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INTRODUCT ION

The science of temperature measurement has not yet reached

iR

the point where it mey be regarded as an open and shut case. This is

esd>acially true in the femporature ranges above 2000° F. At the same

time, however, there have been notable advances in the science in the

past 100 years, not the least of which is the Sodium D-Line Reversal
Method of assigning temperature to hot gases. Like a1l means of
measuring temperatures, the Sodium D-Line Reversal Method has its
limitations. One such limiiation is the fact that this procedure can-
not be used to measure temperatures below a certain limit. Accordingly
j it was the purpose of this thesis to determine where this lower limit
\\>3 resides and, if possible, to extend this 1imit downward in order to

reach the upper limif of commonly used thermocouples.

~
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THEORY OF GASEOUS RADIATION

Molecules can be excited by a number of means and as they return
to their normal states they emit radiation. This excitation may be caused
by collision with particles which have undergone coembustion, resulting
in their high speed, or with particles which have been excited electroni-
cally. These are not the only means of excitation but are commonly
found ones.

Ads regards a gas, this radiation may bde divided into two types:
if the molecules are caused to vibrate solely by their temperature level
and if the emanations do not disturd equilibrium, it is called thermal
radiation; if the emission 1s from molecules which are not in thermal
equilibrium, it is called chemiluminescence. An example of the latter
is the radiation from the atoms of sodium in a sodium vapor lamp. This
excitation comes mostly as a result of electron Ibomba:rdmont and very
little, by atomic bombardment. Were the temperature, in the crdinary
sense, measured, it would be found to be around 500° Kelvin. The bright-
ness temperature assoclated with the characteristic sodium D-line radia-
tion, however, might be about 4,000° Kelvin.

It is thus seen by the above example that care must be exer-
cised in using a spectroscopic method to measure temperatures, although
generally speaking any spectroscopic phenomsnon occuring solely as a
result of the temperature can be used to measure gas temperatures.

The 3. L. R. method really had its beginning with the funde-
mental observation of Kirchhoff, that the dark lines in the solar spectrum
correspond exactly to the bright lines in the spectra of various elements.
In his own worde: "In order to test in the most direct manner possible

the fresquently asserted fact of coincidence of the scdiunm 1inés with the



lines D of Frauenhofer, I obtained a tolerably bright solar spectrum,

and brought a flame colored by sodium vapor in front of the slit. I

then saw the dark lines D (of the solar spectrum) change, into bright
ones. The flames of a Bunsen's lamp threw the bright sodium lines upon
the solar spectrum with unexpected brilliance. In order to find out

the extent to which the intensity of the solar spectrum could be in-
crezsed without impeiring the distinctness of the sodium 1ines, I allowed
the full sunshine to shine through the sodium flame, and to my astonish-
ment I saw that the dark lines D appeared with an extraordinary degree of
clearness." Thus Kircrhoff realized thet light from a hot object when
passed through an absorbing vapor will give a spectrum in which the lines

due to the vapor are elther in absorption or emission depending upon the

conditions of the hot body, end the vapor. Later he utilized a2 man-made
light with the same observations.

By these results, he later formulated the well-known law bear-
ing his name, that the ratio of the absorptive and emissive powers of
any material for a given temperature is a constant. Realizing that

the conditions as to whether absorption or emission lines appeared de-

)
4

- pended upon the relative hotness of the light source and the vapor, he

was unable to verify that the condition of resonance (when neither bright
nor dark lines sppear - contimuous spectrum) meant that the D-line bright-
ness temperature of the source was equal to the trus temperature of the
absorbing medlum, this due to lack of other means of measuring high

v’\ temperatures. Fery, nearly a half century later, applisd this technique

| to flame temperaturs measurement.
This method of flame temperature measurement has been tested

and used by a number of investigators to the point where its reliability
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is gensra.lfly accepted, although there have been some dissenters such as
David%j It is belleved that his criticism 1s adequately confronted with
the facts by Lewis and ven Rlbo%u As they point out, the mass of data
showing a high degree of corroboration between this and other methods
cannot be refuted.

Of late, the reversal method has been increasingly used es-
peclially in the high temperature fields of turdo or ram Jet engines.

As heretofore stated, this investigation was intended to fimnd
the lower practicel temperature limit to which the sodium D-line reversal
method can be employed. MNost ihvestigator. have reported results of
measurements mede at 2500° F. and beyond, neglecting to record whether
i1t was possible to go lower. As would be expected, a lower limit is
found. where the degree of dissociation of the sodium iong from the salt
injected into the flame does not reach a certain critical amount in order
that the intensity of the D-lines is sufficient to be seen by an observer
either in emlission or absorption. Another limitation is due to the fact
that the hot source, ususlly a tungsten filament lamp, cannot be cali-
brated below a certain temperature. This comes about as a result of the
fact that below about 1900° P,, the brightness of the lamp filament is so
low as to meke matching with the filament of an optical pyrometer extremely
difficult if not impossible. This 1imit due to the sensitivity of the
humen eye is, of course, met again when the continuous spectrum of the
lamp is viewed through the spectrometer.

Accordingly, the investigation procerded in the direction of
determining uhich. if any, sodium salts could be used in the range detween

1900° P. and 2500° F. Several salts were used, but none were successful.
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It is well to polint out here that the figure of 2500° P, corresponds
fairly closely to the bolling point at atmospheric pressure of the more
common sodium compounds such as sodium chloride and sodium hydroxide.
Both have been used as the absorbing mediums in the S. L. R. method by
previous investigators. Finally it was decided to try metallic sodium
since 1ts boiling point is around 1600° F. at atmospheric pressure. This
means proved very successful and readings were obﬁainod at temperatures
as low as 1950 ° F, It is believed that this lower temperature 1limit

of possible operation has not previously been reported in the unclassi-

fied literature.



