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ABSTRACT

‘A pre-pilot plant test rig for the thermsl fixation
of atmospheric nitrogen has been successfully built and operated.

The furnace was 8 inches I.D. and 14 inches 0.D.,
36 inches high and wags built with interliocking segmental zirconia brick.
Préheated_air (approximately 700 °C and oxygen concentration 21 - 60%)
~was passed down the annuler space between the furnace wall and the
insulzating brick, which wag backed by & stainlesgs steel shell, insulated
with fibrefrax from the pressure shell which can hold pressure up to
100 psi. The air burned fuel injected at fhe bottom and the hof gaees
(et a temperature of up to about 3000 °K) passed out through a water—cooled
tube at thertop and then to the air prehestesr.
| Yields of nitric oxide close to its calculated equilibrium
concentrations have been obtained and yields as high as 3.7 percent
nitric éxide by volume have been réalized experimentally. Moreover,
 curves have been obtained showing nitric oxide concentrations as a
function of furnace gas temperatures snd oxygen concentration. Gas
temperatures exceeding 3000 °K ha%e_been reached.hut the guenching
rates available to.fix the nitric oxide were found to be inadeguate
for the gases at these high temperatures. |

Other methods of guenching the pitric oxide have been
attempted; namely, air quenching, kinetic nozzlg quenching and water spray
quenching. Insufficient data prohibit forming any concluéidns'about
thellast two methods. Quenching by mixing .cold air with the hot gases
doés nol appear to be effective. However; indications were that this
may be due to the improper mixing qf the cold air with the hot gases and

later tests with improved mixings gave encouraging results.



Further improvements have been made on the rig to reduce
bypass leakage and to prevent combustion in the wrong place. These
have resulted in more relisble operation and more confiderce can be
placed in the results which confirm previous observations that 3.7
per cent nitric oxids by volume is the yield at 3000 °K.  The sepsrate
water cooled sampling probe inserted at the top of the furnace gave

6 °C/sec. This also permitted the

quenching rates of the order of 10
study of the effect of variation in the quenching'rate while maintaining
osther condilionz congtant. Suitable instrumentation was providéd

to gstimate the furnace gas temperature and to compare with other methods,
' waever_the oxygen concentration appeared to have less effect than

previcus resulis indicated but this may have been dus to unceritainties

in estimating gas temperatures near 3000 °K



INTRODUGTION

Early‘experiments on a small scale (1, 2) had shown that
useful concentrations of nitrig oxide coﬁld be obtained thermelly in
atcontinuoug'flow process where propane was burned with preheated air.
Moreover, a study of methods to recover nitric oxide from a gas containing
dilﬁte concentration of nitric oxide showed,that two methods; the silica
gel adsorption process (3, 4, 5) and the freeze-out process commercially
known as the Fauser pfocess (6}, cén be utilized to yield recovery
efficiencies over 90 percent. The scientific and patent literature has
been reviewed and some of the most pertinent work is listed (7 - 15).

It was realized that the process would operate most
efficiently with the maximum air preheat temperatures (of the order of
:1500 °C) which could be obtained w1th a counterflow or regenerative
ceramic heat exchanger. However because of the additional cost and
uncgrtéinty in operation it was decided to proceed with a pre-pilot \
plant test rig based on a stainless steel heat exchanger which would
provide some useful information on the influence of oxygen concentration,
temperature and necessary quenching rates.

Work on this test rig was begun in February, 1954.

The design of the new rig was finighed by E&y‘&nd the rig construction
was completed during the summer of 1954. Preliminary fests were héld'
in September with the actuzl test runs commencing during the following
month. Tests continued wtil late 1955 when one of the authors (G6.Y.)
‘left the projeét. Further improvements on tests to provide confirmation
of previous results weré conducted with the assistance of S.K. Fang

for about & year ending in May 1957.
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EXPERIMENTAL TEST RIG

A brief sketch of the experimental test rig is shown in
figure 1.

The air is preheated to 1000 °K in the air preheater
and burns propane (the most convenient gmseous fuel available at the
laboratory) in the zirconia brick furnace to achieve flamé'temperatures
of the order of 3000 °K. Under these donditions, appreciable nitric
oxide 1s formed by the direct thermal reaction of nitrogen with oxygen.
The hot.combustion geses leave the furnace through a water jacketed tube
asseﬁh&y referred to here ag the "quick cooler" where the gases are
chilled rapidly to fix the nitric oxide at close to its equilibrium
concentrations. The gases leave the quick cooler at approx1ma§ely
1300 °K and sre used to preh@at the incoming air in the air preheater.
From the preheater, the gases enter the ges cooler where they are
cooled to about 300 °K and the water condensate from the combustion
of the hydrocarbon fuel is removed in the condensate trap.

