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A study has been made of nitr ic oxide formation in a laminar CO—air diffu—
sion flame over a pressure range from 1 to 50 atm. The carbon monoxide (CO)
issued from a 3.06—mm—diameter port coaxially into a coflowing stream of air
confined within a 20.5—nun—diameter chimney. Nitric oxide concentrations from
the flame were measured at two carbon monoxide (fuel) flow rates: 73 standard
cnt3/min (sccm) and 146 sccm.

As the pressure was increased above ~ atm, the flames changed shape from
wide and convex at the lowest pressures to slender and concave at 50 atm,

• with the most noticeable change occurring below about 10 atm. Flame height
decreased as the pressure was increased from 1 atm to about 10 atm, but height
was independent of pressure at higher pressures. The regimes of stable burning

• decreased with increasing pressure up to 50 atm, with the grea test reduction
occurring between 1 and 20 atm.

The molar emission index (the moles of nitrogen oxides formed per mole of
CO consumed) increased as the pressure was increased above 1 atm, reached a
maximum at approximately 28 to 30 atm, and thereafter decreased slowly up to
50 atm.

Overall average rates of formation of nitrogen oxides were found to be
greater than nitric oxide formation rates predicted by the conventional two—
step Zeldovich mechanism when oxygen atoms are assumed to be in equilibrium
with oxygen molecules, but less than those rates predicted by assuming oxygen
atoms to be in dynamic steady state with the CO—air reactions. Circumstantial
evidence is offered to support the proposition that the concentrations of
nitrogen oxides in the flames are at their equilibrium values for pressures
above about 20 atm. The case for equilibrium is not as clear at the lower
pressures. It is suspected that reaction kinetics probably influence or pos-
sibly control the formation of nitrogen oxides at the lower pressures.

Comparison of the present data with data in the literature for a methane—
air diffusion flame shows that for flames of comparable flame height (8 to
1 0 nun) and pseudoequivalence ratio (0.162), the molar emission index of a CO—
air flame ~s significantly greater than that of a methane—air flame.

INTRODUCTION

When fuels are burned with air, nitrogen oxides are typically formed from
the interaction of nitrogen and oxygen species at the high temperatures associ-
ated with the combustion process. Some combustion devices, such as aircraft
turbine engines and internal combustion engines, operate over a range of pres-
sures rather than at one single pressure. Yet, the effect of pressure on the
formation of these nitrogen oxides NO

~ 
is not well understood. Hence, there is

a need to determine experimentally the possible effects of combustion pressure
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on these emissions. Such information Is of interest not only  because of
the desire to know the direction and magnitude of the effect~i which can he
expected, but also because such information can he used as a data base for
the evaluation of combustion models.

An effect of pressure on the emissions ~f NOx from a laminar methane—
air flame has already been demonstrated In reference 1~ For this flame , an
Increase In pressure above atm in reported to cause first an increase and
then a decrease In t~e molar emission index (the moles of NOx produced per mole
of fuel consumed). Phe range of pressures in that investigation wan from to

• 50 atm , with the peak emission occurring at about q atm. A complicating uncer-
tainty with these results, however, is that increasingly large concentrations
of carbon particles formed In the flame as the pressure w5a~ increased. Those
carbon par t i cl es may perturb the NOR— forming reactions from those wh i ch dom i-
nate when particulate carbon Is not present. As one means of avoiding this
compl ication , fuels which do not form carbon , such as carbon monox ide ((‘0) and
hydrogen (

~
2)
~ 

could be investigated over a sim Lla r range of pressures to
determine whether the observed maximum in the molar  emiss i on i ndex i n , in fact- i
related to the presence of carbon particles. •

The present report details the results obta i ned from an experimental mea-
surement of the molar emission I ndex from a CO—air diffusion flame over the
pressure range from 1 to 50 atm. An In reference 1 , the diffusion flame was
selected for Initial study of the effect of pressure on NO

~ 
formation hot-h

because it Is representative of the type of combustion encountered in many
practica l combustion devices (aircraft turbine eng i nes, internal combustion
engines) and because it Is much easier to study saf el y  at high pressures I-han
are premixed flames (no tondency to flashhack~ . This i nvestigation was con-
ducted in the same high—pressure facility as was used for the i nvestigation of
reference 1~ A qualitative explanation of I-he observed result- s is given.

SYMROI.S

A cross—sectional area for flow within quartz shield , cm2

projected area of base of flame , cm2

Af surface area of flame, cm2

Cj concentration of species i , moles/cm~

Cp molar heat capacity. -‘al/mnle—K

d thermoco ,jle bead diameter , cm

h convection heat—transfer coefficient , cal/cm2—sec—x

I emission index , (g of NOX as If alt were NO7) ‘(kg of (‘0 consumed) r
molar emission Index, (moles of NO~ produced)/(mole of 

(‘0 consumedt2
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1m,eq molar emission Index for NO
~ at equilibrium ,(moles of NO~ produced)/(mole Cf CO consumed)

equil ibrium constant for oxygen dissociation reaction

kj reaction rate constant for ith reaction, cm3/mole—sec for two—body
react ions, cm6/mole2—sec2 for three—body reactions (number in
subscript refers to equation number)

L radiation path length, sin

inj mass flow rate of species I, g/sec

total mass flow rate in quartz shield, g/sec \j•~~t~ft~~~~~___
___

~

n moles of species i , moles \ 
~
1 . ; ~~L —-

n molar flow rate of species i , moles/sec 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘

p pressure, atm (1 atm = 101 .3 kPa) .~~~~~~
- 

~k.~~~
1’ 

•
~-

n
R universal gas constant, 82.06 cm3—atnt/mole—K •

rD diffusional rate of CO into flame zone, moies/cm3_sec\Jj_
____ - -~~~

rG theoretical estimate of CO consumption rate based on global rate
expression (see appendix D), moles/cm3—sec

rj reaction rate for formation of species i, moles/cm3—sec

rNO rate of formation of NO by Zeldovich mechanism, moles/cnt3—sec

i~rj experimental average rate of consumption of CO, moles/cin3-sec

experimental average rate of formation of NOR, moies/cm3—sec

rT theoretical estimate of CO consumption rate based on elementary
reaction steps (see appendix D), moles/cm3—sec

T temperature, K

Tad adiabatic flame temperature, K

burner temperature at exit , K

thermocouple temperature, K

flame temperature, K

temperature required to force agreement between 1m,eq and Tm’ K

Tref reference temperature, K

_ __ 
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wall temperature wi thin chamber , K

Vpj~ reaction volume. cm3

vol~ netric flow rate at standard temperature and pressure, 293 K
and 1 atm , standard ctn3/mln

v velocity, cm/sec

mole fraction of species I

4to~ch equilibrium oxygen—atom mole fraction for stoichiometric prem ixed
combustion

Xo,req oxygen-atom mole fraction required by equation (4) to give the
observed NO~ formation rate

heat of combustion of CO cal/g

emissivity

thermal conductivity. cal/cm—K—sec

U viscosity, g/cm—sec

P density, gfcm3

Stefan—Boltzmann constant, 1 .355 x 1O.. 12 cal/cm2-K4—sec

I residence time, msec

equivalence ratio

pseudoequivalence rat io
1~Subscripts:

act actual conditions

eff combustion product ef f luent  
- 4

f flame condit ions
I

i ith species or ith reaction

In f lowing into flame zone j
O,eq based on assumption of oxygen atoms in equilibrium

wi th molecular oxygen

O,ss based on assumption of nonequtlibrium steady—state balance
for oxygen atoms in flame
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o flowing out of flame zone

stoich stoichiometric conditions

Superscr ipt:

r reverse of reaction as wr itten

Chemical symbols:

CR4 methane

CO car bon monoxide

CO2 carbon dioxide

H hydrogen atom

hydrogen molecule

H20 water

II arbitrary third body

N nitrogen atom

N 2 nitrogen molecule

NO nitric oxide

NO2 nitrogen dioxide

NO~ total nitrogen oxides (NO and NO2)

O oxygen atom

02 oxygen molecule

OR hydroxyl radical

Abbreviations:

HC hydrocarbon

• ppm parts per million

scom standard cm3/inin

i.d. inside diameter

I
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o.d .  outside diameter

d tam d iamete r

A bar over a symbol denotes time average .

