


THE FORMATION OF NITRIC OXIDE IN DISTILLATE OIL

FLAMES ~ PREDICTION AND MEASUREMENT

by

T. D. Brown* and F. D. Friedrich#*

ABSTRACT

A simple mathematical model of nitric oxide formation from both -
atmospheric and fuel nitrogen shows that NO formation reaches a peak as
excess alr is increased from stoichiometric to about 67, then declines as

excess air is increased further.

This does not agree with measured data from large combustion

systems, which show that NO formation increases monotonously with increasing

excess air.
W

Data obtained from a pilot-scale furnace operated at various
aerodynamic conditions with three distillate oils confirm the trend of the
model's predictions, and indicate that the discrepancies with data from large

systems are due to differences in intimacy of fuel-air mixing.

*

Research Scientist, Canadian Combustion Research Laboratory, Energy Research
Laboratories, Canada Centre for Mineral and Energy Technology, Department of
Energy, Mines and Resources, Ottawa, Canada.
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reactor with the temperature-time history profile illustrated in Figure 1

g
!

and a mechanism based on the Zeldovich mechanism(é) but incorporating

additional terms to assess the importance  of the fuel nitrogen. The rate

[ 4 B

.

1

i

|

expression (Equation 1) used activation energies and rate constants derived L
|

from the study of Bartok(s) for the reactions of atmospheric nitrogen; the

values used in the fuel nitrogen oxidation reactions were based on the studies

(6)

of de Soete . To establish the conversion of fuel nitrogen to nitric oxide °

[l

it was necessary to postulate both a reaction of fuel'nitrogen'which producedi

nitric oxide and a reaction which produced molecular nitrogen. {
o 1
- ‘ !
R 16
/=~ ADIABATIC FLAME TEMPERATURE ) l"
! L7
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Figure 1. The temperature-time profile assumed in the :
. kinetic model.
The reaction sequences that were studied can be summarized:
* . \
N2 T N + N
Atmospheric 02 * 0 + O N
Nitrogen : ) N 4 0 * NO+ N
0 * N2 > NO+ O )
Fuel Ng + 0 - NO ‘1
Nitrogen Ng + N > N2 5D
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The Effect of Excess Air Level

i i

-

Figure 2 shows the yield of nitric oxide as a function of excess -

* air level as predicted by the model for a nitrogen-free fuel. The curve

nr o ey o v
§ Y

. shown is for a system using combustion air preheated to 200°C; other results

from the model indicate that ﬁreheat teméerature has only a modest influence s

‘on the total yield of nitric oxide. The dominant feature of the curve is the:
pronounced peak in nitric oxide yield which occurs at about 67 excess air.

': Presumably at lower levels of éxcess'éir, nitric oxide formation is inﬁiBitéd;f

I)Iby lack of oxygen even though the adiabatic flame temperature increases. At'ii

ia higher levels of excess air,.nitric oxide yields are reduced due to the lower i

i5 levels of flame temperature. .. . : 5
135 . . . ) %
1 . . . ) . . "7
® - - . - ' 3
1000, o
780 ,_
3
; : 4
- w g
Z s00 =
£ I
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\ - - - — —— 3 - —— -~ /3 3 N
Figure 2. The effect of excess air on NO concentration for a
nitrogen-free fuel, as predicted by the kinetic model.
Air preheat temperature = 200°C. : : o
]
The Effect of Fuel Nitrogen i
figure 3 shows the yield of nitric oxide as a function of excess air
level as predicted by the model for fuels of differing nitrogen content. The ;
curves are closely similar in shape and retain the dominant feature of a .
- maximum nitric oxide yield at approximately 6% excess air. The increase in :
s 4

nitric oxide yield appears to bear a linear relationship with fuel nitrogen

o
i

[<IIE]

content and increases further with increasing excess air leve;.
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_'a refractory combustion chamber, Wasser and Berkau
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Figure 4. The effect of flame temperature on NO concentration i
for fuels of different nitrogen content, as predicted e
by the kinetic model. Air preheat temperature = 200°C.
Excess alr level = 67 21

MEASURED LEVELS OF NITROGEN OXIDES FROM PILOT SCALE EXPERIMENTS

Using a pilot-scale system burning nitrogen-free distillate oil in

(7 -

studied the effects of

+  combustion air swirl, firing rate, and excess air on NO formation. By means

n

of a tracer technique which determines :residence time, the authors: were ‘able

1
to relate NO concentration to combustion intensity. For a given fuel imput, -

. increasing excess air from 25% to 45% reduced NO formation substantially, but. .

