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FABSTRACT

This veport aims at  clarifying the questions raised by én
industrial furnace or boiler user curvently uscing fueli-oil or
LPE and considering switching to  natural pas. The issues of
changes of performnance and pollutant ewmission are addressed.
These are accompliched by a two~fold study: & literature survey
and discussion of nitrous oxides formationy a stady from first
principles supported by a literature survey of a radiative
enclasure analysis relevant te furnace and boiler applications.
The latter presentation aiwms at clarifying the differences
between a wixture composed of spectral gases and socot, and a

mixture of only spectral gases.

A main gquestion beiny asked is: Can  the strongly spectral
products of combustion of natural gas be analyzed without
recourse to  full spectral radiation anmalysis? The answer being
fyes," a sinplified wodel iy developed and wvalidated by
tomparisen to results found in the literature. Sowe illustrative
cases are presented and a program manual is inciuded. Tfypically,
the prograu takes.an the order -of a few minutes to vrun on a
desk—-top - computer. The prograo is intended for industrial
furnace and Boiler owners Le use 4s & preliminary assessuent of
performnance changes if they were to switch frem their current

fuel to natural gas.

Rapporten &r bestdlld av Mats Johansson, Swedegas, och ingdr i

Swedegas FUD-progran fér 1988.
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CHARTER 1: GEWNERAL CONBIDERATIONS

In fthe way of antroduction and foar the cake of completion we
wilil present wany features of natural 'gas which nmake 1t a very
atitvractive and cowpetitive fuel in today’s market. The stage has been

set, for the widespread use of natural gas, awonpgst other veasons, by:

v the steady increaszing price of rossil fuelsy
8 the attenpt oY governments tp diversify their energy sources;
a  the esmphasis of society on pollution reduction; and

s the deewphatis on nuclear power.

ihis conjuncture aopened the skage for new Tuel alternatives.
Natural gas has become & priwe candidate in Europe, and Scandinavia

specifically, because:

» vyast reserves of the Tuel from various countries have been
discevered, Ruhrgas Aktiengesellschaftt {1984)8;

« it is considered a "clean fuel;”

s it is considered a versatile fuel for stationary
applicationsy and

v experience for its widespread wuse can be gathered from the
USA and  more recently, late 1960s, from England, see British
Gas {1588).

A range of industrial applicaticens have been cited for natural
gas, Chaignon and Breney {1987 and Svenshka Gasfdreningen (1986},

Farticular advantages of this fyel are:

8 All references ave listed in REFERENCES 1 by author (year);
references relating specifically to NOyy; Chapter 2, are listed
in REFERENCES =2,

ey



« contains no fuel bound mnitrogen, therefore no fuel-NO; is
produced;

$ has low sulfur contonty

* possesses Qood wmining characteristics resulting in low air
concsusption, which in turn resuits in  reduced fan power and
in reduced MO, emissions;

* delivers even radiative Flux tu lpad-——radiation not
eoncentrated in flame;

i low concentration of soot and suspended solids weans low
maintenance costs, elimination of fFiltering/salids recevery
equiprent, ete; and

v where applicable, refractory lining life is extended because

of the low sulfur coantent.

It ic only natuwral that with the potential supply of the gas
fields in the Netherlands, Denmark, Norway, and the availability of
Boviet natural gas, the interest in the conversion and optimization
of old oil-fired units and the introduction of new single and dual-
fuel furpaces is on the agenda. The conversion of pil-fired furnaces
and hoilers to natural gas firing has been cavered relatively well in
the literatwre. In Europe, this has occurred due to the introduction
of natural gas, for example, in Britain in the 1960s’. As a result
auch thepretical work was done in the late 60s' and early 705 in
this area: Midlands Reecearch $5Station, owned by British Gas, the
International Flame Research Foundation, in the Wetherlands, and
others in the United States, Cermany, and mavre recently in Japan have

. contributed for clarifying the differences between the two fuels.

We will concern ourselves in this paper with the technical
aspects of fuel perfermanc? as far as heat transfer and furnace
perfornance. The rather interestiny econowie, environmental, and
geopolitical acpects, which are a must for a complete cowparison of
the twe fuels, will not be covered. From these nontechnical concerns

alone indicate natural pas is indeed a good alternative to fuel-oil.

Y]



From the paint of wview of the furnace oawner though, the question of

theraal performance arises and will be addressed in this paper.

The important differences in perforkance relate to the impact on
furnaece efficiency and on furnace rapacity. These concerns naturally
arise because, firstly, it is known that the radiation ewitfed by a
luminous flawme, e.g., thalt of heavy o0il, is higher than that emitted
by a nonluminous one, e.g4., that of natural pasjy secondly, wmuch
uperatiﬁg gxperience lvas been accumulated on fuel-oil Furnace
aperation. 1t wmust be ciearly explained to the furnace owner that a
performance cowparisen of the two fuels is inadeqguate if kept only to
this "visible" difference. It is iwportant to peint out that the
flame is only ene part of the total cosbustion/heat {ransfer

envirenment in the furnace chawmber.

A comparison of Lhe twu'fuels, then, must address the following

differences:

1. Luminouns versus nonluminous flames;

2. Spectral characteristics af the products of combustieny
3. Partial prescures of radiating gases;

4., Excess air reguirements;

8. Flame temperatures; and

Impact of convection and wall radiation.

These items will be addressed in this report. In accordance with

Swedegas AB, the goals of the project are:

1. Treatment of WO, fermation dwring the combustion of natural
gas and oil, and to a sualler extent of propane. This will
inelude a literatwre swrvey and a discussion of published and

vnpublished findings in this area.

. Development of the theoretical difrerences between natural

gas-fired and oil~Tired industrial furnaces in the areas of

4



capacity, efficiency, and related topics. This discussion
will include a literatuwre search of relevant wmaterial and
‘dwell specifically on the radiative modeling of ane fuel
versus another and take special account of the $reatwent of
the spectral radiative differences between thes. In this

light, it will cover lusinous versus nonluminous flames.

3. Delivery of a user—friendly mathematical wmodel to Swedegas
which can be easily yun on a personal cosputer. This model
will rcover an  induyctrial  furnace or boiler of cimple
geometry; it will account in a simple but accurate manner for
the effects of spectral radiation in the Ffurnacej within
certain bounds, the user can specify the geometry, the fuel
type, and some operating conditions as te enable the
perfarwance cowmparison between one fuel and another. Some
validation of this mﬁdel by comparison with published data

will be made.

This Pebuvt is argani#ed at follows. Chapter 2 covers the
literature and discusces the formation eof nitrous oxides in
combustion, The vreferences for this chapter are listed separately
from all others for clarity in References &, Chapter 3 covers furnace
modeling and associated review of the literature. Chapter 4 details

the development of the wodel and its wvalidation and application.
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CHOPTEE 20 tlly, FORMATION

2.1 BACKGROUND

the generic sysbolism vepretented by the term nitrous oxides,
MOy, refers to a whale group of N-0 cowpeunds, moestiy ND and NOg, but
alse WUy, NaBGy, NeDO., Mzg0;. Duwring a cowmbustion process, in the
presence of relatively high temperatures atowie, nitrogen is combined

a~

with atowic oxygen te furs for the wost part nitrogen nonoxide, NG3——
about 904 of all nitrows oxides Toreed. Eventually this gas is
further oxidized to NO; by residual oxidants in the flue gas (o in a

sampling prebe!) and after discharge inte the atmosphere.

The souwrces of MO, can ucually be traced to the  combustion of
soume fossil fuel. With the wore intense exploitation of other
alternate fuels, such as biomass, we can expect an increased
contribution frowm thew teo. The sources can also be categorized as
statioanary or as wobile. Exauples of stationary sauvces of nitrous
oKides are power plants, industrial plants, and we rcannot ferget
other sources such as the indoor poiluters 1ike fthe unvented space
heater. The automobile is the typical exauwple of & mobile source. The
automobile emits the most nitrows oxides followed by uwtility power
boilers, Nutcher (1984).

It ie¢ not a doubt anywmore that nitrous oxides are serious
pollutants. Typically, MO ¥frow combustion reacts with atoemic oxygen
in the atwmosphere to produce NO;. WNJ; can then undergo photochemical
decomposition to atemic and wolecular vxyygen which will eventually
forwm ozone, OUy. The problens resulting from ozone in the atmosphere
are now censidered very important. But on a more visible and pressing
scale, the ezone reacts with unburned hydrocarbons, especially those
unsaturated, forming wultiple bonds with the carbon. The resulting

mess is known as 'cwog.' Smeyg, of course, reduces visibility,



irritates the eyes and the respiratory organs; and causes forest

damage.

As a result, regulations have been put intoe effect by
governmental bodies to aweliorate LChe situation. Dacey (1985}, for
example, gives some Tigures for thece environwentally acceptable

linits from stationary sources:

MOy {(mg/m3)
coal oil Natural Bas

Country—year

usn~78 I 757 460 318
Euro. Comm.-75[800/400 450/220  350/180

In some problem areas such as  in New York Lity, special laws have
been promulgated. For exanple in 1971: 150 ppa for ail and 130 ppn

natural gas, at 10% air, became the adopted emission limits.

2.2 CHEMICAL/KINETIC ASFECTS OF WOy FORMATION

Because NOy is made of nitirogen and oxygen atoms, it is obvious
that to start with we need both elements present in the combustion
zone. Nitvous oxide formation can then be classified as to the source

of the nitrogen atons:

Molecular N (Ne): Air-NO
N chemically bound bto fuel (EyHyN): Fuel-NO

2.2.1 Air-NO

Unbound nitvoegen can cosbine with oxygen through two main
gechanisms: thermal-NO and prowpt-NO. In therwal-NO the factors of
gajor influence are: the flane temperature, the oxygen availability,
and the residence tiwe in the cowbustion region. Prompt-NO is
basically the name given to the reactions not desoribed by the

Zeldovich Mechanism of thermal-ND. Early in the flame front, and by a
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process still not well understood, where O concentration is low, &
small amount of ND was experimentally weaswed to be formed, Fenimore
{1971). In this¢ region, classical formation reactions are too slow to
predict any NG formgtion. The proecess is believed to  involve

reactions of Na with fuel fragwents mainly through, Carete (1978),

CH + Ng €7 HCN + i

The cyanide interwediave, Throwgh reactions akin to those of fuel-NDO,

resylts in MND:

N+ OH (-~ NO + H

Proppt-NO forme well down stream of the flame and at temperatures
below 1300°C so it is not very temperature dependent as opposed to

thevrmal-ND which is dispussed next.