- THEORY OF THE SODIUM LINE REVERSAL METHOD

The theory behind the Sodium Line Reversal method is rather
simple but there are four conditlions necessary before the theory can be
appiied. The first is that the flame be non-luminous whick implies chemi-
cal equillbrium, the second is that there be no temperature gradient in
the direction normal to the flame, the third 1s that the sodium vapor be
in temperature equilibrium with the gas or non-luhinous flame whose tem-
perature ie desired, and the fourth is that the sodium vapor be injected
only in such amounts as not to lower the gas temperature. Probably none
of these conditions is ever found ideally, and the second condition is
the most difficult to attain. If a gradient does exist, the Sodium Line
Reversal method will give some sort of average of the temperatures across
the flame.

The following schematic dilagram will now be used to illustrate

the theory:
(4
£,
———‘ « <~
L £A

fof

Speclrometer Flame L amp

Emissive power, in general, as used below, will be defined as
the radlant energy (of wave length A ) per unit wave length interval
emitted per unit time by a unit area of radiator throughout the solid
angle 2]

E, = Spectral emissive power of the lamp filament at a particular

A
wave length, in this case, of the D-line.
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E' = Spectral emissive power of the scdium vapor in the flame at,
of course, the D-line wave length.
a' = Abgorptivity of the sodium vapor in the flame at the D-line

wave length.

o
n

Equivalent black body emissive power corresponding to the true
temperature of the sodium vapor at the D-line wave length.

T?

True temperature of sodium which is assumed to be in equilibrium

with the gas particles of the flame.

] = Brightness temperature of lamp filament, in this case at the
D-1ine wave length, where brightness temperature is defined as
the temperature an equivalent dlack body would have for the same
brightness, and brightness in a given direction at any point of
an extended surface 1s the intensity of an element of the surface
divided by the area of the element projected normal to the g'ven
directien.

It ie to be shown that, when the condition of optical resonance
occurs, the true temperature of the gas is equal to the D-1ine brightness
temperature of the lamp and, if this temperature is known, the gas tem-
perature is automatically obtained.

Let the spectral or monochromatic energy, which the slit
receives, be written. PFirstly, there is the snergy which is received
from the lamp but which 1s reduced by the absorptivity of the sodium
vapor. The net effect equals <, (/- d;) . Secondly, there 1s the
radlation fros the sodium itself which equals BA" The tetal energy reach-

ing the slit of the spectrometer is thus equal to -

/

E,\(/—ﬂ:\) ,‘f;‘



It is seen that when the resovnance condition results, i,e.,

when the slit just sees E or the uninterrupted spectrum

A

)

£a - dA éA
/
a’, A

Physicelly this means that the flame is effectively radiating

&8 much energy as it receives.
- &

—%~ can also de set equal to £, by Kirchhoff's law (at a given
A .
temperature the ratio of emissive power to the absorptivity is the same

for all bodies and 1s equal to the emisesive power for a bdlack body at
the same temperature) and thus E A= £, . Basically thie means that
the lamp filament 1s rediating like an equivalent black body at the
brightness temperature.

Now from Planck's equation:

~J
£ _ C/ A
A <
Q_‘X’TA -1/

vhere c; and co are constants and e 1s the natural logarithm base.

Additionally by Plan.crk'- equation:
c A
- /
E = c

A eﬁ-’.-/

it ie¢ seen that T' = S , which it was intended to

Since B A = & I
prove. Thus by obtaining the optical match and knowing the brightness
temperature at the D-1ine wave length, the temperature of the gas is

obtained.
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APPARATUS

Furnace and Allied Equipment

Inasmuch as 2 source of hot gases was already in existence
in the Heat Measurements Laboratory of M. I. T., 1t was early decided
to use this source. This apparatus had been previously designed and
constructed by Mr. John A. Clark in connection with his thesis entitled
"An Analysis and Experimental Investigation of a Method for Determining
the Thermodynamic Temperature of High Velocity Combustion Gases",

M. I. T., 1949. Essentially the basic apparatus, to which a few moai-
fications were necessary in order to apply the Sodium Line Reversal
method, consisted of & refractory furnace, a fuel supply provided by
two pre-mix burners, a secondary air inlet into the furnace in order
to increase the mass flow, and a combustion tube by means of which the
burned gases were led but of the furnace.

The refractory furnace was constructed of K-30 refractory

brick and its general configuration mey be ascertained by viewing D-1,
vhlch is reproduced from Mr. Clark's thesis.

The fuel-air mixture, the fuel being Camdbridge City Gas
(900 BTU/cu. ft.), was introduced into the furnace by means of two
Maxon pre-mix centrifugal blowers which were driven by 110 volt, single
phase, 60 cycle motors rated at 1/8 HP at 3&00 RPM. These blowers are
so constructed as to allow any desired fuel-air ratio by a setting of
an air-inlet regulator valve. The mixture of fuel and air was piped
by means of two standard 2 inch steel plpes directly into the furnsce,
the flame being ignited at the end of these plpes. Nozzles at the end

of each plpe insured a stable flame. Due to the intense heat, 1t was

[
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necessary to supply a continuous streem of water over the nozzles for
cooling purposes,

A secondary air supply was introduced directly into the furn-
ace in order to increase the mass flow, a B. F, Sturtevant, No. 1,
double inlet blower driven at 3485 RPM at full load by a Generel Elec-
tric, 220 volt, 3 phase, 60 cycle motor (2 HP at 1520 RPM) being used
for this purpose. In the pipe leading to furnace (5 inch flue ducting)
a butterfly valve wae provided to control the amount of secondary air
input. This system can be seen in D-3.

The combustion tube, shown in the reproduced drawing D-2,
was made of 18 ~ 8 stainless steel and was 4 3/4 inches I. D., 5 inches
0. D. and 72 inches long. A quartz window 1 inch in diameter and 1/8
inches thick was origir;ally placed on the stack 21 1/8 inches on center
from the top of the stack. In order to measure the temperature of the
hot gases in the combustion tube, the following modifications were made:
First, another quartz window (1 inch diameter and 1/8 inch thick) was‘
attached to the stack on a line diametrically opposed to the existing
one in order that a line of sight through the hot gas could be obtalned.
This window was supported by a 1/2 inch projection of 18 — & stainless
1 inch standard plpe which was welded to the stack and threaded in
order to take a steel cap, the window being held in a recess of the cap,
which could be screwed up snugly against the window. In order that no
gas leakage would take place, an asbestos paper gasket was provided
between the window and the lip of the cap. Additionally two similar
windows were placed in line 17 inches on center from the bottom of the
stack in order that temperatures at two different levels could be

measured. See D-3 and P-/ for this arrangement.

