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SELECTION AND TESTING OF PYROMETERS 
FOR HIGH-TEMPERATURE GAS FLOW 

INTRODUCTION 

With the steadily increasing importance of the gas 

turbine in the last few years , the problem of measuring the 

temperature of the combustion gases accurately in order to 

determine the operating conditions of the unit has become 

very important. This problem has been quite evident in the 

Oregon State College gas turbine. This turbine was con­

structed by a group of students, under the supervision of 

Professor Arthur D. Hughes , from a war surplus B-31 turbo­

supercharger with a De Havilland H-1 jet eng ine combustion 

chamber. A picture of the second complete unit is shown in 

Figure 1.­

Since this unit was built , it bas been evident 

that the temperatures being measured at the turbine inlet 

and the tu.rbine exhaust were very much in error. Neither 

the turbine inlet temperature nor the turbine exhaust tem­

perature was consistent. At times the turbine inlet tem­

perature indicated would be 1400 F to 1500 F, and at other 

times it would be closer to 1000 F under the s ame operating 

conditions. When an attempt was made to plot the tempera­

ture as ordinate with various abscissas such as turbine 

speed, turbine expansion ratio, and air-fuel ratio, there 

was no correlation at all. The points plotted were widely 
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scattered and did not indicate a trend through wh ich a curve 

could be drawn. 

Theoretically, in order to do work by passing a 

gas through a turbine wheel there must be a temperature drop 

and a pressure drop . The required pressure drop across the• 

turbine is quite easily measured, but to date the measured 

temperature or the exhaust gases has always been greater 

than the temperature of the inlet gases. This is another 

indication that the temperatures have not been accurately 

measured . 

In the second unit the t hermocouples measuring the 

turbine inlet temperature were placed in two locations. The 

first location was in a hollow stainless steel staybolt, 

while the second location was about 3 or 4 inches ahead or 
the hollow staybolt in a removable elliptical steel section. 

These two locations are shown diagrammatically in Figure 2a . 

As may be seen from Figure 2b, the elliptical section was 

made in such a manner that four t hermocouples could be 

placed in the section at once . 

The exhaust thermocoupl.es measuring the turbine 

exhaust temperatures were placed in three positions 120 

degrees apart around the exhaust ring . These three thermo­

couples were approximately 3 inches from the turbine wheel. 

When an attempt was made to explain the reasons 

for t h e peculiar temperatures measured , it was thought that 

http:thermocoupl.es


CombuatiOD 
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FIGUF.E 2 (a) DI A ·:':~ J..:n;!~T IC AL Sr~·~TC H OF PREVIOUS THERMOC OUPLE IUSl' ALLA'I'lO?J S 
(b) PLAN VI~W OF ELLI PTICAL SECTION 
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there were several factors causing the inconsistency. Since 

the thermocouples placed in the elliptical section were 

actually at the throat of tha exhaust of the combustion 

chamber, the velocity at that section was quite high--in the 

order of 200 to 500 feet per second. Therefore. the portion 

of the gas that slows up as it approaches the thermocouple 

imparts a portion of its kinetic energy to the thermocouple, 

increasing its temperature above that of the static gas 

temperature. Also, the location of these thermocouples in 

the elliptical section made it possible for the thermo­

couples riot only to "see" the flame. but also to •see" the 

cold walls of the section. This gas radiation to the 

thermocouple tends to increase the thermocouple 1 s tempera­

ture while the thermocouple's radiation to the cold walls 

tends to reduce its temperature. For a time it was thought 

that the radiation loss caused by the cold walls would tend 

to offset the gain in temperature caused by the gas radia­

tion and by the kinetic energy of the gas . Since the tem­

perature measurements were inconsistent, however , this idea 

was discarded. Various stainless steel shields were tried 

several times, but they did not correct the situation. 

The thermocouple placed in the hol~ow staybolt 

actually had a stainless steel shield around it, so some of 

the radiation loss and gain should have been decreased, but 

the thermocouple junction measured a temperature several 
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hundred degrees lower t h an t hat measured by the thermo­

couples in the elliptical section. This difference was be­

lieved to be caused by the radiation gain by the thernw• 

couples in the elliptical section due to r adiation from the 

flame and by the conduction loss along the hollow stainless 

steel staybolt . 

The exhaust thermocouples have three factors 

entering into possible causes for errors in their readings . 

These factors are the kinetic energy change due to slowing 

up of the gases as they pass the junction and the heat 

radiated to and from the thermocouple . 

Since t his gas turbine was built f or a dual 

purpose (demonstration and testing), it is necessary to 

measure with a certain degree of accuracy t h e temperature at 

various critical points in order to conduct a worthwhile 

test . As has been previously stated, up until this time 

these temperatures h ave not been measured accurately. It is 

the purpose of this thesis , therefore , to select and test 

several pyrometers which can be used for high-temperature 

gas stream measurement . I.f the tests should prove that a 

pyrometer can measure the required temperatures accurately, 

it will be used as a permanent temperature-measuring instru­

ment for the turbine . 
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SELECTION OF THE PYROMETER 

A pyrometer must have certain requirements for 

each individual installation in order to be able to measure 

the temperature of the gas stream accurately. In this in­

stallation it is desired to measure the static temperature 

rather than the total temperature as is commonly measured in 

high-temperature gas streams. These two terms are defined 

as follows: 

1.. St·atie temperature is that temperature which 

would be indicated on a recording instrument 

if the temperature- measuring device were 

traveling with zero relative velocity with 

the gas stream, 

2. Total temnerature is that temperature which 

would be indicated on a recording inst:rument 

if' the t .empe:r-ature-measuring device were 

stationary, and the measuring device absorbed 

all of the energy given up by the gases as the 

gas velo·eity approached zero. 

The statie temperature is the temperature desired 

since it is t h is temperature along with the static pressure 

that completely defines the thermodynamic state of the gas 

(3; p .•219). • Therefore. the pyrometer selected must measure 

thei static temperature,. or lt must be possible to corre·et 

the measur-ed temperature to give the static temperature. In 
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this installation it is expected that the gas stream's 

temperature varies across the turbine casing, so the pyrom­

eter either must measure the average temperature, or it must 

be adaptable for use in a temperature traverse. It is known 

also that at any one point there is a rapid temperature 

fluctuation; therefore,, the response rate of the pyrometer 

need not be fast in order to obtain the desired average 

temperature. 

The pyrometer also must reduce the radiation, --­

conduction. and convection losses to a minimum. Other re­

quirements that should be met are simplicity, low cost, 

reliability, and durability. 

There are many different pyrometers for measuring 

temperatures,. but only a few of these methods will meet the 

above requirements. Some of the most used methods are as 

follows: 

1. Thermocouples, both bare and shielded 

2. Sonic pyrometer 

3· Pneumatic pyrometer 

4. Resistance thermoelement 

A brief discussion of each pyrometer is given below. 

Thermocouples 

Pyrometers employing thermocouples have become 

quite popular over a period of years due to their simplicity, 

accuracy, low cost, and ease of production . However, they 
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still are subject to errors such as conduction los~ along 

the wires and along the thermocouple well, radiation loss 

rrom the thermocouple junction to the cold walls, radiation 

gain rrom the hot gases to the junction, and impact error 

due to the high-velocity gases striking the thermocouple. 

Also , they have an inherent property of only being able to 

measure the temperature at one small point. In order to 

obtain an average temperature, therefore, it would be neces­

sary to use many thermocouples and average the readings. 

Numerous investigators <4, pp .l53-160), (11, pp. 

421-425), and (16, p.334) have attempted to correct the read­

ings or a thermocouple by incorporating various forms of 

shielding to reduce the errors due to radiation. It has 

been reported by A. I. Dahl and E. F. Flock that if a silver 

shield were pressed on a thermocouple, the errors due to 

radiation would be negligible <4~ p.lS6). This same silver• 

shielded thermocouple gives excellent performance because of 

its ruggedness,. rapid response, and ease of construction. 

Another type of radiation shielding consists of 

two tubes concentrically placed with the thermocouple in the 

center (16, p .•334). Another thermocouple is placed between 

the two concentric tubes, and a coil of wire is wrapped 

around the center tube. This cot l of wire is connected in 

series with a voltage source and a current-limiting device . 

During operation the current is adjusted in the coil until 
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the two thermocouples indicate the same temperature. At 

this point the center shield is at the same temperature as 

the main thermocouple, so there can be no heat loss due to 

radiation from the main thermocouple to the first shield~ A 

sketch of this thermocouple is shown in Figure 3.• This 

thermocouple gives very good results, but due to its con­

struction and elaborate control necessary to maintain the 

center shield at the required temperature, it is only suit­

able for installations in which the temperature is relative­

ly constant. 

Another shield used by W.• J. King (11, P•424> uses 

a thermocouple with quadruple shields spaced 1/16 inches 

apart~ These shields are 2-1/2 inches long and made of 18-8 

stainless steel. The accuracy of this thermocouple is not 

quite as good as that of the other two, and due to its large 

outside diameter, 1-1/8 inches, it is limited to use in 

large-size ducts~ 

Shielding of various forms and sizes also has been 

used in trying to obtain the maximum amount of hea.t trans­

fer from the change in kinetic energy due to stopping the 

gases by the thermocouple. W. J. King reports on a 

diffuser-type shield probe (11, P~424l. used to avoid veloc­

ity er~ors, which has been quite successfUl for velocities 

from 150 to 600 feet per second and at room temperatures. 
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This probe , however , does not have adequate shielding for 

radiation, so it is unfit for high-temperature usage. 

Another group of investigators (1. pp.338-J4l) has 

reported on numerous designs of shielding to be used to re­

cover the maximum runount of kinetic energy in the gas . The 

shields developed recovered nearly all of the total avail­

able energy caused by the change in velocity in the form of 

heat , and so they measure the total temperature quite accu­

rately. In this case, however, the static temperature is 

the one desired, so they would not be suitable for this use 

unless the velocity at the location of the thermocouple were 

known. 

