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NATIONAL ADVISORY COAITTEL FOR AERONAUTICS 

ADVANCE RSTIUiCTED REPORT 

OPERATING TEMPERATURES OF A SODIUM-COOLED EXHAUST VALVE 

AS MEASURED BY A T1TERH000UPLE 

By J. C. Sanders, H. D. Wilsted, and B. A. Mulcahy 

•S UIVhM AAY 

A thermocouple was installed in the crown of a sodium-cooled 
exhaust valve.	 The valve was then tested in an air-cooled engine
cylinder and valve temperatures under various engine operating con-
ditions were determined. 	 A temperature of 13370 F was observed at 
a fuel-air ratio of 0.064, a brake mean effective pressure of 
179 pounds per square inch, and an engine speed of 2000 rpm. 	 Fuel-
air ratio was found to have a large influence on valve temperature, 
but cooling-air pressure and variation in spark advance had little 
effect.	 An increase in engine power by change of speed or mean 
effective pressure increased the valve temperature. It was found 
that the temperature of the rear soark-plug bushing was not a sat-
isfactory indication of the temperature of the exhaust valve. 

BIT dODUCT ION 

In the course of research on cylinder cooling by the NACA at 
Langley Field, frequent failure of the sodium-cooled exhaust valves 
in one type of air-cooled engine c ylinder was experienced.	 The 
crowns f these valves were badly corroded and collapsed.	 In some
instances the crown had ruptured, oermitt±ng the sodium to leak into 
the cylinder. 

A review of Published information revealed that high temperature 
accelerates the corrosion and greatly reduces the creep strength of 
these natals.	 The Brinell hardness and the creep strength of a valve 
steel at elevated temperatures are shown in the following table; The 
Brinell hardness was obtained from reference 1, and the creep strength 
was obtained from reference 2.



Temperature	 Brinell	 Creen strength 
(°F).	 hardness	 (percent) 

POI

830
9u0 165 

1000 
1100 143 
1200 
1300 98 
1400 
1500 47

100 
70 
47 
30 
17 

9 
4 

The results of a nractical demonstration of the effect of tern-
perature on the strongth and corrosion resistance of valve steel are 
shown in figure 1.	 Two of the valves were stock sodium-cooled valves 
and one was the water-cooled valve described in reference 3 	 The
water-cooled valve was used in tests that reproduced the conditions 
of the tests made on the sodium-cooled valves. 	 The fuels used in 	 all 
tests contained tetraethvl lea'. 	 0ond:tions of the tests were as 
follows: 

Previous test (reference 3): 

Maximum imep 
Maximum power, ihn 
Fuel-air ratio 
Maximum temperature, rear s park-

plug hushing, OF 
Tetraethyl lead in fuel, ml per 

gallon 
Time with coolant, hr 
Time without coolant, hr 
Total time, knock test, hr 
Condition of valve

dodjurn-cooled
valve

(wig. 1(a)) 

2 6
137

0. 03-0. 122 

480 

3 
36.7 

0 
36.7

Ruined

Water-cooled 
valve 

(fig. 1(c)) 

137
0.055-0. 122 

480 

3 
49. 

6. 
56.o

Satisfactory 
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High-power test; 
Sodium-cooled Oil-cooled 

valve valve 
(fig.	 1(b)) (fig.	 1(c)) 

Maximum imep 329 310 
Naximum power, ihp 215 202 
Fuel-air ratio 0.10 0.10 
Maximum temperature, rear s park-

plug bushing, O 484 517 
Tetraethyl lead in fuel, ml per 

gallon 6 6 
Total time, high-power test, hr 8.5 8.0 
Total service time, hr 8.5 64.0 
Condition of valve Ruined Satisfactory

In fi-e 1 the templets show the contours of new valves.	 The
crowns of the two sodium-cooled valves were corroded and collapseci. 
The water-cooled valve was not corroded and was flattened only 
slightly.	 This flattening probably occurred during the test in which 
no coolant was circulated through the valve. 	 No flattening of the 
oil-cooled valve was observed during the test at high power. 