10
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To support the lens system and the comparator lamp at each
level, two 1/2 inch by 1/2 inch by 12 inch long steel bars were welded

10 inches below the window centers on opposite sides of the stack.

These bars provided an effective support for the standard Cenco (No. 72322)

type bench rod clamp, especial care belng taken to insure that the bars
were properly allgned. See D-8 and P-1 for the arrangement at the upper
level. This set up was a necessary expedient since space limitations
and the configuration of the existing combustion stack made it unfeas-
ible to take advantage of a standard optical bench.

| The final modification to the combustlon tube consisted in
adding an extension of 6 inch flue pPiping to the top of the stack in
order that the hot gases would flow directly into the exhaust system
of the Heat Measurements Laboratory. This was done as a safety measure
to prevent any of the toxic sodium vapors from settling in the labora~
tory with, as a result, possible injury to persons in the rnom. The
extenslon consisted of a 90° elbow to which was attached a 10 inch
horizontal section, & second elbow, and then a 14 inch vertical section
on top of which & strut supported roof was rlaced to prevent direct im-
pingement of the hot gases on the hood. Since the combustion tube dia~
meter was 1 inch smaller than the flue pipe, it was necessary to incoer-
porate a bullt-up gasket of asbestos string tightly wound on the last
three inches of the combustion tube proper. Sodium silicate was applied
to successive layers of the gasket to glve added resistance to the high
temperature.

Sodium Line Reversal Equipment

The sodium line reversgel equipment was basically quite simple

1.
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and consisted of a spectrometer, a comparator lamp circuit, a lens sys-
tem, and a means of injecting the sodium vapor into the gas streanm.

The spectrometer was a Hilger constant deviation type (Model
No. E 24301) with a slit length of .375 inches and an effective colli-
mator diemeter of 1 1/8 inches, the constant deviation feature of the
instrument being attained by means of i1ts Pellin Broca, glass prism,
which is mounted on a turntable such that by turning the tadble it was
possible to obtain any of the visible wave lengths in the center of
view. The slit width is unilaterally adjustable by means of a set
screvw arrangement. See P-2 for a plcture of this séectrometer.
The instrument has a fairly high resolving power end it proved to be
very easy to resolve the sodium doublet at 5890 and 5896 angstroms.
The capabllity of an instrument to resolve the doublet represents quite
an adventage in the Sodium Line Reversal method inasmuch as it allows
the operator to work with one or the other of the lines since resonance
does not occur for both lines at the same time, for a given intensity
of the comparator lamp. When a spectrometer which is incapable of re-
solving the doublet is used, the average value of the two lines, 5893
angstroms, must be assumed in converting from the bdrightness tempere-
ture as measured by the optical pyrometer to the D-line brightness
temperature, with a resulting inaccuracy in the results of temperature
obtained. Exactly how this inaccuracy results will become clearer
after the conversion of the lamp brightness temperatures (as measured
by the optical pyrometer) to the D-line brightness temperature 1is
considered (see Samp: Cale). The spectrometer was itself mounted on a
flat asbestos board (3/4 inch thick) in which three set screws were

placed in order to provide positioning and leveling of the instrument
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relative to the optical system. This board in turn was placed on top
of a steel table of the proper height corresponding tc the two differ-
ent window levels, |

The comparator lamp used in this investigation was a Generel
Electric, U4 volt, 20 amp, tungsten strip filament type lamp. This
lamp wae screwed into a standard mogul base which was mounted on a 1/8
inch thick asbestos board. This board was then bolted to & bar cleamp
by means of which the lamp assembly could be securely fixed relative
to the quartz windows. Spacers were placed between the bar clamp and
the asbestos board in order that proper alignment could be obfained..
Ses D-5 and P-1 for this arrangement.

Voltage to the lamp was supplied from a 115 volt a.c. source
which was stepped down to 5 volts by an Acme Delts transformer (Serisl
No. M-U5, primary voltage, 115 volts; secondary voltage 5 volts; maxi-
mum secondary current, 20 amps). A variec (Superior Rlectric Company,
115 volt input, maximum secondary current, 7.5 amps) was incorporated
in the circuit to provide an effective control over the input wattege
to the lamp. By means of & Sorensen Regulator (115 volt output, Model
1000; Serial No. 1-227) the voltage to the variec was maintained con-
stant at 115 volts. To facilitate calibration, a Weston ammeter (0-25
amps, Serial No. R34-7L49) was placed in the line between the trensformer
eand the lamp. See P-3 for a view of the comparator lemp circult compon-
ents end D-9 for a schematic of the electrical system.

Before describing the lens system, it is well to state some
of the considerations which must go into its selscticn. The only func-
tion of a lens system as used with a spéctrometer is to fill the effec-

tive aperture of the collimator and as well to illuminate the slit length



in i1ts entirety. In other words, a lens system must be used when the
light source 1s elther too small or too far away to fulfill the above
requirements. With the configuration of the equipment at disposal, it
wags found to be necessary to use a lens system. Since simplicity with-
out secrifice to accuracy 1s always to be desired, an optical system
was gselected with this in mind. Accordingly for this investigation,
one convergling lens was used, being placed between the stack and the
spectrometer. This method was previously used by E. Griffiths and

J. H. Awberry with good effect (see Reference No. 1). In order that
the lens selected would satisfy the condition of completely filling
the collimator end the slit of the spectrometer, 1t 1s only necessary
to epply eimple geometry such that lines drawn from any point of the
collimator lens through any portion of the slit must intersect an em-

itting area of the lens. A simple equation is given in Practical Spec-

troscopy by Herrison, Lord and Loofbourow (see Reference No. 16), which

will give to a first order approximetion the same results as by actually

working out the graphical solution.