A more detailed description of the rig is given as

féllows:

(1) Zirconia Brick Furnace

& sketch of the furnace is shown in figure 2. - The
furnace is bﬁilt-with interlocking zirconia bricks with suitable zirconia
plates at the top and bottom of the furnsce and the base for the
furnace is formed with interlocking alundum and m&gnorite bricks.
The magnorite bricks separate the zirconia bricks from the alundum
bricks fo prévent'interaction between these two types of refractories
at the high temperatures. The refractory bricks for the furnace were

purchased from the Norton Company in Worcester, Mass.
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The furnace is designed to provide sufficient reaction
time to form 90 pércent of the equilibrium concentration of nitrie
oxide at the minimum furnace temperature of 2400 °K for a éombustion
gas flow rate of 0.1 1lb/sec. and & furnéce pressure of 40 psia. The
inside and outside.diameters of the furnace are 8 inches and 14 inches
reSpectiﬁely with an overall furnace,height.of 36 inches. fhe actual
combustion chamber, however, is 22 inches in length. This zirc§ﬁia
furnace is enclosed by & refractory shell constructed from standard
magnorite bricks (1-1/2 x 4 x 9 inches) with an-intervening space of
ébout"l/z inch where the prgheated air passes through to the combustion
chamber. Small magnorite refractory pieces are used as spacers between
the zirconia furnace and the magnorite shell to ensure that the zirconia
bricks are jammed together.  The magnorite brick shell is supported
in turn by a high temperature resigtant 310 stainless steel shell:

A smaller stainless steel shell supports the three top plates when
they inevitably erack into-smaller'pieées as a result of tﬁermaikshqgk.
The sp&ﬁe between the inner stainless steel-shell and the outer sheli
of 244 gtandard pipe is packed with fiberfrax insulation. o

. The preheated air enteré at the top of the furnace
. shell and passes down through the annulus between the zirponia'furnace
-and the magnorite brick shell and enters the‘caﬁbustion chamber thfough
thé “spiréi plate”. The spiral plate has four groovesrthrough which
the incoming air:is directed into a spiral motion, counter—curregt;;
to'thg gpiral flow of the propane gas from the burners; This ensures
turbulent mixing which is a prime requisite for“goodrcﬁmbustien.

The reason for passigg'thé preheated air through the

annulus between the furnace proper and the magnorite shell is %o keep



the temperature of the zirconia bricks down to a reasonable level by
meang of the heat transfer to t@e cooler preheated air. ‘ A typieal
temperature profile across the furnace is shown in figure 3.

For runs 13 and 14 sighting ports were provided
dismetrically opposite in line with the entrance to the nozzle at the
lower end of the quick cooler to permit an estimation of the gas tempe-
rature with a radiation pyrometer or by line reversal spectroscopicj
technique. These vere not very satisfactory because of trouble
“with water and sooﬁ aceumulation on the windows and air legkage through
the openings in the inner brick lining. Thesge sighting'ports‘were
removed for run 15. It is hoped that this faeility will be reinstalled
with an improved design to provide valuable information on the correlation

of temperature measurement by various methods.

(R) Quick Cooler

A diagram of the guick cooler is shown in figures 1
and 4. The inner tube of the qui;k coolér through which the hot
combustion gases flow isa cneinch 0.D. type 316 stainless steelitube,
0.065 inch th_ick. A sliding O-ring seal at the end of the water
Jacket takes care of the thermal expension of this tube.

The quick cocoler is designed to cool 'very rapidly
a gas flow of 0.1 1b/sec from about 2500 °K to 1350 °K. Furnace
temperatures greater than 2500 °K were to be“handled by adjusting water
flow rates to the quick cooler to promote boiling with the resﬁlﬁing
high boiling heat transfer coefficient. However, as it happened,
the heat transfer coefficients were lower than calculatea due toa

film of carbon soot adhering to the inner tube which mesnt an unusually
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large fouling factor. Consequently, a quick cooler probe was found
to be necessary to provide the additional cooling. The incorporation
of the probe with the qulck cooler provides an additional advant&ge
of penmltting greater flexibility in the control of the outlet gas
temperature merely by changlng the depth of the probe in the quick

cooler tube.

INSTRUMENTATION

The instrumentation of this test rig consists edsentially
of thermocouplesffbr the higher gas tamperatures; resistance thermo~
meters for the low gas temperatures and for the water temperatures,
bourdon gauges for the pressures; and sharp-edged orifices and
rotameters for the flow rates. .

Optical and radiation pyrometers are used for those
temperatures beyond the range of thermocoupies. -Pressure réguiators
are installed in the propane, air, and oxygen lines to ensure steaﬂy
flow rates and an autcmﬁtie pressure controlling valve is used to
control the pressure in the furnace. Finslly, numerous safety
devices are used to provide some measure of.safety‘in case of émergen?y.

Details are provided in reference (16).



MODIFICATTONS TO EXPERTMENTAL TEST RIG

For Runs No. 11 and 12 certain changes Were'mada_in'the
furnace and quenching system in order to test the effectiveness of

air quenching, water quenching and kinetic guenching.

Mixing Zone and Quenching Probes

Sketches of the quenching air manifold, the water spray
probe, snd the mixing zone are shown in figures 5 and 6. |

The purpose of the mixing chamber and the various probes
is to determine the effectiveness of quenching the nitric oxide with
a Jet of cold air or with a spray of water directed into the mixing
“zone.

