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FOREWORD 

With increased emphasis on the u t i l i z a t i o n  of U.S. energy 
resources for national se l f - re l iance ,  a l te rnat ive  (synthet ic) fuels 
are expected to play a major role in future energy developments. Future 
e lec t r i c  power generation with combined cycle gas turbines can make a 
major contr ibut ion to national energy goals i f  these systems could be 
made to accept synthet ic l i qu id  fuels having minimum upgrading. Develop- 
ment of such f u e l - f l e x i b l e  gas turbines w i l l  encourage the u t i l i z a t i o n  of 
synthet ic fuels as they enter the marketplace, have major impact on 
future conservation of petroleum supplies, and reduce the cost of power 
production. 

Characterist ics of the basic feedstocks from which future l i qu id  
fuels for  gas turbines w i l l  be made are s i gn i f i can t l y  d i f fe ren t  from 
typical  petroleum propert ies. Liquid synfuels, especial ly those derived 
from coal, are l i k e l y  to be more aromatic and have low hydrogen content. 
In the combustion system, these character is t ics can be expected to promote 
the formation of soot. This can resu l t  in decreased combustor l i f e  due 
to enhanced flame rad ia t ion,  increased smoke or v i s i b i l i t y  of the exhaust 
plume, increased emission of par t icu la te  mater ial ,  and increased deposit 
forming tendency. Consequently, i t  is imperative that the process of 
soot formation within the combustion system be control led. 

Another s ign i f i can t  di f ference between conventional petroleum 
and synthetic fuels is nitrogen content. Organically-bound nitrogen is 
e f fec t i ve l y  converted to NO xl in conventional combustion systems. NO x 
is also formed thermally by f i xa t ion  of N2 and 0 2 from the a i r  which 
par t ic ipates in the combustion process but, for  high nitrogen fuels 
such as synthetics with minimum upgrading, the NOx due to fuel nitrogen 
is usually the dominant contr ibut ion.  While exist ing stat ionary gas 
turbine standards make some allowance for fuel NOx contr ibut ions,  con- 
ventional combustors would not be capable of meeting the l im i ta t ions  i f  
high nitrogen synthetic fuels are employed. The extent of fuel nitrogen 
conversion to NOx must be reduced. 

This program addresses the combustion community's need to 
better understand fuel related combustion var iat ions:  A mul t i -year 
e f f o r t  is being conducted to sa t is fy  two primary object ives: a) to 
provide an improved understanding of the relat ionships between fuel 
propert ies and combustion character is t ics and b) to develop analyt ica l  
model ing/correlat ion capab i l i t ies  fo r  the predict ion of fuel ef fects.  
The work is l imi ted to invest igat ion of a l ternate l i qu id  fuels used in 
continuous combustion systems, with gas turbine systems receiving 
special at tent ion.  

The program philosophy is to relate fundamental combustion 
phenomena to fuel character is t ics usinq analyt ical  models developed 
with and eventually ver i f ied  by data obtained in carefu l ly  desiqned 
experiments. This approach is i11ustrated schematically on the next 
page. The model can be envisioned as a combination of chemical and fuel re- 
lated elements, thermodynamic and heat t ransfer  elements~ and gas phase elements. 

l N0x is the general symbol which represents the sum of NO and NO2 
emission from a source. 

i i  
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A solut ion scheme provides the mathematical procedures for  solving 
the many complex mathematical re lat ionships.  The subject program 
focuses on the fuel related elements appearing in the upper l e f t  
portion of the schematic but includes devoting su f f i c i en t  at tent ion 
to other elements to resul t  in the development of a successful model. 
The program proceeds along two pa ra l l e l ,  s t rong ly - in terac t ive  paths 
involving both modeling and experimental tasks. ER&E is responsible 
for  overall program direct ion and experimentation, while Science 
Appl icat ions, Inc. (SAI) is responsible for analyt ical  modeling under 
subcontract to ER&E. 