Theraal-NG is formed as a result of high-temperatures and so it
is strongly temperature-dependent. Downstream fron the flane, ND
formation is well correlated by the classical reactions of Zeldevich

and Semenov {1949);

Mg + 0 {3} NO + N (rate deterwmining step)
N+ G (—) NGB + D

Ne + e {—3} 2ND

Notice the chain wmechanizm of the two above reactions: the flame

provides two conditions for NO formation:

¢ the tesperature, i.e., the activation enerpgy, and

a the reactions for chain formation of MNO.

The final amount of NO produced actually depends on much wmore

than the highest temperature reached during combustion. It is also a

8



function of both the fime il is exposed to these temperatures and of
the oxygen concentration. UOF tiwe, sipce if the NO formation were as
fast as the combustion reaction the WNO would follow the equilibrium
concentration corresponding to the highest tesperatwe (the first
reaction above 1s much slower than combustion reactiens except at
high teuperatwes). As it ic¢, 1% lags and forms well into the posi

flame region.

Figures 1 through 3 taken from the literature illustrate these

points. The longer the gases are exposed to high tewperatures, the

100%
75%
NOx "
(%)
t 50%
1200 1400 1600 1800 2000 2200 -

-+ Temperaturin *C

Figure } N3, formation as a function of temperature; Vaclavinek
(1988).




higher the final NO concentration. Some implicatiens of this behavior

are as follows:

Higher thermal NO; for coal versus oil or asy

2 Larger Turpaces often iwply larger residence time with

resulting itnoveased NOj

¥ Rapid guenching of gases in postflame region will reduce Nj
and

n» Higher teaperatoares for gas flames could result in higher

nitrous oxide production.

A0

] | | f | ] oo
Wl _
PRAMAMMS Nnsbonsas o ai/0; OB, AR OFF

00— - ]
10— ’ —_

160— —]

NO., ppm

10]— ]

an— —]

£6]— —

44 e

TIME o

Figure & Replacing cosbustion alr with Ar/D? eliminates thermal NO

(distillate oil); Fershing et al (1974).
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oo f

2400 L 1 !
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Figure 3 Net concentrations of WO resulting from various time—
tesperature profiles in the presence of 3% Ogj MacKinnon

and Ingeaham (1972).

The graphs of Fig. 4 , taken from Edwards {(1974) qualitatively
describe NO formation. Based on what we know about temperature and
oxygen dependency we show Fig. 5 &lso from Edwards, and conclude that

thermal NO is a strong function of temperature and combustion excess

air.
- HYPER - EQUILIBRIUM
- T MAX,
= -
o / SUB-EQUILIBRIUM
o § / \
=30
Z0

Ny +0 == NO+N
N 40,5 NO+0

"'h.___‘

N\
\
\ EQUILIBRIUM

X(ORt)

Figure 4 Formation of NO as function of time or lengbh of reactor;

Edwards (1974).

11



2. 8,2 FUEL-MNO

Fuel-ND is derived firom the oxidation of fuel fragments which
contain nitrogen atows. In the preflase-preheating zone, organic
nitrogen compounds like MNHy and HRCN  are forwed which are oxidized

very fast--on the samne time seale as the combustion reactions:

Fuel-N —-) HCN --) pH, —-—) NG
=} Mg

Fugl nitrogen can react by either of

BN + 0. —— NO {fuel lean favored}
RN + NO —— N, {(fucl rich Favoyred)

The amount of Fuel-N converted to NO is  known as  the 'NO yield?.
Therefore, the second reaction has a low NO yield. These reactions
are neither very temperatwe dependent, as illustrated in Fig. 6, nor
very axcess air dependent, and so0 it is no surprise that the
reactions leading to fuel-NO zre similar to those leading to prompt-
NO.

1009 3= i

E 1
[N

a |

1 - |

4300 | £ eer I

. B ! = |
F ] =

W I = I

@ | y |

=2 | = 10 |- |
o 3n00 | o
) | o

3 , |

& [ W I

| i % I

- 2500 1 < |

1 2] [

E |

[~ |

z +

LEAN, STHCHIOMETAIG RICH

Figure 3 Relationship of flame temperature and equilibrium nitric

oxide concentration; Edwards (1974).
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Figure & Flawe zonge tiEwpeitature  has  little effect on Tuel-ND

{residual oil in Frf0g); Fershing et al {1974},

2.2.3 THE WHOLE PICTURE AND FURTHER CONSIDERATIONS

Fig. 7 taken from the liferature gives a good summary of the
pathways to N0, during foesil fuel combustion. Fig. B presents in
clear terus the effect of tewprrature and excess air on fuel-NO. For
coal the situation is oven were exireme since the awgunt of fuel-—

bound nitrogen is even higher than for oils.

. . HETEROGEMEQUS
HOMOGENEQUS :-\s PHASE AEACTICHS AEACTIONS
{ ]
MESIDUE
ALR . FUEL 7| {CAABON,
{HZ' 02} DROPLET NITROGEN COUPDUNDS)
o8 7 T
PARTICLE aml- [ OXIDATIZN
L REACTION
{CATALYZEDI
FIXATION VOLATILES
of dy BY {HETEAOCYCLIC !
MYDROCARROY NITROGEN COMPQUNDS) NO -
FRAGHEITS -L CARBOH
. REACTZION
CYAIOGENS .
1EL0VIcH taet, Qi)
HECHANISH b X .
- OXYCTANOGENS ¥, o
ooy, HCD) )

-

ARONIA SPECIES
(¥, MM, WH,, NE,)

Figure 7 Mechanistic pathways of nitrogen oxides Forwabion in fossil

fuzl coubustiaony Farmayan et al (1985},




THEAYAL
a

o | i i
] ] 1 | b 19 20 10 ] 10
EXCESS AR, %

EXCEL MR, 1

Figure 8 fAir-N0 and Fuel-N0: A-—with preheat (277 C) and B-—-no
preheat; Pershing et &t (1974},

We have discussed the basic paramelters leading to NO formation

in cowbustian., But in a rexl Fornace other parameters can be crucial:

s fuel type: next sectiong

» burner nozzle: swirl versus no swirlg

¥ turbulencey

¢ type of furnace:
- wall-fired versus tangentially-fired, Wendt (1980} and
Thamwpson &nd McElray (1985);

N plant size, Hasamen et al {19Bo}:
~ponfinesent, residence time: Akiyama (19H87); and

v daily operation.

2.3 FUELS AND NOy

We saw earlier how esicsion limits vary between fuels and how a
major contributor to NG, ewmission is nitrogen chemically bound to the

fuel:z C¢HyN. In this section we lpook &t NGOy emissions and their

14



relation ta tuel-M Ffar the wailn hydrocarbon fuels. These fuels are in
heavy competition with each other and the pollution each pgenerates is

becominyg one ot the variables influencing their effective cost.

Since fuel-N is5 an impartant variable in 8D« formation——an
overriding one for coal-—we now present soue data on the nitrogen
content of scwe fuels, We chouid wention in passing that "waste

fuels" and biowass can contailn asuch fuel-i.

Natural gas can contain nitrogen but it is  unbound and usually
in guantities less than :.54 by volume; so compared to the Ny in air,
it is a small conbribution to total N. The same low fuel-N content is
true of other "clean" fuels such as refinery gases and light oils.
But heavy pils, crude and coals have a significant amount of fuel-N.
Fer these fuels fuel-NOy dominates over thermal-NO,. So the large
difference in NOy emissions "between these can be traced te the
difference in fuel-d. The fellowing table pives typical values found

in the literature for the weight percentage of fuel-bound nitrogen.

Coal 0i1 Mo, & 0il No. 2
(residual) (distillate)

1.17 0.3 (.03

{aS-1.7) 0.3

{around 1.}

NMatural pgas can result in lower NOy ewission than these fuels

because:

v it pontains pe bound-N -~} no Fuel-NO; and
w it needs lower oxcess alr for efficient cowmbustion ——)} lower

theraal-ND.
On  the other hand, with the higher flawe tesperature wusually

associated with natural gas, a slight inerease in NO, could be

expected. The same can be said for propane.

15



A survey of the literalure has vevealed the typical average

euissions given bitlaw:

i, (ppm?

%0, 270, g/1oy J
coal 8.7 475 290
No. & 5.3 69 151
MNo. & 5.5 120 67
Natuiral Gas 4.8 1359 71
Cato et al {1877

coal 0il gas wood
industrial 1&0 67 59 N d.
utilities 14 u 18 £.5
domestic 16 17 i3 6.9

Havanalugh (1987}

Hasdnen et al (1966) in a study of Scandinavian plants compiled

the results given in Fig. 9.

il
00
peal il
coal
heavy fuef ol

OBNE

nalural gas v

Figure 9 Emissiens frow &sn "average power plant” per unit  of fuel

energy; Hidsdnen et al (1986).
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A recent survey by Vaclavineh (1988) revealed the following

relative emissions, with natural gas being assigned a figure of 1:

Coal Heavy oil Light oil Nat. pas
2.3-1.8 t.4 1.1 1.

Matural gas produces lower averall NOy than the heavier oils of
widespread industrial use. But for light oils, such oil no. 2, the
emicsiong are conparable. Thece lower ewissions of natural gas
conpared with other cowmpetitive fuels 1is reflected in the more
stringent emiscion ligitsz for gas! Dacey (15835) cstates that the
general consensus for the ewission limits are SO-60% that of coal for

o1l, and 30-30% that of coal for natural gas.
2.4 STRATEGIES FDR REDUCTION--NATURAL. GAS CONTRIBUTION
Sedad STRRATEGIES
Theve are fow general ways one can reduce nibrous oxide

emissions from combustion plants:

1. Use the leact pollutant fuel

#* Use natural pas!

it

- Change operating conditions
* Lower execess alir
* Load reduction

% Lower preheat

3. Cowmbustion mediticationg
* Low NO, burners
* Two—stage combustion
#* Three~stage cosbustion (reburning)

# Flue-pas recirculation

17



# Water injection

* Faszt heat resoval Trom flawe

4. Post—coambustion treatsent
# Selective Catailytic (SCR):
The post-flawe yases are passed by & veducing cabtalyst

favoring reactions of the type:

end + Z00 () My + 200
ZNO + ZHy == Mo + 2He0

GNO + E-Hq V=3 El‘jn * EDa + EHQD

To reduce emiscions, an ohvious choice would be to switch to
natural gas firing since we have shown that for industrial
applications 1% is in wost cases the least polluting fuel, Matural
gas can also play a role in option two listed above. In peneral,
following this couwrse ofF vreduction impacts adversely on furnace
efficisncy or capacity. HBuft natuvral gas does work at lower excess airv
without a drop in efficienecy versus other fuels. Even in cases where
other fuels are of chaoice natural gas can still play a role in NO,

reductiaon as we will see next.