DESCRrPT’TON OF SYS ’~~4

The high—pressure flame system used in the present study is the name as
th at described in detail  in reference 1. ft consist s of a d i f f u s i o n  f l ame
burner mounted w i t h i n  a pressure chamber , w i t h  prov i s ions  for w i t h d r a w i n g  corn—
bustion products and for viewing and photographing the f lame . The burner  is a
3.06— sin—diameter tube from which the fuel , (‘0, iss ues c oa x i a l lv  in to  a coflow-
Ing stream of a i r , which in  t u r n  is contained w i t h i n  a 20 .5—m m —diamet e r  c yl i n -
drical quartz tube concentric with the burner tube. (See fig. 1 .) With a
greater than sto i ch lomet r ic  f l o w  ra te  of air, it is possible to establ i sh on
t h i s  burner arrangement a confined lam i nar diffusion flame , referred to asa
Burke and Schumann f lame (re f . 2 1 . Thin is the typical ove:-ventilated dirfu-
sion flame, similar in shape to a candle flame .

¶0 designate the overall fuel—to—air ratio , a pseudoequi valence ratio ~t~’
is defined ~i n  keeping with ref. ~) as the actua l molar ratio of fuel I-n air
divided by the stotchiometric molar ratio of fuel to air. “he term “pseudo-
equivalence ratio” (rather than “equ i valence ratio ” only) is used to draw
attention to the fact that the concept of equivalence ratio doo~ not have the 

-•

same si gnificance ~or a diffu sion flame as it does for a premixed flame . Tn an
overventilateci diffusion flame (I.e ., ~~

‘ < 1) , it is generally .~snumed that
the effective average equ i va l ence ratio i~ I-he flame zone where reaction occurs
is , in reality, very close to unit y .

A schematic diagram of the high-pressure chamber , burner , and sampl e c’ol-
lection system is shown in figure ~~. Tqnition in accomplished by means of a
resistance—heated hot—wire igniter wh i ch is retract-able through a chevron pack-
ing gland at the top of the chamber . ~o ignite the flame , the igniter is
‘towered to a position 10 to :‘o nun above the burner and electrical power is
applied. Following ignition , the igniter in retracted out oe the flow of
combustion products . The combustion products exit from the top of the quartz
tube (or chimney) and are swept upward into a total— sample col lector by the
nitrogen gas used to pressur i ze the sYstem .

The diluted combustion products flow out of the system through a c-~tm
particle filter and through a hot—air—heated back-pressure regulator used to
maintain the chamber pressure at the desired level . At the exit of the back—
press ure regula tor , the sampl e enters a sampl e transfer line at near .itmo-
spherIc pressure and flows to a gas analysis console. All surfaces contacted
by the sample, from the chimney exit to the gas analysis console, are of stain-
less steel. Color photographs of the flame are taken through safety-sight
glass wi ndows located on opposite sides of the h igh-pressure chamber . Flow
ra tes of CO, air , and N 2 are measured wi th  calibrated linear thermal mans flow-
meters having an accuracy of 1 percent of full scale. Meter ranqen are 0 to
200 scent for (‘0, 0 to 3000 nccm for air , and 0 to 60 (100 nccm for N 2.

6

~~~~~~ —~~~~
-- • —‘-n~- ’ 