This equation,

/7= f[jﬂi - ,/’(/'jgf .f/C)

y

where H = helght of the lens

distance from the lens to the slit

]
"

d = diameter of the collimator

e
"

focal length of the collimator

slit length

vas applied to the lens selected, a converging lens of 25 m.m. dlameter

L[]

1

and 68 m.m. focal length. This lens was of singlet construction; however,

14
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there is no difficulty involved in using simple lens in conjunction with
the Sodium Line Reversal method since a particular wave length of light
only is belng considered and the question of chromatic eberration as
peculiar to lens of singlet construction does not ernter once the lens
is properly focused for this wave length. Accordingly withvthis lens
operating at 12 inchee from the tungsten filament, end imeging this
source on the slit (image distance equaled 3.U5 inches), it was found
that the slit and collimator were adequately illuminated. Additionally
1t was determined that, for the complete system including the quartz
windows, the slit of the spectrometer acted as the minimum aperture as
it ehould for reliable temperéture measurement. See D-& snd P-1 for
this set-up.

The means of injecting the sodium vapor into the stresm was
actually quite simple in design, but it was this equipment which of-
fered the most resistance to obtaining satisfactory results. Basically
the apparatus consisted of & vertical well into which metallic sodium
vas loaded, & horizontal section welded to the well and a probe which
placed the vapor stream in the center of the gas flow. The horizontal
section was welded on one end to a plate which positioned the squip-
ment on the combustion tube, whereas the other end was threaded in order
that an inlet pipe from a helium bottle could be secured to the whole
affair, 1t being necessary to pressurize the heater to overcome the stat-
ic pressure in the combustion stack. Dry helium was used because of its
inertness. Two glow bars were used to vaporize the metellic sodium,
two hollowed-out K-20 bricks being used to enclose the entire heater.
The bricks thus served the dual purpose of positioning the glow bars

and preventing excessive externzl heat losses.



The well was a 3 1/4 inch length of 18 - g stainless steel
tubing (3/8 inch 0. D., 1/4 inch I. D.) which was welded shut on the
bottom. The horizontal section was 1 1/2 inches long, made up from
stainless steel stock, and had an internal diameter of 1/Y4 inch. The
wall thickness was dbuillt up at the well Joint in order to facilitate
welding. To facilitate control of the amount of iapor going into the
gas stream, a Chromel-Alumel thermocouple ($24 wire) was placed inside
the horizontal section and centered over the well. This point was
picked as the proper place to measurs the Vapor temperature since it
should be expected that thers would be a chilling effect produced by
the incoming helium €as intermixing with the eodium vapor. By knowing
tils gross temperature (no cold junction was used) the partial pressure
of the sodium vapor could be effectively controlled merely by increas-
ing or decreasing the wattage on the glow bars. The thermocouple leads
were connected to a d.c. millivolmeter (Brown Instrument Company,
Serial No. 37708, 0-80 millivolts) by means of which the approximate
mixture temperature was read.

The probe wae a 18 - 8 stainless stesl tube, 1/8 inch 0. D,
and 1/16 inch I. D. The tube was welded perpondicular‘ to the plate and
projected 2 3/4 inches horizontally after which 1t wag turned 90° on a
one Inch radins. The tube then projected approximately 3 1/l inches
vertically reaching a position on line with the lower extremity of the
quartz windows. A emall I. D. for the probe was desired in order to
iocalize the vapor in the center of the gas stream of the stack. The

Plate was 1/U inch steel plate (3 9/16 1nches by 4 inches) and was

/&,

sscurely bolted to a boss mounting on the stack, this mounting being used

by the previous investigator workdng with the stack equipment as a heated

T
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shield thermocouple support.

The two glow bars were 3/8 inches in diameter and were mounted
vertically on either side of the sodium well, beirng supported by the
K-20 bricks. Power imput was controlled by a General Radio variac (115
volt primery, maximum secondary current, U5 amps). See D-6 and P-lLé .

The helium supply was over 99% pure, but as a safety measure
a desicator utilizing activated alumina was placed betwsen the bottle
and the heater inlet. A standard Air Reduction Sales Company oxygen
regulator was provided to reduce the pressure in the bottle to that
needed in the heater. Since only a few inches of water wes needed %o
pressurize the system, it was only necessary to crack the valve very

slightly. (See D-g)

Heated Shield Thermocouple

To give an independent check on the temperatures as obtained
in this thesis by the Sodium Line Reversal method, a2 shielded thermo-
couple was placed approximately two inches above the center line of
the combustion tube. This thermocouple had been previousiy usged by
Mr. Clark and is described in great detail in his thesis (See Refer-
ence No. 12 and additionally the reproduced drawing D-7 in this thesis).
It was provided with an effective means of preventing inherent radiastion
errors when a thermocouple is used at high temperatures and enclosed by
metal surfaces at considerably lower temperatures. The arrangement con-
sisted of three concentriec tubes, the inner and outermost tubes being
stainless steel while the intermediate tube was of ceramic construction.
The innermost tube supported twe Chromel-Alumel thermocouples, one being

positloned in the center of the stream and the other being placed at the




inner wall. The electrical circuit of these couples was so arranged
as to allow a direct measurement of the gas temperature with one posi-
tion of a knife switch while the other position allowed a measurement
of the difference in tsmperature betweﬁn the stream and wall couples.
By means of & heater coil wound on the outer periphery of the ceramic
tube, any existing gradient betwsen the two couples could be el iminated
by controlling the current in the heater. At moderate and high mass
flows, it turned out that the temperature difference was always gero
without use of the heater. For this reason, the heating control was
not used in this thesis. The thermocouple leads were led to a cold
Junction (0° Centigrade) and thence to a Leeds and Northrup Potentio-
meter (Serial No. 675378 ) by means of which the gas temperature as in-

diceted by the couple was read.