Conmbustion modifications are perhaps the most cost-effective
techniques for emizscion reduction, #Haulbetsch et al (1986). The
combustion wodifications apply as well to natural gas as to other
fuels: we can take advantaye of lpw NDy burners and two—stage
casbustion as viable wethods to reduce natural yas emkissians. Furnace
design and location of ihie flase with respect to furnace walls and
load can be done as to increaze the pate of heat removal from the
flame thereby reducing its tesmperature. Sometiumes this is easier to
apconplish for a gaseous Tual than far a liguid fuel. ‘As illustrated
during a wrecent field Crip to BSvenckt S5tal AB, one of the older
preheating furnaces burning oil is operating as depicted in Fig. 10A

below. The wixed droplets of Tuel burn on the refractory

18
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Figure 10 A~0i]l flame; B-Expected gas flawe. Observations from a trip

by the author te Svenskt 5tal RB, Borlinge, 1588.

walls and sometiwes on the steel itself. With a planned switch to
natural gas the situabticn as descoribed in Fig. 10B is expected. The
gas can follow the refractory roof resalting in good heat transfer to
it and reduction of an otherwise quite hot flame teaperature. This
method of using & flat flame, see Chedaille and Koopmans (1973},
{References 1) iz one way of increasing convection from the gas flame

and minimizing NOy.

C. 4.2 STAGED COMBUSTION AWND REBURNING

Because of i%ts iuwportance this cection will bhe separately
devoted to combustien staging and to how natural gas 1s an ideal Fuel

for reburning. Staging, as the nawe implies, divides the combustion

19



process into several reacbive stages. Fig. 11 shows how this is
accomplished. Gtaged aivr injection, alsa Known x5 two—-stage
combustion, can be understood with the help of this figure. By having
cowbustion occur away ¥rom the stoichiemetric point all the fuel can
still be burned while avoiding much of the N0y production. One way
of doing this very compactly is by the use of a low NO; burner. Fig.
12 shows how this type of burper warks. Glarborg et al {(1987) and

Collin and Vaclavinek (1v84) present several types of low-NDy

burners.
_ - SECONDARY]] ... FLUE GAS PROBE
" - AR R . ST
B)
COMBUSTION T

AR paxx

ISTAGE 2
{FUEL LEAN)

Figure 11 Principles of staged cowmbustion; Hadvig €1987).

Figure 12 Low-NG, burner; Chugai Ro Lo. Japan {1988).




For same fuels in which high amounts of N0y are generated (say
an order of magnitude or wore than natural gas) another type of
ctaged combustion becowes advantageous: staged fuel injection, also
known as reburning. Tiiis  particular technigue has been discovered
over 30 years agoj it iz based on NO destruction by hydrocarbons.
This wethod is alse iwportant pecause 1%t opens up the possibility of
having low Oy operation while combustion proceeds at very high
temperatures, such as those demanded by thermophotovoltaics, Felka et

al (1987).

What makes reburning work, Fig. 13, is that fuel added into a
reducing zone (low 0 concentration) consumes the already foramed NO
generated in the previous stage—-NO becowes the fuel oxidant. In a
fugl-rich zone the following NO reduction mechanisms can take place,

Knill (1967),

C+ MO {—) CN + (@

CH + NO {—- HCWN + D ' SULFATION
ZONE

CHes + NO (- HCW + OH

HCN + 0 {~~} Ng + 0

AR URNOUT
20ME

REBURNING
i zone

SYAGE 2 {FUEL RICH)

STAGE 1
(FUEL LEAN)

{ OAMAIN HEAT
RELEASE
zowe

STAGE 3
(FUEL LEAN)

COMBUSTION

AN

Tzrwzavyaw

SECOND&HYﬂ ﬁSECONDﬁ.RV
FUEL AR

Figure 13 Principles of reburning; Hadvig (1987), Heap and Folsom
(1986).
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Natural gas, and of course propane, are very good reburning
fuels because, on the one hand they contaln no new fuel-N to add to
the final stage, and on the other hand, because sixing is very
igmportant during the final cowbustion stage gases are ideal. Fig., 14
taken from a recent International Flawe Foundation Research report,

Hnill (1987}, ogives & good idea of natwral gas perforesance in

reburning.
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Figure 14 Effecltiveness of  different fuels in  yeburning, Knill

(1987).
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SUMMARY

The environmental risks associated with nitrous oxides are
covered together with representative governmental limits on

their ewmission from fossil fuel combustion.

NOx i= found to be forsed by two major pathways: thermal-NO
ang Tuel-NDj the chemical/kinetics and the paramneters
influencing the forwation paths are covered. These include

temperature, excecs air, &ir residence time.

Measurements by workers taken fyrom the literature compare MOy
epmissions for a variety of fuels. Natural gas is found to emit
less than heavy oils and there is general agreement that it is

the cleanest fuels in all studies.

The major techniques for NOy reduction are presented. These
include running &t lower excess air, using low-NO¢ burners,
and cowmbustion staging. Attention is drawn +to the fact that
natural gas is & good reburning fuel since it mixes well and

has ne - fuel-bound npitragen.
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CHAPTER 3: MATHEMATICAL MODELING: RRDIATIVE HERT TRANSFER

3.1 GENERAL CBONSIDERATIGNS

To quantify the change in furnace performance when switching
fraw aoil te natural gas, a wodel nust be able to predict the
significant differences between the two fuels. This can be done in
two different ways: by wathematical wnodeling, and by gathering
experimnental data From actual furnaces which have been modified (ov
by running cantrolied laboratery experiments with the various fuelsh.

A literatwre search can also reveal wuch about this topice.

Sophistirated mathewatical wodeling can be wused to predict

performance but several problems arise with thic approach:

»  pypensive/s/licensing;
e detailed information on burners, the fuel, etc, is required;
t the woedel aight actually not account for some of the more

important aspects of conversiony and

(The last point needs some elaboratien. Many comwercial codes which
predict flow and cowmbustion in detail often de not account for soot

concentration in the flame nor for nongray gases.)
* require expert knowledge to iaplement.

This modelipg certainly has a place in detailed implesentation
by the furpace user of modifications, but & preliminary assesswent of
performance changes miyht be done wore effectively with a simpler
model. This we wmight ©all, for our purposes here, "engineering

aodeling.”



WModeling, and in particular engineering wmodeling, of different
fuels as far as ilmpact on vurnace perforwance has been done by many
workKers as aentioned in chapter 1: Wu (1969), Michelfelder and Lowes
(1972}, Abbatt (1577), Hotte!l and Sarofim (1978), and others. Many of
these approachiés neglect the &erodynamic/reactive aspects in the
furnace ehawher and concentrate instead on radiative heat transfer
given some assumptions &about the fluild dynawics and the reaction
progress. Sowetiges convection is accounted for bhHy assigning & mean

convective heat transfer coefticient to the walls.

A conplete comparisen of oil and propane with patural gas would
have to include the fluid dynamics of reactive flow and detailed
infornation on burner geonetry. This is outside the scope af this
work and so this chapter will concentrate on the radiative heat
transfer aspects. These are, of course, very important since the main
mechaniem of heat transfer 1n furnaces of industrial size is
radiation. fAnd so, comparing fuels can be reduced to comparing their
radiative perferwance. For the most part this has been the approach
taken by the warhers wmentioned above and it will be the one taken

here.

In boilers convection ts also very important and accounts often
for aver 0% of the total wuseful heat transfer. But this heat
exchange ocours in the convective section of the bpiler. We are here
cencerned with the radiative section——where the flame is and the
conbustion takes place-—-since we would like +o deternine wether the
products of combustion of natural pas can be reasonably medeled with

a sipplified vradiative analysais. Refey to Fig. 1.

A discussion of radiactive transfer Tor the various fusls leads
one to the argument of occounting For speetral effeets. This is
because o0il flawes are were gray thas natural gas flawes and

therefore, a correet prediction of performance changes when switching

-
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itself with wodeling the heat transfer of the products of combustion
to determine when to use & simplified analysis. In the process, a

literature search on this topic will be done.:

2.2 RADIATIGN FROW COMAUSYIOW PRODUCTS: SPECTRAL VERSUS MONSEECTRAL
EHARALTERIBTICS

The medium in a furnace or boiler chamber is composed of &
gixture of  uanburned  hydrocarbons, corbustliaon products, aiy,
pelydispersions, and pellutants. Far radiative heat transfer we need
cencern ourselves with those cowponents which eamit, absorb, or
scatter radiation and which are present in concentrations significant
encugh to do so. For gases, those components will bhe carbon dioxide
and water vapor. The suspended solids will vary much in size, shape,
constitution, and in radiative properties. Some simplifications can

be made here for our purpeses.

For the ocombustion of ceal and other'parti:ulate fuels such as
biewass, the scattering of yradiation can be quite important and
uswally the particle size falls in & region in which scattering
simply cannot be neglected and recourse to wore sophisticated theory
is necessary.  Fortunately for uc in this veport the polydispersions
are negligible in the case of gas (unless seooting is artificially
induced}) or the particulates ave so fine as to make scattering
negligible-~the case with 0il cogbustion. For our purposes we will

call the fine mixtwre of unbuwrned hydrocarbon chains and particles,

and other tiny suspended particulates soof.

Soot radiation is gualitatively different from gaseous radiation
but these differences we will leave for the Following sections. In
this section we will goncentrate on the general treatment of a
furnace chawmber enclosing an emitting~absorbing wedium which can be

gray or spectral, i.e., emission and absorption are independent or

dependent of wavelength, respectively. That dependence can he a

i
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contipuous function, &z For the case of soot, or it can be dizcrete

or banded, as for ygases.

