0.085;
indicated mean effective pressure, 200 pounds per square inch;
engine speed, 2600 rpm; spark advance: inlet, 28° B.T.C.;
exhaust, 34° B.T.C.; mixture temperature, 200° F; outlet coolant
temperature, 250° F; exhaust pressure, 30 inches mercury absolute;
compression ratio, 6.85; fuel, 28-R.
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Figure 18. - Effect of compression ratio on temperatures of exhaust
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Figure 20. - Effect of internal-coolant injection at fuel-air ratios of 0.085 and 0.08 on temperatures of exhaust valve, exhaust gas,
and cylinder head at constant indicated power output. Indicated mean effective pressure, 200 pounds per square inch; engine speed,
2600 rpm; outlet coolant temperature, 250° F; coolant flow, 106 gallons per minute; exhaust pressure, 30 tinches mercury absolute;
compression ratio, 8.685; fuel, 28-R.
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