/8-
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DISCUSSION OF SODIUM VAPOR INJECTION SYSTEM

Since the obtaining of an effective method of introducing
sodium vapor into the gas stream proved to be the most difficult prob-
lem encountered in this investigation, 1t is well to outline the his-
tory of this development. Because the author had not vreviously worked
with Sodium Line Reversal equipment, 1t was decide@ to use, at the
outset of the investigation, the simplest means at hand of placing the
sodium vapor in the stream. These methods employed sodium salts, and
for this reason provided an effective means of additionally determining
whether sodium compounds could be usged t attain measurements in the
range of temperatures peculier to the combustion epparatus used in the
investigation - 2500° F. and lower. This upper 1imit of temperatures
was due to the fact that stainless steel, of which the combustion tube
was constructed, should not be oxposed'to temperatures much in excess
of 2500° F. if complete burning out of the metal is to be prevented.

The first of the preliminary methods utilized sodium chloride,
which was allowed to drop in a steady stream through a hole in the top
of the refractory furnace. The salt was contained in a tin funnel to
which' a2 stainless steel tube had been attached. The funnel was posi-
tioned over the furnace by a conventional irom ring stand, and the
stainless steel tube passed through & hole drilled in one of the bricks
and directly into the furnace. After the burning in the furnsce had
begun, salt was poured into the funnel and allowed to drop by gravity
head into the bwrning gases. In this manner, it was hoped that there
would be sufficient coloring of the gas stream at the lower level win-
dows (17.1nches above the top of the furnace) to be seen in the spec-

trometer. For this method, however, no lines could be detected in the
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view plece of the spectrometer. It is believed by the author that the
absence of lines can be explained as a consequence of the relatively
low temperatures at the lower window levels, estimated for this case
at something less than 2300° F. In other words, the gases were not
sufficlently hot to produce qnough dissoclation of sodium lons for the
characteristic 1ines to be seen.

The next method was to support a crucible in the center of
the combustion tube at the lower window level. The crucible weas a
2 inch length of stainless steel tubing (3/8 inch 0. D., 1/% inech I.D.)
welded shut at the bottom. To support the crucible, two 2 1/2 inch
lengths of 1/8 inch stainless steel welding rod were welded on each
side of the top of the crucible. With the crucible in place, the rods
rested on the cuartz window supports. DRuns were then made with a load-
ing of each of the following salts; sodium chloride, sodium nitrate,
and sodium bromate. With the comparator lamp off, faint lines were
obtained from all the salts used; however, it was impossible to super-
lmpose the lines on the continuous spectrum of the lamp to obtain
either lines of emission (bright lines) or lines of absorption (dark
lines). Again it was thought that the temperature of the gas was too
low to give sufficient dissociation of the sodium ions.

After this yreliminary experimentation had proven that salts
could not be used for the temperature range atteinable in the combus;
tion tube, it was finally decided to try metallic sodium. The equip~
zent has already been described under "Apparatus", but it is useful
here to describe some of the difficulties encountered in its construc-
tior and use. Inasmuch as the probe wall thickness was cuite thin

(1/32 inches), difficulty wes encountered upon welding of this unit to
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the support plate. It proved impossible to weld this tube directly
to the plate without closing up the tube. To surmount this problem,
a hole was drilled in the plats large enough so that the heater end of
the probe could protude outward past the plate by a small amount. Then
a weld was made with no especlal care being taken to maintain the iden-
tity of this portion of the tubing. It was only necessary to gring a
flat on the weld and drill out the fused portion of- the tube in order
that there would be a clean passageway for the gases.

The most troublesome problem connected with the heater was
in the proper design of a heating element. No.less then five heating
colls were designed, none of which operated satisfactorily for more
than one or two useges. Since the heater well was of metallic construc-
tion, it was, of course, necessary to provide insulation between it and
the coil. For the firast two heaters, both deslgned to give a maximm
temperature of 1800° F. at 115 volts and spproximately 8 amps, Sauer-
eisen No. 14 cement was appli&d directly to the well. The cement was
ellowed to air-dry for four or five hours after which it was baked in
an oven at 350° F. The heater coil (Chromel A resistance wire which
had been wound on a 1/8 inch arbor) was then set in place over the in-
sulation and successive layers of Sausreisen applied to hold the coil
in place. These outer layers of cement also served to prevent excess-
ive heat losses. The coll on the first heater was wound from No. 24
wire. By using No. 26 wire for the second coill, the totsl length of
the heater element was reduced since the smaller diameter wire (in this
case No. 26) has more ohms of resistance per linear foot. With the
shorter length of wire available for the second heater coil, there

were fewer turns around the insulated well, and consegquently more
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spacing between wraps could be obtained. This change was made for the
second coil after inspection of the first coil showed that there had
besn farcing over" between successive helix windings, the intense heat
having broken down the Sauereisen cement between windings. Like the
first coll, the second falled at something less than the maximum poﬁar
input. It was only necessary to apply 90 volts to attain the desired
temperature in the heater well, around 1400° F., but after a few min-
utes at thie voltage, burning out of the coll occurred.

Inspection reveasled that the coil had deteriorated in 1localil-
zed areas, probably due mainly to the high temperature at the surfaces
of the wire. Now additionally it was thought that the Sauerelsen cement,
itself, was possibly reacting with the metal of the coil; and, for this
reason, a different insulating cement was used for the third coil -
Nordite 162 alumina cement. In the construction of this coil, 1t was
also decided to 1imit the amount of insuwlation between the well and the
coil. Accordingly, a layer of 1/16" asbestos paper was wrapped around
‘the well of the heater. Then a thin slurry of the Nordite cement was
applied. After this first 1aye¥ had dried, just enough additions]l ce-
ment was used to hold the coil in place. This layer of cement was baked
dry, and no additionasl cement was added for external insulation. Instead
8 3 inch length of alumins pipe (1 1/2 inch 0. D., 1 1/4 I. D.) was
mounted over the well and coil assembly. Kaolin wool was then packed
around the top and bottom of the plpe to prevent air convoctioﬁ currents
from devéloping between the outer periphery of the coill snd the pipe.
This coil likewise was constructed of such length, i.e., of such resis-
tance as to give 1800° F. for a maximum of 9 amps at 115 volts. Again

1t took around 90 volts to obtain the required temperature in the well;



but, like the first two, a discontinuity in the heating element deve-
loped after a few minutes of operation at this temperature.