Sonic Pyrometer 

The sonic pyrometer (17, pp.851-858) was developed 

by E. P. Walsh, Sidney Allen, and J. R. Hamm for the express 

purpose of measuring the total temperature of a high­

temperature, low-density gas stream. This type of pyrometer 

incorporates three essential parts, the thermocouple, the 

flow nozzle, and the encasing tube; but other parts may be 

added depending upon the accuracy desired. For instance, 

in order to decrease radiation, a second tube is placed 

around the first. and gas is drawn through the annular space 

raising the inner tube temperature to that of the gas. · In 

order to decrease conduction loss, the high-velocity gas may 

be allowed to pass over the therrno.couple wfres for a short 
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distance. A sketch of this type of pyrometer is shown in 

Figure 4-. 
The principle upon which this pyrometer operates 

is that if a gas is allowed to pass through a flow nozzle at 

such a rate that its velocity approaches the velocity of 

sound and that if a thermocouple is placed within the flow 

of this gas stream, then a maximum amount of heat will be 

transferred to the thermocouple giving the maximum tempera­

ture obtainable. This point of operation may be found by 

varying the gas flow through the nozzle. When the flow 

reaches such a point that the temperature of the thermo­

couple does not increase, then sonic velocity is obtained. 

The true static temperature then may be found by applying 

the following equation: 

(1) 

where 'l's : Static temperature, R 

Tj =Junction temperature, R 

V =Velocity, ft/sec 

g =Accele.ration of gravity, ft/sec2 

J =Heat equivalent of work, Btu/ft lb 

cp • Specific heat at constant pressure, Btu/lb R 

1.02 • Conversion factor for obtaining the·total 
temperature of the gas stream (17* p.852) 
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fhis type of pyroraeter then gives a. relatively 

simple method for measuring the static gas temperature of 

not only constant- temperature gas streams , but also of 

rapidly...changing- temperature gas streams due to lt.s rapid 

response rate. 

Certain ehar.aeterlstic features of this instru­

ment,. however , make it less desirable for this application. 

For instance , with -a suction pyrometer corree.ted for r-adia­

tion two suction pumps must be used ,. and their coat plus the 

cost of construction or the pyrometer will give a high total 

cost . Also , in order to calibrate the pyrome.ter in the 

easiest possible manner,. it take-s quite an elaborate and 

costly selection of instruments . Walsh• Allan• and Hamm 

used a gravimei;rie chemical analysis of the gas stream in 

order to obtain the true temperature ., This grtavimet.rtc 

technique as described by L1oyd (12 , .pp . 335 ...34l) ha-s proved 

to be quite accurate . 

'This pyrometer is. only capable of obtaining the 

temperature at ane point in the gas stream. ln order to 

obtain a. true average temperature, either a time-consum.ing 

temperature traverse would have to be talten, or several 

sonic pyrometers would have to be installed at various po·ai­

tions ., which would f"urther increase the cost • 

.Still another disadvantage is that this pyrometer 

requires a. definite amount of gas to be drawn of:f.' through 
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the pyrometer. In this ease the amount of gas flow in the 

unit is critical, and all gas flow should be used in driving 

the turbine • 

Pneumatic Pyrometer 

The pneumatic pyrometer as developed by the Fair­

child Camera and Instrument Company (15, pp.30-34) is a 

relatively simple device . It consists of a tube containing 

two small orifices with a heat exchanger lo.cated between 

these orifices. A sketch of this instrument is shown in 

Figure 5a. 
In order to measure the temperature of the gas 

stream, a sample of gas is drawn into the tube and passed 

through the first orifice~ The gas is then cooled by the 

heat exchanger and is passed through the second orifice, 

after which it is discharged into the atmo.sphere. It is 

then only necessary to measure the pressure drop across both 

orifices and the temperature at the second orifice. These 
/ 

values are then used with the equation, 

(2} 

where - Static temperature before the first ori:fice, RTsl ­
- Static temperature before the second orifice, RTs2 ­
- Static pressure before the first orifice, psiaPsl ­

Static pressure before the second orifice, psiaPs2 = 
Static pressure after the second orifice, psi aPs3 = 
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K =Constant cont aining the orifice coefficients 
and areas 

when the difference (Psl- Ps2) is small . 

With t h is t yp e of instrument it is possible to 

c alculate the temperature of the gas ~t~eam very closely. 

This is due to t h e fact that t h e only he at loss will be by 

radiation from the gas to the walls, wh ich is a very small 

amount. The response of this instrument is almost instan­

taneous since the density of the gas stream changes with 

temperature , and any change in density must immediately af­

feet the pressure drop across the first orifice . 

Like the sonic pyrometer , t h is instrument has the 

inherent property of only being able to measure the tempera­

ture at one point, and while doing so a sample of gas must 

be by- passed through the instrument , both of which are con­

sidered undesirable in t h is case . 

Another type of pneumatic pyrometer (Figure 5b) is 

that developed by .J . A. Clark and W. H.t Rohsenow ( .3 , pp . 219­

227 ) • In t his pyrometer a portion of gas is pulled through 

a tube by a suction pump in a way s imilar to that used with 

the sonic pyrometer . Various values of pressure are measured 

at the inlet to the tube , and the flow is measured by an 

orifice after the gas has passed t hrough a heat exchanger . 

These values are t hen used in Equation .3 to find the static 

temperature at the inlet to the probe . 
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{3) 

where Tsl • Static temperature , R 

: Conversion faetor, 32.2 lbm/see2 lbf 

~ Gas constant, ft lbf/lbm R 

: Static pressure , lbf/ft2 

2• Mass flow, lbm/sec rt

• Ratio of specific heats, dimensionless 

: Total pressure, lbf/rt2 

It may be noticed in Equation 3 that Tsl depends 

upon the gas composition. However, R1 (the gas constant) 

can be assumed to be the same as that for air since the 

amount of fuel added is very small compared with the amount 

of air, but the value of k changes materially with varying 

gas concentrations. J. A. Clark and W. H. Rohsenow have 

shown that if k is assumed to be 1.250,. the calculated tem­

peratures by Equation 2 will not vary more than 2 per cent 

over that calculated by using the true value of k as de­

termined from the gas composition. 

This pyrometer is quite easily calibrated. Since 

it may be done at room temperature, all effects of heat ex­

change by conduction, convection, and radiation can be 

eliminated. The calibration is performed to obtain the 

required flow necessary for accurate results. 
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One inherent pro perty of this method that makes it 

advantageous for this use over that of the thermocouple is 

that as the temperature and velocity of the gas are in­

creased , the accuracy of the results also increases . 

The pyrometer can be constructed to give a simple~ 

cheap , durable instrument . . If it is made of stainless steel 

and is water cooled , it may be used at extreme temperatures 

without being subject to effects of corrosion . 

As with the shielded thermocouples~ the sonic 

pyrometer_ and the Fairchild pyrometer , the temperature 

found by this method is measured at one point . In order to 

obtain an average temperature , either several pyrometers or 

a temperature traverse would be necessary . 

Resistance 'l'hermoelement 

Since 1871 when Siemens suggested using the 

property of changing r~sistance with temperature of various 

materials for measuring temperature. t he resistance thermo­

element has become quite popular . 

The two materials used at present for most tern• 

perature measurements by resistance thermoelements are pure 

nickel and pure platinum• . Nickel is used for only low­

temperature measurements up to 450 F. This limitation on 

its useful temperature range is caused by the change in the 

temperature- resistance curve as the transition point of 

nickel is approached and by the danger of oxidation.. B.ar!.e 
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platinum, on the other hand, can be used up to temperatures 

of 1800 F without difficulty if it is in the presence of an 

oxidizing atmosphere . Usually, however , the platinum ele­

ment is placed within a shield . This shield performs two 

functions; (1) that of a rigid support and protection of the 

element, and (2) t hat of radiation correction. 

Errors in the readings of resist ance thermo­

elements are subject to the same factors that enter into 

temperature measurement by thermocouples. Consequently, it 

is necessary to apply corrections to t he readings of a re­

sistance thermoelement similar to t ho se of the thermocouple 

readings. A resistance thermoelement, however , has another 

characteristic which must be considered, and that is the 

current-carrying capacity of the wire . The effects of the 

current on heating and thus changing the resistance must be 

watched closely, or incorrect results will be obtained. 

Temperature lag of a shielded resistance thermo­

element is much greater than that of any of the other types 

of instruments mentioned previously , but it does not measure 

the tempe r ature at a point in a gas stream as the other 

types of instruments do. It measures the average tempera­

ture of the g as stream. If this resistance thermoelement is 

connected to a wheatstone bridge or a similar type of appa­

ratus, the t hermoelement is very sensitive to temperature 

changes. 
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Now, after examining the various pyrometers, the 

pyrometer which meets the requirements can be selected. Two 

pyrometers were selected to be subjected to tests for their 

suitability for this installation. 

The silver-shielded Chrome1-Alumel thermocouple 

was selected because of its accuracy, reduction in radiation 

losses. availability, low cost, and simplicity. It i .s true 

that it does not measure the average temperature, but with 

.several thermocouples the average temperature may be ob­

tained. 

The resistance thermoelement was also selected 

because 9f its inherent property of measur·ing the average 

temperature. It was realized that the cost of a platinum 

resistance thermoelement was prohibitive and ~hat nickel was 

out of the question, but it was felt that if another material 

could be . found, this method would be excellent for measuring 

the temperatures desired. It was also realized that the 

errors obtained in resistance thermoelements are the same as 

those ·for ..the silver-shielded thermocouple except for radia­

tion, but correction for this error can be made. 