~~~~~ 
- ‘ 

• ~~_ !-c~--—___, 
~~~~~~~~~~~~~~~ ,i’~__4._. ~, 

~~~~~~~ £. - - ,— .—---~~—‘— __ ,__.__• — — _~.t1i ~~~~~~~~ ~~~~~~~ 
a__ ,_n__ ____ .___, — —p 

~~~~~



- rn - .----- —- - --- ------ ~~~~~~~~~~
- -

The high—pressure flame system is operated by setting the desired chamber
pressure with the back—pressure regulator and pressurizing with N2. After
reach ing pressure, flow rates for (‘0, air , and N2 are adjusted to their target
values: 73 sccm or 146 scent for CO, the des ired f low ra te for a ir , and about
6000 sccm for N2. The flame is then Ignited. Two different cylinders of CO
were used in the experiments: one contained 99.3 ppm H~ with 327 ppm total
hydrocarbon (HC) contamination; the second contained less than 10 ppm H2 with
less than 4 ppm HC contamination. The trace amounts of H2 were intentional;
their purpose was to serve as a chain carrier In Initiating and sustaining the
combustion of the CO. No difference was observed in the data obtained from

• either of these two CO cylinders. The air was zero grade, 99.995 percent pure
with an HC concentration of less than 1 ppm; the N2 was also 99.995 percent
pure. To prevent both the appearance of a reddish—yellow luminosity near the
tip of the flame and a reddish—brown deposit on the burner exit rim (apparently
caused by the presence of trace amounts of iron carbonyl in the CO), the CO
from the supply cylinder was first passed through a dry—ice trap and then
through an adsorbent bed of Molecular Sieve 5A.

EXPERIMENTAL MEASUREMENTS

Experimental data consist of the chemical composition of the combustion
products, color photographs of the flame, and flame temperatures.

Chem ica l Analyses

Chemical analyses for (‘02, (‘0, 02, and NO~ were performed on the total gasmixture exiting the high—pressure chamber. Analyses for CO and CO2 were per-
formed on separate (commercial) nondispersive infrared analyzers, and the anal-
ysis for 02 was performed on a (commercial) paramagnetic oxygen analyzer. Fbr
the measurement of NOR, a slightly modified, commercially available chemilumi-
nescent NO—NOR analyzer was used.

Calibration gases for the infrared and paramagnetic analyzers were gas
mixtures of (‘0, (‘02, and 02 in N2, with a stated analytical accuracy of better
than i2 percent. The calibration gases for the NO

~ 
analyzer were gas mixtures

of NO in N2, with a stated accuracy of ±1 percent. During an experimental, run,

• readings of the calibration and zero gases were frequently interspersed between
readings of the sample gas to eliminate possible error s caused by instrument
drift.

Photographs

Color photographs of the flame were taken with a 35—sin single—lens—reflex
camera fitted wL-h a 200—sin/f 2.8 reflective lens and with color negative film.
Since the intensity of the bluish color of the flame was observed to change
very little with pressure, a constant camera exposure of 1 /15 sec was used at
all flame conditions.

7
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Flame Temperature

Because of the difficulty of gaining physical access to the flame end
the steep thermal gradients in the flame, probing with thermocouples presents
severe exper imental d i f f i c ult ie s  and was not attempted. Optical techniques
relying on incandescent carbon particles in the flame, like the one employed
with the methane—air diffusion flame in reference 1 . could not be used because
of the absence of such particles. Sodium line reversal was ruled out because
introduction of sodiunt Into the flame presents certain exper imental difficul-
ties: the presence of sodium in the system could perturb the NO

~ formationrates and the deposition of sodium throughout the chamber and sample lines was
to be avoided. These practical considerations led to the decision to settle
for estimating the flame temperature at all pressures front a knowledge of the
flame temperatures measured at 1 atm. To this end, the burner was removed from
the high—pressure chamber and was set up on a laboratory bench at ambient pres-
sure. Flames were established on the burner at the same flow rates of fuel and
air as In the high—pressure exper iments, and were probed with a chrontel-alumel
thermocouple with a wire diameter of 0.076 nun and a bead diameter of 0.269 nun.
No attempts were made to obtain temperature profiles throughout the flames, and j
only peak temperatures were recorded.

RESULTS S

Experimental measurements were made at two flow rates of CO over the pres-
sure range front I to 50 atm. 73 sccm and 146 sccm. The limits of stable burn—
ing and the shapes of the flames changed markedly with increasing pressure. In
this section, the resul ts of the measurements of stability and extinction lInt—
its, flame shape, NOx, and flame temperature as functions of pressure are pre—
sented. The P4O

~ 
data are treated in the section wDiscussion.N

Stability and Extinction Limits

A rough determination of the stability and extinction limits was made with
the burner pr ior to selecting the final experimental CO and air flow rate set-
tings. These stability and extinction limits were determined at -‘ atm, 20 atm,
and 50 atm; the results are shown in figure 3. Much of the scatter in the data
was caused by an air l ine leak wh ich was discovered after the data had been
taken; the data were then corrected to account for this leak. Hence, the m di—
cated limits are only approximate. However, the important feature to observe
in figure 3 is that the fuel—air flow rate regimes in which combustion occurs
decrease considerably as pressure increases. This phenomenon is similar to
that reported in reference I for a methane—air diffusion flame on the same
burner system.

On the basis of the data in figure 3, two fuel flow rates were selected
for study: 73—scent and 1 46—sccm CO. Corresponding to these fuel flow rates,
flow rates of air were selected at 1730 scent and 21 40 scent, respectively, glv—
m g pseudoequlvatence ratios ~~~

‘ of 0.100 and 0.162, respectively. At 73—scent
(‘0, the air flow rate of 1730 sccm is well within the stable region while at
‘46—seem (‘0, the air flow rate of 21 40 scorn is near the extinction boundary at

8
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the higher pressures. A pseudoequivalence ratio ~~
‘ of 0.100 could not be

easily achieved at the higher fuel flow rate of ‘46-scent CO because an air
flow rate of 3476 scorn would be required , a rate above the limit of the air
flow meter .

Flame Shape

Marked changes in shape and structure of the CO—air diffusion flames occur
as the pressure is increased from 1 to 50 atm. These changes can be easily
seen in the color photographs in figure 4. The bottom edge of each photograph
is coincident with the top edge of the burner , and the lateral position of the
burner is shown below each photograph. The bluish color of the flames is prob-
ably caused by 02 Schumann—Runge radiation and (‘0 + 0 continuum radiation .
(See ref. 3.)

From 1 atm to about 5 atm, the flames bow outward from the inner fuel core
into the surrounding air annulus , with the result that the diameter of the
flames is larger than the diameter of the burner exit. At about 10 atm, the
diameter of the flames is reduced, and the shapes of the flames closely approx—
imate cones. At pressures above ‘0 atm, there is an increasing concavity to
the flames, and their diameters decrease noticeably. A s imi la r  behavior was
observed for the methane—air diffusion flame in reference 1 , wherein it was
conjectur ed that the change in shape might result front the presence of carbon
particles in the flame. In view of the present results, this conjecture is
obviously incorrect, and sane other explanation must be found. ( I t  should be
noted that, according to classical Burke and Schumann flame theory, no change
in the size or shape of a con~ 1ned laminar diffusion flame should occur as the
pressure is changed.) Comparison of the shapes of the present flames w i t h
those of the methane—air  flames discussed in reference I suggests that  the only
effect which can be attributed to the presence of carbon particles is a s l ight
bulge occurring in the upper t h i r d  of the methane—air  flames somewhat below
their tips.

The heights of the CO—air flames decrease with pressure from 1 atm to
about 10 atm and thereafter remain relatively constant up to 50 atm. These
flame heights are plotted in figure 5. The decrease in the height of the flame

1 1
at a 1 46—scent flow rate is from about 9— mm to about 7— mm, or roughly 20 per-

cent; the decrease for the f lame at a 73—seem flow rate is from about 6 mm to
about 3 sin, or roughly 50 percent.

Oxides of Nitrogen

Results of the experimental measurements on the total oxides of nitrogen
are shown in figure 6 as I~, molar emission index of NOR, as a function of
pressure. Experimentally, this index is determined as the ratio of the mea—
sured concentrations of M~ to (‘02 in the effluent from the high—pressure cham-
ber. The molar emission index is analogous to the emission Index customarily
used to report data on gas turbine engines; the latter is defined as the number

q
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of grams of NO~ produced , as if  a l l  nitrogen oxides were present as NO 2, per
k i l og r a m  of fuel  burned. According to these definitions , the emission index
for a CO flame i~ 1045 times the molar emission index.

To obtain the data points in figure 6, the CO flow rates were set at t h e i r
target values, three or more runs were made at different air flow rates , and
concentrations of NOR, CO. (‘02, and ~2 

were measured . Then values of 1m cal-
culated front these data were plotted against pseudoequivalence ratio ~~~

‘ and
were read back at the desired values of 1~’ (appendix A gives the method of
calculat ing 4’ ’) .  This procedure e f f e c t i v e ly  e l imina ted  the need for se t t ing
the air flow rates at precise values , a d i f f i c ul t  task at times. It also
avoids a rel iance on the accuracy of the a i r  flow meter .  On the whole , over
the usual ranges of ct~’ employed (roug hly  0.08 to 0. 14 fo r 73—seem CO and 0.14
t’~ 0.18 for 

1 46—sccm CO), there was no pronounced or consistent variation of -
;

molar emission index with 4’’ which could be attributed to other than experi-
mental error . Above about 30 atm, however , there did appear to be a general
decrease of ~~ with 4’’, although this decrease was not large. For purposes
of comparison, the molar emission index for the methane—air flame studied in
reference 1 has been included in figure 6.

Figure 6 shows that for both CO flames, the molar emission index starts
at a relatively low value at low pressure and increases as the pressure is
increased. The molar emission i ndex for the flame with the lower flow rate
reaches a max imum ~~ about 2.5 ‘C 10~~, while the ~m 

for the flame with hi gher
flow rate reaches a maximum of about 4.6 x 1Ø 3, both maxima occurring at
approximately 28 to 30 atm. At still higher pressures, the 1m for both
flames levels off and drops slightly. These results are in Contrast with those
for the CR4 flames, which exhibit a much smaller increase with pressure, attain
an earlier maximum (at about 9 atm), and then decrease to near the low—pressure
value again at 50 atm. This comparison between the (11,4 flam e, with i ts low
flow rate of 42 scan, and the CO fl~nes with a higher flow rate may at first not
seem proper; however, ft is noted that in terms of flame height (8 to ~O nun).
pseudoequivalence ratio (0.162), and air flow rate (2450 sccm), the CR4 flame
is quite similar to the 1 46—sccm CO flame. Yet the ‘m for this CO flame is

1
roughly 4— t imes the I~ for the CR4 flame . One obvious, at least partial ,

explanation is that the CO flames probably attain higher flame temperatures by
virtue of their higher adiabatic flame temperatures — 2384 K for CO as compared
with 2230 K for CR4.1 Furthermore, because radiation from the CR4 flame is
significant, its actual flame temperature is likely to be even lower than the
7 54 K difference in adiabatic flame temperatures would indicate . At the lower
pressures, where carbon radiation from the (‘H4 flames is not yet substantial.,
the I,,, values for both flames are in closer agreement. The effects of tem-
perature on I~, are covered In more detail in the section “Discussion.”

1At I atm . Although there is a slight increase in adiabatic flame temper—
ature with increase in pressure for both fuels, the increase is not dissimilar.
The values of adiabatic flame temperature were calculated using the chemical
equilibrium program of Svehla and McBride (ref. 4).

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Only two studies could be found in the literature where measurements of
NO~ in CO—air flames at elevate’-~ pressures are reported. These data are com-
pared with the present data in figure 7 on a log—log plot. The data points A,
B, and C are from Haber and Coates (ref. 5) for a diffusion flame burner simi-
lar in design to the one used In the present study, but with a 1 .5—mm—diameter
fuel port. Most of the Haber and Coates data are not for air but for support-
ing atmospheres consisting of 02/N2 mixtures of varying composition. Points A, —

B, and C are the only data points at which direct comparisons w4th the present
results are possible. Even though these data are for different flow rates of
CO. and were obtained with a burner of smaller diameter , they are within  rea-