The sodium-cooled valve used in the test of reference 3 was 
observed to emit visible radiations during operation, but water-cooled 
and oil-cooled valves were observed to be black. 	 These observations
and the temperature measurements of the oil and the water leaving the 
valves indicated that the valves vrere operating at widely separated 
temperatures. 

The evidence of these tests, together with the experience of 
Banks (reference 4), Colwell (reference ), and Young (reference 6), 
shows that valve tem-perature has a vital influence on valve life. 

Design features that might reduce valve temperatures are in-
creased diameter of valve stem, increased, cross-sectional area of 
metal for flow of heat from valve .uide to cooling fins, improved 
fin design, and insulation of the exhaust-valve-guide boss from the 
exhaust gas.	 An increase in stem diameter will give a larger area 
of contact with the guide and 'will permit the coolant to circulate 
more freely.	 Provision for dissipation of heat from the boss is 
particularly important when sodium-cooled valves are used. 	 Some 
cylinder heads do not have enough metal around their exhaust-valve 
bosses to adequately transfer heat to the fins. A protecting shield 
around the boss will reduce the heat transfer from the exhaust gas to 
the boss and will consequently result in better valve cooling. 

Direct measurement of valve tem'seratures would make possible the 
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accurate determination of the effects of the foregoing changes in 
cylinder design on the temperature of the exhaust valve. 	 The devel-



opment of a means of measuring valve temperatures was therefore under-
taken. 

A review of published literature disclosed little information on 
the rriasurement of temperatures in a sodithm-cooled exhaust valve dur-
ing normal. engine operation, Colwell (reference 7) tested a sodium-
cooled valve of a special steel for which the relation between the 
hardness and the drawing temoerature was accurately known. The valve 
was hardened and then used in an engine. 	 Upon removal from the engine 
the valve was sectioned and the temperatures attained at various loca-
tions on the valve were determined by hardness measurements. 	 By this 
method it was estimated that the center of the valve crown reached a 
temperature between 11400 F and 1300° F.	 The operating conditions, 
however, were not reported. 

The temperature of an ehaust valve has been estimated by visual 
observation of its color (reference 3) and found to be 13000 F to 
14000 F at a fuel-air ratio of 0.068 and at an indicated mean effec-
tive pressure of 190 pounds per square inch. 	 This method of temper-



ature determination is, hoecver, anon to criticism because the scale 
on the surface of the exhaust valve may reach a higher temperature 
than the valve materials. 

This report describes an exhaust valve equipped with a thermo- 
couple and gives valve temp eratures observed under various engine 
operating conditions.	 dfCects of variations in mean effective pres-
sur e, engine speed, fuel-air ratio, spark advance, and cooling-air 
pressure drop upon valve temperature are shown. 

The tests were conducted at Langley Iemoria1 Aeronautical Lab-
oratory, Langley Field, Va., in August 1942. 

APP AFAT JS 

Thermocouple installation. - In engine operation the observed 
valve reciprocated r dly and rotated slowly at a rate depending 
upon the engine speed. 	 At an engine speed of 2200 rpm the valve 
rotated 2 rum.	 It was therefore necessary to provide sliding 
brushes to make contact with the- valve thermocouple. 	 For this type 
of installation the thermocouple must he rugged enough to withstand 
the high accelerations of the valve. 

Figure 2 is a photograph showind the valve, the rocker with 
special tappet, the rocker-box cover, and the thermocouple-contact 
system.	 The details of the valve construction are 'presented in fig-
ure 3.	 The tip of the valve was o pened with a drill, and the sodium



was removed.	 A steel tube containing the thermocouple leads was
installed through the stem and welded to the crown in such a manner 
that the thermocouple junction was imbedded in the weld 1/16 inch 
from the surface of the crown.	 The valve was dried, charged with 
the proper amount of sodium, and sealed with a hollow tapered plug 
driven and silver-soldered into the valve stem. 	 The tube for carry-



ing the commutator was silver-soldered into the tip of the valve stem, 
and the commutator was assembled.	 The commutator consists of two 
cylindrical elements, semicircular in cross section and clamp ed with 
insulators to the stem.	 Each element is composed of the same mate-



rial as the thermocouple wire to which it is attached; one is chromel 
and the other is alumel. 