Fig. 2 depicts a yeneral geowetry for & furpace ot a boiler, The
difference vests essentially on the types of boundary conditions: the
level and the relative tewperatures of the walls. To simplify our
terminology we will from now on refer to the twe siwply as furnace
and bring back the terme beiler when it is appropriate to do so. An
evaluation of the heat-exchange in thic enclesure involves two
physical entities:s the walls and the intervening gaseous sedium. Each
small csurface element on the wall possesses a temperature, an
absorptivity, and an emissivity (as well as a local convective heat
transfer coefficient). Each volume element in the chamber will have a
temperature, a coneentration for each species, and an emissivity and
absorptivity. The volume element can alse have & certain chemical

heat velease from fuel cowmbustion.

We will here treat the chemical heat release only implicitlys: as
it affects species concentration and temperature distribution. To
organize the  discussion we  will now  introduce some working

definitions:

Diffuse surface: Radiative properties are not a function of
incoming or  outgoing angular directions. A standard assumption,

one which we will folloew, i¢ that the furnace walls are diffuse.

Black surface: The theoretical waxkimum vadiation is emitted and
ahsorbed, and is¢ only a function of tewperature. The abeorption
and emission of vadiation follow a planchkian distvibution as a

function of wavelenyth, 1.

Gray surface: If the wboorption and ewission of radiation are
not wavelength-depencdent and ewit lYess than the awount of a
corresponding black Dbody &t a specified temperature, the walls

are considered gray. We can also say that  if ot any wavelength

27



the ralio of the ¢neryy esitted to that ewmitted by a black body
is constant throughout the spectrum the surface is cansidered
gray. If further the emissivities and -absorptivities are not a
function of tesperature we will call these properties constant.
A wall oan aleo be emissive-gray, e#e{wavelength) vyet be

absorption—spectral, a#alwavelength) and vice-versa.

Constant wall temperature: We will take each furnace face to be
at a constant wall tesperatuwre. For a boiler all walls will
generally be btaken to be at the same temperature, For a steel or
a plass—-melting furnace, for edanple, one wall will be at the
laad tesperature while others will be at an equilibriums

refractery temperature.

Homogeneous medium: When the species concentrations and
tenperatures are invariant with spatial location in the furnace.
Otherwise the wedium is nonhomogeneous or inhomngéneous. Notice
that we could have an appraeximately isothermal furnace chamber
and yet still have a nonhonogeneous situation if, for example,
the soot concentration is higher in  one zone than in anather.
Homogeneity is related to the idealization of a well-stirred
~reactor: the aixture therein would be hownogeneous in both

temperature and concentration,

Bray-pas: A gas or mixture of gases whose absorptien coefficient
iz pot a function of wavelength of radiation. These properties,
theugh, can he a functian of temperature. Otherwise we will call
the gas a real gas. Fig. & gives a conceptual clarification of

these concepts.

Now we can take a realistic case for the furnace and list the
conbinations af therwo/radiative options for the howogeneity and for
the radiative properties. We will have each wall be diffuse-gray,.
Then the wixture it encloses can be, in increasing order of

complexity: .
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1. homogenvous—gray
2. hogogenegus—-nangray
3. honhomogeneous—Qray

4. nonhosiogeneous-nongray

We can explain these four cases by taking the case of a pencil
of radiation (ewmitted by a wall, say) and ¢ransversing an absarbing-
emitting mediuw. Refer to Fig. 4. Thece are directional properties
and the intensity 1s likewise directional. Total energy transfer
would reguire evaluation of the integration of the beam over all

sa0lid angles.
Juite l HOMOGENEOUS-GRAY GRS

In this case the absorptance, a, of the pas is given by Pouper's

Law, see for example Siegel and Howell (1984):
a= I{x)/140) =1 - exp{~Ku) (1)

Where K, the absorption coefficient, is not a funetion of position ov
of wavelength.
Similarly, the energy ewmitted by the medium, the esmittance, which is

added in the direction of the pencil of radiation is given by:
@ o® Iy (W) /1. m 1 = axpl=Ky) (2}

Where @ is the ewittance and I, is the planckian black body emissive
power corresponding to the gas teaperature. Notice that in general a
will only equal e when the saurce temperature and the gas temperature

are the same.

This case then seewms to offer no difficulty, and it is indeed
the simplest situation one can Ffind, But is it realistie? Are there

any examples? For a pedium with low spectral dependence, such as a

&9



This case then seems to offer no difficulty, and it is indeed
the simplest situation one can find, But is it realistic? Hre there
any examples? For & wedium with low spectral dependence, such as &
heavily sooted flaws or sowe zones of a fire with heavy smoke, the
absorption and emission of the medium can indeed be approximated this
way, Bard and Pagni {(1%81). Surprisingly perhaps, many sophisticated
simulations of furnace radiation wuse this assumption so as to avoeid
further complications. See for example BSelouk (1983). Conmercial

codes also use this simplified treatment.

3.2, & HOMOGENEQUS-NONGRAY 6AS; RADIATIVE PROPERTIES OF REAL GASES

it is here a good place to explain the differences between a
‘gray gas and a real gas as we first stated them in the previous
section. For a gray gas K is net a function of wavelength and
therefore it stays constant throughout the spectrum. If we refer back
to Fig. 3 we can see that the radiabion absorbed is a constant
function of the planck distribuation. Bo at any temperature, pgiven the
corresponding absorption coefficient, we can determine the energy at
sny spectral location as well as the total energy by integration of

Planck's distribation. The latter would cimply be:

- .
Fiu) = f a lie 61 = a I Liw 81 = I, (O (3)
] &

Since a is & constant. This is the as egn. {1l).

But for a real gas eagn. (1) applies only, i.e., is exact, at =
single wavelength

ar = 1 -~ exp(-Kin) (4)

This is Boupgers law in a more general form. The important thing
to realize is that the quality of radiation as it travels through the

medium changes. Hypothetically, sone wavelengths will be absorbed
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planckian distribution is entirely altered, and the spectral emission

and absarption of eneryy can be quite a complicated function.

Further, a change in the source temperature will result in a
change in a due to the spectral distribution of the souwrce shifting,
meaning it will go into & different zone of influence. This is shown

schematically in Fig. S.

Fig. & illustrates how the total emittance (integrated over all
spectrum) if a gas 1is real, in this case water vapor, does not obey

the simple exponential relations given previously.

But in a situwation in which the w@ediuw is approximately
homogeneous, we could take a I-zone of dimension L, where L is a
characteristic diwension er the length of the radiative heam, and we
could calculate the amount arriving at the end guite accurately. So
this case we could handle by using a curve-fit of the gas or mixture
of gases and spot emissivity to define a suitable mean emissivity for
the mixture as a function of L. These fits exist in various forms

calpulated by several workers:

I. mixture of gray-gases, Hottel and Sarofim (1967);
2. variations of 1.;

3. gases and spot, Tayior and Foster {(1974);

4. curve-fits of gases and soot, Modak (1978).

These curve-fits are taken of experimental data. The oldest, and
used most extensively by the practicing engineer and the scientist
alilkey, are those of Hotiel and Sarofim (1967), More recently new data
taken by BGeneral Dynawics (1968) has been wade available and
correlated by Leckner (1972a). It is important to realize that these
data are not written on stone. See for example Docherty (1982) for a

discusssion of their validity.



All wmethods have been used successfully but we feel Modak's
methed is most recent, guite accurate {(with regpect to experimental
data) and includes soot contribution while spanning, a wide range of
temperatures and species concentrations., It is the method we use in
this report. The subrputine ABSORB as published by bdodak in the above

reference is used in our computer amodel.

How dop these mean radiative properties work? By weighing the
emissivity at a each wavelength with its respective black body

intensity. For the total absorptance,

[r1]
I L, (0) (1 - exp {-asx)) &1
aln) = (5)

[11]
f 1, (0) &1
]

Similarly for the total emittance,

[* ]
I Lb{T) {1 — expl-a,®)) &1
]

el{x) = ' {(6)
I, (F)

Motice how the detailed inforsation about the spectrum is lost in the
integration. Therefore we can only obtain total energy transfers,

which is all we are after in pany industrial cases.

We can illustrate this loss of information with an example. Say
we have a curve-Tit of emissivity, and let us take the case of a
pencil of radiation crossing an emitting-absorbing, non-gray mediunm,

The total absorption by the medium for a thickness L i1s given by:
aflL) = H{LY/1{G) {7)
And let wus say that we wanted to know how much energy is being

absorbed by the aedium in a particular locatien of length dx. This

would be given by the local absorptance:

48]
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Argear- = TUHII/IC0L) (&)

For a gray gas

degear-1 @ 1 = exp{~HKdx) (9)

and since K is canstant

a (L) 1 -e {10}
But for a real gas the first equation does not equal to the

second and instead:

a (¥) = a (I+1)/all) (11}

The practical conclusien is that if we are interested in local energy
transfer within a zone, the local diamension is noi enough to specify
it. Instead it ic only cosmputable as a function of the initial
starting losation: the history of the beam i3 required. For a gray
gas we need not  know the terperature and “history" of the beam of

radiation whereas now we do.

We have ceen in this section how a spectral medium can be
treated by a proper use of total absorption/emittance properties. The
medium ef interest in our case would be gproducts of combustion of

natural gas.

3.28.3  NONHOMOGEREDUS, GRAY BRS

Here the nonhomogeneities can be in the temperature field, or in
the constitaents’ concentration; or in both sisultaneously. The
result ig that if K is a Function of teaperature and/or of species,

which 1t wuwsually is, the absorption/emission will be varying in

L)
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space, in our  casea in the x-direction of the beam travel.

Mathematically:
Ty = Tqix)
K= KTy} = Kix)

and
L .
af{l) = 1 — expl —I K{x) &x) (1)
1]
Notice if K = const, this equation simplifies to egn. (1). If we know

the temperature field, as a function of position, %, then we ecould

coenceivably find K by integration.
Let us again look at the practical case of dividing our wedium

inte homogeneous zeones. The intensity of the original bean of

radiation at any point will be given by,

H
I{x) = [(0) enpfﬂf K{x) &x) {13)
¢

If we assume then that we rcan divide the path into n homogeneous

rones, We can discretize the inltegral part of this equation:

I{n) = I{0) exp(-K,dH; — KedHa = ..s ) (14)
Since the mediuw is gray the absorptionsemission in each zone is a
local property, a function of the local geometry, dx, caoncentration,
and temperature, so0 we notice no difference between this and the

previous eguation for & nongray gas,

Ifaead = I{Hy ) {1 — aup{—Hdx}) (15)

and
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I(u) = {0} exp(~Kidn,) expi{-KidKa) ... {1B)

but in general

a =1 — exp(~Kdx} (17}
And we obtain

I Z71(0) = aln) & (1-a,) (1-an) +ue (18)

This case can alsp be treated rather siuply given that every
zone ecan indeed he¢ treated as gray and that we can approxiwate the
continuue into & series of Tinite zonee. This amnalysic permits us {o
treat, for example, & cowbustion zone heavily csooted but with regions
of varying temperatures and concentrations. Dr a situation which is

sooted—gray and another with only gases which we could neglect {(a=0).