sonable proximity of the present data . —

The data of Hewit t and Lamont (ref .  6 ) ,  shown as point D, are for an
opposed—jet diffusion flame and represent their only data for air. Although
they did not state the flow rates of their reactants, it is reasonable to
assume that because of the opposed—jet flow, there must have been a turbulent,
fairly well—mixed reaction zone. This type of reaction system might be
expected to approach more closely that of premixed combustion rather than
diffusional. combustion, or, at the very least, to be somewhere between the two.
However, there are other problems with the data of Newitt and Lamont that make
an interpretation of their data difficult. In particular, large concentrations
of unburned CO remained in the product gases even at relatively low values of
4’’, demonstrating that combustion was far front complete.

L 

Flame Temperature

As mentioned previously, temperature data were obtained for flames at both
flow rate s at 1 atm only. With these data and estimates of heat losses from
the flames, a reasonable trend of flame temperature with increasing pressure
was calculated. The raw thermocouple data were first corrected for radiation

• losses by the methods detailed in appendix B. Flame temperature as a function
of pressure was then estimated by the procedure described in appendix C. No
attempt was made to correct the thermocouple data for the heat conduction
losses that can arise from the steep temperature gradients in the flame. (In
severe cases, such losses could possibly produce indicated readings as much as
100 K too low, but these are extremely difficult to estimate accurately.) The
resulting temperature curves are shown in figure 8 along with a plot of the
adiabatic flame temperature for a CO—air flame at it’ = 1 .0.2 These temperature

• curves are believed to be fairly reasonable estimates of the true flame temper-
atures. For the 1 46—sccm CO flame, temperature increases approximately 370 K

- . between 1 atm and 50 atm; for the 73—scan CO flame, there is a corresponding
increase of approximately 480 K. These increases compare with an increase of
140 K in adiabatic flame temperature over the same pressure range.

may bear repeating here that even though the overall, or pseudoequiva—
lence ratio 4’’ may be considerably smaller than unity, the effective average
equivalence ratio within the reaction zone must be quite close to unity. The
adiabatic flame temperature was calculated from the equilibrium computer pro-
gram of Svehla and McBride (ref. 4).
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DISCUSSION

Tn this section , the average rate of format ion  of tfl~ is es t imated f r o m
the molar emission i ndex and the average ra te  of consumption of CO. ‘the ques-
tion of the combustion reactions approaching equilibri um is treated , and the
average rates of format i on of NOX are discussed and compared w i t h  var ious  theo-
retical predictions. Finally, the shapes of the molar emission index curves
are discussed from the point of view of their bei ng influenced by approach to
equilibrium , particu larly at the higher pressures.

Average Rate of Formation of NO
~

An estimate of the average rate of formation of 
~~x within the flame was

obtained as follows. At steady—state conditions and after complete combustion
of the fue l ,

nNOX t-

where 
~CO is the mol ar  f l o w  rat i ’  of CO in to  th e  flame and 

~
NOX Is thn

molar flow rate of NO
~ out of the f l a m e . A f t e r  r earr angement  o( this e~pres-

si on and division by a reacti on volume VRX, there results

‘Nox

Tf the reaction vol unte in  wh i ch NO~ is formed in taken to his approxim ately
equal to (though not necessarily coi ncident with ) the reaction vol ume in wh i ch
CO is consumed , thi~ expression can 1w’ r ew r i t ten as

-F -FT m rCO

where is the experimental average rate of formation of NOx and is

the exper ime n t a l  average r at e  ~f consumption of CO. An estimate of the m a g n i—

t ude of r~~ Wa .; obtained l’v l i v i l I n g  the known mol ar flow ra te  of CO nCO hv
the volume of the flame ion,’, exper imentally obtainable front the color photo—
graphs in figure 4. ~Th.’r.,’ ,ea,tion ~~ shou ld he a fairly accurate mea-
sure of the volumes in which ru~ t is actuall y consumed since the bl ue sones in
figure 4 are largely the result ~~t chemiluminencenc-e from the (‘0 + 0 reac-
tIon , and since comhusti.’n was observed to be vtt tual l v complete within the

-Fflame.) Cal cu l ation ~f ~~~ from equation (fl Impl i es that the reaction

12
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volume fo r NO~ formation is  roughly equal to that for (‘0 combustion . Althoug h
t h i s  i s probably not strictly true, it is certainl y reasonable to assume that
these two volumes are roughly proportional. Since these reaction vol umes prob-
ably do not differ by much more than a factor of 2 ei ther way, in the absence
of information to the contrary, they have been take n , for convenience , t o he
equal.

The photographs in figure 4 were used to deter m ine the magnitudes of the
(‘0 reactIon volumes Vp,~ by trac i ng the thin blue reaction zones at the sur-
faces of the flames and by analyt i cally revolving the areas so defined about
the center l i ne  of the flames. The resulting react i on volumes are shown i n

figures 9(a) and 9(b). Values for based on these reaction volume;;
are plotted as a function of pressure in figure ‘0(a) . Al so plotted in fig-
ure l0(a) are two different predictions of (‘0 combustion rates rG and rT
for a global rate expression (ref. 7) and a set of elementary reaction steps
for CO combustion, respectively. Both are based on the assumpt ion of an effec-
tive average equivalence ratio of unity in the flame zone and on initi al corn-
position. Details of the methods used for evaluating re’, and rT are given
in appendix 0.

Because rG and rT are based on initi a l composition and an average 4
of u n i t y , they very likely represent the approximate maximum rate;; of combus-
tion of (‘0 In air for the present flame conditions. Departure of the experi-

men t a l rates r~~ from these predicted rates could mean that the assumpt i on of
an average 4i of unity Is not a good one, that  the choice of initi a l composi-
t ion for the reactants is not appropriate, that the use of Tf as an average
temperature throughout the flame zone is not proper , that diffus i on is reall y
controlling the rate of reaction, or some combination of these. ‘l~ t r e a t  the
reaction zone in a diffus i on F l ame in such simplified terms as these ohvioii~;lv
oversimplifies the true situation. However, this simplified picture allow ;; the
inference front figure l0(a) (by virtue of the fact that the predicted r,ite~
are, for the most part, greater than the e-~perirnenta1 rates) 7-hat the rati’ i of
combustion of (‘0 In the present flames are largely diffusion controlled , cer-
tainly at pressures above 2 atm or so.

An additional reason to suspect diffusional control of the present CO—al ;

flames , even at all pressures, is the p r o x i m i t y  of the observed r ate s
for flames at both flow rates . Because the flames have significantly dif-
ferent flame temperatures they also would be expected to have much different
reaction rates if reaction kinetics were actually controlling . However , ~i nce
these rates do not differ significantly, and since rates of diffu s i on are rela-
tively i nsensitive to temperature, It is reasonable to infer that 7-he combus-
tion rates in both flames are largely diffusion controlled . A stronger .irqu-
ment for diffusional control can be obtained by estimating the diffuslonal
rates of CO into the flame zone r0. This estimate was carried out hy the
method described in appendix F, and the resulting values of r0 are shown in

figure 10(h). (Because these r0 virtually nverl.,y the in figure lO( a7
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they have been plotted on a separate F iqure for ease in visualization.) ‘the

almost exact agreement between 
~ o 

and the estimated rates rD seems con-
vincing evidence that the combustion reactions are, in cact , diffusion con-
trolled . ‘the important impl ication of the flames being diffusion controlled
is that the combustion reactions approach equilibr i um.

The average rates of formation of ni trogen oxides in the f lane were esti-

mated ~ming equation (1) and figur es 6 and 10(a) for I~ and 
~ I)’ 

respec-

tively. The resulting rates r
~O~ 

are plotted in figure II. ~dso plotted in

figure 11 are two sets of theoretical rate predictions, each based on a differ—
ent set of assljnptions, but both employing the conventional two-step Zeldovich
mechanism for NO formation:

O + N 2~~~N O + N  (2)

N # O 2~
’N O + O  (3)

By standar d treatments (see , for instance , ref. 1), the ra te of forma t ion of NO
by the Zeldovich mechanism is given by

rNO — 2k2COCN2 
(~)

where k2, the forward reaction rate constant of reaction (2), is (ref s. 1- , 8,
and 9)

— 1.36 x 1014 e 37947tT

One set of the theoretical rate predictions in figure 11 is based on the
assumption that oxygen atoms are In equi l ibr ium wi th  molecular oxygen, and the •

- 
-

other is based on the assumption that there exists superequilibriiin steady—
state concentrations of oxygen in the flames. To obtain the theoretical rate
predictions for the situation of oxygen atoms in equilibrium with molecular
oxygen, the equilibrium constant (refs. 1 and 9) •

- -

-4

1
• (~~ )2 4

K0 — — 3.56 ~ l0~ — e~
59386I

~T

is substituted into equation (4) to eliminate the unknown oxygen—atom concen—
t ra tion C0. In terms of mole fractions, this rate expression then becomes

3/2
— 6.90 ‘ 1013 ~~~~~~~~~~~ e 67640tP xO~~

xN2 
(5)

- - -



This expression was eval uated at the maximum possible values x02 - 0.21 and

— 0.79, at T — l’~ , and is labeled (tNO ) o ,eq. Rates so obtained are the

maximum rates of formation of NO
~ 

atta inabl e when oxygen atoms are in equillb—
rium with molecular oxygen since the effective mole fraction for oxygen in the
zone where nitric oxide i~ formed must be substantially less than the 0.21
used, and the effective mole fraction for nitrogen is probably somewhat less
than the 0.79 used . For instance , in reference ‘I it was estimated that in a
methane—air diffusion flame , a reasonable value for the effective oxygen mole
fraction is on the order of 0.04. If this were also the case for the present
CO—air diffusion flames, the predicted rates (rNo)o,eq in figure 11 would be
about 0.4 times those indicated — lower yet, and farther away from agreement

-E• with the exper imentally observed average rates rN~~ . Even though these exper-

imentally observed rates are rough estimates, it seems unlikely that they could
be in error by a factor as large as 100 or more , which they would have to be at
1 atm if the predicted rates (rNO)o,pq are correct.

One of the more reasonabl e explanations for the higher experimental rates
is that the oxygen atoms in the flame zone are not in equilibrium with the
molecular n’cyqen hut are present i n  concentrations great ly  in excess of equ l— - 

-
•

libri um values . Such an explanation is consistent with the observation th a t

• ,, the experimental rates approach the predicted rates (rNo)opq at the hi gher
pressures where su p er e q u i l i b r t u m  oxygen-atom concentrations are less l i k ely .
Calcu l at ions of the magni tude required for these su p e r e q u i l l hr iu m  oxygen—atom

concen t r at ions fo r th e pr edicted r ates to ag ree wi th ~~~~ can be made by sub—

stituting rHOX 
for rHO in equation (4), taking 1’ = T~ an d xN2 = 0 .7 9 , and

solving for the oxygen—atom concentration . The resulting concentrations ar~
stoich

plotted in fIgure 12 as the ratio Xo,req/Xo,pq , where the denominator Is the
equilibrium oxygen-atom mote fraction for stoichiometric premixed combustion at
‘re. Extre mely h igh  val ues of the required oxygen—atom ratio occur at the lower

— pressures , hut they decrease continually as the pressure is  increased .

‘~‘O obtain a more realistic estimate of the oxygen—atom concentrations, an
oxygen—atom balance was made. This balance is based on the assumption that a

• steady—state condition exists in the flame wherein the rate of generation of
oxygen atoms is exactly counterbalanced by the rate of removal of oxygen atoms.
The details of thi.s approach are given in appendix F. By this method oxygen—

• atom concentrations have been calcilated and converted to the ratio

,CO 55/Xgt
c and are plotted in figure 12. For the 146-seem CO flame , this

concentratfon of oxygen atoms Is considerably greater than that required to
produce the experimentally observed rates , and for the 73-scent (‘0 flame , this
concentration Is greater than that required for all pressures above about
3 atm . For pressures below about 3 atm , the estimated oxygen-atom concentra-
tion Is less than that required , bei ng as much as an order of magnitude less at

15
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1 atm. This lower value of x0,~~ for the 73-scan CO flame be low 3 atm implies
that there is an insufficient concentration of oxygen atoms generated by the

combustion process below 3 atm to account for the observed rate r
~o, by the

Zeldovich mechanism. However, because of the size of the potential errors

involved in calculating 
~~~~ 