The function of the brushes shown in figures 2 and 3 is clari-
fied by the circuit diagram in figure 4. The proper continuity of 
the thermocouple-lead wires to the cold junction is maintained by a 
lead-selector switch that makes it always possible to have a chromel 
lead from the chromel commutator bar and an alumel lead from the 
alumel commutator bar.	 At every half revolution of the valve, the 
selector switch is changed to match the polarity o the commutator. 

A commutator was chosen ;instead of slip rings because a comrnu- 
tator could be made lighter than a set of slip rings and would conse-
quently result in lower stresses during the periods of acceleration 
of the valve.	 Experience with the commutator has since shown that
the saving in weight does not warrant the addea. complication 01 its 
brushes.	 Another valve has been made with slip rings. 

The test engine. - The tests were run on a single-cylinder engine 
having an air-cooled cylinder.	 The bore is 6 and the stroke is 
7 inches; the compression ratio is 6.7.. 	 A diagrammatic layout of the
engine and associated parts is shown in figure 5. 

The cylinder was enclosed in a. closely fitting steel jacket 
having an opening on the wpstreem side slightly less than the frontal 
area of the cylinder and an opening on the downstream side about 
1.4 times the flow area between the fins on the cylinder. 	 In addi-



tion to the thermocouclos normally used in cooling tests, one thermo-
couule was located on the bushing of the exhaust-valve guide and one 
was located against the out sid of the exhaust-valve-seat insert, as 
shown in figure U.	 The thermocownie on the seat insert measured the 
temperature of the cylinder head somewhere in a zone between the out-
side surface of the insert and 1/32 inch from the insert. 	 It is
probable that., as a result of tue verv' coor thermal conductivity of 
the seat insert, the surface on which the valve was seated was much 
hotter t1-an indicated by this thermocouple. 	 A thermocouple consist-



ing of an exposed junction of 14-gage chromel and alumel oires was



installed in the exhaust stack. 	 The junction was near the center 
of the exhaust pipe. 	 The length of each wire exposed to the exhaust 
gas was about three-fourths inch. 

TEST MET HO OS 

A series of six tests was run to determine the influence of the 
principal engine variables on the temperature of the exhaust valve. 
The engine variables investigated were: 

Indicated mean effective .oressure, lb/sq in . . . . . . . . . 98-254 
Engine speed, rpm	 .................... 1400-2400  
Fuel-air ratio (tw tests) ............... 0.051-0.112  
Spark advance, deg B.T.0 .	 . . . . . . . . . . . . . . . . . . 	 0- 4 5
Cooling-air pressure drop, in. water ... ... ....... . 1-30 

In each test all of the engine variables exce pt the one under 
investigation were held constant. 	 In the investigation of the effect 
of indicated mean effective orussure on valve temperature, the follow-
ing constant conditions were maintained: 

Engine speed, rpm ....................... 2200 
Fuel-air ratio .......................0.080 
Spark advance, dog 13.T.0 .....................19 
Cooling-air oressure drop , in. water .............16 
Carburetor-air temperature, 0F ................ 150 

Except as specifically note : , these constant conditions were 
main t-Lned during all of the other tests.	 The variable-speed test 
was run at an indicated mean efLect.ive nressure of 210 pounds ner 
square inch, the variable--s park-advance test at 167 pounds per square 
inch. and the varjab1e-cooiju' test at 130 pounds per square inch. 