These results w i l l  allow engine designers to better understand 
fuel effects in ex is t ing systems and w i l l  provide a v i ta l  tool necessary 
for the future development of fuel f l ex i b l e  systems. Four key goals 
of the DOE Principal Alternate Fuels Planning Network w i l l  be pursued 
in th is  program: 

• Quantify engineering chemical k inet ics of a l ternat ive 
fuels 

• Develop combustion models for a l ternat ive fuels 

• Characterize and quanti fy emissions from al ternat ive 
fuels 

• Evaluate combustion performance of a l ternat ive fuels 

While the primary thrust in this program is towards the gas turbine appl i -  
cat ion, many di rect  contr ibut ions w i l l  be made to al ternate fuel usage in 
other applications such as spark ign i t ion  and diesel engines. Specif ic 
contr ibut ions w i l l  include improved understanding of soot formation/oxidation 
chemistry and information regarding fuel nitrogen-to-NO x conversion. 

The f i r s t  major report on th is program ( I )  was wr i t ten to 
account for  the period August 15, 1977 to September 30, 1978. This 
report covers the period October I ,  1978 to January 31, 1980. During 
much of th is time period the contract was o f f i c i a l l y  in a hiatus period 
during which negotiations for contract renewal took place. However, 
the work e f fo r t  continued at both Exxon and SAI, a lbe i t  on a much lower 
level of e f f o r t  than had been planned. Despite these developments, 
the work performed was quite successful and this second major report 
contains much valuable information. 

The report is organized into three parts. 

Part A: Experimental Program Progress 

Part B: Analyt ical  Program Progress 

Part C: Technical Papers During Reporting Period 

iv 
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ABSTRACT 

The overall objective of this contract is to assist in the 
development of fuel - f lex ib le combustion systems for gas turbines as well 
as Rankine and St i r l ing cycle engines. The primary emphasis of the 
program is on l iquid hydrocarbons produced from non-petroleum resources. 
Fuel-flexible combustion systems wi l l  provide for more rapid transition 
of these alternative fuels into important future energy ut i l izat ion centers 
(especially u t i l i t y  power generation with the combined cycle gas turbine). 
The specific technical objectives of the program are: a) develop an im- 
proved understanding of relationships between alternative fuel properties 
and continuous combustion system effects, and b) provide analytical 
modeling/correlation capabilit ies to be used as design aids for develop- 
ment of fuel-tolerant combustion systems. This is the second major 
report of the program. Key experimental findings during this reporting 
period concern stirred combustor soot production during operation at 
controlled temperature conditions, soot production as a function of 
combustor residence time, an improved measurement technique for total 
hydrocarbons and i n i t i a l  stirred combustor results of fuel nitrogen 
conversion. While the results to be presented concern a stirred combus- 
tor which uti l izes premixed fuel vapor/oxidant mixtures, a new combustor 
which combusts l iquid fuel injected into the reactor as a spray has been 
developed and wi l l  be described. Analytical program progress includes the 
development of new quasiglobal models of soot formation and assessment 
of needs for other submodel development. 
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I .  INTRODUCTION 

Experimental work during the f i r s t  year of this program focused 
on soot production in highly backmixed combustion ( I ) ,  The experimental 
device used was the Jet St i r red Combustor. This device is designed to 
provide a combustion volume in which temperature and composition are 
uniform throughout the reactor. I t  "backmixes" thoroughly the combustion 
products with the incoming fresh f u e l - a i r  mixture. Results included an 
evaluation of the fue l - r i ch  combustion and soot formation character ist ics 
Gf a number of pure hydrocarbons. In a l l  cases a premixed fuel vapor/air  
mixture was injected into the reactor. Groups of  the hydrocarbons tested 
were found to behave s im i l a r l y  and three categories of hydrocarbons were 
defined. The groupings were as fol lows: 

Group i Group 2 

Ethylene Toluene 
Hexane O-xylene 
Cyclohexane N-xylene 
N-octane P-xylene 
Iso-octane Cumene 
l-octene Tetra i in  
Cyclo-octane Dicyclopentadiene 
Decalin 

Group 3 

l-methyl-naphthalene 

The f i r s t  group produced large amounts of exhaust to ta l  hydrocarbons without 
sooting and in no case was s ign i f i can t  ( i . e . ,  measurable at the mg/l level)  
soot observed. Many percent THC* could be detected at mixture rat ios below 
that at which soot appeared. 