· It was decided that two trial thermoelements would 

be made--one from Inconel wire and the other from Chromax 

wire--to determine their suitability~ 
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THEORY OF TEMPER ATURE MEASUREMENT BY THERMOCOUPIE .S 
AND RESISTANCE THERMOELEMENTS 

The first thermocouple used to measure temperature 

was devised by Seebeck in 1821. This tempe r ature-measuring 

device was a direct result of his discovery that when the 

junction of two dissimilar metal.s is heated~ an electro­

motive force is generated (18, p.33)• This potential was 

later found to be the algebra! c sum of three separate 

electromotive forces. 

These three electromotive forces are due to what 

is known as the Peltier effect, the Thompson effect, and the 

Becquerel effect (2, p .l09). The potential generated by the 

Peltier effect is due to heating a junction of two dissimi­

lar metals , ,whereas the Thompson effect generates an electro­

motive force when there is a temperature difference along a 

homogeneous wire . The Becquerel effect generates an electro­

motive force when there is a physical or chemical inhomoge­

neity in a single wire . This effect is usually negligible 

in good thermocouple wire• 

The algebraic sum of these three electromotive 

forces varies with the temperature difference between the two 

junctions of a thermocouple circuit. A simple circuit is 

shown in Figure 6. 

If Junction 1 is maintained at a definite tempera­

ture while Junction 2 is heated, then the electromotive 



~___,--- ____ _ 

-~ ~Wire A / ·~ 
"' 

1 2 

Millivoltmeter 

FIGURE 6 SIMPLE THERMOCO U? LE CIRCU IT 

Whe a tstone Bridge 

Unknown 
Re sist a nce 

FI GUP.E 7 WHEATSTONE 2P.ID~:: C:i: ~ ._; fJl '!' 



25 

roree indicated on the millivoltmeter will be the algebraic 

sum of the two electromotive forces generated at each june­

tion and will be an indication of the actual temperature at 

Junction 2. The temperature at 1hich Junction 1 is kept is 

usually 32 F and is maintained by i mmersing it in chipped 

ice and water . Junction 1 is usually called the "cold" . 

junction, while Junction 2 is called the ''hot" junction. 

Curves and tables of millivolts versus temperature 

can be obtained from any of the reliable thermocouple manu­

facturers. A typical table is shown in Appendix B. 

The most common combinations of materials used to 

produce good temperatu::;e versus electromotive force curves 

are given in Table I with their operating temperature range. 

Table I 

Combination of Materials for Thermocoupl Use 

Material TemEerature Range F 

Copper-Constantan 
Iron-Constantan 

32 
32 

... 
- uo00 

Chromel-Alumel 32 - 2200 
Platinum-Platinum Rhodium 1000 - 2650 
Chromel-Constantan 32 - 1400 

The ability of metals to change their electrical 

resistance with temperature as a means to measure tempera­

ture was first suggested by Siemens in 1871. The change in 

resistance of metals with temperature is due mostly to the 



26 

activity of the molecules within the metal as the tempera­

ture varies. 

In order to measure this temperature, it is usual­

ly necessary to use a wheatstone bridge circuit• With this 

circuit the resistance can be measured at any temperature. 

Then, by use of a temperature versus resistanc e curve, it is 

possible to obtain the true temperature. This t ype of 

instrument will give "good results due to its inherent 

accuracy and sensitivity. A typical wheatstone bridge 

circuit is shown in Figure 7. 

Metals that are usually used in making resistance 

thermoelements and their operating temperature ranges are 

listed in Table II. 

Table II 

Suitable Metals for Resistance Thermoelements 

Metal Temperature Range F 

Pure Nickel -328 - 4-82 

Pure Platinum -310 - 2000 

One advantage that the resistance temperature­

measuring circuit has over the thermocouple circuit is the 

elimination of a cold junction. This eliminates the chance 

for error in the measured temperature because of fluctua­

tions in the cold-junction temperature. 
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With the exception of the error due to the cold 

junction, the errors obtained in me asuring the temperature 

by a thermocouple are the same as those for a resistance 

thermoelement. The fol lowing discussion , therefore, will be 

applied only to the thermocouple. It must be understood, 

however , t hat the s ame discussion and mathematical formulas 

may be used with the resistance t hermoelement. 

Four major factors tend to produce a difference 

between the measured thermocouple temperature and the actual 

temperature of a gas stream. These four f actors are : 