in selecting an appropriate value for XN2, 
in

making the steady—state analysis for x0,58, as well as in estimating Tf, there
is insuff icient cause , on these grounds alone, to invalidate the Zeldovich mech-
anism as be ing the basic mechanism for the production of nitric oxide.

Rates of formation of nitric oxide based on these steady—state oxygen—atom V
concentrations (rNO)O,55 have been calculated using equation (4) and are corn-

pared with the experimentally observed rates in figure 11. For this cal-

culation, the nitrogen concentration was taken to be xN2 
- 0.556 (i.e., that

nitrogen concentration existing in a stoichiometric mixture of CO and air).
These r ates, (rNO)O gs, are not only considerably greater than the rates pre-
dicted on the basis of oxygen—atom equilthriunt but are also greater than the
experimentally observed rates except for the 73—scan CO flame below about 3 atm .
Clearly, the reason why (rNO)O 

~~ 
is considerably greater than (rp~j)o,eq 1S

that the oxygen—atom concentrations based on the steady—state analysis are con-
siderably greater than those based on the equilibrium assumption. (Examination
of the analysis in appendix F shows that this is the case because the react ion
step with the fastest rate of production of oxygen atoms is the combustion
reaction

• C O + O 2~~~CO2 + O

and not the dissociation reaction

02 + M 4 20 + M

which it would have to be for atomic oxygen to be in equilibrium with  molecular
oxygen.)