-

not as much as the authors had expected from considering the effect on

adiabatic flame temperature. They concluded, significantly, that the local = _.

- air-fuel ratio in the vicinity of burning droplets is critical in the forma-

" tion of NO, and can be far different from the overall wvalue. -

- excess air level of 5% and that this maximum persisted at mass recirculation

(8)

Halstead, Watson and Munro demonstrated in a 130 kWh natural gas

fired system that a maximum occurred in the nitric oxide concentration at an

3
ratios up to 20% and water injection ratios up to 10%Z by weight. : 4
: : R
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Figure 6. The effect of excess air level on nitric oxide i
emissions in a tangential-fired lignite-burning” 25
boiler. (After Winship and Brodeur.) RO
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The second and third of these conclusions are in agreement with the
predictions of the simple model; the first conglusion however does not
substantiate the conclusions derived from the model. This conflict between

the predictions of the model and field experiénce is also further complicated

(7 (8)

by the fact that pilot scale experiments do substantiate the predictions
of the model. It is apparent therefore that the model, whilst offering some -
guide to field experience, does not exﬁlain the effect of the simélest combustion
variable. The agreement of the model results with pilot scale experiments
indicates that the discrepancy between the model and field practice is due to
a factor which has been introduced as a consequence of either design changes

or scale (or a combination of both).
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The Experimental Combustion System

The expefimental program was carried out using the CCRL tunnel furnace,
which is a combustion research facility consisting of a cylindrical chamber,
1 metre in diameter and 4.25 metres long with liquid-cooled walls(ll). The
tunnel furnace has a design firing rate of two million Btu/hr, equivalent to
about 12 Igph of No. 2 furnace oil. Unfortunately, in this capacity range the’
selection of commercial burners‘is rathef'limited. In addition to the reqﬁire—
ment of high'mixing intensity, it was necessary that the burner be capable of
oﬁe;ating at low excess air, preferably less than 17 02 in the flue gas, to
permit study of the region where'the model indicated a peak in NO concentration.
These were stringent requirements and it was eventually concluded that they |

could only be met by deéigning and building a burner for the application.

Largely on an empirical basis, a burner was developed employing
conventional pressure-jet atomizing, but splitting the combustion air into

primary and secondary streams(lz)

. The air streams were co-axial with the oil
nozzle, both were swirled, and the primary air had a fairly high axial velocity.
The burner was coupled to a small refractory-lined combystion chamber, shaped ’

to encourage internal flue gas recirculation.

Preliminary combustion trials led to some minor modifications of the
burner, and demonstrated some interesting characteristics. With respect to NO
emission and low excess air capability, the following burner variables were
found to have considerable influence: '

R

1.“ The quantity of‘primary air.

2, The amount of primary air swirl, as controlled by the lead

angle of the primary swirl head.

3, The amount of secondary air swirl, as controlled by the

adjustment of the swirl vanes.

4. The spray angle and spray pattern of the fuel nozzle.
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Concerning fuel-source nitrogen, it was felt that the fuels used,
albeit different in nitrogen contenf, should be similar in anaiysis and
distillation range. Thus, differences in NO froduction would be convincingly
tied to fuel-source nitrogen. However, since No. 2 fuel oils having substantially
different nitrogen contents are not readily obtained, it was decided that two
fuels would be enough. These were designated’Fuels'A and B.