.2.4  NONHGMOGENEOUS, WONGRAY GAS

In this section we present the wmost general situatien in which
the medium has & definite speetral, usually complex, distribution and
poOssessis nonhosogeneities in either teaperature or  species
concentration in the enclosure under consideration. For the sake of
completion we present the enevpgy equation for ow, by now familiar,
beaw of radiation. The radiative intensity at any point would be
given in this most general cace (recall we are neglecting scattering)
by a double integral involving the space variable, «, and the

wavelength variable, 1, see for example, Buckius and Tien (1977),

Since we have seen that radiation behaves guite irregularly
throughout the spectruw, on exact selution is impossible. Solutions
involve a discretization of beth the spectruw and the sedium. The

finer the discretization the wmore exact the sceiution could becouwe.
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Gases abserb in diserete :steps Fhroughout the wave specteun, caused
by absorptien or emission of photone. These stepe are seen as lines.
Data are available for these narrow-bands, - see Edwards {19576), bui

this method presents thiree hasic difficulties:

i. The availability of cowmplete and accurate data for gases ogver

the whole spectran of inlerest;

rer

- The amount of  couputer tiwe required for even sinple

caleulations is enorsouas al today?s computing speeds; and

In most engineering applicationse the delicatenece of the

S.-.T

gaseous emission spectrum is blurred by extraneous factors——
soot, particulates, lack of detailed information on

concentration and tewperature distributions,

This scenario caused vesearchers to seek sinpler discretizations
af the spectruw. In therwal processes of interest to us these
absorption lines are "bBlurred" by a process Known as collision
broadening. Gaseous absorption clusters around definite wavenumbers
forming bande which can  be characterized by a certain distribution.
Thié resulted. in the developuwent of wide—band models, see for exanple
Edwards and Balakrishan (1973). The spectrum is then discretized into
bhands centered around each  wavenusber and  the suitable nean
absorptance for each band is determined. The result is that for each
beaw we trace in space the energy in each band is individually

tracked. The total energy transeitted is the sum over n bands.

This wethod npives excellent results compared to the wore exact
spectral line aethod. Benerally when researchers refer to spectral
radiative analysis this 1is the method they are referring to. The
wide~band model is actually used as the numerical yardstick to assess
total absarption opurve-fits and other approximate procedures. For
example; Medak (1978) used it to do just this.
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We know the engineer is by nature an inpatient species with
tight schedules and often without a fast computer at his oy her
disposal. Often the exponential wide-band model falls short of
convenient implesmentation and speed of cowputation. {Iften the
engineer will trade accuracy for expediency. To this end the methods

of section 3,2.2 wWere developed.

Now we start with & qguestion: In this situation can we
appraoximate a real gas as an equivalent gray gas? Specifically to us
in this report: can we mnodel the radiative transfer from the products
of combustion of natural gas in a nonhomogeneous Field with good
results? The answer is a gualified "yes!"™ cince information will be
tost from one howmogeneous zone to the next as discussed in previous
sections. Here is a situation in which one would be tempted to
simplify this case to a method of the previous section. Let ug take a
nonhamogenesus furnace and track a beam of radiation transversing it.
One would be teupted, when {racing the intensity of the radiation
beams, to use a gray gas approxiwmation for each control voluse the
bear crosses. We have shown in section 3.2.2 that this can lead to
signjificant errors especially the higher the spectral character of

the gas (true for most of furnace volumel.

But are there approaches one can take short of full tracing of
enerqgy in each small wave interval? Indeed there are and these we
will discuss next. Boing back to the nonhomogeneous furnace, just
gentioned, one simple approach worth considering is arriving at an
equivalent howogeneous wmixture, for the temperature say, and then
applying the gray gas approximation to the whole of the volume. Since
we have shown before how this can be podeled with good vesults we can
approach this nonhomogeneeus situation by develaping suitable
eguivalent paraseterc of  concentration, tenperature, and/or

characteristic length.

Hottel and Cohen (1938) wse a simple averayging for the

absorption coefficient of the form:

37



o

I Kix) &x
0 )

Kava = €19)

when K is a function of species concentration which is wvarying in
space. When the temperature of the medium is varying they make simple
approximations on K based on the fact that first, often it doesn't
vary by more than a few percent over a large teaperature span and

secondy, most enmnission/absorption will come from the furnace walls.

Leckner (18720) defined the total absorptivity for a
nonhomogeneous, nongray by caleculating an effective ‘"mwean value of

temperature” weighted by & partial pressure:

L
I Taas (x) pix) &x

Toaa = T (20}

I péx) &X

o

and on average partial precsure for the nonhowogeneous path.
Strimberg (1977) caleculates a "radiative mean temperature" by
weighing the gas temperature raised to the fourth power with the
derivative of the local emissivity with respect to the spatial
coordinate. He then calculates effective emissivity analytically for

a furpace temperature with an elliptical temperature distribution.

Grosshandler (188G) is of the opinien that "neither narrow-band
nor wide-hand models are necessary to accurately model"
nonhomegeneous miktures of nongray gases. He presents a simplified
model which gives results within 10% accuracy, runs quite fast and
was verified for the paraweter range of interest in furnace cases.
The model is developed from the approximation of Leckner presented
above, The reader iz referred to OGrosshandler’s paper for full
detatitls. .
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There are alsoc otherr workers which the author believes have
useful publications in bthe arex of nonhowogeneous, nongray mediuws of
interest to furnace wodeling: HKrakow et al (1966), Edwards et al
(1967), Plass (1%67), LCess and Wang (1970}, Edwards and Balakrishnan
{19722y Buckius and Tien (1977), bGrosshandler and Modak (1981), Tien
and Lee {1982), and Docherty and Fairweather (1588).

Each of these approximations can be wseful 1in podeling the
spectral radiation of $he products cowbustion of natural gas. IF
actual running codes sre available is a different wmatter. It would
also be very useful and perhaps a project to be taken up by the
author, is an actual comparisen of these wethods in as far as

accuraty and speed and ease of iaplementatian,

But a simple approxiwation taken routinely by reaearchers is to
gerely average the furnace temperatuve and concentration in sone
simple algebrxic mwanner. This 1s not =6 unrealistic, for example,
Mengiic {(1983) predicts that a variation of 100 K has little impact on
radiative properties, especially if we consider all the other
variables? approximations. Vhe averapged properties oF the mixture can
then be attacked by the one-zone method of Hottel and usimg the

analysis of section 3.2.8.

This can work well if the nonhomogeneities are not very high and
an appropriate averaping procedure is done. Gibb {1987) shows the
insensitivitier of furnape wmodeling to the radiative parameter impact
becguse of the typically large furnace dimgensions. An extension af
this approximate method known as the loprg furnace aodel has been
applied with good results %o furnaces possessing one—-dimensional
preference. The reader is veferred to the works of Lowes and Heap
{1971), Beér (1972), Lowes et al (i973), Strdm (1980), Tucker {1588},
Vaclavinek et al (1983). By dividing the furpace longitudinally into
gections and treating each individually by the methods described im

the above paragraphs, a reasonable treatment is acconpiished.



Assumptions will of course be made on the transmission of radiation

from one zone to the next and on the average temperature in each.

3.2 5007 AND RADIATION INCLUDING S80T

The presence of soot during the combustion of liquid (and solid)
fuels results in a nodification of the radiative environment within a
furnace chamber vis—a-vis that of natural gas. Scet formation is a
sign of wunmixed, unburned hydiocarbons, and therefore most likely a
sign of inefficient combustion! Despite its wundesirability, a small
amaunt of soot will always form during oil combustion which gives the

flame its characteristic lusinous yellow color.

If hydrocarbon cowbustion proceeds to coupletion the combustien
products of interest to radiative heat transfer will be the same for
0il and natural gas, namely, water vapor and carbon dioxide. But the
proportions of the twe will vary amongst oils and especially between
oils and natural gas. Typically, the latter will result in partial
pressures of HeO twice as high as that of CO.. For oils they are
approximately the same. Thic partial pressure difference itself will
result in different radiative characteristics as is well known, see

for example Wu (i969).

Boot is a strong emitter of radiation o its inmpact will be more
pronounced in smaller furpaces possessing a seall characteristic
length, i.e., smaller wean heam length. To quantify soot's iampact on
furnace heat transfer we need to establish the parameters affecting

its radiative behavior.

It is then appropriate now to define what we mean by soot. As
poeinted out by Haynes and UWagner (1981}, s<soot formed during
vonbustion "is not uniguely defined.” But we can arrive at a working

definition:
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Soot is & wixture of carbon particles and conylowmerates formed
dwring the combustion pof hydrocarben fuels which is

fine enough to be treated as vradiatively non—-scattering.

Soot is usually forwed uwnder rponcentrations so small as to net
regquire a reduction o¥ the +uel enthalpy in the overall energy
balance. But decpite its swall concentrations soot can be a strong
ewitter of rvadiation, especially in the wvisible nportion of the

spectrum, therefore flawes containing soot are called luminous.

How is sool concentiration given? Usually the choice is given in

terms of what optical/radiative nodel the researcher is using. The

most cammen is know as soot volume fraction,

fv = volume of soot / unit volume, m?/m?

Another definition is soot pmass density,

fu = mass of soot / unit volume, g/m?

To connect the above quantities the mean specific soot density,

8 = mass of soet / unit volume of soot, g/md

needs to be known. The relation between the three quantities is piven

simply by

fu = C#Ty /5,

where C will be a constant to accommodate the particular set of units
we might wuse. The only reference the author has found on such a
specific soob density is that given in Taylor and Foster (1974),

which gives

S = L.65 103 Kpg/u?d
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This value can of course be debated but ene can take some consalation
in the fact that using it there is & consistency of resulting values.
Soot density is known, for exawple Zethraus (1988), to fall sonewhere
between .3 and & gram in the flame zone, scwetimes extending to S 0,

in an heavily sooted flawme. Using these figures we could get

fo = 1.8 107 - 1.8 10-§, p*/n?