Once the effectiveness of air quenching is established,
" it is proposed to récycle, as the quenching gas, part of the cold
exhaust gases containing nitrogen dioxide to prevent dilution éf
nitfogen dioxide concentration that occurs when quenching with afr.
The‘m§$ing zone is constructed from standard interlopking zirconia
hricks.held together with zirconia cément. It is roughly 2—3/4 inches
square and has a height of 7 inches.: glso, the port through which
the water spray probe is inserted can be used alternatively as a éight
port to measure flame tempersture, and radietion and absorption |
'characteristiés simply by_reﬁoving the probe'and gscrewing on the

sight glass holder.

Quenching Bozzle

One type of gquenching nozzle is shown in figure 7a.
It consists of & coil in the shape of a nozzle and is made from a length

of 1/4" 0.D. type 310 stainless steel tube. A machined type is shown
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in figure 7b. | The nozzle is expected Lo cool the combustien gages
by the acceleration of the gases through the nozzle. The kinetic
energy thus acquired must come from the internal energyrof the gases.
The directed kinetic energy comes at the expense of the mean rand6m 
molecular énergy and since random molecular motion is responsible
for collision, it is reasonable to assume that reaction rate is a
function of the static temperature of the gas rather than the total
temperature. (See Penner, 11); .

The relation between the total temperature and

static temperature is given as follows:

‘ .
t = T- 2v0p
vwhere t = static temperature of gas
T = total temperature of gas
¥V = mean velocity
Cp = specific heat in absolute mechanical wnits.

Thus for a gas velocity of 2500 ft. per sec. in the
nozzle with & length of about 0.1 feet, the temperature drop (T-t)

" is 280 °C and the cooling rate ggg—%_iégg or 3.5 x 10° °C/sec.



PERFORMANCE OF RIG

The experimentsl rig on the vwhole has functioned quite
satisféctorily although there have been some mishaps; for example,
the melting.of certain areas of the inner stainless steel lining,
the failure of burﬁars, blockage of the water line to the quick cooler

probe, eic.

(1) Zirconia Brick Furnace

The zirconia brick furnace has been successfully operated
with estimated fiame températures exceeding 3000 °E, The interlocking
zirconia bricks have stood up guite well and have retained their
original shape after a total rumning time of almost 100 hours at
temperatures of 2260 2K to over 3000 ©°K. However, tiny cracks have
begun to sppear near the inner surface of the bricks; due probably,
to the thermal shocks encountered during the reiatively rapid heating
~and cooling of the furnace. The average rate of heating the bricks
has been of the order of 300 degrees centigrade per hour up to Run
No. 10.  For the following rtms the heating rate was reduced tbzabout
100 degrees per hour with the result that ne further damage to the
interlocking bficks is evident.

Asi&e frow these small cracks, the only other sign that
the bricks were exposed io eitremely high temperstures is the discolour-
ation of the brick from a normel yellowish brown colour to a greyish
browﬁ colour to a depth of about one inch from the inner surface. The
discolouration is a£ a maxiﬁum at the middle of the furnace whete
the temperature is the highest. _

| The zirconia'plates at the bottom and the top of the

furnace all cracked into several pieces eventually, as predicted by



the manufacturers since the large sizes and flat shapes result

in poor thermal shock resistance. However, the cracks-becgme,
stabilized after a few high temperature runs and no further demage
was noticed except to the top plate closest to the combustion chamber.
The area around the central hole in this plate shows increaging signs
of erosion because at this point the gases have the maximum velocity
and conéeduently the highest refractory temperaturé is reached.

The magnorite bricks used in the refractory shell
surroundiné the zirconia furnace show no signs of deterioration.  On
the other hand, the stainless steel shell supporting the magnorite
bricks melted in spots during Run no. 6. The temperature of the
shell near the local hot spots rose very suddenly, indicating that
propane gas leaked in some way into the space between the magnorite
bricks and the stainless steel lining and the combustion of the gas
in that region raised the temperature to a level where exposure to
the oxygen enriched air caused local burning of the stainless steel
shéll. -'Aftef this, the space between the magnorite bricks and the‘
stainless steel shell was filled with magnorite cement %o eliminate
‘exposure of the shell to the oxygen enriched air.. No further froublé"
with thé-stainless steel shell éas experienced thereafter even though
propane gas still burned in- the annulus periodically.

An interesting observation on inspecting the furnace
after a run is the carbon soot that accumulates in such places as,
between the bricks below the bottom plates, on the zirconia tubes at
the bottom, between the stainless steel shell and the fiberfrax

insulation, and between the top steel flange and the fiberfrax in



the ares of the quick dooler. It islapparent that under certain
conditions propane enters the annulus between the furnace and the
magnorite shell. The actuel burning of either propane or carbon
in the annulug has been observed through the side sight port. - The

occurrence of minute explosions in the annulus has also been noted.

(2) Combustion
Several methods of air-propsne mixing have been tried.