1, Heat loss due to conduction along the thermo­
couple wires and well, 

2. Heat loss due to r adiation from the thermocouple 
junction to the cold walls , 

3. Heat gain due to radiation from t he gas to t he 
thermocouple, 

4. Heat gain due to a change in kinetic energy as 
the gas stream approaches the thermocouple. 

In this discussion each factor will be discussed individual­

ly and then collectively. 

~~~ to Conduction 

Since the main purpose of the thermocouple is to 

measure the temperature of the gas stream accurately , it is 

necessary to determine whether or not the conduction loss 

can be made negligible. Jakob and Hawkins (8, p.203) have 

treated this subject very well. They have found that the 

error obtained in the temperature indicated by the 
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thermocouple and that of the true temperature,. neglecting 

radiation loss. may be found from the equation• 

ts - tw 
ts- tj: ----== <4> 

cosh L{Wi 

where t Static temperature, F s -­
tj - Junction temperature. F-

Wall temperature, F ......... t.., = 
L Depth of immersion, rt= 
h Heat tra~sfer coefficient by convection,= 

Btu/ft'- hr F 

c Circumference of well material, ft= 
kt ~ Thermal con~uctivity of well material, 

Btu ft/.ft hr F 

A =Cross-sectional area of well material, rt2 

when the thermocouple wires are small. 

From Equation 4 it may be seen• that t here are five 

values that can be used to reduce the error caused ·by con­

duction. These factors are as follows: 

1. Insulate the wall to bring tw : t 8 , 

2. Make L as long as possible, 

3. Reduce the cross-sectional area to a minimum, 

4. Use a well material with a low t hermal 
conductivity, 

5. Make the he at transfer coefficient as large as pos­
sible by increasing t he velocity of t he gases. 
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In view of these five factors it was decided that 

the depth or immersion is the easiest to control. With this 

in mind; a family of curves was plotted by using Equation 4 
with the depth of immersion as the abscissa and the ratio of 

t he temperatures as the ordinate. This family of curves is 

s hown in Figure 8. 

From these curves it can be .seen that the error in 

the thermocouple reading will be less than 1 per cent if the 

thermocouple is i mmersed into the gas stream at least o.6 
inches. It may be concluded, therefore, that if the thermo­

couple is inunersed into the gas stream a distance of 0.6 

inches or more, the error produced will be negligible, and 

the thermocouple will g ive the true temperature. 

~ Loss ~ Radiation 

Theoretically, the heat loss due to radiation from 

a hot body to a cold body is proportional to the difference 

of the fourth powers of their respective absolute tempera­

tures. If t his heat loss is set equal to the heat gain by 

convection while assuming the conduction and velocity 

effects a s being negligible , there results an equation from 

which the temperature of the gas can be calculated. Th is 

equation is as follows: 

(5) 



rt •· +t­

h· 

; tt tt_. f+! 
:1_ _. · :1_ • · 

t !:ti ; !; : . 
rrr·' ·111 · · · ..-'­ ., .. 

........ · - -- ........ . 
....... - --· .. . .._ = :;c_; -:..: · 

L-t _ :-_.~ .....: : 
t_r:: t-:: ·:~...r: 

t:.f:-7 .:: 

I ~!:~: 
· ~c.rt~~: 
:rtn '1.1 

. :i. ::; 

.$~ 



31 

where At • Area of the t hermocouple, ft~ 

h =Heat transfer coefficient by convection, 
Btu/tt2 hr F 

ts : Static temperature. F 

tj - Junction temperature, F 

tr = Stefan-Bolt~manp.' s radiation constant, 
Btu/hr ft RLl­

6 • Emissivity of the junction. dimensionless 

Tj =Junction temperature, R 

Tw • Wall temperature, R 

It is. often quite difficult~ however, to measure the effec­

tive wall temperature, and it is much more difficult to de­

termine the actual emissivity of the junction (.5, p.l52). 

Therefore, the method most commonly used to correct for 

radiation is by some physical means . This may be accom­

plished either by shielding the thermocouple from the sur­

rounding cold walls by coaxial shields or by increasing the 

wall temperature. Since it is often quite difficult to 

increase the wall temperature, many investigators have de­

vised various forms of shielding for the thermocouple.. 

These shields tend to reduce the ability of the thermocouple 

to follow fluctuating temperatures, however, and are quite 

difficult to install. 

Another common method for reducing the radiation 

loss is to use junctions of low emissivity. As can be seen 

from Equation 5. the heat loss by radiation is directly 
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proportional. to the emissivity of the junction.. If this 

emissivity is reduced, the heat loss will be decreased, and 

the junction temperature will a:pproa:ch the true gas tempera­

ture . A. I . Dahl and E. F . Flock have developed a junction 

cover.ed with silver in which the emissivity is reduced to 

0 . 05 <4. p. l54.) . This reduced the heat loss to 1/ 16 of that 

for a bare oxidized Ghromel - Alumel junction. A comparison 

or Chromel-Alumel thermocouple.s with differ.ent radiation 

shields is given in Table III . 

Table III 

Effe.ctiveness of Radiation Shields (5, p . 1.5.5) 
True Gas Temperature 1500 F Wall Temperature 1200 F 

Shields 

1 Coaxial 3 Coaxial Pre.ssed Pressed 
None Tube Tubes Silver Platinum . _. '-

Indicated 
Ternpera.­

ture , F 14-32 1480 1494 
Radiation 
Correc­
tion. P 68 20 l.O 6 22 

From Table III and from the curves shown in 

Figure 9. it may be seen that the error in the indicated 

temperature is less than 1 per cent,. Therefore,. in most 

ea.ses the indicated temperature may be assumed to be tha t of 

the true static gas temperature,. 

http:cover.ed


FIGURE 9 

EFFECTS OF RADIATION ON THE TEMPERATURE MEASURED 
BY A SILVER-SHIELDED ~HERMOCOUPLE 

Aa Computed from Equation 5a, A 
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~ S!:.!!!! .Ez Radiation 

The heat gain by the thermocouple due to radiation 

from the gas stream is of relatively small value. This is 

especially true in g as streams in which the air-fuel ratio 

is quite high. In t h is installation t he air-fuel r atios are 

in the order of 60 to 85 pounds of air per pound of fuel. 

This gives a combustion gas composition, assuming co mplete 

combustion, as is shown in Table IV. 

Table IV 

Variation of Combust i on Gas Composition 

Range of Composition, 
Combustion Gases %by Volume 

Carbon Dioxide 3.5 - 2.5 
Water Vapor 
Oxygen 
Nitrogen 

2.9 - 2.0 
15.8- 17.5 
77.8 - 78.0 

It can be seen from Table IV that the amounts of 

nonradiating gases, oxygen and nitrogen, are many times that 

of t he radiating g ases, c arbon dioxide and water vapor, 

(13, p.64); therefore, the emissivity of the total g as 

stream would be extremely small, and the heat gain by radia­

tion from the gases can be assumed to be negligible. 

If t he thermocouples are placed in such a position 

that they can see t h e fl ame, then there may be a. consider­

able heat gain due to radia tion, since during combustion 
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there are higher concentrations of radiating gases and lower 

concentrations of nonradiating gases . 

Heat ~~ to Kinetic Energy Change 

If a thermocouple is immersed in a rapidly-moving 

gas stream, it will tend to slow up a portion of this gas 

stream. As a result of this change in velocity, the tem­

perature of the thermoco~ple will increase. This increase 

is due to three effects; (1). the transfer of kinetic energy 

oC the random molecular motion by collision, (2) the trans­

fer of kinetic energy by direct impact, and (3) the transfer 

of heat generated by friction due to the flow of gases 

around the junction (5, p.l57). If the thermocouple were 

able to absorb all of the kinetic energy~ ~he temperature 

indicated by the thermocouple would be the total temperature. 

This may be expressed mathematically, assuming that the pro­

cess is adiabatic in the following equation: 

v2
Tt ·= Ts .f. (6)

2gJ'ep 

where - Total temperature, RTt -
Ts -- Static temperature, R 

V • Velocity, ft/sec 

g : Acceleration of gravity, ft/sec2 

J =Heat equivalent of work, Btu/ft lb 

cp =Specific heat at constant pressure, Btu/lb R 



It is practically impossible, however , for the 

thermocouple to absorb all of the energy available . This is 

due to the ~act that the process is not entirely adiabatic 

and that as the temperature of the thermocouple approaches 

the total temperature, it tends to lose heat to the gas . 

Therefore, the thermocouple will reach an equilibrium tem­

perature somewhere between the total temperature and the 

static temperature. This point has been found to be ap­

proximately 85 per cent of the theoretical increa se for a 

bare thermocouple. In other words, the junction temperature 

expressed mathematically is 

(7) 

where Tj - Junction temperature, R-
'l's ...- Static temperature, R 

v : Velocity, rt/sec 

g • Acceleration of gravity , ft/sec2 

J -- Heat equivalent of work, Btu/rt lb 

c =Specif'ic heat at constant pressure~ Btu/lb R 
p 

The factor, 0.85, is commonly referred to as the recovery 

ractor. o. .. for the thermocouple • 

.A curve for velocity versus temperature difference 

is shown in Figure 10 for recovery factors of 1.00 and 0.85. 
It can be seen from this curve that for a recovery factor of 

1.00 and a velocity of below 300 :feet per second, the error 
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in the true static temperature is less than l per cent. 

Therefore, for this velocity and below, the measured tem­

perature may be assumed to be that of the static temperature. 

Above this velocity the error increases rapidly for a small 

change in velocity. 

In the above discussion each effect was considered 

separately. Now they will be considered together. If a 

heat balance is written for a thermocouple in equilibrium, 

it will be noticed that the heat transferred by convection 

from the gas stream to the thermocouple plus the heat trans­

ferred by radiation from the gas stream to the thermocouple 