This wvalue falls in the range given in most studies for soof
concentration, 10-* to 10-%*. {F course, this is a span of two orders
of magnitude, so0 we need to be more exact than this for an actual

furnace calculation.

Though much is written about soot and about the fact i1t is
produced and “seen” in oil flawes little can be found that can answer

the following:

"I have a fFurnace with so and so characteristics, ruppning at so
much excess air with this fuel; what is the soot concentration
in the flame itself and in the remainder of the furnace

chamber?

Many measurements are carried out for a single flame, group of
flames, and fires, under laboratory conditions, for example Beér and
Claus {1962}, LGaydon and Wolfhard (1979), Bard and Pagni (1981), Hent
et al (1981), Prado et al (1981), Grosshandler and Vantelen (1985),
and Habib and Vervisch (15%88), These works offer us an in depth
understanding of scot forwing wechanismg, but fall short of answering
the question we placed above. A gore industrially wseful work was
pregsented by Hein (1970) of the Interpational Flame Research
Foundation, by Peterson (1973), Peterson and Skoog (1973), and
RPeterson (1581).

Generation of soots from fuel oils depends on such factors as:

o
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o Oil type;
b Expess alry
¥« Load; and

»  Purner type.

Dil type appears to be the wmost important paraneter affecting soot
formation., Unfortunately, soot forwmation does not correlate well with
the Standard classification for p0ils which ie essentially a rating of
viscasities. Therefore o fael oil number 5 doee noel necessarily emit
more sopt then a fuel oil nupber 3. Indeed, Peterson and Slkoog (1973}
have shown in measuremente of oils all falling within Class EO 4 that

emisgion of ssot and “duct", can vary by a factor of 30.

Fetersen (1972, 1%31) has shown that soot is corvelated beiter
by the amount of very heavy wolecules, asphaltenes, contained in the
pil. Duwring cowbuastion thaese welgecules give rise to cenospheres which
ewmit wisible watiation and which might not burn coapletely before

exhaust to the atwosphere.

The conclucion is that we cannet predict befoerehand what the
soot emission form an eil furnace wWill be wihtout having made
measurements on the particulay il it is using, ete. This dees not
present such a big problesn for the users of this report and of the
nodel prouided with it--the wmodel aias at predicting furnace
perfornance with natural gas-—perforsance with oil i3 already

availahle for that particular furnace.

To predict oil cwission we noed Lo supply the wmodel with an
estimate of soot concentration or perhaps the best we can do is to
supply a reasonable range ofF values and the author Feels thic is ths

best we can obtain from the literature at this peint.

Now that we have discussed soof concentrations in a flawe and in

the furnace chauber we need to determine the iuwpact of soot
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concentration on radiative heat transfer. There are ceveral works
detailing the optical preperties of ssot. These properties are &
function of the fuel buwrned, the number and shape of the particles
and their conglameration, dencity, the flow field. RAlong these lines
we have the work of Bard and Pagni (1981}, Habib and VYervisch (19877,
Charalampapoulos and Chang (1%38), and others.

I is generally agreed, for egxample Mengic and Viskanta (19835),
that since the wean soot particle size 1s small scattering is
negligible. The MWie theory of particle scattering states that it
depends on the paramster (uD/1)%. Where D is the particle diameter
and 1 is the waveleagth of vradiation. Since in furnaces the
teaperature leans {o the iwfrared, and the soot particles have guite
a small diameter this value 1is much sasaller than the absorption
coefficient proportional to (eD/1). Scattering van then be neglected.
The result is obtained in "the swall particle 1linit of the Mie
squations that the seot absorption coefficient is not of funetion of
particle size and size and distributien, &Garefim and Hottel (1987).
Further, it can be shown theoretically and has been shown
experimentally that the speciral coot absorption coefficient is

continuous and inversely propoertional to wavelength:
Ky = F{1/1)

Therefore we can expect soot to ewmit {and absorb) more at higher
teuperatures, since the blackbedy spectrum will be shifted to shorter
wavelengths. Fig. 7 ffum Habib and Vervizsch {1988) presents what we
can take as a typical absovptian coefficient distribution for soot.
This figure alse points out the importance of soot in flame radiation

itself.
One tends to take <oul has being gray because of the fact it

absorbs coentinuwously, and Because, since the emissive power at any

particular wavelength iz given by the praduct &,E,,; when we consider
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Eye is5s also varying,.we have an dnly sightly varying soot ewmissivity,

Yuen {(1976).

The relation between K and concentration is found frog several

sources, for example, Taylor and Foster (1974) give
K= f (fyi, g/#?

Modak (197%), which we will wse, gives
K (fo)y md/nd

by the relation
Ke é 7 felley t/n

Whevre 1 = 0.94 10°* n.

Having established the radiative properties of soot we need to
combine them with those of the real gases, Hs0 and C0,, to evaluate
their combined effect on furnace heat transfer. Gince soat is assumed
to not scatter, its radiative characteristics can be incorporated

directly into correlations for the pgases.

Accounting for a wmixture of soot and spectral gases considering
that their absorption curves overlap means we cannot siwmply add the
emissivities of gases to that of soot. The total emissivity van be

given by:

fu1ar = Baapy + €asass — RavzaLap

This relation is instructive because it gives a physically clear
picture of the situation. For low soot concentrations the second tern
dominates., The paps between the gaseous absorption bands are bridged

by the soet enmission and the wmiuture hecomes less wavelength
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dependeni: more gray. Fig. 10 taken frow Decherty and Fairweather

{1588) reproduces well this phenomena.

Sg, for an ail-socted Tlame, we could neglect the spectral gases
but for the bulk of the furnace but since it usually does net fill
the whole chagber then the speciral/gas vadiation has to be ipcluded
in spwe form. The important thing is that in general if we have a
correlatiaon far a mixture of real gases and scot it shouwld be used.
Luckily those correlations exiet and the faet they were developed
means that there are indeed a large range of applications for which

they are suitable and pive good results.

We have wmentioned the works of Taylor and Foster (1974) and
Modak (1579), amongst others. These correlations are very practical
because they include the mixture of thes two gases and scot and
reproduce the data of Hottel quite well for large concentration and
teaperature ranges but it is important to keep in wind that they
apply under the conditions of homogeneity and for total heat exchange
between one pgas 2one volume and its surrounding walls. When we need
to divide the furnace into zones and apply such methode as discrete
transfer method {(1981), these curves have te be used with caution.

This we discussed before in wection 3.2.2.

Flame ewissivity is clearly higher for a luminous flame than for
its nonluminous ceunterpart. But the watter does not end here. The
flage does not fill the whole combustion chamber, and often fills
only a small portion of it. Further the strong absorption of the
flame can actually block the load from wall radiation. This phenowena
as been well documented in the literature. UWe can consult many
references detailing this: Lee et al (1984), Viskanta and Mengiig
{1887), by Docherty and Falrweather (1988). Fig. B clearly shows this
soot blockapge effect. And, of course, lumingsity is often a result ﬁf
bad combustion, resulting from bad Fuel/oxidant wmixing, fuel

droplets, etc.
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One concerns  in wodeling the different vradiative behavior of the
two fuele, is tLhe spectral characteristics of their products ef
combustion, as we have &lready ceen. For natwral gas these are
strongly banded-spectral, and for oil these avre contindous-spectral
due to fthe spoothing effect of the soot concentration. Inm practice
these differences arve reduced by the fact that, firsi, absorption and
re-emission by the walls increases the "grayness" of the chasber and
smoagths the spectrusm; second, in wmany situations an approximate
accpunting of spectral behavior by deriving a globally equivalent
gray gas vesults in quite accurate solutions of practical problenms.
{pcpecially {rue forr guasi-howogenescus mediums.) When more than
integrated quantities, such as overall heat flux and average wall
tegperatures, are required, o when the furnace chamber temperatures
and species concentrations are highly nochomogeneous, a spectral

treatment of radiation is required, as covered in section 3.2.4.

The ratios of water vaper to carben dioxide are quite different
for the two cases. Typically, they are one—-to-one for natural gas and
one-to-two for oil. Since water vapor is a beiter emitter than carbon
dioxide, a natural gac—fired furnace wiil deliver more radiation to
the load than an oil-fived fursnace with no scot. Fig. 9 shows this

effect.

Ideally, the couplete combustion of heavy oil <hould be
accamplished with, say, 5% excess air. In practice, it is common to
run an oil furnace at 104 excess air and sometimes at £0%, whereas
for natural gas, with wixing and combustian occurring swmoothly, 9%
excess air and iecs is  typical. The result of vrunning at higher
exeess alr  is that the energy of the fuel is increasingly used to
heat up unnecessary wolecula mitrogen and oxygen in the combustion
air. This vesults in a lawer Ffurnace tewmperature and in increasad
stack lesses. Davies and Oeppen (1972), documented this guite well
when they coupare the hoeat tvansfer from il apd ygas at various air

flows, Fig., 10.
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The fact that heat transfer for natural gas relies less on flame
heat transfer and that the yases are gore radiative due to higher
water vapor content means that heat flux within  the furpace is nore
evenly distributed throughout the furnace than fer oil combustion. Wu

£€1969) has showp this effect fov the case of a long furnace.
3.4 SUMMARY

v After listing sowe of the difficulties in running cownplex
models the case is made to develop a simple Ffurnace vadiative
heat tiransfer mode)l. This model must be capable of accounting
for the spectral radiative characteristics of natural gas

combuwsticn products.

« To proceed we looked &t the varipus situations one could
encounter in  a general enclosure containing a homogeneous or
nophomogeneous, Oray o nongray medium. The four combinations
are covered by sinply studying one beam of radiation
transversing the wmedium. In the process a clear understanding

of spectral versus giray radiation arises.

« The real gas (nongiray) versus the gray gas are discussed and
their characteristics compared. It is shown that total energy
flows across one homogeneods zone—-hopogeneous, popngray-—-can
be computed accurately and several curve-fits of pac/soot
winbures? radiative properties are  available in the

literature.