In order to be certain of carrying out some tests with a fuel
t

having a substantially higher nitrogen content, 5 1b of pyridine (CsH5N)

were mixed with approximately 80 gal of Fuel B. In this way nitrogen was

3

increased by about 1250 ppm. This mixture is subsequently referred to as Fuel BX.

€ -
P

Experimental Procedures - ' . i

=

The equipment used in the research program has already been mentioned,

and is described in detail elsewhere(ll). For the combustion trials, the

combustion chamber was fastened to the front end of the CCRL tumnel furnace, B
and the burner was mounted on the combustion chamber. Primary and secondary
air were supplied by the same high-pressure blower, each flow being separately
controlled. Water manometers\provided relative indications qf the flow rates.'
The flow rate of prim;ry air was furthermore measured by a rotameter. Fuel :
oil was supplied to the burner gun by a small gear pump. O0il flow rate was
measured by a rotameter, and varied by adjusting a pressure relief valve on

the pump discharge. : ' 5

The flue gas was continuously monitored fér 02, CO2, CO and NOx.
Gas sapples were drawn from the centreline of the tunnel furnace, ten feet -
from the combustion chamber exit. ' At this point-the combustion process was
complete; and the resulting prodﬁcts could be assumed to be well mixed. The

sample for the NOy analyzer was drawn through a water-cooled stainless steel

probe to avoid further reaction b& éatalyéis. _ -
To carry out a test, the procedure was generally as follows: the
4]

)

T

burner was equipped as desired with respect to fuel, nozzle and swirl head,

'the combustion air blower and the fuel pump were turned on, and the burner was -

ignited. Fuel, primary air and.secondary air were then adjusted to the desired
146
constant concentration of NO in the flue gas was taken as an indication that

flow rates, and the system was allowed to stabilize for 30 to 45 minutes. A

the combustion chamber had reached thermal equilibrium. = - :fza
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In addition a series of experiments were carried out using Fuel A .’

in which the primary air swirler was replaced with a simple locating spider

to centralize the oil nozzle thus giving an unswirled primary air flow. The
results for three levels of primary are shown in Figure 10. 5
£
7
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Figure 10. ' Concentration of NO vs 02 in the flue gas for Fuel A N

fired at 12 Igph through a Monarch 30° HV nozzle. N
Primary air was unswirled. The dashed line shows the e
CO threshold of 25 ppm. ' ’

[
<h

+ 53 cfm primary air

' from the pattern predicted in Figures 2 and 3. - } I8

—

° 35 cfm primary air o

L 5

x 17 cfm primary air ;;

' —-.u
30

Comparison of the Experimental Data With the Kinetic Mbdel 32
. ' 33

The Effect of Excess Air 34

The results of all tests in which fifing rate was held constant
convincingly support the model. All the curves in Figures 7, 8, and 9 show -
g

9

heat

either a peak or plateau.at low excess air, and a decline as excess air
increases. Beyond this, the agreement between predicted and measured values

is qualitative only. Some curves, generally those representing.high primary -i
N

air, do not show a peak, only a region of constant NO concentration at excess
air levéls below 17 02. Other peaks vary in location and definition but :4
generally occur between 0.5 and 2.57 02. The slope of the decline also varies -
from curve to curve. Thus, in detail, the measured curves vary considerably .4?
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The formulation of the model permits fuel nitrogen to convert'eitheff f
to NO or N2. The gkpéﬁiﬁenéal reéﬁingéﬁbw high;f percentages of :j*mn ] ;m:]
~ conversion than the model predicts, but both show similar trends of increased ' =
conversion with increasing excess air. ' 33 g
i -
THE EFFECT OF MIXING ON NITRIC OXIDE FORMATION s

36
. . . ‘ : e
The results of the present experiments provide strong circumstantia

evidence that mixing intensity plays a major role in the formation of NO. To
define "mixing intensity" in precise terms would require delving into the
theory of turbulence for parameters which cannot be measured in a flame.