The first system had the air inlet plate with four 1/4 inch.slots
_gﬁﬁwed_iga pésition which provided a spiral flow of preheated air
roughly in parallel with the propane gas flow with the air entering
about 1-1/2 inches below the fuel outlet jets. With this system,
the combustion was poor and resulted in an appreciable carbon deposit
at the furnace bottom. The poor combustion thus indicated was
attributed to the relatively high pressure drop acroés the 1/ inch
slots which caused considerable amount of the preheated air to 1¢ak
through the interlocking bricks of the furnace and thereby created - a
shortage of oxygen at the furnace bottom. This hypothesis was
strengtﬁened in the following ruﬁ when two standard interlocking
bricks were removed from the furnace bottom to permit the preheated
air to enter the comﬁuétion.chamber with negligible pressure loss
with the:resuit.that the leakage was reduced considerably. The
improvement in combustioﬁ wes indicated by the fact that éarbon
formation #as reduce@ congiderably in spite of the drastic-reductién
in the entering air velocity which meant far iess turbulent mixing

than in- the previous run.



For further improvement it wag desirablé to have both
the low pressure loss and the fast air velocity and with this in mind,
the spiral plate was cut as shown in figure 8. The enlargement of
the air inlet glots decreased the pressure drop whereas the air‘velocity
- was ﬁaintained by leaving the original sleots near the entrance to
the furnace intact. Further improvement in combustion was made hy
decreasing the outlet holes for propans from the original l/S'ingh
to 1/16 inch and then finally to. three 1/52 inch holes.  After these
adjustments were made, there has no longer been any carbon left at
the end of thé TS,

However since there wag still the problem of combustion
of the propane in the annulug and of its thermal decomposition in
the insulation further improvements were made (see figure 9). The
air is'injected radialiy close to fuel inlets snd hence there is a
ra@id mixing with little or no chatice of the fuel Jetting or lezking
anywhere except up into the furnace. Further improvements are
incorporatéd in the sesaling arrangement at the top of the furnace.
These include 2 more'positiVe sezl with fibrefrax rope, allowing
“for expansion; 5etter seals for the air inlet tubes and spring loading
of the tbp of the furnece to improve the sealing of the upper plates.
Better sealing was installed to prevent any back diffusicn of the
propane to the bottom of the furnace.

(3) Mixing Chamber

Considering the severe thermal shocks that the bricks

In the mixing zone undergo the zirconis bricks have stood up falrly



well vhen air alone wag injected into the mixing zone. However,
ingpection of the bricks after Run no. 12 during which water was
spreyed into the mixing zone, revealed the bricks to be in poor

© condition. Almost all of the bricks were cracked and many hed
pieces broken completely off.

The mixing of the cold air with the hot combustion
gases has been unsatisfactory due probebly to the swirling effect ;
that occurs during the mixing with the result that the denser cold
air.is centrifuged out while the hot gases pass up through the center.
Consequently, the cold air molecules are not meeting the hot gas
molecules for a rapid transfer of heat. This centrifuging effect
was cﬁnfirmed in Run no. 12 vhen gas samples teken near the inside
vall of the mixing chamber showed zero concentrations of carbon
dioxide which could. only mwesn that the combustion gases are not mixing
thoroughly with the entering air. As & result, yields of nitric
- oxlde in the gases for an air quench process are appreciably lower

than those for theé quick cooler gquench process.

(4) Quenching Nozzle

| The quenching nozzle has readily withstood the high
 gas temperatures although a considerable knocking sound was emitted
during the run due to the violent formation of steam in the nozzle.
Actually the kinetic quenching principle has not yet been given a
fair test becausé of the leakagé_tha£ occurs between the nozzle

and the quiék cooler enﬁrance and because of the leakage thatroccurs
between the coils of the nozzle. In the test on the type shown in

figure 7b there were difficulties with unstable combustion and bypass
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leskage in the furnace and no relizble results have been obtained.

(5) Quick Cooler

The guick cooler has stood up very well.. The O-ring
expansion joint is functioning without eny trouble and the guick cooler
tip has shown no sign of deterioration from exposure to the high gas
temperatures. The inside diameter of.the quick coeoler tube wes.
measured to be 0,870‘inch and after spproximately 100 hours éf
operation et high temperatures, the inside diameter hss remeined
virtually the ssme at 0.869 inch.

The quick cooler, wnfortunately, did not have the
heat transfer capacity predicted by the design calewlations so that
the meximum permissible gas temperature was 2350 °K instead of 2500 °K.
The optimum design gas temperature drop from 2800 °K to 1400 °K was
calculated to be obtainable only by means of & boiling water coefficient
to provide a gfeater overall heat transfer coefficient. However,
_because of the extremely high gas temperatures, it was felt that due
to an excessive tempersture difference the boiling coefficient was
diminished by Superheated vapour bolling with the result that the
inner guick cosoler tube would be overheated. Consequently, the guick
cooler by itself is capable of safely cooling the gazs from a maximum
temperature of only 2350 °K at & quenching raté up to 150,000 °C/sec,