plus t he heat transferred by the change in kinetic energy of 

the gas stream must equal the heat lost by radiation from 

the thermocouple to the cold walls plus the heat lost by 

conduction along the thermocouple wires and well . If the 

heat loss due to conduction and the heat gain due to gas 

radiation are negligible, then the effect of the kinetic 

energy change tends to offset the effect of radiation on the 

thermocouple junction temperature. This is only true, how­

ever, for gas velocities below 400 feet per second and for a 

silver-shielded thermocouple with a recovery factor of 0.85 

or less. The temperature indicated on t he measuring instru­

ment below t his velocity may then be assumed to be essential­

ly the true static temperature . 
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CONSTRUCTION AND PLACEfl.&N~ OF 
PYROMETERS AND EQUIPimNT 

Silver...Shielded Thermocouple 

Since the previous thermocouple installation al­

lowed the thermocouples to ttsee" the flame, and since they 

were placed in the section of highest velocity, it was de• 

cided that it would be better to place the new th,ermocouple.s 

in an area o:f lower velocity end . in a posit.ion where they 

could not "see-If the f'lame . The three thermocouples at the 

turb-ine inlet, theref'ore, were placed 120 degrees apart 

around the turbine casing with the silver shield .of the 

thermocouple about 1/2 inch upstream from the nozzle ring 

and directly opposite the nozzle inlets. The three thermo­

couples at the turbine ex..~aust were placed directly opposite 

the thermocouples at the turbine inlet and about 1-1/2 

inches downst.ream from the turbine wheel blades. 

The thermocouples were mad·e of No. 20 Chromel­

Alu:mel thermocouple lead wire. A section of the wire was 

cut off to the desired length,. depending upon whether the 

thermocouple was to be used in the inlet casing or in the 

exhaust casing. - The lengths required are 8 inches for the 

turbine inlet temperature and 5 inches f .or the turbine ex­

haust temperature. 

The thermocouple bead was formed by twisting the 

two wires together for a distance of 1/2 inch. The tt'listed 



portion was then heated in a neutral acetylene flame until 

both wires glowed bright red . The wires were then dipped 

into bronzing flux until a good coating was formed . The 

flux- coated ends were immediately placed into the flame 

until the bead formed . After the wires cooled , the flux 

was broken off, and the wires and bead were cleaned with 

a wire brush . 

The silver shield was made from a tube 1/ 8 inch in 

diameter and with a wall thickness of 0 . 020 inches . This 

silver tube was cut into 1/ 2- inch lengths . Eaeh length was 

slipped over a thermocouple bead until the bead was halfWay 

into the shield . The shield was then pressed tightly on the 

thermocouple wires and bead . The tighter the silver is 

pressed on the bead, the better the heat transfer is between 

them. After the shields were pressed on the beads , the 

ceramic insulators were slipped over the thermocouple wires,. 

The terminal strip and individual connectors were 

all made of fiberboard . The terminal strip contains enough 

terminals for twelve thermocouples and was used to join the 

Chromel- Alumel lead wires to the copper wires of the switch . 

Each connector contains two brass cylinders into which the 

thermocouple wires and the lead wires were placed . These 

wires were then clamped into place by set screws. 

Since the thermocouples at the turbine inlet were 

to be placed in the turbine casing, it was necessary to 



construct a thermocouple support . These supports were made 

of 7/ 16- inch hexagonal head mach ine bolts (the heads of 

which were ground to fit t he ca sing) . These machine bolts 

were t h en drilled with a 7/32- inch drill to provide the 

necessary opening to f acilitate t he installation and removal 

of the thermocouple . Due to the curvature of t h e casing ~ it 

was necessary to grind a s pa cer to fit closely to the out­

side of the ca sing in order to prevent gas leakage around 

t he supporting bolt . A hexagonal he ad machine nut was used 

to hold the assembly in place . A bushing drilled out to 

0 . 15 inches for the ceramic insulator was used to hold the 

thermocouple in its support. An exploded view of the 

t hermocouple and its support is shown in Figure· 11. and a 

t ypical assembly drawing is shown in Figure 12 . 

The supports for t he exhaust t h ermocouples were 

made of 1/4- inch brass machine screws . These screws were 

held in place by a l/4- inch hexagonal head machi ne nut . A 

0 . 152- inch hole was drilled longitudinally through t he bolt 

for the ceramic insulators on the thermocouple . 

Resistance Thermoelement 

The resistance thermoelement was to be made by 

coiling the resistance wire in the form of a loop approxi• 

mately 12 inches in diamter and passing it in front of the 

entire circumference of the nozzle ring. It was believ·ed 

that by doing t h is t he actual average temperature of the 



FIGURE 11 EXPLODED VIEW OF THERMOCOUPLE AND ITS SUPPORT 
1. Support bolt 
2. Sp acer 
3. Connector and connector bracket
4. Spacer 
5. Hexagonal head nut 
6. Thermocouple bushing 
7. S ilver-shielded thermocouple 
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gases passing through the nozzl.es could. be obtained . This 

is due tc the fact that the variation of the mass flow 

across the entrance to the nozzle section is at a minimum. 

In other words , the velocity of the gases entering the 

nozzle will not vary substantially from the bottom of the 

nozzle to the top of the nozzle.- The materials from whieh 

these thermoelements were to be made were No. 20 Chr-omax 

wire arid No. 22 Ineonel wire.. The coils were to be supported 

by insulators fastened to bolts extending down through the 

thermocouple supports . The exhaust thermoelement was to be 

constructed and supported in a similar manner . 

The support for the thermoelement to be used in 

the preliminary tests to determine the suitability of the 

wire to t .emperature measurement was made from a heater ele­

ment core similar to that used in the ordinary househol.d 

electric heater. Three feet of VIire was wrapped -on this 

porcelain core , and two copper leads of No . 10 wire were 

fastened to each end of the thennoelement . 

Pressure Probe Section 

The pressure probe seetion was made of l - inch steel 

plate with an 8 x 4- 5/ 16- inch elliptical opening. A photo­

graph of this section is shown in Figure 13 . The pressure 

probe.s, were made from No . 321 stainless steel tubing 

1/8- inch in diameter with a wall thickness of 0 . 020 inches~ 

http:nozzl.es
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There were three total and two static pressure probes a-cross 

the horizontal and vertical dimensions . Each pzrobe was 

located in the center of an area equal to one•third of the 

total area of the opening.. The entire unit is located in 

the transition section between the combustion chamber and 

the turbin~ casing. 

'I'he purpose oi' this pressure probe section was 

to determine the velocity of the gases as they leave the 

combustion chamber. Sinee this section has the smallest 

.cross-sectional area an.d the highest weight now. the ve­

locity at this point will be higher than at any point in 

the turbine casing. This is due to the :fact that as soon 

as the ga ses enter the combustion chamber, a portion of the 

gas leaves the chamber through the nozzles. This gives a 

varying weight flow around the entire turbine casing. 

Therefore,. if the velocity at the elliptical section is not 

appreciable,. the yelocity at any other point in the easing 

\Vlll be lower,. and it will a.!Tect the temperature indicated 

by the thermo.couple very little. 
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TESTS 

Apparatus 

The apparatus, other than the g as turbine, used in 

t he thermocouple tests can be divided into two groups; 

(1) t h e e quipment for temperature measurements and (2) the 

equipment for other measurements. The equipment contained 

in the first group is as follows: 

l. The silver-shielded t hermocouple 

2. Cold-junction thermocouple 

3. Twelve-point switch 

4. Englehard millivoltmeter 

The other equipment may be listed according to the values 

measured as follows: 

1. Air flow - Ellison draft gage, c ap acity 6 in. water 

2. Fuel rate - Toledo Seales and stop watch 

Velocity pressure - Mariam water manometer, 
capacity 60 in. water 

4­ Static pressure - Mariam mercury manometer. 
capacity 14 in. mercury 

The electrical circuit for the thermocouple is 

shown in Figure 14. This circuit contains t he t hermocouples. 

terminal strip,. 12-point switch, and the millivoltmeter. It 

may be noticed from Figure 14 t h at the Chromel-Alumel lead 

wires run only as far as t he terminal strip. From t hat 

point on, t he wires are made of copper. At first glance it 

may seem that this would cause an error in t he readings, but 
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Copper Wire--~------~ 

ChroMl Wire 
Alumel Wire 

"Cold" Junction 

FIGURE 14 ELECTRICAL CIRCUIT 
FOR THERMOCOUPLES 

Re•1•tanee 
'l'btlW)tliMDt 

Wheatstone Bridge Potentiometer 

FIGURE 15 ELECTRICAL CIRCUIT FOR 
RESI ST ANCE THERMOELEMENT 
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if the cold-junction \Vires are connected to the copper wires 

at the terminal strlp; then all copper-Chromel and copper­

Alumel junctions will be at the same temperature, and no 

error will occur {6, p . 85). 

The apparatus for the tests on the resistance 

thermoelement can also be divided into two groups; (1) the 

equipment used in the preliminary tests and (2) the equip­

ment which was to be used in the final tests . The equipment 

in Group 1 is listed as follows: 

1. The resistance thermoelement 

2. Leeds and Northrup wheatstone bridge 

3. arshall-Hall tubular furnace 

4. Wbeelco controller and its ther.mocouple 

5. Comparison Chromel-Alumel thermocouple 