From figure 11 , it is apparent that if the Zeldovich mechanism is the cor-
rect mechanism for nitric oxide formation in CO—air diffus ion flames, and i f

the experimentally determined rates are approximately correct, then the

true average oxygen—atom concentrations in the flames are not as large as those
calculated on the basis of the steady—state analysis, that is, on the basis c’f
purely kinetic considerations. This is certainly the case at pressures above

about 15 atm or so, where (rNo)o,s$ is sufficiently greater than so

that it is unlikely that the difference can be attributed to experimental
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error . Below 15 atm , and particularly below about 3 or 4 atm , the case is not
so clear. Precisely the same conclusion can be reached by inspection of fig-

stoich stoichure 12 , where xo,req/xo,eq is less than x0 ss/~
bo,eq at all except the

lower pressures . This result leads one to cons{der the possibility that per-
Itaps reaction kinetics may not be controlling the rate of formation of nitric • -

oxide , but that diffusion might be playing a role. If diffusion were , in fact,
controlling, then it necessarily follows that the NO

~ 
concentrations in the

flames should approach their equilibrium values . This eventuality is consid-
ered in the following section.

Molar Emission Index

Equilibrium values of the molar emission Index calculated for stoichiosnet—
tic combustion and 1’ 9’~ are plotted in figure 13 as tm,eq along with the
curves of I~ from figure 6. The similarity in shape between these curves is
obvious. However, Tm ,eq rises faster and peaks sooner than does tm • Above
about 28 atm, the curves of tm,ea parallel those of tm fairly well but are
roughly 20 to 25 percent lower . l~et, the general similar ity In shape suggests
the possibility that the NO

~ 
concentrations in the flames might be approaching

their equilibrium values , particularly at the higher pressures where the curves
• of and T m,eq are reasonably parallel, and where the required oxygen—atom

ratios Xo,req/x~~~~~
tt in figure 12 are decreasing to lower , not so excessive

values. ~t pressures above 28 atm , separate calculations indicate that an
increase in ‘r~ of only about 50 K for both flames would be required to br ing
Tm ,eq into exact agreement with Tm , a variation certainly well within the

• error of estimating T~. Circumstantial evidence of a similar nature ( I . e .,
the agreement of tm ,eq and I~ ) was offered In reference 1 for a (‘H4—air dif-
fusion flame in support of the proposition that the N0~ 

concentrations in that
flame had approached equilibrium l evels at pressures above about 20 atm or so.
Unlike the present (‘O-air flames, however, it was clear for the ~~4—air flame
that equilibr ium l evels of NO~ had not been approached at the lower pressures,
and that kinetics were still controlling. For the present CO—air flames
the case is not so clear . However , because of the very large values of

xO,rea/x~~~~~ 
at the lower pressures (see fig. 12) , it is suspected that

• klnet (cs are controlling even though tm ,eq is reasonably close to tm •

• Because the experimentally estimated temperatures ‘rf are approx ima te i n
nature and because equilibrium l evels of nitric oxide are qu i te sensitive to

• temperature, additiona l calculations were made to determine those temperatures
which would have had to exist in the flames in order for Tm ,eq to coincide
i dentically with ‘m over the entire range of pressures . These temperatures
are plotted In fIgure 14 as TT •  (‘0mnp~~m son of these temperatures with Tç

shows the average deviation between them to be about 40 K, a value well wi thin
the experimental error of the estimated temperatures ‘rf. Such close agreement
between TIm 

and T~ is, never theless , circumstantial and therefore insuff I-

cient to prove that the NO~ 
concentrations approach their equilibrium values at

17
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• all pressures. Further , because of the uncertain nature of Tf and the great
sensitivity of Tm,eq to Tf, the case for or against equilibrium NO~ 

cannot
he resolved simply by consideration of the molar emission index. At the lower

pressures, the very large values of Xo, req /X~~~~~~
’ tend to argue against

e q u i l i b r i u m  there. Yet , the poss ib i l i ty  that NO
~ concentrations approach equi-libr i um within the flames at the higher pressures above about 20 atm seems dis-

tinctly real.

To rule out the possibi lity that the shape of the Tm curves might be
caused by changes in residence time , residence times were calculated from the
express ion