Data from two tests were obtained to show the effects of fuel-
air ratio on exhaust-valve temperature.	 Observations of sodium-
cooled exhaust-valve temperatures were made in February 1942 during 
tests (reference 3) made to determine the effects of fuel-air ratio 
upon the maximum permissible power as limited by audible knock. 
During these earlier tests, the cooling-air pressure was regulated 
to maintain the temperature at the rear of the barrel at 3600 F the 
temperature of the rear scark-plue bushing varied, with changes of 
fuel—air ratio, between 3950 1 and 4 7 00 F	 At eac feel-air ratio 
tested the indicated mean effective pressure was raised until knock 
became audible.	 The absolute manifold, pressure and the Ibel flow 
were reduced to 93 percent: of the v.:ilues observed with audible i<nock. 
The color of the exhaust valve as observed through a hole in the 
exhaust pine was compared with a color-temperature chart and the valve
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temperature thus estimated was recorded. Six months later the oper-
ating conditions of this test were repeated, and the exhaust-valve 
temperatures were measured by a thermocouple. 

Pdditional tests showing the effects of fuel-air ratio on valve 
temperature when the indicated mean effective pressure is constant 
were not made because the thermocouple failed after 13 hours of oper- 
ation.

RESULTS AND DISCUSSION 

The Effect of Operating Conditions on Exhaust-Valve Temperatures 

The influence of indicated mean effective pressure on the tern-
peratures of the exhaust gas, the exhaust valve, the valve guide, the 
valve seat, and the rear spark-plug bushing is shown in figure 7(a). 
For example., the exhaust-valve temperature was increased from 9900 F 

to 1220 0 F by increasing the indicated mean effective pressure from 
98 to 2 pounds per square inch. 

Apparently the valve temperature at low s ped is influenced by 
the frequency of the reciprocation of the sodium from the valve head 
to the stem. Figure 7(h) shows that the valve temperature did not 
fail appreciably when the speed was reduced from 1,900 to 11400 rpm at 
constant mean effective pressure.	 This result indicates that the
effect of the change in poxer is partly offset by 

t
he reduced rate 

at which the heat is transferred by the sodium. Figure 7(c), which 
presents the data of figures 7(a) and 7(b) on a power basis, reveals 
that at 73 indicated horsepower the valve temperature was 115

0 F at 

11400 rpm and 1.06 0 F at 2200 rpm, a reduction of 900 F resulting from 
the use of higher speed. 

Variation in fuel-air ratio has a marked effect on valve temper-
aturos, as may I.e seen in figure 8.	 Reducing the fuel-air ratio

from 0.112 to O.OoL increased the temperature of the exhaust valve 
more than increasing the indicated mean effective pressure from 98 to 
2 pounds per square inch, as shown in the following table: 

Variable-tme-p test Variable-fuel-air-ratio test 

Valve tempera-

F/A
imep 

(lb/sq in)
ture measured 

by thermocouple
imp 

F/A	 (lb/sq in.)
Valve 

temperature 

(°)  

0.080' 98 990 '0.112	 226 1070 

. 080 1
214 1220 .0614	 179 1337
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The maximum valve temperature was obtained. at a fuel-air ratio 
between 0.064 and 0.070. Both richer and leaner mixtures produced 
lower valve temperatures, though lean-mixture operation did not 
result in so low a valve temperature as did rich-mixture operation. 
The important temperatures were: 

Fuel-air ratio	 Valve temperature 
(°F) 

	

0.052	 1200 

	

.06 6	 1340 

	

.112	 1070 

The high valve temperature accompanying operation with fuel-air 
ratios in the region of 0.065 is one reason why lean-mixture opera-
tion is det'imont.al to valve life. Injection carburetors are fre-
quently adjusted to give a fool-air ratio of 0.070 for cruising. 
From the foregoing discussion it is evident that this mixture 
ratio imposes the most severe temperature on the exhaust valve. 
The valves would probably g ive more satisfactory service if 
operated with a leaner mixture. 

The effect of spark advance on exhaust-valve temperatures is 
shown in figire 9. This figure shows that at a fuel-air ratio of 
0.06 the exhaust-valve temporature is practically unaffected by vari-
ation of the spark advance in the rago from 50 to 250 B,TC. As 
the spark was advanced beyond 25 0 BT.C. the valve temperature 
increased until at 450 B.T.C. it was the highest observed. in this 
cylinder, 13500 F. 