6. Leeds and Northrup potentiometer 

The electrical connections for t h is equipment are shown in 

Figure 15. The equipment contained in Group 2 is the same 

as the equipment used in the thermocouple tests except that 

in place of -the temperature- measuring e quipment, the follow­

ing equipment was to be used: 

1 . Resistance thermoelement 

2 . Leeds and Northrup wheatstone bridge 

Procedure 

The procedure used in conducting the test on the 

thermocouples and the procedure which was to be used for th~ 



final test on the resistance thermoelement were similar. 

The original method of conducting the tests consisted of 

bringing the turbine up to a definite speed and jockeying 

the fuel control valve to maintain this speed~ After the 

designated speed had been reached,. a series of reading.s of 

all values were taken. The fuel r ate was measured in seconds 

per half-pound and was measured twice during each run. 

The values obtained from this test were quite 

erratic _. Since it was necessary to constantly jockey the 

fuel control valve t .o maintain a de:rinite speed, the con• 

ditions could never reach a static state. Consequently, 

it was decided to revise the procedure by adjusting the 

throttle once and letting the turbine reach its own speed. 

After this had been stabilized, a series of readings were 

taken as before. The results obtained by this method were 

more consistent,_ so this procedure for controlling the tur­

bine speed was used 
. 

throughout the test. A series of 8 to 

10 readings,. each at a different turbine speed, were taken 

during each test. 

The procedure used in the thermocouple calibrat.ion 

was the standard c alibration procedure. This procedure con­

sists of immersing the thermocouple into a bath of molten 

pur-e metal and then recording the millivoltmeter readings as 

the metal cools. As the metal begins to solidi:ry,_ its tem... 

perature will tend to remain constant. 'fhe temperature 
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indicated by the thermocouple can be compared with the known 

true freezing temperature of the metal . These thermocouples 

were calibrated at three points ~ the freezing point of water, 

the freezing point of pure lead ~ and the freezing point of 

pure aluminum. 

'rhe procedure used to determine the suitability of 

Inconel wire and Nichrome wire for resistance thermoelements 

was quite simple . l The Wheelco temperature controller was 

set for the desired temperature, ranging from 0 F to 18.50 F. 

When the controller indicated this desired temperature , a 

series of readings were taken for the resistance of the 

thermoelement and for the temperature of the comparison 

thermocouple . These readings were taken every 30 seconds 

until three readings of constant value were reco~ded . The 

controller temperature was then increased approximately 

166 F. This temperature interval gave a total of thirteen 

test points . 

1 The Nichrome wire test was added at the last minute since 
the Chromax wire did not arrive in time to be tested.• 
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RESULTS 

The results of the calibration tests on the 

silver-shielded and bare thermocouples are shown in Appen­

dix B. A calibration curve was not drawn since the dl.f• 

ferenee between the true temper-ature and the indicated tem... 

perature for both t ypes was quite small--less than 1.5 

per cent. Since this di.f'ference was so smallj the indicated 

temperature was assumed to be the true temperature. It was 

also assumed that since t he twelve thermocouples calibrated 

were not in error by more than 1.5 per cent~ any other 

thermocouple made from the same sample of wi·re and in the 

same way would not have a greater error. The calibration 

data also indicates that the silver shield. does not have a 

noticeable e.ffeet on t he thermocouple reading since both 

types of t hermocouples had the same range of inaccuracy. 

It was quite cUf.fleult to obtain the calibration 

for the silver-shielded thermocouples at the freezing point 

of aluminum since the melting point of silver is only a rew 

hundred degrees higher than that of aluminum. Consequently, 

extreme care had to be taken to prevent excessive super... 

heating of the aluminum before the silver-shielded thermo­

couple was immersed in the bath of molten metal. 

The results of the tests on the silver-shielded 

thermocouples are shown in Figure 16. A test using bat'e 

thermocouples instead or the silver.... shielded thermocouples 
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FIGURE .l6 

TEMPERATURES AS MEASURED BY THE 
SILVER-SHIELDED THERMOCOUPLE 

.. . ....! . . . . . .. . ;:;: . ... • -+· . .... . ......... 

..-. ~f.!.l-l-J i j..U.;. 

Temperature ~-:+-: f-1- Lh ~ 
.. . -- :.: . .. - , ~ ;~h-•.;-:•.:.;.+-" Itt ­

--- .. ... . --:J.:l . :::;::: --- -· •••;:._ : ~; : :::· ::· : 
. ·: L:·: .. 

..::..: :::: :::: Av~rage Exhaust Tempe_rat_ure ~-:-...;.. . .... 1100 . . -­
·-· ~- .;.;.!-'---E .. :. ::;.. ~::.: :::: :. ~~ ~:=: ' ..-:.:t=-t:~ 

~· ;--,- , · ........_ ~ .. ­

... . ::::! · · 

. . . . . . . . . . ~ . 

·-.. . . . 
. . . . . . . . . . . 

'• T • * • •-­ o • • • • -~ ·- • . ......_... ··-· . . ... -· 
: : : • : : : ~ :-: : . : : :: : : ~ 

!t-J­

.'-:­

_ 1 ~ 
:-:- ~;~ 
· ·· ·:~ 

+--'­ ·-·­ · 
~ _-:::~~ 

-r-,. • 



54 

was made in order to draw a comparison between the two. 

The results from the bare thermocouple test are shown in 

Figure 17. with a comparison of the average turbine inlet 

temperatures as measured by t hese two methods appe aring in 

Figure 18. 

The turbine was stopped after four runs were com­

pleted in the test on the silver-shielded thermocouples, and 

each of the silver shields on the turbine inlet t hermo­

couples were inspected for signs of deterioration. The 

shields on t he two top thermocouples, Nos. 1 and 2, did not 

show any signs of having been subjected to high tempera­

tures. The shield on Thermocouple 3, however, which is 

located at the bottom of the t urbine casing, was burned off. 

Another silver-shielded t hermocouple was substituted for it 

during the remainder of the test. The exhaust thermocouple 

shields were found to be without signs of deterioration. 

The shields on all or the t hermocouples were 

inspected again at the end of t he test, and again the 

silver sh ield on Thermocouple 3 was burned orr. This meant 

t hat at some t ime during t he testing period, the gases were 

at a temperature greater than t he melting point of silver, 

1762 F. This period was probably during the first few min­

utes after the turbine had started and while the air-fuel 

ratio was still considerably below the normal operating 

range of 72 to 82 pounds of air per pound of fuel. It was 
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Thermocouple 

FIGURE 18 . 

COMPARISON OF AVERAGE INLET TEMPERATURES 
AS MEASURED BY A SILVER-SHIELDED AND 

A BARE THERMOCOUPLE 
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apparently impossible to keep a silver shield on Thermo .. 

couple 3, so the indicated temperature was used in finding 

the average turbine inlet temperature used in Figure 16. 

The temperature indicated by Thermocouple 3, 

whether it had a silver shield or not, was always several 

hundred degrees higher than the temperature indicated by 

Thermocouples 1 and 2 located in the upper portion of the 

turbine casing. Thus, the hottest gases pass through the 

bottom of the turbine casing rather t han through the top. 

This is often illustrated by flame shooting through the tur­

bine wheel blades during either t he starting cycle or during 

rapid acceleration. 

A check on the maximum velocity in the turbine was 

obtained at the elliptical section by computation, and it 

was found to be not greater than 390 .feet per second. It 

was therefore deened unnecessary to apply a velocity cor­

rection to the thermocouple readings since the velocity was 

still below 400 feet per second. The actual velocity of the 

gas around the thermocouples would be less than the velocity 

at the elliptical section due to the gases leaving the tur­

bine casing through t he nozzle ring. 

It can be noticed in Figures 16 and 17 that the 

average turbine exhaust temperature is below that of the 

average turbine inlet temperature. Up until this time the 

measured turbine eXhaust temperature had always been greater 
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than the measured inlet temperature, a condition which 

theoretically and physically can not be . 

Figures 16 and 17 also show that the average tur­

bine inlet temperature is considerably higher than the 

theoretical inlet temperature . This might be due to some 

phenomenon occuring during the combustion of the fuel . It 

was quite evident during the tests that something ·was wrong 

with the combustion since large amounts of blue smoke issued 

from the exhaust ring . This smoke contained compounds which 

were irritating to the eyes causing tears to form . During 

complete combustion these irritating compounds are not 

noticeable in the exhaust gases . 

Figure 18 shows a comparison of the average inlet 

turbine temperature measured by the silver- shielded and bare 

thermocouples . It can be noticed that as the wall tempera­

ture and air~fuel ratio increase , the difference between the 

temperatures indicated by .the two thermocouples decreases . 

This is due to the decrease in the radiation loss by the 

bare thermocouple and an increase in the heat transfer 

coefficient by convection caused by an increase in velocity 

of the gases . 

The results from the preliminary test on No . 20 

Inconel wire are shown in Figure 19 . A preliminary test on 

a sample of Nichrome wire taken from a heater element waa 

also conducted , and the results are shown in Figure 20 . 
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It can be seen in Figure 19 that there is a 

definite dip in the resistance versus temperature curve • 

•At first it was believed that this dip was caused by the 