. The wore general and complicated case of nonhomogeneous,
nongray weedium, is covered and appraximations from the
literature are precsented to show how this system can be
sinplified in wany cases to the previous dne. For a global,
sigplified model of a furnarce this case can be then treated

in an approximated yel accurate wanner also.
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Forsation and radiative properties of soot are treated. It ics
shown how seot influences medium radiative bebavior. Soot can
be incorperated relatively simply into ewissivity curve-fits,
sinee it is essentially non-scattering, for tolal gases’
properties. It is concluded that the presence of soot in a
furnace does not necessarily increase its efficiency. Soot

blockage of the walls has been well documented.
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LHAPTER 4z MODEL BEVELDEMENT

4.1 GOALS

In Chapter 3 we ocuversd the peinciples behind radiative heat
transfer; we considersd 4 particular line of sight or “pencil of
radiation" crossing an  ewmitting-absorbing mediuw. To apply thoce
concepfs to actual Turnace wodeling we need te go TFurther and
consider the geometry av the system with the vesulft that we will have

not one hean of radiation put ang infinite awmaunt.

Dur goal for thic chapter is to take this complex probles which
when analysed dirfferently vesults in difficuit nonlinear differential
equations, Viskanta and Mengig {(1587), requiring nukerical wmethods
for their selution, and are orly analytically solvable in the
simplest of vases, and deveiop a sisplified global wodel saticsfying

the following criteria:

s fApplicable te a laryge wanyge of box-type geowmetry furnaces and

boilers:

« inoorpoirate  notigray  approximations  of gas/soot mixturec?

radiative properties;

¥ predict  the dirferences in capacity  (exit temperature and
load) and efficiency between an oil-Tired .and a natural gas-
fired furnacej

2 xllow for individually specified walls:

" fo run on a persokal computer in the vrder of a few wminutes;

* to be wzer-friendiy.

(18]



It 18 also iupoeitaal  to state what we are not expecting the

model to do:
» To give heat Fluxg or tieisperature distributions for the walls;

s to predict or LR medium tewmperature and species?
concentration distributions——instead, the properites will be

averaged into a well-gixed howogeneous mixture;

2 to be a design tool For new Furnaces, except at an early stage

of development.

The main purpose of the moedel is to compare the relative differences
in operation caused by fusl changes in furnaces and bailers,

specifically, for different fuel-oils, natural gas and propane.

Any  worker in the field knows that actually no furnace is a
cylinder, or a paralelipied, or infinitely wide, or two-disensional,
but he or she also knows that very good practical and accurate
results can be obtained with these simplifieations, With this in nind
we can refer to Fig. & of chapter 3, and clain that this generic
geometry is indeed typical of a large assortment of furnaces,
boilers, and industrial avens, by merely stretching ovr contracting
one of its dimensions. For example, stretching the fuwrnace along the
horizental direction we would have a "leng furnace" typical of heat
treatment processes, conveyorized processes, etc. Flattening the
height we cowld have & glass melting pool, for example. Make the
three diwenczions about the sawe and we could have the radiative
section of a boiler or of a district heating plant. An added
complexity which we will not take up here is that these changes in
geametry are also accompasnied by changes in the amount, type, and
location of the burners. Since we are developing & well-mixed

combystion chamber this will not be accounted for.
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We can classify the Turnace as accprding to its: L. geomeiry; o
toundary conditions; and 3. state of homogeneity in  the chamber. The

boundary tonditions refesr to the six walls:

n are they black or gray?

 are all at the sawmie tewperature?

s have the same emissivity {(for non-black)?

" oan we pive each wali a realistic constant temperature?

B is there other heat transfer modes besides radiation? (e.g.,
convection from hot gases o conduction {(heat loss}) to the

outside environment)

The pgeometry hac dwplications for the walls and for the
hawmogeneous assumptieons. For exasple, it 1is rabher obviocus that a
“long furnace" will result in flow downstreawm being different than
flow upstfeam, so that wall temperatures will vary from up to down
stream, and 50 Will the chamber mixture's, temperature and
concentrations., Therefuore we could state that deviations fors cubic
geoietry will call for a more detajled treatment of the furnace: its

divisions inte "zomes® o into spatial grids of properties.

The type of bwner, the amount of swirl, flow rates with respect
to furnace volume will also gither increase or decraase
nonhomogeneities. As an  exauple of relatively well-wixed flow, a
tangentially-Fived boiler in which recirculation is  strong,
turbulence and swirl are high and we wouwld expect extensive wmixing.
On the other hand, furnaces in which the flawes will oooupy a small

spalte will have large concentration and tewpevature gradients.

In other worde, a relatively large group of cases could be
studied each with a prowinent feature. And this has indeed been done
by a large aumber of researchers and engineers over the years. Many
variations of models have been presented and the reader is referred
to the fellowiny references which have special relevance to our

topics Beér {1572), LEwserich et al (1988), Lowes and Heap (1971),
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Lwes et &l §€19733, Micheitfecder and Lowes (1973}, Scholand (1378},
Sang and Viskanta (19882, Stvow $1980), Tucker (1988), and Wu {1969},

We will now curtail ohe discussien here since we would be
deviationg from our simple wodel. But one important point must be
wade. Often one wilt find in . the literdature sophisticated
discretization of radiation problems, for example, Selcuk, Menguc,
Kent, yet discover tnat the absorption coefficient for the gas
mixture will be taken to be constant. These, we must stress, are not
minay simplifications. §fop example, making walle nonblack forces a
simple application of the Discrete Transfer method, Lockwood and Shah
(1981), to become an iterative solubion. Nonconstant K throws us into
the foes of nengray-nonhomogenecus mediums as discﬁssed in the last
chapter. Been in this light, & simple model with physically realistice
assusptions can lead to very useful results. To that end we now

devote the remainder of the chapter.
4.2 MODEL DEVELUPMENT
Developnent of a simplified model consists of four sectionsi
1. Assumptiong: does  the madel propased illustrate the
differences betweeen o0il and natural gas, i.e., does it
account for differences in gray versus nongray radiation?
2. Propose and develop model.

2. Numerical implesgntation.

4. Validation and application {some cases studied by ow model

and how the results compare with the literaturel.

Given the tiwe schedule of the project, abiding the desire to



have a fast runing wodvl, and cenfident that poed results can be

obtained by & siwple wedel, Ghe proposed wodel is characterized by:
Geometry: Box-type.

Walls: Nonblack, diffuse, individually specified emissivities
and  tesperatwes i heat flows; radiative eqguilibriua

{canduction and cunvection heat transfer are zerol.

bedium: one-IonG, well~stirred homogeneous combustion and
mixture of combustion products and soet; given this, the

analyses far homegenegus—nongray medium applies.

Since each wall as a whole can have its own therpal
characteristics we have o treat its radiative interchange with each
vther wall and with the @ixture as a whole. The analyses here follows
the standard proecedure, see Siegel and Howell (1%81), of the net-
radiation method. In thic precedure an enerpy balance is applied to &
three dimensional enclosuwre with n-suwrfaces enclosing an emitting-

absorbing medium.

This Fformuwlation 15 guite general and can be integrated over
wavelength. In practice to tackle it we could divide the spectrum
into bands over which cevtain properties could be taken as censtant,
this would lead to a "wide-band wodel”, Edwards (1976a). Or we could
take an average over whole the spectrum, and arrive at overall
transmittance, emittance praeperties. The latter is the procedure

followed in our current sodel.

We are left mow with deterwining theee values. Again we could
use several methods. We will uwse a wethaed published by Dunkle (i964),
and used with very pood results, Siegel and Howel (i981). We will not
detail here Dunkle's treatwent or assumptions, that is done well by
the author and discuesed by Edwards in the original paper. The major

approsimation lies in assuwing a linear absorpiion law for the gas.
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By approximating the absorplion by a linear Function we are left with
a geouwetrically dependent integral which can be tabulated for various
geometries, For our enclosure, these are the‘perpendi:ular rectangles
sharing one side, and the divectly parallel rectangles. Explicit
equations are yiven 7or these by Dunkle and are used in our model,
This characteristie length is wused to obtain the emittance between

each pair of surfaces.

In general the gas will be at a temperatuwre different than the
wall. S0 emission will not equal absorption. To account for this the
aoriginal work by Hottel (later refined by Edwards (1976b})) is used.
We are now in possession of & square matrix of sixth order, i.e.,
with six unknowns. The unknowns can be any combination of wall heat
fluxes or wall teuperatures. We still don’t know the gas temperature.
Of course, we could sinply specify it but in a realistic situation we
wounld not know this value. a priori. The approach we take is to
provide a certain fuel flow rate at a certain level of excess air.

Then energy conservation with no combustion aiv preheat will give:

Energy released by fuel = uwseful enerpy removed by wall(s)

+ enerrgy carried by exhaust pgases

Where we assume T wrawruse ® T gxwsvery to be caonsistent with owr

assumption of a well-ctirred reactor.

The model could be optiwized in the future for faster
computation. The convergence procedure is slow but certain-—pgiven
physically realistic imputs as discussed in the Mapual. It could
also, of course be wodiflied to fit the uzers needs, include preheat,

and to iwprove its approwximwations as well,



4,3 MODEL VALIDATION

In

certain

We

running

validating the wodel we should aim to check expecially

aspects. Nawely,

To what extent can this "box-type" wodel be wused for "long"

furnaces?

To what level of accuracy does it predict the performance fo

gas—fired furnaces versus ail-fired furnaces?
Whether it predicts trends correctly.

Ta stipulate the bounds (limits) on ite operating range,

outside which its results will be misleading.

Whether even foir the expanded uperating range it indeed gives

accurate apd useful resulis.

will make here a 7First attempt at this complete validation by

sowe checkss

Self-consistency;

A FLUENT vuny and a case in the literature.

Consistency does not in itself validate the wmodel but it is the

first step to be taken to detect gross errors. We aim to determine

whether the wodel “wakes sense. To do this we run several simple

cases for which we can use intuitive reasoning coupled with physical

laws as

checks. In other words, does the physics of the answer given

by the model wake sense?

We

can look for the following indicaters of trouble:

Energy balance;



. Synwetey;
s Viplation of physical laws, e.g., second iaw; and

»  Right order of wagnitude.

Several simple cases were run, which of course the user can
gasily duplicate, te insure all these criteria were net. These simple

checks showed that the wedel is indeed wmaking ®"physical sense.”

We alsop had at our disposal predictions for a real hoiler
obtained with a coumercial, FLUENT, to see actual perforpance
comparisons. These results were presented recently by Collin and dos

Santos {(19868). The boiler characteristics are as follows:

dimension: 6 * 6 * & o
emissivity of walls: 0,53 ()
fuel flow rate: 37 MW oil No. 4
temperature of wallsy Z50°C
excess air: 154 '

s00t concentration: 4.0 (¥

Sowe input values to our wmodel are uncertain (?) since we were not
pasitive on ‘the values used by FLUENT. The predictions for the

radiative section of the boiler are &s pgiven in Table 1.