Vp~-r
vd~_ 1

where Vp~ is the reaction volume (plotted in figs. 9(a) and Q (hfl and
is the volumetric flow rate of (‘0 and air at an averaqe equivalence rati o of
unity and at ¶ T~. Resulting values of I are shown In figure 16 , where i -

~~~

f i r s t  decreases , then passes th rough a minimum between 5 and 7 atm , and these-
after continues to increase with increasing pressure. Since this trend is con- 

• 
-

• tra r y to the one for Tm’ it is obv ious that the shape of the I
~ 

curves is • 
-~~~

not determined by residence—time considerations; in part icular , the decrease i n ~- -

Tm observed at the higher pressures is not caused by 1 correspond ing decrease
in T .

-
• To hel p resolve this question of the NO~-form1nq reactions approach i ng

equi librium , a mathematical model of a CO—air diffusion flame would he
extremely  useful. If such a mode l emp loyed reasonable k i n e t i c  mechanisms
descrihinq combustion, and if the model adequately predicted the observed
changes in flame structure with pressure, then there would be some hope that
the basic details of the NOx format -ion processes could also be adequately
modeled, and , hence , be t t e r  understood. Recently, a variety of analytica l
approaches and computer codes capable of m a t h e m at i c a l l y  model ing hot-h the com-
pl i cated f l u I d  dynamic and chemical aspects of d i f f u s i o n  f l imes have become
available (refs. 1 0 to 191 , and these could possibly prove useful.

As a final comment , i t  was speculated in reference 1 that among the var i-
ous f actors wh i ch could p oss ibly  account for the presence of the maximum in T~
for a CH4—air diffusion F l ame is the large amount of carbon in the flame. The
present results clearly show that the presence of carbon in the flame Is not a
requIrement for such a maximum. Although such carbon could still conceivably
affect the l ocation of the maximum , it Is obviously not necessary f~r such a
max imum to ex i s t .  Based on the present dat- a and anal ys is , the preferred
explanation for the shape of the T

~ 
curves as a function of pressure fot- both

the CO—air and CH4—ai r diffu s i on flames i~ that equilibr i um l evels of NO~ are
approached in the flames at the higher pressures.

I



CONCLUD INC REMARKS

A study has been made of nitric oxide formation in a laminar CO—air diffu-
sion flame over a range of pressures from 1 to 50 atm. The carbon monoxide
(fuel) issued from a 3.06—mm—diameter port coaxially into a coflow i ng stream of
air confined within a 20.5—sin—diameter chimney. Experimental measurements of
nitric oxide concentrations were made at two carbon monoxide (fuel) flow rates:
73 standard cm3/min (sccm ) and 146 sccm. The flow rates were held constant
over the entire range of pressures from 1 

~~ 50 atm. The stabilit y and extinc-
tion limits , flame shape, flame height , NOR, and flame temperature were all
affected by changes in pressure. Based on these experimental data and their
analysis, the following observations and conclusions are offered :

1~ The shape of CO-air diffusion flames changes from wide and convex at
1 atm to slender and concave at 50 atm. The most noticeable chanqe in shape
occurs below about 10 atm.

2. The height of the flames decreases with pressure from 1 atm to about
10 atm or so, and thereafter remains relatively constant up to co atm. For the

1 1
flame w i t h  ‘ 46—seem flow rate , the decrease is f rom about Q— sin to about 7— mm;

for the 73—sccm flame, the decrease is from about 6 sin to a litt le over 1 nun.

3. The regimes of stable burning decrease as the pressure is increased ,
with thc greatest reduction occurring between .itm and 20 atm.

4. The concentrations of nitrogen oxides produced by the flames were me.~-
sured and reported as molar emission i ndex (the moles of nitrogen oxides formed
per mole of carbon monoxide consumed). For both f lames , the molar emission
index Increases as the pressure is Increased above 1 atm , reaches a maximum in
the neighborhood of 28 to 30 atm, and thereafter decreases slowly up to ~O atm.
Hence, at all pressures above 1 atm and up to at least 50 atm , the molar pmis—
sion index is greater than that at 1 atm.

5. ComparIson of the present data with  data in the l i t e r a t u r e  for a
methane—air diffus ion flame shows that  for f lames of comparab le f lam e h et qht
(8 to 10 mm) and pseudoequi valence ratio (0.162), the molar emi s;ion i ndex of

a CO—air flame can be as much as 4— times that of a methane-air flame .
2

6. Those few data in the literature on nitric ox i de concentratIons gen-
erated by coaxial CO-air diffusion flames are in reasonable agreement with the

- r- present data .

7. Overall average reaction rates of carbon monoxide were determined for
the diffusion flames. Comparison of these rates with kinetic predict ions and
diffusion rates suggests that the carbon monoxide combustion reactions are dif-
fusion controlled. The implication of this Is that these combustion reactions
approach equilibr ium.
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8. Overall average rates of formation of nitrogen oxides were estimated
from the data. These rates are greater than nitric oxide formation rates pre-
dicted by the conventional two—step l~eldovich mechanism when oxygen atoms are
assumed to be in equilibrium with oxygen molecules, hut are, in general , less
than the predicted rates when oxygen atoms are assume l to be in dynamic steady
state with the CO—air reactions.

9. Circumstantial evi dence is offered in support of the proposition that
the concentrations of nitrogen oxides in the CO—air flames are near their equi-
libr ium values for pressures above about 20 atm. The case for equilibr ium Is
not clear at the lower pressures, but it is suspected that kinetics probably
influence or even control the formation of nitrogen oxides at the lower
pressures.

I
Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
August 10, 1979
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APPENDIX A

I
METHOD OF CALCULATING PSEUDOEQUIVALENCE RATIO

Th~ pseudoequivalence ratio th ’ was obtained from the composition of the
effluent from the high—pressure chamber. It was calculated from its definition

- 
(nCO/nO 2)~~~ 

(XCO/X02) t
(Al)

(nCO/n02) stoich (x CO/x02) 
stoich

where 
1: E~

I
= 2

~xt-~~I .\ 2istoich

The ratio of CO to 02 in the numerator was obtained from an analysis of the
effluents as the ratio of the unburned CO plus the burned CO (C0~) to the sum 

•

of the excess oxygen remaining after combustion and the amount of oxygen con— j
sumed during the combustion, as indicated in the following equation:

F (x
~.O) = ( xCO + XCO2

2 act
\X02 

+ —

The air flow rate was cal.culated from 1’ .

• i - k

• T

21



____ -•--•-- -- - . - .- -.---- -~~~~,-—-—

APPENDIX B

THERMOCOUPLE CORRECTIONS FOR RADIATION WSSES

To correct the raw thermocouple readings for radiation losses, the follow-
ing formula of Kasxan from reference 20 was used:

1~~25cOd
3/4/~j \

1/4

Tf Tc~~ k— ) (Tc
4 Tw4)A

The value of r was taken to be 0.25 (refs. 21 and 22), d was obtained f rom
micrometer measurement of the thermocouple bead, the product Pv was obtained
from the expression Pv I)

~T/A, and A and ~i were evaluated at Tf for a 4CO2 and N2 mixture resulting from the stoichiometric combustion of CO and air.
Mixture properties for Ii and A were calculated using Wilke s equation
(ref. 23) and Brokaw ’s equation (ref. 23), respectively. The pure—gas ~roper—ties for )i and A were obtained from reference 24. The quantity T1,4 was
considered negligible compared with ‘Pc,4, and was therefore dropped from the
equation.

22
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APPENDIX C

ESTIMATION OF FLAME TEMPERATURE AS A FUNCTION OF PRESSURE

An approx imate estimate of flame temperature was obtained by mathemati-
cally accounting for those sources of heat loss from the flame which reduce its
temperature to some value below the adiabatic flame temperature, as follows.

When there is no heat loss from the flame.

Heat Sensible Sensible
• gene rated + heat in heat out

where the heat generated is from the heat of combustion and the sensible heat
refers to the heat content of the gases flowing into the flame zone (CO and
air) and out of the flame zone (CO2 and N2). Stated mathematically, this
becomes

~~Rx~~O 
+ 

~ 
cp,jn~ j(Tjn 

— Tref ) 
~~ 
Cp,o~o

(Tad — ‘Pref) (Cl )

When there is heat loss from the flame,

Heat Sensible Sensible Heat radiated Heat radiated Heat convected
generated + heat in heat out + to chamber + to burner + to burner

or

~~Rx~k’O 
+ ~~ 

Cp,jnfljn (Tin — Tref) - Y cp,0n0(Tf — Tref) + AfCfO (Tf
4 - T~

4)

+ Abtf l(Tf4 - Tb4) + hAb (Tf — 1’,,) (C2)

Equating equations (C’) and ((‘2), collecting terms, neglecting T
~
4 and Tb4

relative to ‘Ff4, and approximating ‘Pb by Tin, gives

~~ Cp~~fl~ (T~~ — ‘r f ) (Af + Ab)CfClTf
4 + hAb(Tf — ‘P in ) ((‘3)

The term ~ ~p,o~o 
was evaluated for a (‘02 and N2 mixture resulting from the

stoichioinetric combustion of CO and air and from the known flow rate for CO.
The quantities Af and Ab were obtained from measurements of the external
boundaries of the luminous zones in the color photographs in figure 4 and are
shown plotted In figures 16 and 17 . The emissivity c~ was obtained using the
method of reference 25. For this purpose, the luminous zones in figure 4 were
taken to consist of a (‘02 and N2 mixture resulting from the stoichiometric coin—