The experimental overall heet transfer coefficients
were found to be lower than the theoretical coefficients as predictéd
by the equations in Mcidams "Heat Transmission" (17, page 219). This
discrepency is probably due to the thin layer of carbon soot that

deposited on the gquick cooler tube. The amount of fine carbon particles



collected after the run from the quick cooler tube was calcu;ated

to give a layer thickness of 0.008 inches. Calculations of the
theoretical heat transfer coefficients with this layer of soot brought
these values down to within 5 percent of the experimental heat transfer
coefficients. © The soot deposition is the result of the poor gombuétion
in the relatively cold furnace at the time of the guick cooler'insertipn.
Once the soot collects on the tube surface the water cooling effect
keeps the temperature of the carbon particles below the ignition point:-

thus preventing the soot from burning off,

(6) Quick Cooler Probe

The quick cooler probe was designed and constructed
when it was discovered that the guick cooler azlone could not handle
normal geas flows at temperatures exceeding 2350 °K. With this probe
ges temperatures exceeding 3000 °K could be rermitted in the furnsce
without any trouble. This probe also lends flexibility in controlling
the  exhaust gas temperature simply by varying the depth of the probe
in the quick coolér. Furthermore, by lowering the probe down to
the lower tip of the quick cooler, the quenching rates can be more
than doubled from the combined effects of faster gas velocity, k
higher heat transfer rate, and greater heat transfer surface.

Because of space considerations, the guick cooler
probe is limited in its construction to a 1/2 inch 0.D. tube with- the
resultant small cross-sectional area for water flow. ThiS"const¥iction
eventually led tﬁ'a plug in the water flow due to accumulation of
weed and dirt that slipped through the river panp filter and the

édditional filter in the water line. The water flow stoppage caused



the probe to melt and the resultant loss of cooling capacity allowed
the temperature of the exhéust gases from the quickmcooler'to"incré;se
rapidly and damage the connecting tube and part of the air preheate%.
An additional fine screen filter just before the new guick cooler

“probe has prevented recurrence of this problem.’

(7) Slip-joints

The thermsl expansions of the quick cooler tube and
the air prehesater tube were taken care of initially by & connecting
* tube with two plain slip-joints. However, the leakage through-
these slip-joints was of the order of 30 percent. Consequently,
when the connecting tube was destroyed along vith the guick evoler
probe, & new labyrinth type of slip-joint as shown in figure 4 was
-used. Ihis arrangement with the fibrefrax packing around the slip-
Joint proved quite successful in decreasing the leakage to approximately

1 or 2 percent.

(8) Air Preheater

The air preheater has functioned quite successfully.
The preheater was designed to provide an air preheat temperatuie of
1000 °K and experimentally, 1030 °K has been achieved without difficulpy.
The inside tube is made of type 310 stainless steel which has the -
‘highest heat resistence properties among the stainless steels. - For
the prehegtef, the theoretical heat transfer coefficients are close
to the experimental ones since no carbon particles could accumulate
in the inner tube due to the tube's high temperature which sllows

~the carbon to burn off.-



(9) Gas Cooler
The gas cooler serves its purpose well in cooling

the gases from a temperature of approximately 500 °C to 20 - 30 °C..

(10) Separate Quenching Probe

Since there were operaﬁional problems in run 13
using the water-cooled quenching nozzle welded to the guick cooler
it was removed for runs 14 and 15. A separate guenching probé (see
figure 9) was provided to permit a study of the effect of & varied
quenching rate which would not influence the overall operation and

to provide an independent estimate of gas temperature,



RESULTS

Quick Cooler Quenching

The resulﬁs of Runs no. 6 to 12 are presented here.
Those of the previous runs can be used only as indications since the
true temperatures in the furnace could not be calculated due to the
lack of by-pass datz in the slip-joints.
“ | The results with quick cooler quenching are plotted
in figures 10 and 11 and tabulated in Table I.  Figure 10 shows the
"NO" concentration in the furnace as a function of furnace gas tempe-
rature and figure 11 shows the "NO'" concentration.as a function of
oxygen concentration in the furnace. ' This oXygen concentration includes
the oxygen made available when the carbon dioxide and water vapour
dissociate at the high temperatures prevailing in the furnace. = The
OXygen concentration of each curve is the average of the individual
oxygen concentrations of the points on that particular curve. - Only
those results that gave three or more points through_which & curve can
be drawn are plotted for the sske of simplicity. The points of figure 11
are obtained from a more detziled set of curves of figure 10 and there
is a comparison of the experimentel "NO" concentretions with the
theoretical concentrations (16). |

In Table I, "Ty" is the temperature of the gases
'leaving the furnace and is calculated by a series of heat balances
using published mean values for Cp {16). The effect of dissociation
of carbon dioxide and wvater #apour is consgidered in the calculation
of "Tg". The absolute vélue of "Tp" is probably not accurate to mOré