For the fourth coil, it wa ., decided to go farther in the
direction of reducing insulation aroun® the well itself., This time the
heater element (No. 20 resistance wire wound on 1/8 inch arbor and
approximately 20 inches in length when removed from the arbor) was
lined around the inside of & 3 inch length of 1 1/2 inch alumina pipe.
The coil was held against the ripe by means of small wire staples
which gripped individual loops of the coil wire and passed through
drilled holes in the pipe. Then the ends of the staples were twistaed
together on the outside of the ripe, thus holding the coil securely
to the inner wall of the pipe. The element was effectively held away
from the stalnless steel well by three spaced 3/16 inch ceramic thermo-
couple insulators, kaolin cement being stuffed around the top and the
bottom of the pipe to prevent heat comvection currents from flowing
in the open space between the heater well and the element. Like the
three elements before, this coil burned out on first usage, albeit at
a slightly lower voltage than before.

The fifth coil proved to b§ slightly more successful than
the previous four, in that two runs with the equipment were made before
"burn out" occurred. It was constructed from a 12 foot length of
No. 20 Chromel A resistance wire. This coil, which had a resistence
of 7.62 ohms at room temperature, was wrapped on a 3/16 inch arbor to
2 length of ten inches, enough to provide four complete turns sround
the insulated well. The insulation as used was Nordite No. 162 alum-
ina cement. A thin layer was epplied, allowed to air-dry for two or

three hours and then baked in an oven at 250° P. The coil was then
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coirletnly covered with this cement, every effort being mads to re-
duce externsl heat losses. After this layer had properly dried, a
layer of Sauereisen cement was added. Then with the heater installed
on the combustion tube, kmolin wool to a depth of three inches was
packed a'ound it and tied securely with asbestos string. Whereas the
previous e’ ements had been designed for a maximum power of around

90C watts, it was decided to 1imit the power on this coil to around

700 watts (67 volts and 9 amps). For the first run during which opera-
tion was completely satisfactory, only 60 volts were necessary to ob-
tain the desired temperature of the sodium. The injection of the
sodium into the stream also was successful and temperature measurements
were obtained. On the second run, the fifth coil falled at exactly

the same wattage as used on the first run, the temperature in the well
again reaching the desired figure of around 1400° F. See P-4@for a
plcture of the fifth heater.

At this point, it was declded that heating could not be suc-
cessfully attained by the use of Chromel A resistance heatinz elements.
Accordingly a furnace utilizing glow bars was constructed. Two 2 7/16
by & '2,' vw & inch E-20 bricks were butted together and hol-
lowed out to take the general shape of the vertical well and horizontal
section. Then two vertical holes were drilled in the bricks to take
two 3/8 inch glow bars. These holes ware drilled so as to positlion the
glow bars 1/2 inch on either side of the vertical well. The glow bars
were connected in series with the power supplied through a General Radio
Variac (115 volt primary, meximum current 45 amps). As before, the
temperature of the sodium was obtained by use of a Chromel-Alumel ther-

mocoupls. See D-6 and PJib for details of this particular heater.
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PROC EDURE

Since the Sodium Line Reversal method depends on knowing the
comparator lamp brightness temperature, it was first necessary to cali-
brate the lamp used in this investigation. The calibration wag made,
using a Leeds and Northrup disappearing filament-type of opticael
vyrometer (Serial No. 72u4724). In this calibration, the red bright-
ness tsmperature‘as measured by the optical pyrometer was recorded
for the corresponding current in the lamp circuit as indicated by the
amneter provided. These readings are plotted as D-11 in this thesis.

The first calidration took prlace after a few hours of aging
the lamp. Later another calibration was made during which 1t was
found that the lamp had not perceptibly changed its characteristics.
This was to be expected, because during all the work of this investiga~
tion the lamp temperatures necessary were never over 2300° F., with a
corresponding power approximately half its rated maximum. At these
relatively low temperatures, it is known by experience that tungsten
filament lamps hold up rather well. To determine the transmissivity
of the quartz window on the lamp side of the combustion tube, tempera-
ture measurements were first made with the optical pyrometer sighted
through this window. Then the window was removed and for the séme
current reading in the ammeter, the temperature was agein read. Read-
ings were made at two different current settings in order to minimize
any errors 1in the reading of the optical pyrometer. (See "Sample
Calculations® for this result). It should be noted that the optical
pyrometer as used in the calibrations was not a orimary standard,
although it hed been checked against an optical pyrometer which was

calibrated at the National Bureau of Standards and thus the instrument



used may be thought of as a secondery standard. After all ﬁhe equip-
ment had been obtained and piaced in order, the calibration was the
only preliminary work necessary before actual runs were begun.

As a preliminary to each run, certaln precautionary measures
had to be taken. First and foremost was the proper positioning and
aligning of the optical system and spectrometer. The lenses of the
optical system and spectrometer and the quartz windows in the stack
were clsaned very carefuily with lens cleaning tissue. This operation
was especially critical where the windows in the stack were concerned
since quartz 1s known to vitrify when exposed to high temperatures.

vIt is also a fact that certain types of contamination such as finger-
prints will act to encourage vitrification. This condition results in
a lower transmissivity of the windows and cannot be tolerated when
accurate témperature measurements are desired.