The rise in valve temperature with greatly retarded spark is 
probably caused by the higher exhaust-gas temperature resulting from 
a decreased exDansion after combustion. The rise in valve tempera-
ture with increase in spark advance beyond. 250 B.T.C. may be caused. 
by the increased period-of time that the crown of the valve is ex-
posed to the working fluid during combustion and expansion. 

It is noted that as the spark is advanced beyond. 25° B,T.C. the 
indicated temperature of the exhaust-gas thermocouple is substantially 
constant, whereas the indicated temperature of the exhaust valve rises 
until it becomes greater than the temperature of the exhaust-gas ther-
mocouple. The fact that the temperature of the exhaust valve does 
become greater than the temperature of the exhaust-gas thermocouple 
is, however, of no particular significance because, as po i n

t
ed out 

before, the true exhaust-gas temperature is greater than the tempera-
ture of the unshielded thermocouple. 

Variation in cylinder cooling resulting from change in cooling- 
air pressure drop across the engine resulted in relatively little
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change in the exhaust-valve temperature, as may be seen in figure 10. 
The tem p eratures of the rear spark-plug bushing, valve-guide bushing, 
and seat insert were iu.re greatly affected, as shown in the follow-
ing tabulation:

Rear spark- 
Coolingair	 plug-bushing Exhaust-valve Valve-guide Valve-seat 
pressure drop tasperature I temperature I temperature temperatdre 
(in. water) -	 (°F) 	 (°F)-	 (°F) 

	

1	 47	 1140	 66	 20 

	

30	 302	 I	 1030	 470	 30 

Change	 1.73	 110	 19	 170 

In the ranges of the test conditions, variation in fuel-air ratio 
had much greater effect than cooling-air pressure drop on the exhaust-
valve temperature.	 An increase in cooling-air pressure drop from
1 to 30 inches of eater resulted in a reduction in exhaust-valve tem-
perature of only 110° F, whereas an increase in fuel-air ratio from 
0.06 to 0.112 reduced the \ra:Ive temoerature 2800 F. 

Reducing the fuel-air ratio from 0.112 to 0.093 increased the 
valve temperature as much as reducing; the cooling-air oressure dr op 
from 30 inches to 1 Inch of water. 	 This striking contrast shows 
that relatively large increases in over-all cylinder-head cooling 
are required to maintain constant valve temperature with moderate 
increases in severity of engine operation.	 Attention should be 
given to improvements in valve desien and cylinder-head design to 
give the best heat fLoe from the valve guide and from the valve seat. 

Temperatures of Exhaust Valve and Rear Spark-Plug 3ushing 

The temperature of the rear spark-plug hushing is frequently 
taken as an indication of tire condition of cylinder-head cooling. 
Endurance tests at high cylinder-head temperatures and high power 
indicate that the most critical cylinder-head temperature is that 
of the . xhau.st. valve. A study was therefore made of the relation 
between the temperatures of the exhaust valve and the rear .suark-
olug bushing. 

An inspection of the temperatures in figure 8 clearly reveals 
that the temperature of the rear s p ark-plug bushing does not indicate 
variations in valve tem perature.	 P variation in exhaust-valve tern-
peraturo of 230° F was accemeanied by prac t ically no change in the 
temperature of the rear spark-plug hushing. 

Further evidence OF the unreliability of the temperature of the
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rear spark-dug bushing as an indication of the exhaust-valve temper-
ature is found in figure 11.	 The curves show valve temperatures 
obtained at various soark-olug-hushing temperatures. 	 Data from the 
tests with variable indicated mean effective oressure and tests with 
variable cooling-air pressire are shown.	 It is readily apparent
that the relation between tem peratures of the rear spark-plug bushing 
and of the exhaust valve is sufficiently influenced by engine opera-
ting conditions to make use of such a relation inadvisable. 	 At a
rear spark-plug-bushing tem perature of 4000 F the difference in 
exhaust-valve temperature obtained in the two tests was 90 F. 