The second group produced measurable soot, For these fuels,  the 
leanest mixture rat io  at which soot is observed (the inc ip ient  soot l i m i t )  
was found to correspond to the conditions at which s ign i f i can t  concentra- 
tions of  exhaust hydrocarbons were f i r s t  detected (hydrocarbon breakthrough). 
in these cases, the measured hydrocarbon concentration was less than one 
percent at the inc ip ient  sooting l i m i t ,  

Another commonality in the second group is that the inc ip ient  soot 
l i m i t  of these fuels occurred at an equivalence ra t io  of about 1.4 and the 
amount of soot produced as f ue l - a i r  mixture ra t io  was increased beyond the 
inc ip ient  sooting l i m i t  was s imi la r  (within a factor of two) for  a l l  fuels in 
this group, l-methyl-naphthalene was s ign i f i can t l y  d i f fe ren t  in th is respect 
producing much higher soot quanti t ies than those in the second category and 
having an even lower soot formation equivalence ra t io .  Consequently, th is 
double-ring aromatic represents a th i rd  soot formation category. 

Blends of  iso-octane and toluene were tested to determine the 
behavior of a two-component mixture with Group 1 and Group 2 hydrocarbons. 
Mixtures with 50 or more percent toluene produced soot while a 25% 
toluene blend did not. Clearly, fo r  the mixtures which did soot, increases 
in the volume percent toluene resu l t  in increased soot production at a l l  
equivalence rat ios.  

THC = Total hydrocarbons present in the exhaust products; expressed 
in volumentric concentration as i f  t he i r  composition Was en t i re l y  
methane. 
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I t  was also determined that with less toluene in the blend, 
the concentration of  hydrocarbons at the inc ip ien t  l i m i t  tended to be 
low for  the highly sooting blends but increased sharply fo r  those blends 
which did not soot. For example, wi th 50% toluene, the THC concentra- 
t ion was 2.4% at the inc ip ien t  soot l i m i t ,  whi le wi th 100% toluene 
th is  value was 0.2%. These resul ts indicate a combination of  Group 1 
and 2 behaviors and imply that a combination of the analy t ica l  descript ions 
fo r  toluene and iso-octane might be a reasonable approach for  predict ion 
of the sooting character is t ics  of such fuel blends. 

Experimental e f fo r t s  since the las t  major report (Sept. 30, 1978) 
have been in f i ve  areas: 

Soot production resul ts were obtained at var iable equivalence 
ra t io  but constant temperature using the Jet St i r red Combustor. 
This was done by varying the 02/N 2 ra t io  of  the oxidant. 
Previous resul ts were not acquired at contro l led temperatures; 
data was taken at whatever temperature resulted from combustion 
with a i r .  The new results w i l l  be used to develop quasiglobal 
soot formation expressions. 

A study of the e f fec t  of  residence time on soot production was 
made. These resul ts also provide information for  quasiglobal 
models. In addi t ion,  they h igh l igh t  the con t ro l l i ng  inf luence 
of THC breakthrough in backmixed combustor soot formation. 

A procedure was developed to extend the range of the tota l  
hydrocarbon analyzer to 10% (as methane). I t  was learned 
ea r l i e r  that the analyzer response was non- l inear above 
concentrations of about 2%, causing an underestimation of 
hydrocarbon concentrations in some runs. 

A s t i r red  combustor system which accepts a l i qu id  fuel spray 
was constructed and commissioned. This device w i l l  al low 
future study of the ef fects of inhomogeneity present during 
spray combustion. The new uni t  is described in Section 3. 

I n i t i a l  Jet St i r red Combustor resul ts of fuel nitrogen conversion 
were acquired. The f indings are very in teres t ing and provide 
results to which proposed models can be compared and tested. 

The balance of the experimental port ion of th is report (Part A) 
provides a de f i n i t i on  of the experiments conducted, descr ipt ion of the 
new Liquid Fuel Jet St i r red Combustor, summary of resu l ts ,  and discussion 
of experimental f ind ings.  
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2. EXPERIMENTAL DESCRIPTION 

Selection of the experimental method to be used in an invest i -  
gation of soot formation or fuel nitrogen conversion, is strongly i n f l u -  
enced by study objectives. The desire here is to develop an engineering 
model for continuous combustion systems, spec i f i ca l l y  gas turbine combustors. 
in such devices, the combustion process is s tab i l ized by some region where 
combustion products are backmixed with the incoming f u e l - a i r  mixture. This 
is accomplished by a i r  swi r l ,  a flameholder, or am a i r  in ject ion pattern 
arranged to entrain combustion products. The backmixed "primary zone" is 
operated at a stoichiometr ic or fue l - r i ch  mixture ra t io  to provide high 
temperatures v;hich fur ther  enhance s t a b i l i t y  and f a c i l i t a t e  ign i t i on .  The 
processes of soot formation and fuel nitrogen conversion to f ixed nitrogen 
intermediates are usually l imi ted to this zone. 