Following this, the sodium heater was loaded with around 20
particles of metallic sodium (about the size of emall peas - total
weight epproximately 3 grams). The heater was actually large enough
to hold around 10 grams, but since sodium in even relatively small
quantities can become quite dangerous, especlally if any water is en-
countered, it was arbitrarily decided to limit the amount of sodium
introduced for reasons of safety. This amount, however, proved suffi-
cient to make runs for periods upwards of 30 minutes, thls being ade-
quate time for each run. To prevent oxidation, the sodium supply‘was
stored under kerosene. As soon as the loading had been completed, the
helium line was secured to the heater and thus the sodlum was, for all
‘practical purposes, under an inert atmosphere at a1l times, enough

kerogene adhering to the particles to prevent oxidation during the
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loading period and also during the time prior to the entry of the hel-
ium gas into the heater. Only a small amount of pressure was necessary
and, since the regulator valve had a very fine adjustment, there was

no difficulty in obtaining just the right amount of flow as could bde
determined by observing for lines with the apectromoter. The glow bar

furnace was then positioned and voltage eapplied to begin the heating-

up of the sodium,
One preliminary duty was necessary as regards the shielded

thermocouple, and that was the filling of the thermos bottle with ice

in order to provide for the cold reference junction of this system -
preferably one hour befores runs were to be made, in order for tempera-
ture equilibrium between the junction and the ice to obtain.

The combustion equipment was then started in the following

manner: First pilot bunsen burners were ignited at the tips of the
movable fuel inlet pipes, which upon starting were placed about 2

- E; inches from the furnace. Then the two pre-mix blowers were started up
with only air in the system. Before the gas valves were opened for

each pre-mix burner, it had to be ascertalned that the on-rush of air

through the fuel inlet pipes had not extingulshed the pilots since
these flames were used to ignite the air-gas mixture coming from the
pre-mixers. With the pre-mix blowers operating and the pilots still
burning, one fuel valve at a time was slowly opened until combustion
of the mixture started. Then the second fuel-alr mixture was ignited
in the same uay.‘ When a red glow could be detected around the base of
the combustion tube, the fuel-inlet pipes were pushed fully up to the
furnace openings and the pilots extinguished. A small amount of water

was supplied onto the inlet pipe ends to prevent deterioration of the

steel pipe. Following this, the secondary air blower was started and
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and an initial setting of the butterfly valve made.

Power was then applied by means of the variac to dbring the
sodium up to a temperature of around 1400° F. Only a few minutes were
necessary for temperature equilibrium to obtain in the combustion tube,
after which the author began to look through the spectrometer for the
"pright" sodium lines. Once they appeared, the lamp filament voltage
was brought up to the point where no lines could be geen. The current
in the circuit was then recorded by the author, and an assistant read
the potentiometer for the temperature as measured by the heated shield
thermocouple. TFor a voltage setting over and above the resonance con-
dition, dark lines appeared in the spectrum.

Both the comparator lamp and the ammeter were conveniently
mounted on the same steel table supporting the spectrometer. Several
simul taneous readings were taken with the Sodium Line Reversal equip-
ment and the shielded thermocouple for any one setting of the fuel
valves and the secondary air supply. These parameters could then be
varied in order to give higher or lower temperatures so that altogether

different measurements could be obtained.
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SAMPLE CALCULATIONS

Since the optical pyrometer measured brightness temperatures
of the comparator lamp at the red wave length, in this case 6540 ang-
strom units, it is necessary to convert this brightness temperature to
the D-line brightness temperature. The reason this must be done 1is
apparent when it is recalled that, with this method, the D-line mono-
chromatic emissive power of the lamp is being matched with the emiss-
ive power of the sodlum vapor.

Yow since the emigsivity of the tungsten filament for a
given temperature is not the same for different wave lengths, the mono-
chromatic emissive power as seen by the optical pyrometer depeands not
only on the wave length and the temperature of the filament, but also
on the emissivity of the lamp at the particuiar wave length. If the
smissivity were constant for all wave lengths, then the brightness
temperature as measured by the optical pyrometer would be the true
temperature of the gas neglecting any absorption between the filament
end the sodium vapor. Actually one quartz window was placed between
the filament and the vapor, therefore the effect of it; absorption
must also be accounted for. No correction must be made for the window
and lens between the vapor and the spectrometer, since these elements
effectively reduce the filement brightness and the vapor brightﬁess by
the same amounts.

In the following computations, let

T

Sr

true temperature of lamp filament.

brightness temperature as measured by optical

pyrometer without quertz window at 6540 &t~



F o,

Sgpw = brightness temperature as measured by optical
' pyrometer with quartz window at 65408~
Sy = brightneas temperature at the D-line wave length,

<5890 ¢z without quartz window.

y

brightness temperature at the D-lins wave length,
.5890'/(, with quarts window.

pg = emiseivity of tungsten f1lament at .65155 A

py = emlssivity of tungsten filament at .5890 &€

o 25800° F. microne.

“Now by a apvecm form of Planck's equation, the following muet hold:

La

~5 - X7 -5 - Ca
C IR _ T
/ ’\,q ¢ = S <, AR e
Taking loge on both sides of this equation, the following expression

: is obtained:

1 -

L - A :
5 - % ln pp (1)

A gimilar e‘:.prolsion can be obtained for the yallow brightness tempera-

ture: .
1 -_i_:%up, | (2)
Subtracting equation (1) from emation (2):
%ﬁ-%a' =-%E (Aginpyp- Aylnopy ) (3)
' To correct for the window a‘bsorption;
-5 . Ce Ca

C, ’\R e e - K, C' A;:- C- AR Ig (%)

1 -2l - Aplnky (5)
SR Spy Co , o
| -
. o AT
The factor of 1 in the denomirator hes bsen dropped since c is

Ve!‘y mich greater,



A similer expression hy be obtained for the D-line:

i -1 = A la ky
% S Lca (6)

Subtracting equation (6) from equation (3):
—s;'—w—-%-:%z(/\nlnpnéArlhkwpr) (7)

Equation (7) is the required relation which can be used to convert the
temperatu;“ as measured by the optical pyrometer to the readings of °