TABLE Z

FLUENT THIS NMDDEL % DIF

RADIATIVE Z3.91 bW 21 kW &%

ouTPUT :

EXHRUST ioe0eg izegoC -19%
TEMPERATURE
FROM RADIA~
TIVE SECT.

D:58 COMPAR SBLY
RUN TIME NR 2:40 Bondwell 286

{minisec)
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Validation of & wodel takes running many cases, 5omWe
experimental, and fine-tuning to increase prediction accuracy. One
case form the literature 1is now cowspared. It involves a very lopg-
furnace pressnted in  Seheland {1978). For this case of strong
deviatien fora a "box" geowetry we would expect the wmodel to be less
accurate than for the preévious case of the beiler. Further, this
particular furnace is cylingrical and we approximate it with our
cartesian coordianates as a long box. The length is § wmeters and the
diameter measures (L9 neters. The experimental results give, refer o
paper, total heat absoerbed by 1load of 0.5 MW, whereas the modael
overpredicts by giving 0.5 MW. Sowe of the discrepancy is due to the

fact we don't have all the operating conditiens at our disposal.
4.4  ILLUSTRATIVE USES OF THE MOGDEL

In this section we appiy the model just developed to sonme
sitwatiens which could arise in industry and which throw some light
on the radiative differences hetween oil~firing and natural gas-
firing., These will addvess soot cencentration, and the CO; and H.0

partial pressures differences between fuels.

Even though the wmodel works for oils as well as for natural gas,
that is, for furnaces with visible flames as well as for furnaces
with blue flames, care has to be taken with the oil cases. The
assumption of well-wmixed Furnace chamber containing only products of
combustion is merely & rough approximation. The performance 135 quite
sensitive to soot concentration and fthese values will be hard to
determine and input. We could cay, as we discussed in section 3.3
that the model would simulate better natural gas than o0ils because of

the sooted flame.

The best use of the aodel is that which would actually occur in

practice with potential Swedegas costumers:



"I have an 0il  Fired-furnacg using this weech oil Flow-rate and
delivering this wuch fweat to my loads IFf I substitute the oil
with natural gae, wiil I peed more fusl, will wy load reach the
reguived process tewperzture? What Ylue gas temperatures would |

gexpect?"

We present two representative cases fros Cellin and dos Santos

(1988) which were prepared using the model developed here. Fig. 1

presents the case of & furnace and Fig. © the case of a boiler.

VERKNINGSGRAL

9.60 : e : | s SR S— :
2 55 | m NATURGAS <1 M)
® OLJA, 1 .85 (1 MD
0.50 | A OLJA, .15 1 MO
+ NATURGAS (2 MD
0.45 | X OLJA, 1.85 (2 M
¢ OLJA, .15 (2 MD
B.40 L z
B.35 | /ﬁ*ﬁ

<
}
[0

@ . 2@ 1 _.I‘_-_ Il i [ ] } i
5] Q.20 0.40 .69 @ .80

SOTKONCENTRATION (G/M3D

P

Figure 1 Illustrative wodel results for a furnace.
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The model chould work well for this case since combustion will
be well distributed ¢throughout the boiler. For sxample, in a
tangentially-tTired boiley the turbulent ball of fire essentially
fills most of the boiler’s radiative section. Figure 3 sumwarizes the
results of intevest concerning this application. We can armrive at the

following conclusions:

1. Natw-al pas, as shown in the examples, can give superior

radiative performance than ail for low sosl concentrations;

Z. Soot is only effective to a certain low level after which no

increase in performnance is seenj and

3.  Increase in pavformance might not outweigh waintenance and

cleaning/emission control equipment.
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APPFENDIX: USERS® MANUAL




Program Disketie: two directories

EXECUTE
CObE

To change to either directory from DOS type:

} ed execute
or

} od code

(NOTE: any command amust be followed by pressing the RETURN key to be

execubed.)
1. DIRECTORY EXECUTE contains:

¥ ane executable file

UGN, EXE

TD STRART THE MODEL the user changes directory to execute and types

} ugn
This executable file has been compiled from FORTRAN. To run the nodel
little help Ffrom this wanual should be needed: Simply follow the
instructions on the screen and very iamportantly: ENTER THE DIMENSIONS
ACCORDING TO FIGURE A. 1.

Once the command uge is entered the user is prompted for input.
Each input is followed by pressipng the RETURN key. The geowetry

assumed by the mpdel is as given in Fig, A.1. The user must enter the

values accordingly!
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WALL 5 {TOP}
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WALY, 2 (RIGHT)

WALL 3 (BOTTOM)
L1

Figure R.1 Enclosure geometry and coordinate system used by the

model.

fis discussed in  Chapter 4 of this report, there are seven

unknowns:

# Une equation for each wall radiative heat balance, for a total

of six eguations; and

" One equation for the overall censervation of energy between
the fuel input and the userful energy absobed by the load and
the amount of leaving the radiative enclgosure in the flue

gases.

The wuser has teo speeify the wall boundary conditions. R
- rvoabination of six unknowns can be handled: each wall will have
either a temperature or a total radiative flow. Each unknown is

entered as a "1" for a total of six "1s." Fig. A.2 1is a copy of how
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the screen will typically look for the case of a boiler. Fig. A.3 is

a copy of how the screen will look for the case of & furnace.

ENTER FUEL:

NATURAL BAS (100% HETHANE), (O
oIL NO. 1, (1)

oIL NQ. =, (4

aIL NO. &, (B)

GASOL, PROFAN 95, (7)

Q
LENGTH OF 3IDES, 11-13, =y
666
WALL EMISSIVITIES, el-eé
29 .5 .9 .9 .9.9
ENTER MALL UNKNOWN AS /4 “i", FOR A TOTAL OF 6 UNKOWNS FOR Q AND T

WALL FEMPERATURES , T1-Te, C
200G 200 200 200 200 2060
WALL HEAT FLOW, Q1-86, MW

111111

POWER INFUT, MW
60

EXCESS RIR, #
S

SOOT CONCENTRATION, g/w3
[}

500T CONCENTRATION, go/m3
0

ITERATION NA. 1
ITERATION NO. &
ITERATION WO, 3
ITERATION NO. 4

METHANE  POWER INPUT:  60.00 MW

L1-L3, a: .} B0 6.0
wall emiss: 90 L,%0 .90 .50 .50 ,90

Excess Hir (%i: 5.0

Soot Concentration (g/all: .00

Watl Temperabture Ti-TH {(L): 200.0  EeG.O Z00.Q 200,90 00,0 200.0
Hall Heat Flow B1-0G6 (MW}: 3.997  3.99%7  3.9%%7  3.54%Y 3.3%7 0 3.997
Furnace Radiative Dutput (W) : . 240E+0C

Furnace Radiative Efficiency -4

Gas Temperature (C}: 1267, 4

WOULD YOU LIKE ANOTER RUN? YES(1}, NO(O)

Figure A.2 Boiler case.
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ENTER FUEL:
NATURAL GAS (100% METHANE), (0)
OIL NO. 1, (1)
QIL NHO. 4, (4}
QIL NO. 5, (%)
OIL HO. &, (6)
GASOL, PROPAN 95, {7)

0
LENGTH OF SIDES, 11-13, m,
6 26
WALL EMISSIVITIES, el-eé6
.8 .8 .9 .8 .8 .8
ENTER WALL UNKNOWN AS A “i?, FOR A TOTAL OF & UNKOWNS FOR MWD T

WALL TEMPERATURES , Ti-T6&, C
111000 111

WALL HEAT FLOW, Ql1-G6, MW
0c1000

POWER INPUT, MW
20

EXCESS AIR, %

S00T CONCENTRATION, g/n1

ITERATION HO.
ITERATIOR NO.
ITERATION NO.
ITERATION NO.
ITERATION NO.

[CRF RN N L

HETHANE POWER INPUT: 20.00 MW

Li~-L3, m: 6.0 2.0 6.0

wall emiss: . .80 .30 .90 .80 .80 .BO
Excess Alr (%): 5.0
Soot Concentration (g/mi): .00

Wall Temperature T1l-T6 {C): 1276.1 1276.% 21000.0 1276.1 1256.) 1276.1

Wall Heat Flow Ql-Qf (HMW): .000 000 6.301 000 . 000G . 000
Furnace Radiative Output (MW): .630E+01
Furnace Radiative Efficiency .32

Gas Temperature (2): 1426.1

WOULD YOU LIKE ANOTER RUN? YES(1l), NO{®)

Figure R.3 Furnace case.
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RANGE OF VALIDITY AND CONVERGERNCE PROBLEMS

The model attempts & description of reality, therefore, input
which does not make physipal semse will result in either an error,
with interrupt and kick-back te DOS, or in no convergence--the
program will run for ever. While the model 1is runing the ITERATION
MUMBER will be displayed. Based on experience after about 20
iterations the program is interrupted automatically since it is

assumed it will not converge with further iterations.
The following are typical situations of nonconverpence:

s QFUEL is not enough to heat the walli{s) to the user specified
temperature. To correct: increase GFUEL or decrease wall

temperatures.

v TGRS is too close, order of 10%0, to the wall(s) temperature,
this results in oscillation of the gas temperature. To correct:

lower wall temperature(s) or increase QFUEL.

» The results are questionnable if either P#L for carbon dioxide
or Water vapor exceed 5.98. This situation would occur for very

long furnaces. It probably wWill net occur in practice.

» Too auch fuel is added so TBRS } Z000K. The results are
questionable since the correlations for mixture radiative
properties are not valid over this ligit. (the errors increase
and trends could be misleading.)

The following are recommended lipits for the input variables:

length: ratio between the largest side and the smallest

side to remain as close to one as possible
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0 { spot concentration, g/a&? £ 5 (M)
Excess air @ 0%

0.0 2 wall emissivity £ 1.0

-,

200*C 2 wall temperature & 1700°C
GRAD/FLIRNRCE WOLWWE £ 1.5 MW/ n3
Best wishes, "lycka willi" if all Fails, the auther can s
reached at KTH, (0B8) 790 B4G7,
2. DIRECTORY CODE
The directory entitled CODE contains all the code required to
assemsble UGN.EXE., These suproutines are written in FORTRAN. The

compiler used was:

MS5-FORTRAN, VERSION 4.0
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