fact that the wire was slightly hardened by cold- working 

while it was being wrapped on the porcelain core ., This 

hardening would tend to increase its resistance . As the 

annealing range for Inconel wire was approached• this 

hardening would be relieved with the result that the resist­

ance decreased slightly. However, after annealing the 

wire , another test was made , and an identical curve was 

obtained . 

Because of this dip it would make it extremely 

difficult to measure a temperature between 800 and 1600 F 

since for any given resistance between 1 . 79.5 and 1 .,8o6 there 

are several corresponding temperatures~. This fact alone 

makes the use of Inconel wire unsuitable for a resist ance 

thermoelement above temperatures of Boo F. Due t ·o this 

characteristic the tests on Inconel wire were discontinued . 

It can be seen from Figure 20 that the Nichrome 

wire ' s resistance versus temperature curve did not produce 

a dip in the curve as did the Inconel wire . However , the 

increa se in the resistance with temperature of the wire 

above 1000 F becomes very small- -in the order of 0 . 0004.5 

ohms/ F. This low value of the thermal coefficient of 

resistance would then require a very sensitive instrument 

• 
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in order to measure the increase in resistance. In fact , 

it would be almost impossible to use a manually-balanced 

· wheatstone bridge to measure the resistance of the eletnent 

if the element were placed in a varying- temperature gas 

stream. An automatic b~lancing bridge could probably be 

used with some degree of accura cy,. but since this type of 

instrument was not available , the use of a Nichrome wire 

from a h~ater element as a resistance thermoelement was 

discontinued . 



CONCLUSIONS 

From the results of the tests on the silver­

shielded thermocouples_. it may be concluded that this type 

of temperature-meas~ng device does have the qualities for 

measuring the temperatures of high-temperature gas streams 

if the gas stream temperature does not fluctuate above the 

melting point of silver. This is the main factor which 

would prevent its use in the Ore gon State College ga s tur­

bine . The constant replacing of the silver shield on just 

one thermocouple would soon become not only expensive, but 

also time-consuming. Even if the expense were considered to 

be negligible, the fact that the shield burns off during the 

starting cycle and before any test runs can be made defeats 

the purpose of the shield, and a bare thermocouple might as 

well be used. 

It was interesting to note that a temperature drop 

was measured across the turbine by both the silver-shieldad 

· thermocouples and the bare thermocouples. This was un­

doubtedly due to better placement of the thermocouples with 

the result that fewer temperature- measuring errors were 

involved. 

The poor characteristi.c·s of resistance versus 

temperature for Inconel wire in the temperature range of 

800 to 1600 F makes it prohibitive for use as a resistance 

thermoelement material within this temperature range. It 



might, however;. prove to be a good material for measuring 

temperatures below 800 F . 

'l'he Nichrome wire from a heater element is unsuit ­

able for this installation since it has a very low lnerease 

in resistance with tempera ture between 1000 and 1300 P. 

Between 1100 and 1300 F the thermal coefficient of resist­

ance is 0 . 00045 ohms/ F. Consequently, any change in the 

resistance of the lead wires would give a sizable error in 

the measured resistance... 
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RECOMMENDATIONS FOR FUTURE INVESTIGATIONS 

Since none or the pyrometers selected ~or testing 

were suitable for use in the gas turbine installation. the 

recommendations for fUture investigations of types of pyrom­

eters to be tested are as follows: 

1 . Investigate the suitability of either the sonic 

pyrometer or one of the pneumatic pyrometers 

with a tube into which a sample of gas may be 

drawn from several points across the turbine 

easing . This tube should be of such size that 

the weight flow within the tube is a .small per­

centage of the total weight flow . 

2 . Investigate the suitability of Chromax wire aa 

a resistance thermoelement . It is believed that 

the resistance of the wire increases approximately 

4 per cent between 1000 and 1400 F. This increase 

would be a small quantity. but 1t could be 

measured easily enough. This investigation 

might include whether it can be used in an oxi• 

dizing atmosphere. whether it can be accurately 

reproduced, and whether its resistance versUJI 

temperature properties change with use • 

.3 . Investigate the possibilities of using Alumel 

wire as a resistance thermoelement . This wire 

is used mostly for thermocouples. but it does 
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·have .a high thermal coefficient of resistance 

an4 may prove to be a good material for re­

sistance thermoelements . 

4-• . Install. three platinum resistance thermoele.. 

menta in the present turbine inlet thermo­

couple installati.ons . The cost ot one plati.... 

nu.m resistance element enclosed in an 18- 8 

stainless steel tube 6 inches long is approxi­

mately $36 . It is realized that this is quite 

e.Jtp;ens1ve , but it. is. believed that this in­

strument will give the best results since it 

has a very high thermal coefficLent of resist­

ance 4!­
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APPENDIX A 

SAMPLE CALCULATIONS 

The Effect of Conduction ~ the Temperature Measured 
bz ! Thermocouple 

Equation 4 (p. 28) may be simplified by substituting 

and 

where D • Diameter of w·ell material, ft 

then Equation 4 is reduced to 

C4a) 

Dividing Equation 4a by (t
8 

- tw} will give the dimension­

less equation. 

ts - tj = ___1_-=~ 
ts- t.., h 2L'~ .. cos ~ Dk"'­

In this equa tion, D and k' are constants and are equal to 

0.15 inches and 1.21 Btu in/tt2 F hr {14. pp.J.46-l47) re­

spectively. The value of the heat transfer coefficient, 

h, may be found from the equation, 

* Nomenclature for the symbols used in the Appendices is 
the same as in the textr 
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_ (k' ~(GlD) 0.57h- 0.3 .:.....g ­
D P g 

where A/ • Dynamic viscosity of the gas , lb/ft2 hr 
g 

and where k and A/ (10, p.34) are taken as that of air at g g 
a temperature corresponding to Ts- *Tw- •

2 

Assuming that 

Ts + Tw = 1400 R 
2 

and that 
Gl : 1o.ooo 1b/rt2 hr 

the heat transfer coefficient is 

0 
h. (0~3) f.O.o B) (( 10., OOOA (0.0125)) -57 

\0. 012 o. 71 

=52.5 Btu/ft2 hr F 

Then as-suming that the heat transfer coefficient, h, is 

equal to 100 Btu/hr ft 2 F and that the depth of i~~ersion, 
t 8 - tjL , is equal to 0.30 inches, the ratio of ­
ts - tw 

may be found from Equation 4b 

ts - t l =-------1;===;~===­
ts - tw cosh 2(0.025) ~{ O.Ol~5ftf.21) 

= 0.0345 

http:O.Ol~5ftf.21
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The Effect ££ Radiation ~~ Temperature Measured 
~ ! Silver-Shielded Thermocouple 

Solving Equation 5 (p. 29) for (ts - tj) the following 

equation is formed: 

(5a) 

In this equation ~ is equal to 0.174 x 10-8 Btu/hr ft2 

and assuming that the silver shield has an effective 

emissivity of 0.05, then only the heat transfer coefficient, 

h, and the difference of the absolute temperatures will 

vary. Then assuming that h • 100 Btu/hr rt2 F and 

the error in the thermocouple reading as calculated from 

Equation 5a is 

{0.174){0.05)(50,000)
ts - tj • 1oo 

=4.3 F 
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8 

The Effect EI.. Velocity .2!1 .1?.h2. Temperature Measured 
E.z .J::.Thermocouple 

Solving Equations 6 and 7 (pp.35 and 36) for (Tj- T ) 

the following equations are :rormed: 

v2
T T (6a)

j - s = 2gJc
p 

T. T 0.8$ v2 
(?a)- s --· 2gJcJ p 

Then assuming a mean value for c p a 0.267 (10, p.34.) the 

error in the thermocouple readings for a velocity of 300 

feet per second for Equation 6a i.s 

: 6.73 F 

and for Equation ?a is 

=5.71 F 

* Since the difference between the absolute temp.eratures is 
equal to the difference between the temperature in F, 
t j - ts can be substituted for T j ..;. T

8 
.o 
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~Turbine's Theoretical Inlet Temperature 

The heat balance for the combustion chamber based on 

one pound of fuel and assuming complete combustion and no 

heat loss is as follows: 

lower heating value. of the fuel minus latent 

heat of vaporization plus heat content or 
the entering air equals heat content of the 

combustion gases. 

The lower heating value of the fuel is found as follows: 

BRV =Higher heating value. 

LHV • Lower heating value, 

(9) 

where hrg : heat of vaporization of water at 60 F. 

The per cent by weight of hydrogen in the fuel may be 

found by the equation 

= f. 24-5 . ) - f. . 19.4 .\ 3 - 8.6 (10)
\ sp. gr.6o/6o \{ sp. gr.60/60)(K)) 

where sp. gr.60; 60 =specific gravity at 60 F 

K =characterization factor of the 
fuel oil (7 ,. p.93) 
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Then from tests on t he fuel oil the require values were 

found to be as follows : 

gravity • 31 . 9 API at 60 F 

specific gravity =0. 866 at 60 F 

kinematic viscosity at 100 F ~ 3. 5 centistokes 

viscosity • 37.5 SSU at 100 F 

Using these values the characterization factor~ K, may be 

found from curves of characterization factor and viscosity 

at 100 F (7. p.91) for t his fuel K =11.5. 

Then using Equation 10 t he percent age of hydrogen is 

=12 . 27% 

Using this value for hydro gen in Equation 8 the higher 

heating value is 

HHV =323 . 5(12 . 27) f 15,410 

: 19,370 Btu/lb 

and the lower heating value is 

LHV : _ (12 . 27) (9)(1060) 19 , 370 100 

=18,200 Btu/lb 
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The latent heat 

equation 

or vaporization may be found from the 

(11) 

where L =latent heat of vaporization Btu/lb 

d = specific gravity 60/60 

t • temperature F (9. p.210) 

Assuming t • 60 F the latent heat of vaporization is 