• bustlon of CO and air , the radiation path length L was obtained from measure-
ments of the thickness of these luminous zones In the upper part of the flames
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APPEND IX C

(L Is shown plotted in fig. 18), and correct ions  for pressure broadening
of the (‘02 bands were made by employ ing correction factors obtained from
reference 25.

At 1 atm, where T~ is known from direct thermocouple measurement ,
equation ((‘3) was solved for the heat—transfer coefficient h, 9iving
0.362 cat/cm2—m in—I ( for the ‘46—seem CO flame, and 0.331 cal/cm 1—mi n— K for
the 73—seem (‘0 flame. Because the heat—transfer coefficient is a function
of the mass flow rate, the var ious transport properties of the gases, and the
geometry of the burner , and because these are largely invariant with pressure ,
these ca lcu la ted  hea t - tr a r . sfe r  coef f i c ien t s  are taken to he applicable at a l l
pressures. This procedure, ther , allows the solution of equation ((‘3) for T~’
at all other pressures. The resulting temperature curves are shown plotted in
figure 8. BecauSe of the extensive calculations and necessary approximations
Involved in obtaining these temperature curves, they must be considered approx—
m ate; nevertheless, they are believed to represent a fairly reasonable trend
of flame temperature with ~ncreasing pressure.
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APPENDIX D

ESTIMATION OF THEORETICAL CO REACTION RATES

Howard , Will iam s, and Fine ( re f .  7) give for the global rate of oxidation
of CO to form (‘02, in the presence of water vapor

rG = 1 .3 x 10 14 e~~sO98tr (Dl)

In a diffus ion flame, combustion within the flame zone may reasonably be
assumed to occur at an overall average equivalence ratio 4) 1 ; hence, for
the present CO—air flames, the initial composition can be taken to be

XCO = 0.296

x02 
0.148 

-

XN2
= O.5S6

Hydrogen is almost always present in small concentrations because of vir tually
unavoidable contamination with water vapor, or by intentional addition. For - I

most of the experimental runs, the CO cylinder with 99.3 ppm H2 was used since
no difference in results was observed between this concentration and the lower
concentration of 10 ppm H2 in the second cylinder. Therefore, for purposes of
estimating the theoretical CO combustion rates, the concentration in the fuel
gas was taken to be approximately 100 ppm or xH2 - l0~~. In a stoichiometric
mixture of CO fuel and air , this gives

X H2 
= 2.96 x

Taking XH2O xH2, and substituting the given values of mole fractions into

equation (Dl ) at P — Tf ,  the rate curves labeled rG in figure 10(a) are
obtained.

Several other expr essions for the global r ate of ox idat ion of CO also
appear in the literature. (See, for instance, refs. 26 to 29.) For the same

flame condi t ions, these expressions predict rates from as much as 6— times the

rG values in figure 10(a) to as low as 1/5 these values, and some have somewhat
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APPENDIX D

different temperature dependencies. The rate expression of Howard, Williams,
and Fine (ref. 7) was selected here because it is more recent and because it is
based on more extensive data. In addition, it predicts rates which are reason-
able averages of those predicted by the other rate expressions.

An alternate estimate of the rate of combustion of CO can be obtained from
the elementary reaction steps

CO+OH -i. CO2 + H  (D2)

CO+02 .C02 + O  (D3)

C O + O + M ÷ c 02 +M  (D4)

The reaction rate constants k1 associated with these reactions are (ref. 8)

k2 = 4 x i012 e 4026/’P

k3 = 1 .6 x 1 ~1 ~ e 20634t1’

k 4 = 6 x 1 0 13

with consistent units in moles, cm3, and sec. Reaction rates r2, r3, and r4
associated with reactions (D2) to (D4) were evaluated for both the 1 46—sccm CO
flame and the 73—sccm CO flame as follows. The hydroxyl radical and oxygen—atom
concentrations for use in reactions (D2) and (D4) were determined for equilib—
riuin conditions at T = Tf and for an equivalence ratio of hydrogen appropri-
ate to the present system of 100 ppm 112 in the CO fuel, = i0 4 (i.e.,

when the fuel is taken to be at an overall average 4) of unity with respect to
air). The results were then scaled for x02 = 0.148 in the flame. The rate

r3 was calculated using the mole fractions for (‘0 and 02 given earlier. Com-
parison of these calculated rates showed that E4 << r~ , and r2 is roughly
10 percent of r3 for the 1 46—sccm CO flame, and roughly 2 percent of r3 for
the 73—sccm CO flame. Hence, a rough estimate of the theoretical reaction
rates for CO can be written

Vp = V2 + r3

where, for the 1 46—sccm C)) flame, rp 1.1r3, and for the 73—sccm C)) flame,
l .02r3. These rates were calculated at T = Tf and 

~ 
= 1 and are

plotted in figure 10(a). The close agreement between rT and r~ for each
of the two CO flow rates lends confidence that these rate predictions are of
the proper order of magnitude.
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APPENDIX E

ESTIMA’IION OF DIFFUSION RATES

To estimate the rate of diffusion of CO from the core of the flame into
the reaction zone, Fick’s law can be written as

S 

dCCO
3 - -D —

d~

where

+
3 d i f f u s l o n a l f l u x  of CO -~ -

.

D d i f f u sion coef f i c i e nt for CO (taken as CO into N2) —

dCCO
concentration gradient

Expressing C~~ in terms of xCO by the perfect gas law, and writing the con-
centration gradient in f i n i t e  d i f fe rence  form , there result s

p [( xCO) core — 
(X CO ) edgel

_ _ _ _ _

where the subscripts “core ” and “edge” refer to the inner and outer edges of
the flame zone, respectively, and L Is the thickness of the flame zone (the
same as the radiation path length in appendix C). Taking (xCO)core 1 and
(XCO)edge = 0, and writing the diffusional flux as a volumetric diffusional
rate r D using the thickness of the flame zone to define the d i f fun l ona l
volume, there is obtained

+3 pD
r~ 

—

L R’rfL2

Values for D were calculated using the method of Hirschfelder as described in
reference ~3, and L was taken from figure 18.
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APPENDIX P

ESTIMATION OF OXYGEN-ATOM CONCENTRATION

In the combustion system of CO and air , the primary reactions Involving
oxygen atoms are (see, for instance, ref. B)

C O + O 2~~~ CO2 + O  (Fl )

C O + O + M4 C 0 2 + M  (F2)

02 + M 20+M (F3)

O # N 2~~~N O + N  (F4)

N + O 2~~~N O + O  (F5)

The reaction rate constants k~ , in u n i t s  of moles , cm3, and sec, for these
reactions are given by

— 1 .6 x iQ ’3 e 206341’P

k2 = 6 x  1013

from reference 8, and by

k3 — 3.56 x 1018 e 593861’P

k3r 1 x 1014

S 

k4 = 1 .36 ~ 1&4  e 379 471’P 4
k5 — 6.4 ~ ~~~ 

,~~—3l45/T

from reference 9, where all rate constants are for the forward reaction as .

~~

written, except the rate constant designated with a superscript r, which is - ‘

for the reverse reaction. Since (‘02 and NO are stable reaction products which
exit the flame zone, only the forward rates of reactions (Fl), (P2), (P4),
and (F5) are cons idered; hut since oxygen atoms are not a stable reaction
product, the reverse rate of reaction (P3) is considered in addition to its

S forward rate. ~sploying a steady—state assumption for oxygen atoms in the
flame , the rate of production of oxygen atoms Is set equal to the rate of
destruction of oxygen atoms. This equal i ty can be expressed In terms of the
rates of reactions (Fl ) to (PS) as

2: ~~~~~~~~~~~~~~



APPENDIX F

+ 2r3 + r5 — r2 + 2r3r + r~ (P6)

where all rates r stand for the forward rates of the reactions as written,
except the rate with the superscr ipt r, which designates the reverse reaction.
An order of magnitude analysis of equation (P6) for temperatures between 1 600 K
and 2200 K, for all pressures between 1 and 50 atm, and for mole fractions

— 0.296, x02 — 0.148, xN2 
— 0.556, with xM — 1 .000, and with the assump-

tion that atomic nitrogen Is in equilibr ium with molecular nitrogen. indicates
that

> ‘ 2r3

~ r5

r2 — O(2r3r) for high oxygen—atom concentrations

r2 ~~
‘ r4

Hence, to a reasonable approximation at all temperatures and pressures in the
flame,

r1 r2 + 2r 3 r (P7)

Substitution of the appropriate rate expressions into equation (P7) permIts  a
solution for the steady-state concentration of oxygen atoms. Tn terms of mole
fractions, this concentration (5

T 
1/2

O.lSX~yj + (O.0225x~o + 6.565 — ~~2O634/T xCOxO2) 
(P8)

Taking xCO = 0.296 and x02 — 0.148, this simplifies to

/ \l /2
= —0.0444 + ( 1 .971 “ 10 3 + 0.2876 — e 20634/T ) (P9)

p /

where the subscr ipt ss is appended to designate that this oxygen—atom concen-
tration Is not an experimentally determined value, but Is Instead an estimated
value derived from the present steady-state analysis. It should be pointed out
that since the reverse of reaction (Pt ) was neglected In the analysis, the val-
ues of x0 ~~ 

obtained from equation (P9) probably represent an upper limit
for x0 which might be expected in the flame. The (P2) reverse reaction,
which produces oxygen atoms, was also neglected ; hut because this reaction Is
highly improbable, its contribution to the concentration of oxygen atoms is
insignificant. Values of x0,55 evaluated from equation (P9) at the appropri—

i stoichate values of T~ and p, are plotted in figure 12 as xo,s~,Ixo,pq
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