Temperatures of Exhaust Valve under Flight Conditions 

Sufficient data are presented in this re p ort to make it possible 
to estimate exhaust-valve temperatures under flight conditions. The' 
follouing estimates are given: 

Valve 
Flight condition Engine speed bmep Fuel-air	 temperature 

(rpm) (lb/sq in.)f ratio	 (°F) 

Take-off 200 209 1	 0.10	 1120 
Maximum cruising 2000 141 .08	 i	 1100 
Maximum cruising 2000 141 .07	 :1140

These estimated temperatures were obtained by applying correc-
tions to the temperatures obtained in the test of variable indicated 
mean effective pressure (fig. 7(a)). 	 The required indicated mean 
effective pressure was found by adding a value of friction mean 
effective pressure of 25 pounds per s q uare inch (an estimate based on 
single-cylinder operation) to the brake nean effective preosure. 
Corrections for differences in the required speed and a s peed of 
2200 rpm were then obtained from figure 7(b) and corrections for the 
differences in required fuel-air ratio and a fuel-air ratio of 0.08 
were obtained from figure 8.	 These corrections were applied to the 
temperatures read from figure 7(a). 	 The resultant temperatures have 
been listed as estimated temperatures. 

Exhaust-valve tem peratures for cruising with two fuel-air ratios 
are given. Normally the fuel-air ratio for maximum cruising power 
is 0.08, but cruising at 0.07 is sometimes practiced. 

The preceding temperature estimates indicate that in this type 
of cylinder the exhaust valve is frequently hotter than 10000 F. 
It is probable that a temperature of 1300° F is sometimes reached 
in service.
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Accuracy 

Before the thermocouple 	 installed in the valve, the wires 
were calibrated by comparison with a standard thermocouple that had 
been calibrated at the National Bureau of Standards. After the 
valve was arneibled a standard thermocouple was attache& to the out-
side of the valve crown at its center, and tne vaiv was placed. in 

a -hermoscaically controlled furnace • The stem ana the commutator 
protruded through a hole in the furnace. Chromel and aliunel wires 
were clamped to the commutator and connected to a potentiometer. 
The potentials produced by the valve thermocouple and the standard 
thermocouple were recordej at various furnace temperatures. The 
calibrations of the thermocouple before and after installation in 
the valve are shown in figure 12, The error at 1155 0 F was _40 F. 

The close agreement between the calibration of the thermoouple made 
before and after it was installed in the valve showed that the commu-
tator was properly connected and hat inbrod.uccd no error in the indi-

cation of the thermocouple. 

Electrical resistance at the contact surfaces of the commutator 
and the brushes introduced, no error because the themoelectrOrnOtive 
force was measured- by a mill-type potentiometer. Lubrication of 
the commutator with petroleum oil caused the formation of an insu-
lating film between the commutator and the contacts during the 
periods in which the valve was mcving. Contact was thus established 
only when little or no sliding of the contasts on the commutator 
occurred and the errors frequently introduced by potentials generated. 
between sliding surfaces was minimized. Comparison of potential 
readings with the engine motoring and. with the engine at rest showed 
the contact potential to be insignificant. 

No special tests were run to determine the reproducibility of 
valve temperatures under similar operating conditions. It was, 
however, possible to check one test point from each test against 
corresponding test data from the test in which the indicated mean 
effective pressure was varied. The variations (all positive) be-
tween the results in each of the other tests and this test were: 

Variation
(°F) 

Variable speed 10 

Variable spark advance 15 

Variable cooling 10 

Variable fuel-air ratio 22

Test 
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These tests show a reproducibility within 220 F. which is 
2 percent of the difference between rocm temperature and the 
measured valve tuperature. 

It is not iiowa what influence the Dresence of the thermociiple 
and. the tube had on the valve temperature. The valve chosen for 
these tests has a throat diameter as large as the upper limit of 
manufacturing tolerances and the presence of the thermocouple did 
not reduce the throat area below the equivalent throat area for 
the lower limit of manufacturing tolerances. The thermocouple tube 
reduced the smallest passage area for the sodium 10.2 percent and 
increased the wetted perimeter of that section 31.9 percent. The 
area of the valve-stem wall through which the sodium was cooled 
was unchanged. 