than plus or minus 50 °K, but since the factors contributing to this



TABLE I

Run T P Quenching Rate Reaction % 0 plus
Fo. ' og psia. °¢/sec Time % 0z +% 02 from % N0
sec. Digscciation
6 2730 L9 244,,000 - 0.396 1.3 Lo 0.92
2830 48.1 288,000 0.351 2.3 6.6 1.25
2810 4£7.9 278,000 0.568 Laod, . 8.0 2.25
2900 L7.9 302,000 0.355 8.4 12.1 2.82
7 2680 35.4 336,000 0.289 '10.0 12.0 1.46
2750 36.5 345,000 0.288 6.9 10.2 1.49
2740 25.4 354,000 ©0.278 10.7 15,1 2.05
2780 36.8 350,000 0.280 5.6 7.6 1.50
2850 437 398,000 0.256 12,8 15.8 2.58
8 2750 36.7 340,000 0.295 42 7.8 1.31
2820 55.4 T R28,000 0. 4d5 41 800 1.76
9 2800 75.9 168,000 0.540 2.0 5.4 1.21, 1.36
2810 Thod 170,000 0.580 4.2 7.5 1.63, 1.73
2820 84.0 - 148,000 0.657 2.9 6.6 - 1.51
2850 83.5 182,000 0.5653 47 8.5 - 1.81
2900 76.0 160,000 0.620 5.9 7.7 2.05, 2.38, 2.15
11 2700 56.0 304,000 0.2%3 83.4 B4 2 R.52, 2.24
2890 56.5 349,000 0.206 28.7 31.2 5.33
2920 56.5 376,000 0.191 BR.4 34.6 2.66, 5.54
12 2690 55.7 342,000 0.199 30.4 zL.2 2.60, 2.2%
* 3010 56.8 - 0.214 244 24.4, 2.69
* 3050 55.9 - 0.203 23.5 - 27.6 5,31
* 3060 55.7 - 0.216 25.1 R7.1 3.453

¥ For these temperatures, the guenching quick cooler probe was 6 incheg from bottom of quick cooler, whereas
the probe was down to the bottom for the others.
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inaccuracy are approximatély the same for each temperature determination,
the calculated temperatures relative to each other for the purpose
of drawing trends should be guite reliable.

Thg quenching rates for the last three teﬁperatures in
Table I are not gi%en since they could not be eslculated due to the
fact that the quick cooler probe was not insefted down to the tip
of the quick cooler. For those high gas temperatures, further lowering
of the probe into the hot gas stream would have caused violent béiling
to teke place in the probe with a serious threat of probe failure.
The first column of "¢ Oé“ in Table I shows the 0xygeﬁ concentration
calculated from the complete combustion of propane going into the
furnace. These values have been periodically checked vith values
obtained from the.back calculation from the orsat analysis of the
'ezhaust gases,. The "% OE“Iin the second column includes the
additional oxygen from the dissociation of paft of thé carbon dioxide
and water vapour into carbon monoxide, hydrogen, and oxXygen. ‘ The
"% NO" in the last coluﬁn-of Table I is the nitric oxide concentration
éctually in the furnace as calculated from the "NQ® aﬁ%lysis of the
exhaust gsses aftér most of the water is condénsed. The methoas of
sampling and analysis*are presented in Appendix I.

| Figure 12 presenté the cooling rates and reaction

'_ times ﬁheoretically required for fixing and forming nifric”oxidé as
a function of furnace gas temperaturé. The curves are obtéined f;om

the extrapolation of data presented in a papef by Gilbert and Daniels (8).

Air Quenching

The results with air quenching are plotted in figures

13 and 14. Figure 13 showg the "NO" concentration as a fimction
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of furnace gas temperature when guenching with air and figure i4 showse
the "NO'" concentration as & function of percent quenching air. Here
again,-the oxygen concentration and the percent quenching air are

the average of the individual points on the curves. Figure 15 presents

a comparison of quick cooler quenching and air guenching.

Separate Quenching Probe

The values obtained for furnace gas-temperatures are
not too reliable because of experimental and operating difficulties
(e.g. unforeseen problems with water condensation in the lines resulting
in inaccurate measurement of the gas flow and the relatively large
heating of the probe by the gases flowing on the outside and by radiant
heating).  However the results as given in Table IT indicate that
in the region of 3000 9K the oxygen concentration appears to have
less effect on the RO yield than at lower temperatures.

The gquenching rate was about 2 x 106 o¢/sec ﬁo 1500.°K
and 0.62 x 106 °C/sec to 500 °K at the outlet of the 0.125 inch I.D.

tube.
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TAELE II

SUMMARY OF RESULTS FROM RUN KO. 15

(Using separate quenching probe)

0.25 seconds

Rezction Tinme

Furnace Pressure = 75 psia.
Tp % 0z % 0z + % 0y
Test No. {corrected for In Furnace from dissoci-
dissociation) ation.

OK '

9 : 2810 14.5 ' 17.4

10 2870 14.6 C o 18.2

11 2860 25.7 - 26.7

13 2960 55.9 39.3

14 2980 LA 1 47.6

% N0

3.5
3.0
5.3
5.5
3.4

8.7



DISCUSSION OF RESULTS

Figure 10 indicetes that the nitric oxide yield
increases rapidly with temperature and that concentrations of nitrie
oxide greater than 4 percent should be obtained quite readily. Actually
for the purpose of nitric oxide recovery the "HO" concentration in |
the exhaust gases will be abouf 20% greater than that in the furnace
since the water vapour formed from combustion is condensed out with
but & minor loss of nitrogen dioxide. 4s a result, the "NO" concen-
tration for purposes of recovery can be as high as 5 percent.

The quenching-process.at the highest temperature is
unsatisfactory since the maximum quenching rate of 150,000 °C/sec
obtainable without a quick cooler probe is far too low to'effectiveiy
quench any nitric oxide at temperatures over 3000 °K. This fact is
clearly indicated in the curve of figure 12 which shows tﬁe relationship
betwéen required quénching rates and gas temperatures. Another
reason for the' poor yields coﬁld be that the dissociation of nitrie
oxide itself is beginning to have effect at the high gas temperatureg.