The predominance of soot formation research has involved laminar 
premixed flames or d i f fus ion flames, Soot formation in laminar premixed 
flames occurs in a region having fuel and oxygen concentration and tempera- 
ture prof i les unique to this combustion process. The temperature and 
species concentration histor ies are much d i f fe rent  than those occurring 
during combustion in a pract ical system. The fact that soot formation in 
backmixed combustion is not represented by the laminar premixed flame 
was demonstrated by Wright (2), Inc ip ient  soot formation l im i t s  were 
found to occur at higher mixture rat ios in the backmixed combustor. Soot 
formation in laminar d i f fus ion flames also occurs in a unique fashion. 
The physical separation of  fuel from the oxygen causes fuel pyrolysis 
and soot formation to occur in the absence of oxygen, This s i tuat ion 
could not occur wi th in the turbulently-mixed primary zone of a pract ical  
combustion system. 

The behavior of fuel nitrogen is also dependent upon tempera- 
ture and species concentration h is tor ies.  Objections to the characteris- 
t ics of laminar premixed flames and d i f fus ion flame experiments must also 
be raised for fuel nitrogen investigations which address the gas t u r b i n e -  
type combustion process. 

A study of soot formation and fuel nitrogen behavior which 
intends to simulate the mixing character ist ics (or the temperature/con- 
centration h is tor ies)  of a turbine-type combustion system should u t i l i z e  
a backmixed combustion experiment. Further, use of the backmixed combus- 
t ion experiment usually requires assuming the reactor is homogeneous in 
both temperature and species concentration; each operating condit ion is 
characterized by a single set of temperature and concentration data 
rather than prof i les  of these parameters. This is an essential advantage 
in this study to develop s impl i f ied or "engineering chemistry" submodeis 
involving quasi-global steps for  soot formation and fuel nitrogen conversion. 
i t  would be a fatal  disadvantage i f  our object ive were to evaluate the 
elemental reactions important to these processes; such studies must ~esort 
to the laminar premixed and d i f fus ion flames where extract ion of detai led 
information is possible. 

2.1 The Jet St i r red Combustor 

The experimental e f fo r t  during the past year concerned a Jet 
St i r red Combustor s imi lar  to that previously used by Wright (2) and ident ical  
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to that  used in the f i r s t  year of th is  program ( I ) .  The device used was 
a modi f icat ion of  the Longwell-Weiss reactor (3) wi th hemispherical 
geometry. The reaction zone was 5.08 cm in diameter and had 25 radial  
exhaust ports of 3.2 mm diameter. Combustion experiments were conducted 
at atmospheric pressure with a range of residence time of 2.0 to 6,0 ms. 
Fuel and a i r  were metered separately,  preheated to the desired i n l e t  tem- 
perature p r io r  to in jec t ion  ( l i qu id  fuels are prevaporized), and in jected 
into the reactor zone through fo r t y  small holes or sonic je ts  which s t i r  
the reactor contents and produce a mixture of essent ia l l y  uniform tempera- 
ture and composition. 

Measured quant i t ies  included gaseous species concentrations 
(CO, C02, THC, H 2, 02), the inc ip ien t  soot equivalence ra t i o ,  and soot 
production (mg/l) .  During the past year improvements to the THC measure- 
ment technique have been made and the capab i l i t y  to determine HCN and 
NH 3 was added. These developments are discussed in Sections 2.2 and 2.3. 
Two other minor changes to the gas analysis system have been made since 
the last  report ing. F i r s t ,  a new NDIR analyzer for  CO was acquired wi th 
ranges of 0- I0,  0-20 and 0-100%. Previously the maximum range was 0-10%. 
Secondly, a gas chromatograph was added to determine H 2. The Carle 
Model 8706-A u t i l i z e s  a three-column separation technique employing s i l i c a  
gel and molecular sieves. 