L = 6.§66 ~10.9 ­ o.o9c6o~ 

: 122 Btu/lb 

The heat content of the incoming air is 

(12) 

where f =air-fuel ratio. lbs of air/lb of fUel 

ted : compressor discharge temperature. F 

Then assuming 

and 

f =70 lbs of air/lb of fuel 

ted =100 F' 

Btu/lb =0.24(70) (100 - 60) · 

= 671 Btu/lb 
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The h eat content of combustion gases is as follows: 

Combustion gases assuming f = 70 lbs of air/lb of fuel 

Combustion Gas lb. moles/lb fuel 

co 0.0732 
H 0 0.061

2 

02 0.403 

1.910N2 

The heat content of' combustion gas is 

(13) 

where m = combustion gas, 1b moles/lb fuel 

- enthalpy of gas at temperature t, Btu/lb mole~ -
enthalpy of gas at 6o F, Btu/lb moleh6o ­-

Assuming t : 1100 F 

Btu/lb (C02 ) -- 0.073(1.5,325 .. 3.880) -- 83.5 

Btu/1b (H20) -- 0.061 ( 13.,115 l.j.,l22) -- 548 

Btu/lb (02) =o.403(ll,.So5 ... 3,606) -- 3,180 

Btu/lb (N2) -- 1.910(11,104 3,611) =14,300 

Total 18,863 Btu/lb 

Using the velue from Equation 13 with the values from 

Equations 9, 11, and 12, the heat balance is 

18,200 - 122 f 671 : 18,863 

18.749 J 18,863 
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Slnc·e this heat balance does n~t agree, a new tempera­

ture, t •. in Equation 13 must be assumed and the calculations 

.for heat content in the e.xhaust gases repeated. When the t .wo 

values in the heat balance agree,. temperature. t •. is the 

turbine's theoretical inl.et temperature. A family of' curves 

for the theoretical temperature versus air·fuel ratio is. 

shown in Figure 2lo 
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APPENDIX B 

DATA FOR 

SILVER-SHIELDED THERMOCOUPLES 

rpm :x lo-3 8 9 10 10.8 11.8 12.-0 12.4 13.6 14.2 14.5 

Inlet t 1 - F 1065 109A 1086 1099 1070 1099 1082 1099 1099 1091 
t2 - F 998 101 1010 1062 1002 1023 1015 1023 1040 1032

p-l:­t - 12 0 1260 1282 
ave t3 - F 11ft§ ~23 fm3 1l30 ~2 ll_27 !1;g 1!35 fm im7 

..t F 829 867 875 913 875 917 905 917 905 913 w 

Exhaust t~ - F 1078 1087 108.3 1103 1057 1087 1065 1070 1065 1065 
t ... F 888 875 897 863 888 875 875 875 863 
to - F ~ f§R·~-it' 1320 

. 

88~ --ffi**l?-2.2ave t .. F 1100 013 1093 9 1073 i¥ot0 tm7 fm79 ~i~~' 
Theoretical t - F 1045 1020 1023 1041 1010 1035 1035 1030 1027 1032 

F 106 112 125 134 136 151 152 170 174 176Ted -

Pn - in H2o 1 .• o5 1.55 1.73 2.03 2.40 2.52 2.75 3.31 3.45 3.73 

wr • sec/1b 55.8 47.6 45~3 41.6 39.8 38.3 36.5 34~3 34.0 32.5 
~ 

· .~ .... A/F _ 1b of air 
74-4 77.0 77.5 77 ..o 80 .1 79.0 78 •. 7 81.0 82.0 81 .5lb of fuel 

Pv - in H2o 4.0 3.5 6.2 7.0 8 ..o 8.5 8 .6 10.2 10.7 11.0 

* Silver shields burned ofr at start of run.­

-.:1i}* Values are in error due to switch not being adjusted correctly. 
'-() 



DAT A FOR 

BARE THERMOCOUPLES 

rpm x 1o·3 9 9•2 10.6 11.0 11.6 12.6 13.5 14.1 
.. 

Inlet t 1 - F 1065 1065 1078 1099 10l5 108~ 10~7 1090 
t2 .. F 955 917 9 8 96 9 0 976 9zo 994 
t - F 128 1286 

ave t3 .. F Tin' TI:l1}~ ~ ~ ~ i8~' ii3~ 
t ... F 810 829 863 890 870 890 870 905w 

Exhaust t4 ... F 104.5 1048 1040 1080 10,0 10~0 1025 1000 
F 835 845 850 870 8 0 8 5 830 835t.5 ­
F 1320t6 ­ 12~~ £25~ave t - F 2 ¥oti 1070 ~ 0 0~ 3 7 ~ 3 ~3 

Theoretical t - F 1058 1065 1060 1077 1052 1055 1021 1030 

Ted - F 107 108 122 142 149 150 154 164 

4 Pn - in H20 1.43 1.63 2,05 2.26 2.46 2.89 3 •. 4.2 3.70 

wr - sec/lb 47·4 44·2 4o.o 38.1 37.8 34~8 33.6 32&3 
A/F 1b of air 73.5 73.1 74-4 74-4 77.1 77.0 80.6 80 .8- lb of fuel 
Pv - in H2o 5.5 6.0 7.4 7.6 8·. 7 9.6 10.6 11.4 

Q) 
0 
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DATA FOR 

CALIBRATION OF CHROMEL-ALUMEL THERMOCOUPLES 

LEAD BATH 

True Indicated 
Thermocou:ele l~o . Temperature F Temperature F %Erro:r 

(Bare) 

i 
l · 620 624 o.65 
2 620 622 0.38 

620 615 0.-81 
620 620 o.oo 
620 620 o.oo 
620 61l 1.45 

(Shielded) 

1 620 62j o.4.a 
2 620 62­ o.~ 

l 
620 616 o. 5 ~ 620 621 o.1o 
620 619 0.16 
620 612 1.29 

ALUMINUM BATH 

(Bare) 

1 1217 0.2512ii 

' 
2 1217 121 o.oa 

1217 1222 o.4J. 
1217 1214. 0.25 

6 1217 12~ 0.25 
1217 121 0.08 

(Shielded) 

1 1217 1215 0.16 
2 1217 1217 o.oo 

i 
1217 1221 0.36
1217 0.1 · 121~1217 121 0.25 
1217 121 o.oa 



82 

DATA FOR 

THE EFFECT OF TEMPERATURE 
ON TEE RESIST/lNCE OF NO • 20 INCONEL WIRE 

Resistance 
of Element Temperature

Run ohms Mv F-
1 1.703 70 

2-a 1.727 6.19 
b 1.727 6.19 
c 1.727 
ave. 1.727 §:i~ 305 

3a 1.746 9.52 
b 1.746 9.53 
c 
ave. ~ ~7 454 

4-a 1.772 13.54 . 
b 1.772 13.5!} 
c 
ave. ~·77 ~• 629 

5a 1.791 17.18 
b 1.791 17.18 
c 
ave .. i:1~§ i':~~ 784 

6a 1~800 19.1~ 
b 1.800 19.0 
c 1.800 
ave. 1.800 i~:g~ 866 

7a 1.806 21.0~ 
b 1.806 20.9 
c 1.806 
ave. 1.806 §¥:6g 948 

8a 1.804 23.09 
b 1.801 23.09 
c 1.801 
ave. 1.80~ ~ 10343· 



8.3 

Run-
Resistance 
of Element 

ohms Mv 
Temperature 

F 

9a 
b 
c 
ave. 

lOa 
b 
c 
ave. · 

11a 
b 
c 
ave. 

12a 
b 
c 
ave. 

13a 
b 
c 
ave. 

l4a 
b · 
c 
ave. 

1.796 
1.796 

~.79 

1.797 
1.797 

~ ' 
1~798 
1.798 

~•79 

1.799 
1.799 
1.799 
1.799 

1.804 
1.804 

~0 

1.822 
1.823 

~3 

24.98 
24.98 

~ 
27.15 
27.20 

§~:i§ 
29.11 
29.11 

~9· 

31.32 
31.32 

~3 ·3 

33-W+ 
33-44 

5~:~ 
37.55 
37.55 

~ 

1115 

1210 

1291 

1385 

1479 

1660 
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DATA FOR 

PRELUUNABY TEST ON NICHROME HEATER ELEMENT 

Resistance 
of E1ellellt Temperature

Run ohms Mv F 

1 17.50 70 

2a 17.82 5.29 
b 17.82 5.29 
c 
ave . ~ ~1· 265 

.)a 18.18 8.56 
b 18.18 8 .56 
e 18.18 
ave . 18.18 ~:~~ 411 

4-a 18.53 12.09 
b 18.53 12.09 
c 
ave. ig:~~ ~• 9 567 

5a 18.80 15.74 
b 18.80 15.74 
e 18.80 
ave. 18.86 ~ 724­

6a 19.03 19.67 
b 19.04 19.67 
c 
ave. i~:&ft ~9 892 

7a 19.19 24.16 
b 19.• 19 24.16 
c 
ave . i~:i~ ~k:i§ 1081 

8a 19-.26 28.08 
b 19.26 28.08 
c 
ave. i9 ~~ ~0 12469· 

9a 19.46 35~76 
b 19~47 35.70 
c 
ave. ~7 ~7 1580 



CHROMEL vs. ALUMEL THERMOCOUPLES 
o._,... flllrHhelt lefe,.nce Junction 11° f. 

D... P. o• ~to• 

00 -.'58 1.!)2 
60 -.!58 1.63 

100 -.47 1.74 
15° -.'S7 1.135 
200 -.28 1.97 
26v -.15 2.08 
3I:P -.01 2.20 
350 .07 2.31 
400 .18 2.43 
450 .29 2.54 
5()0 .40 2.66 
ssO .51 2.77 
600 .52 2.89 
650 .73 3.00 
70° 64 312 
75° .95 3.24 
ooo 1.1)6 3.36 
650 1.17 3.48 
goo 1.29 3.59 
95° 1.40 3.70 

100° 1.!)2 3.82 .... v. 
per •F. .022 .023 

,... 3oo• 400• I H. .... ,... eoe• .... aooo• ..... uoo• uoo• 

II l 1 • l • • • t • 

3.132 6.09 8.31 10.!56 12.85 15.18 17.~ 19.138 22.25 24.52 213.98 29.33 
3.93 6.20 8.42 10.1)? 12.96 15.29 17.133 20.00 22.:37 24.74 2?.10 .29.45 
4.05 6.31 8.53 10.79 13.00 15.41 17.75 20.12 22.49 24.135 2?.21 29.!56 
4.16 6.42 8.1$4 10.90 13.19 15.!52 17.1J7 20.~ 22.130 24.97 27.33 29.138 
4.28 6.53 8.78 U.02 13.31 15.54 17.99 20.36 22.72 25.09 2?.45 29.79 
4.39 6.~ 8.!J7 11.13 13.43 15.76 18.10 20.47 22.9-1 25.21 2?.57 29.91 
4.51 6.75 8.Qfl 11.26 '.3.56 16.1JB 18.22 20.1)9 22.96 25.33 2?.68 30.02 
4.132 6.136 9.1)9 11 ..~ 1.~.'57 16.00 18.34 20.71 23.00 25.45 2?.80 30.14 
4.74 6.18 9.20 11.47 13.' J 16.U 18.48 20.133 23.20 25.57 2?.92 30.~6 
.4.'36. 7.09 9 31 11.68 13_._'39 16.23 18..§6. 20.95 23.32 25.,1)G 28.04 30.38 
4.97 7.20 9.43 11.70 14.01 16.35 18.70 21.0? 23.43 25.00 28.15 30.49 
5.08 7..31 9.66 11.131 14.\? 16.47 18.'31 21.18 23.5.') 25 .92 20 . ?.7 30 . '31 
5.19 7.42 9.'56 11.93 1,.24 16~!58 18.93 21.30 23.1)? 26. 04 28.39 :'\0.7? 
5.30 7.53 9.77 12.04 14.~ 16.70 19.05 21.42 23 .79 26 .16 28 . 51 ;t.O . 'l4 
5.42 7.'34 9.138 12.16 14.48 16.82 19 17 21.54 23,91 26.27 28 .'3? @ , J•,_ 
5.5-3 7.75 9.fl9 12.2? 14.00 16.93 19.?.9 21.1}6 24. 0? 26 .39 20 .74 ;>,],<)8 
5.'34 7.87 10.11 12.39 14.71 17.05 19.41 21.78 24.14 26.51 2P . llf> :' 1 . l g 
s .75 7,98 io.22 12 • .!i0 14.133 17.17 19.52 21.89 24.?.6 26.63 28 . 9b :· 1. ~ 1 

5 .'37 8.09 10.33 12.62 14.94 17.29 19.64 22.01 24 .38 26.74 29 .09 ~n . ~· 

5.98 8.20 10 .44 12.73 15.06 17.40 19.76 22.13 24.50 26.86 29 . 21 31. '""' 
6 .1)9 8 .31 10.56 12.85 15.18 17.!52 19.88 22.25 24.52 26.98 29 .:!0 ~ 1.• .! 

.0227 .022l .0%21 .0229 .0233 .0234 .0236 .0237 .0237 .0236 .0235 .0232 

en 
\.11. 



Degrees Fahrenheit Reference Junction 32° F. 

o••• p. 1400° uoo• 1600° 1700° tato• ttoo• zooo• .%100° JJoo• .J)oo• z•oo• 

" l 1 1 l • • 1 t • 
00 ~1.155 33 .94 3R . 20 I ~8 . 43 40.62 42.77 44.89 46.9? 49.01 51.00 52 . 95 
50 31.77 34.06 36 . 3 1 38 . !)4 40.73 42.138 45.00 47.00 49.11 51.10 ~ .05 

100 31.88 34.17 36 .42 38.135 40.~ 42.98 45.]0 47.1~ 49.~1 51. :?0 53.14 
15° 32.00 34. 29 36.54 ~8 .76 40.94 43.09 45.?.0 47 .?.8 49.31 51.:'<) 53 . 24 
zoo 32.11 34.40 36.135 38.87 41.05 43.20 45.31 47.3e 49.41 51.~~9 53.?.:3 
2f51Y 32.~ 34.~1 36.76 38.98 41.16 43.31 46.41 47.49 49.51 51.49 53.~ 
300 32.34 34.132 36.137 39 .1)9 41.27 43.41 46.52 47.5P 49.t11 Sl.f-9 53.f>:? 
350 32.46 34.74 36.99 39.20 41.M 43.52 46.62 47.69 49.71 51.ti9 5..1 .62 
400 32.!57 34.85 37.10 39 .31 41.48 43.62 46.73 47.79 49.R1 51.78 5..) . 71 
45° 32.139 34.97 37. 21 39.42 41 .!59 43.73 45.83 47.E\9 49.~1 51.fl8 53 . 81 
500 32.'30 30 .08 37.32 39 . !';3 41.70 43.83 45.ro 47.~9 50 .01 51.9A f-3 . ~ 
550 32.92 35.19 37.43 39 .64 41.131 43 . 94 46.04 48 .) 0 50 .11 52.08 54. ('() 
60° 33.03 35.~ 37.54 39 .75 41.91 44 . 04 46 .14 4U. :'O 50 .:?1 52 .) 7 !'-.4. ()() 

65° 33.15 3."> . 42 37. 155 39 .A6 42.02 1\4 . 15 46 . ?-0 4u . :>.o 5£) .:_:>.1 52 . ?.7 ~4 · '' ' 
70° 3.:~. 26 3.j . S..~ ':'7 . 76 ~9 . 96 42 .13 44 . 86 46 . :'\f· ~· ~ 50 . 41 52,:17 l,,~. ' _ 

75° 
- -- -·---­ -­

33 .~ 35 . 134 ?-.7 . fl u 40. 07 42 . 24 44. 37 41i . 4r 4iL ~ l 50 . f> 1 f>:-' .47 r .: . ',1• 

ooo 33.49 35 . 75 ~q . 'l9 40 .18 42 . 34 44 . 47 1\1 ) . !>1' 48 . 61 50 . 61 E:~ . ~) ("- : ·~ • .-1 '7 
850 33 . 130 35.f37 ::r.8 .10 40. '29 42. 45 44.58 41i . R6 48 . 7} 50 .71 52 . 66 .._. r'O""J 

• ' t e • I 

9()0 ?.."> .?1 35 . 98 3 fl . 21 40 . 40 42 . f)R 44. 68 46 . 76 48 . 81 50 . 80 52 . 7f> ~)') ~ . ,_, 

95° 3:'~ . f33 36 . 09 38 . ':'.? 40 . f)1 42 . fi7 44.79 46 . 87 48 .P1 50 .00 ~2 . E'f:. ~ 4 . ... ., 
100° 33 .94 36 . 20 ? (; . 4,'7 40 . 132 42 . 77 44.89 46 . ~ 49 . 01 51.00 52 . P~ f ,4 . F~!-· ---­

"· v. .ozuOf • .0229 .0226 .0223 ,Oll9 .OZJI .OZOI .0.%04 .0199 .0195 .0190per 

,. 