Figure‘li shows that nitric oxide concentration
increases with oxygen concentration at-a decressing rate and indicates
that for the conditions prevailing in the éxperimental runs, the
maximum Xield of nitric oxide will be obtained at about. 38% oxygen
conéentration. Theoretically, the maximum'yield should be obtained
when the gases contain equal molar concentration} of oxygen and
nitrogen. The maximum equal molar ﬁoncentration _of oXygen andJ
nitrogen is a function of the air preheat temperature which determines

the amount of fuel required to heat the gases up to reaction temperature.



A higher preheat temperature means lower fuel consumption which, in
“burn, means less carbon dioxide and water vapour..

Thus for a given reagtion temperature, the point of maximum yield
'ihéreases with higher preheat temperatures.  For the experimehtal

- preheat temperatures of about 1000 ©K, the maximum equal mglar.concen_
trations of oxygen and nitrogen are found to be about 35% from the
orsat analysis of the exhaust gases. This is in agreement with the
theoretical curve in figure 11. This curve which gives the equilibrium
concentrations of nitric oxide for a preheét bemperature of 850 °K
using propane as the fuel, reaches a maximum 2t approximately 35% oxygen
concentration. The diserepancy between the theoretical 35% and the
experimental 38% for the point of meximum yield is well within the
fange of possible.érrors Figure 11 also shows that concentratlons

" of nitrie ox1de close to their theoretical equilibrium concentrations
can be achieved with but a small loss during quenching.

Table I indicates that the variationslin'quenching
rates, reaction times, and pressures appear to have no effect on ﬁhe
yield of nitric oxide. Figure 12 shows that the cooling rates obtained
experimentally‘are more than adequate te quench the nitric oxi&e at
temperatures Eelow 2950 °K. However, for those temperatures above
3000 9K where the‘experiﬁental«cooling rates can not be caleulated
but are probably lower than 150,000 ©C/sec, the cooling rafes are much
boo Jow. ' Figure 12 also shows that the experimental reaction times
are far in excéss of thg theoretically required reaction times. That
pressure has n§ effect on the yield of ﬁitrié okide is in accordance

with theory since there is no volume change in the reaction.

Nz + 02 (____ 2 NO



However, pressure increasge is advantageous in that
increaged pressure decreaseé the smount of carbon dioxide and water
vapour dissociation in proportion to the square root of the pressure.
Consequentiy, the furnacergas temperatures can be increased for the.
same air/fuel ratio simply by increasing the pressure in the furnace.

Figure 13 reveals that for the air quench process, the
nitric oxide yields also increase raﬁidly with temperature but they
are considerably lower than those for the guick éooler guench process.
The ineffectiveness of air quénching is more clearly shown in figures
14 and 15. Figure 14 shows that the HNQ™ yield decreages rapidly -
with increase in the amount of guenching air.and figure 15 revedls
.that the "™N0" yields by air quenching are roughly 40% lower than the
yields by quick cooler quenching. The reason fér the rather'pgor
results is thét the guenching air is not mixing theroughly with tﬁe '
hot combustion gases but is kept separated by a centrifugal effect in
the mixing zone causing the far denser cold air to centrifuge out and
spiral around the core of hot gases. It is quite conceivable that
if this centr1fuga1 effect can: be eliminated, quenchlng by air can
be as effective as quick cooler quenching.

Although some reéults were obitained with the quenching
nozzle and water spray quenching, these results are too meagre to be
included in this report. Additional work with more rigid control
will have to be performed to obtain more reliable data.

- The resulté_with the separate quenching.probe.arevr
preliminary and serve to point up the great difficulties of accurate

temperature control end measurement in the region of 3000 °K and over.



The decreased effect of oxygen on the vield of nitric oxide has been

predicted by Wise and Baker (15) but the quenching rate mey still not

be high enough.



CONCLUSIONS

1. The air preheater has been designed and operated to provide air
prehest temperatures up to 1000 °K,

2. The zirconia brick furnace designed for a maximum flame temperature
of 2800 °K has been successfully operated at temperatures exceeding
3000 °K.

3. The quick coolér along with the quick cooler probe has funqtiéned
quite well but is still unsatisfactory in handling the gas tempera-
tures beyond 3000 QK.

4. Expérimeﬁtal nitric oxide concentrétions close to the theoretical
equilibrium concentrations have been achieved. Nitrie oxide
coﬁcentrations up to 3.7 percent have beén obtained with every
indication that with higher gas temperatures, nitric oxide yields
sbove 4% should readily be realized.

5. The furnace which was designed for a maximum pressure of 120 psia.
has been operated at 90 psia, which is limited by the availab}el
air, water, and propane pressures in the laboratory. There is
ne indication so far that the rig could not be operafed at its
design pressure.

In general, the results have been sufficiently
encouraging to continue the experimentation to extend the present data.
Extension of the curves to temperatures beyond 3000 °K and to oxygen
concentrations beyond 50 perceni would be of considerable interest -
since in both curves, the poinits of maximum yield can thus be determinedr
Naturally, for the gas témperatures above 3000 °K, aﬁnew quick cooler
pfobe will have to be designed to provide a much higher cooiing rate

than is now available.