The temperature determined by the unshielded exhaust-gas thermr-
couple was not the true gas temperature, but a useful indication of 
the heating e-ffect of the gas upon engine parts is believed to have 
been provided. The temperature indicated by this thermocouple was 
lower than that of the exhaust e'as because of cyclic variation in 
the tem-rierat,re of the gas and because of radiation and conduction 
of heat from the thermocouple junction. 

The temperatures determinedby the thermocouples installed in 
the exhaust--valve-guide bushing, the rear spark-plug hushing, and tho. 
ex.aust-. va1ve seat insert were accurate to within ±4 0 F. It has been 
found in these and in other teststhat, with a given cylinder a--ad 
thermocouple instal1ation, the operating conditions-co- ,)ld be repeated 
closely enough to rake temperatures reproducible within 4:10 0 F. W-ith 
a different cylinder, or even a new installation of thermocouples in 
the seine cylinder, greater variations wore observod. 

CONCLUSIONS 

The trends of exhaust-valve temperatures obtained in laboratory 
tests on an air-cooled cylinder shoved that: 

1. The temperature of the crown of the exhaust valve was 13370 F 
at the following conditions: fuel-air ratio, 0.064; indicatecl mean 
effective pressure, 179 pounds per square inch; engine speod.,.2000 rpm; 
and spark advance, 190 B.T.C. This was the highest temperature oh-
served in the normal range of spark advance. 

2. Variation in fuel-air ratio had relatively great effect on 
valve temperature. The valve temperature changed from a maximum of
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1337° F at a fuel-air ratio of 0.064 to 1065° F at a fuel-air ratio 
of 0.112. Operation with fuel-air ratios lower than 0.064 also 
resulted. in valve temperatures appreciably below the maximum. 

3. An increase in power resulted in an increase in the tempera-
ture of the exhaust valve. An increase in indicated mean effective 
pressure from 98 to 254 pounds per square inch increased, the valve 
temperature from 9900 F to 12200 F. Changes in power resulting from 
changes in speed had. slightly less influence on the valve temperature. 

4. An extreme change in cooling-air pressure drop from 1 to 
30 inches of water had. less effect on the temperature of the exhaust 
valve than did variations in other operating conditions. 

5. Variation of spark advance in the range from 50 to 250 B.T.C. 
had little effect on the temperature of the exhaust valve. 

6. The temperature of the rear spark-plug bushing is not a 
satisfactory indication of the temperature of the exhaust valve. 

Aircraft Engine Research Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio.
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Fig. 2 

Figure 2.- Photograph of thermocouple-equipped exhaust 
valve and associated parts.
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Crown 

Figure 3 Details of sodium-cooled exhaust valve 
equipped with a thermocouple.
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Figure 8.- Effect of fuel-air ratio on the temperature of the ex-
haust valve in an air-cooled cylinder. Engine speed, 

2200 rpm; indicated, mean effective pressure, approximately 93 per-
cent of that occurring at the audible knock limit; spark advance, 
190 B.T.C.; compression ratio, 6.7; temperature of center of barrel 
downstream, 360°F.
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Figure 9.- Effect of variation in spark advance on the temperatures 
of the exhaust valve and associated parts in an air-cooled. 

cylinder. Indicated mean effective pressure, 167 pounds per square 
inch; engine speed, 2200 rpm; fuel-air ratio, 0.08; charge-air temper-
ature, 150°F; cooling-air temperature, 100°F; cooling-air pressure 
drop, 16 inches of water. 
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Figure 11.- Illustration of error in using the temperature of the 
rear spark-plug bushing as an indication of the 

temperature of the exhaust valve. Air-cooled cylinder; engine 
speed, 2200 rpm; cooling-air temperature, 85 0 - 109P; fuel-air 
ratio, 0.08. 
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Figure 12.- Calibration of thermocouple installed in exhaust valve. 
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