However, some qualitative statements can be made.
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increased oxygen and mixing power, overwhelm the increased dilutiom effect,

- 22 -

-

Nob

lowest NO concentrations in the entire research progfam were obtained with
unswirled primary air. The same conditions also produced the least '
satisfactory flames. Poor mixing should not be considered a suitable route .

to low NO emissions.

The Nitric Oxide Concentration Peak As a Mixing Indicator

H
o
i3

These experiments suggest yet another aspéct of the effects of

mixing on NO concentration. We have already discussed how a poorly~mixed i?
flame can inhibit NO formation by permitting only a small part of the fuel 2
and air to approach the flame temperature theoretically possible. The large }3
. flame envelope produced at low excess air by a burnmer with poor mixing ’;E

For' poorly-mixed flames, then, it follows that as excess air is 13
1

increased, NO concentration is likely to increase. The increased mass flow,

resulting in generally higher temperature levels. Since intimate mixing is .

more difficult to achieve as burner size is increased, this probably explainswl'

why results from large combustion systems generally show an increase in NO

concentration with increasing excess air.

It is clear that ultimately NO concentration must decrease as excess

air continues to increase, and the point at which NO concentration reaches a

peak is perhaps a good indication of mixing intensity. R 30
. 31

: With respect to the last comment, these experimental results show -~

a significant trend. Generally, though not invariably, as primary air is ;;
W : -3

decreased and consequently mixing intensity is decreased, the peak in NO - ;4
concentration shifts to the right. . For unswirled primary air, mixing
intensity decreases as primary air increases, and as migﬁt be expected, the

NO peak shifts to the right as primary air flow increases.

1711 CONCLUSIONS

The experimental results support the most significant prediction
of the model, i.e., that NO concentration in the flue gas should reach a
peak at a low level of excess air, and then decline monotonously as excess

air increases.

1 HSQUOd ANY

HSICIRCR

P T I

\
)

ATING AJGD NOUMA Y WiHL 2

vl s, ™Y

Ttsrvee

E7T 1] OTUINYE L ¥ Yy

1+Li”t 1 ¥

%4






eF

-

e D o~

11.

12.

13.

- 2w

Wasser, J. H. and Berkau, E. E., "Combustion Intensity Relationship to

-
Air Pollution Emission From a Model Combustion System'. Air Pollution '

and Its Control Symposium Series 126, Vol. 68, p. 39 American Institute gf
B
of Chemical Engineers 1972. : h
Halstead, C. Watson, C. and Munro, J., "Nitrogen Oxides Control in Gas
Fired Systems Using Flue Gas Recirculation and Water Injection". Paper
10
to the IGT/AGA Conference on Natural Gas Research and Technology. 1j
Atlanta, Georgia, June 1972. ;;
: {
. %
Winship, D. and Brodeur, P.W., "Control of NOy Emissions in Pulverized >
[

Coal Fired Units". Paper to the Canadian Electrical Association Thermal

and Nuclear Power Meeting. Calgary, Alberta. September 1972. 15
-

Rawdon, A. H. and Johnson, S. A., "Application of NOyx Control Technology

to Power Boilers". Presented at the American Power Conference, May 1973.°
: 20

Friedrich, F. D. et al "The CCRL Tunnel Furnace; Design and Application. !

~

Second Members Conference, The International Flame Research Foundation,
Ijomuiden, Holland. May 1971.

z-
Friedrich, F. D. "Formation of Nitric Oxide in Diéfillate 0il Flames". q;
MSc Thesis, Queen's University, 1973. ' o
Steffenson, R. J., Agnew, j. T. and Olsen, R. A., "rables for Adi;batic.‘fi
Gas Temperature and Equilibrium Composition of Six Hydrocarbons". )
Engineering Extension Series No. 122. Purdue University, Lafayette, ji
‘Indiana, U.S.A. S .

-

LES N 5 BRIV
Wi ta

Pl

FE RNV ]

oy
- .

9 -

ATIRO AJOD NOHAVDY Alre o0 SKQL AT ASCHGd ARY

T o L TTENY

A YYT P

11 v

LT Rt EAT Pl ™t

- v,

e o fPNY A T -