Also, some method of violently mixing the guenching
air with the hot gases must be devised to properly assess thé value
of air quenching. Moreover, additional results are needed to welgh

the merits of nozzle quenching and water spray quenchlng.

ACKNOWLEDGEMENTS

The guthors wish to thank Dr. C.B. Purves for his
initial assistance and continued interes£ in the project. Mr. J. J.
Gravel has been most helpful on instrumentation. Mr. S. K. Fang
.assisted with the projeet for a period of about one year. Several
of the Gas Dynamics Labératory Shop Staff (most notably Mr. B. Takats)
have helped in the construction and operation.
| The financial assistance of the Canadian Defence

¥

Research Board is gratefully acknowledged.



10.

11.

1z2.

13.

14.

BIBLIOGRAPHY

‘D.L. Mordell, C.B. Purves and A.L. Thompson,

Gas Dynamics Laboratory Note N 9. 1_953.

D.L. Mordell, A.L. Thompson, G. Yano and T. Lin,
Gas Dynama.cs Laboratory Report No. R 39. 1953.

G.E. Foster and F. Daniels,

Ind. and Eng. Chem. 43, 986 - 992 (1951).

G. E. Foster,
Ph.D. Thesis, University of Wisconsin (1945).

G.S. Nichols,
Ph.D. Thesis, University of W:Lsconsm (1952).

Fauser Process, -
J. Chem. Eng.” 238 (Jan. 19‘52')_.

N. Gilbert and ¥, Daniels,
Ind. and Eng. Chem. 40, 1719 - 25 (1948).

W.G. Henrickson and F. Daniels,
Ind. and Eng. Chem. 45, 2613 - 15 (1953).

The Wisconsin Process for Nitrogen Fixation - Sunflower
Project - Wisconsin Alumni Research Foundation.

Moving Pebble Bed Heat Exchanger.
Chemical Engineering News, April 5, 1954, 32
No. 14, p. 1388. : '

‘Qu-enching by DeLaval Nozzle.

Penner, 8.85., ' Chemical Reactions in ¥low Systems.

© Butterworth Scientific Fublications, 1955.

1.J. Weisenberg and P.F. Winternitz,
Sixth Symposium on Combustion, p. 813.

G E Duvall
High 'I‘emperature - A Tool for the Future; Proceedi_ngs of a
Symposium at Berkeleyln 1956. ~ p. 53.

B.J. Sage. Same book as reference 13, on pages 210-211 -
questions and in Report on trip to California in June 25-27
by A.L. Thompson {(G.D.L. Note N 27)

;(1956



15.

160

17.

Kinetics of Fixation of Atmospheric N:.trogen at Elevated
Temperatures.

H. Wise and D.I. Baker.

J. Chem. Phys. Vol. 21, No. 10, 1904-05, OQctober 1955.

G. Yano, A.L. Thompson and D.L. Mordell,
Gas Dynamics Laboratory Report R 44, October, 1955.

W. H. McAdams, :
Heat Transmission, 3rd Ed. (1954). McGraw-Hill.



THE DETERMINATION OF NITRIC OXIDE IN THE COMBUSTION GASES

The.sample is collected by flushing a 2 litre wide-
mouth rubber stoppered glass bottie with the cooled gés.tapped off
just after the condensaﬁe trap at a flow rate of approximately‘SO
litres per miﬁute. A collection period of one minute appears to be
adequate since tests with collection periods of 1, 3, and 5 minutes
at 2% nitric oxide concentration all gave the same vresult. Care must
be exérciSed in flushiﬁg‘to aveoid applying any ba@k pressure Lo the
bottle perticularly at high NO and 0, concentrations since N0, may
be concentrated in the bottle as s vapour or—liquid and hence a
high résﬁlt would be cbtained from the unrepresentative sample.

At the end of the sampling period the stainless
steel valve is closed and the rubber stopper pushed into the mouth
of the bottle at the same time; The rubbe£ tube joining the stainless
steel tube to the glass tube which flushes the bottle is closed
with a pinch clamp. The sample bottle.may then be removed.from
the sampling line and 100 ml of é% hydrogen peroxide is added and
the bottle shaken periodically for 10 minutes.

The fixed nitrogen in the form of either NO, NOjp,
‘or N0, is all oxidized and absorbed as nitric acid in solution.

An aliquot (e.g. representing BOO mi of gas sample) is titrated vith
- standard sodium hydroxide solution to pH 4 - 5 using a Universal
Indicator or a pH meter.

| The following relationship is used to calculate the

concentration of fixed nitrogen as nitric oxide on a percent by



volume basis.

i

1 milliequivalent of base 1 miliiequivalent of HNOgz
= 22.4 ml., of NG =2t K.T.P.

= 20.5 ml, when corrected for gas sample
temperature of 25 °C.

Therefore, if an aliquot representing 500 ml. of gas sample is

titrated, then:

mne. 5
% NO (by vol.) = basgdg 20:4  » 100

For convenience when analyszing many samples a graphical
relationship between volume of standar& base (e.g. 0.05 N) and % NO -

may be utilized.