- the Sodium Line Reversal Method. |
Equation (5) 1s now ntilized to obtain the t:ansmissivity‘ of

the quartz window:

Inky = ©C2 S - %R
AR Spw Sg

Two different settings of the comparator lamp circult were used to

measure Sp and Spyy with the optical pyrometer. For a reading of 9 amps
in the circuit, the average of tw or mors measurements was -

Sw = 1786° F., S = 1808° F., glving a lgy = 8Lk

For a rea.ding of 11 amps. the values ware -
Smw = 2239° F., Sy = 2253° F., giving a ky = .895

The average valus of the two ky's thms found was .87 and was used in

equation (7) to obtain the plot of D-13. The values of enigeivity

wére obtained from Reference Fo. 5 and are plotted in D-12. Ong-ealcu-

lation now follows to show exactly how the graph of D-13 was obtained:
Take the case for Sg = 2500° R, for which from D-12, py =.U58,

Mot

PR = 58 | (kg = .87 frem above).

P S | _
St 500 _W- .6540 1n .h4u8 .890111(87:.”-53_]

JF/.
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. SOURY OF ERSULES

‘ BRup No. 1
Thermocouple Readings Lamp Brightness | Temperature of Gasas
- Temperaturoes as measured by S. L. R.
1950 1990 ' 1986
1953 1990 1986
1956 1950 : 1946
1952 1950 1946
1951 1950 . 1946
. Ban Ho. 2
279 2225 2220
- 2185 2245 2240
87 2225 2220
287 2170 2166
2187 270 2166
2192 270 _ 2166

The date obtained in two runs are plotted in D-1k, the Sodium
L1ine Reversal temperatures being plotted as the abcisea and the lhieliud
thermocouple readinge ae the ordinste. Additionally, & L5 d.egre_o} llnsv
vep drawm 'ﬁy meane of wvhich it can be determined from a glancs the die-
pereglon from the thecretically attainable results of coincident readings'
by ths two independent methods.
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CONCLUSIONS

It may be concluded from the expsrimental resulfu _thnt the Sod-
jum Line Reversal method 1s quite reliable for the temperature range in-
vestigated (1950° F. to 2200° ¥.) and can be employed to obtain tempera-
tu;res as lovw as 1950° P, Readings below this value weré found to be
imnossible of attalnment dus to the low degree of brightness of the com-
parator lamp. By establishing the shielded thermocouple readings as the
correct temperature of the hot gases at the center of the combustion tube
and at the 1evel of the line of sight of the cpeétronotor, the largeuf
&positive error (2 1/ 2%4) occurred at a reading of the thermocouple of
21_85'0 ¥. for s corresponding reading of the Sodium Line Reversal appara-
tus of 2240° ¥. The largest negative error (1.2f) was for & thermocounle
reading of 2192° P, with a Sodius Line Reversel reading of 2166° F. A
positive error was taksn as the cmee when the Sodium Line Reversal method
gave a high reading compzred te the thormocouple and a negative error
meant that Sou\m Line Reversal method was giving temperatures lower than
the thermocouple. It is felt that the essignment of the themocotple
fead.inge as the correct temperature of the hot gases at the center of the
tube and at the lovel of the spectrometer line of sight represents a
valid assumption eince, although the thermocouple was positioned approxi- ,
matoiy four inches above the line of sight of the spectrometer, the
vertical temperature gradient of the hot gmses at the ceater of conbuetion
tudbe is thought not to bs over 25% F. through this range of temperature.
In other words, if the thermocouple hed been placed (although impossible)
at exactly the eame level as the npocﬁoneter. it would have reed 25° F.
higher than it actuslly did for a giwen temperature. Additionally it can

bs sa’d that the gas velocities in the combustion tube never reach such
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proportions as to introduce 6ven an error of 71° F. as a result of the
fact that a thermocouple placed in a moving stream reads the adiabatic
stagnation temperature of tha gesee rather than the staﬁc tenperéturo.v _'

Thers are a few important conclusions comcerrning the. techniqus
and spparatus which should be noted. It proved rather difficult for the
a.uthbr to.make one line of the dt‘m'blo.t at a time to disappsar. With more
experiences, hbvovor. it is thought f_;hat this diff:lq.tlty could dbe elimi-
‘nated. Alighment of ths optical gystem and the probe in the gns stream
was found to be critical. In preliminary rums, data was taken which showed
that large errors could result if alighment was mot checked befors each
run. A% the sams time it would have been desirable to have a 'n_ore sensi-
tive ammeter in the comparator lemp circult. Readings of tﬁs instrument
uged could be made only to 1;_1:9 nearest tenth of an emp. Since in the
calibration of the lamp by the optical pyrometer it wus found that a change
of ons aﬁporo in the circuit would mean a change of approximately 200° ¥.
in the brightness temperature of the lamp, an error in reading ths aumester
| of .1 amp would mean an error of 20° F. roughly in obtaining the red
.brightness fmperature of the lamp. A% the time, no instrument could be
obtained wvhich would give more sensitive readings than the one used. It
is not known exactly how well the thermocouple was holding up during the
courss of investigation. Achmlly; temperaturss of 200C° F. and above can
be expected to 4ca:u.u ‘deterloration of thermocouple aécuracy. and it would
have been advantagecus to have calibrated this particular couple after
ssversal runs had been made, Unfortunately the time which' woulgi have
been required to calibrate the couple wes prohibitive as far as this
thgnia was concerned. '

Fipally it must be zeld that the plot of D-1U4 shows that both
positive and negetive errors resulted. This is just uﬁa‘s would be sxpectad

when questions of technique are considered.



It is folt that, with more experiemce, ths suthor could
results than those reported. - _

Thus 1t is felt that additional rune with the
not only lend itself to the gmining of better technigue
serve to further check the Sodium Line Beversal method.
o_f co\#‘u, V&Y OVer as vﬁe a range of temperatures as

1950° 2. upwards).

Jé,

attain aven bstter

equipment would
but wuld also
. These runs should,

possible (from
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