The fact  that  fuel enters the combustion volume as a gas 
represents a major di f ference between the JSC and pract ica l  systems in 
which the fuel enters as a spray. Because th is  di f ference is expected 
to inf luence the a p p l i c a b i l i t y  of the current resul ts to pract ica l  
systems, a s t i r red  combustor al lowing fuels to be introduced as a spray 
was b u i l t .  The Liquid Fuel Jet St i r red Combustor (LFJSC) is described 
in Section 3. Another di f ference which detracts from the d i rec t  app l i -  
c a b i l i t y  of these results is operation of the current JSC at atmospheric 
pressure only. A new combustor is being designed for  test ing during 1980 
which w i l l  span the pressure range from 0.I to 4 atmospheres. 

2.2 THC Measurement Improvements 

During the past year a substant ial  non l inear i ty  in our flame 
ion izat ion measurement of to ta l  hydrocarbons was found. At hydrocarbon 
concentrations greater than 2 volume percent (as CH 4) the flame ion izat ion 
detector would saturate and fur ther  increases in THC would receive less 
than a proport ional increase in instrument response. Consequently, measure- 
ments of THC quant i t ies over 2% would be undervalued. Because of t h i s ,  
the modi f icat ion to our THC measurement technique described below was 
made anddata in question was retaken. 

The to ta l  hydrocarbon measurement is done with a Beckman 
Model 402 Heated Flame lon iza t ion  Detector (FID). The pr inc ip le  
employed here is to in jec t  a small quant i ty  of  sample into a hydrogen 
flame posit ioned wi th in  an e lec t r i c  f i e l d .  The amount of sample in jected 
is contro l led by an o r i f i c e  and regulated upstream sample pressure. The 
hydrocarbons present in the sample undergo a chemi- ionizat ion reaction 
resu l t ing in CHO + + e-. Since the electrons are much more mobile than 
the posi t ive ions, a net current proport ional to the THC concentration is 
measured across the e lec t r i c  f i e l d .  However, i f  the amount of hydrocarbons 
entering the flame is too large the hydrocarbons w i l l  not be able to 
react w i th in  the flame and the instrument response to THC w i l l  become non- 
l inear .  
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The solut ion to the nonl inear i ty  problem is to e i ther reduce the 
sample flower to the hydrogen flame to assure l inear  operation at higher 
IH~ concentration, or to d i lu te  the sample f low in a control led manner 
so that the H 2 flame always sees less than 2% THC. Flow reduction by 
subst i tu t ing a smaller o r i f i c e  would be much easier and, in fact ,  the 
desired method i f  a clean combustion experiment were being considered. 
But in our s i tuat ion where soot production is high and some t a r - l i k e  
hydrocarbons might be present, a smaller flow res t r i c t ion  would be 
inadvisable. So ;ve have constructed a d i lu t ion  scheme for our hydro- 
carbon measurement. 

The schematic of the d i lu t ion  scheme is shown in Figure i .  
Most of the modif ications have been made wi th in our exist ing sample 
condit ioning oven which is held at 150%, Af ter  the sample is pres- 
surized by the metal bellows pump i t  passes through a three-way valve, to 
a metering valve used to control sample pressure, and through a metering 
o r i f i ce .  Sample pressure is adjusted to 30 kPa jus t  upstream of  the o r i f i ce .  
Since the pressure downstream of t h e o r i f i c e  is control led by a regulator 
wi th in the FID (at about 14 kPa) th is procedure assures a constant flow 
of sample through the system. The flow of the N 2 d i luent  introduced at 
th is point is held constant using the same control technique; pressure 
before a metering o r i f i c e  is automatical ly control led and the FID regulated 
pressure is experienced downstream of the o r i f i ce .  The N2 is heated 
to oven temperature as i t  passes through a coi l  before mixing with the 
sample, thus avoiding the poss ib i l i t y  of water or hydrocarbon condensation 
during mixing. Since the volumetric flows of sample and N2 are held con- 
stant, a constant, repeatable d i lu t ion  results. 

The system is cal ibrated with a C2H4/N2 mixture prepared on- 
l ine  with metered quanti t ies of C2H~and N2, This mixture is preheated 
in a coi l  wi th in the oven as was th~ N2, and can be se lec tedto  enter 
the balance of  the measurement t ra in  instead of the sample by turning 
the three-way valve. This measurement scheme has allowed us to extend 
the l inear  range of the FID to ten volume percent (as methane). 

2.3 HCN and NB3 Measurements 

Experimentsconcerning the fate of fuel nitrogen during combus- 
t ion must be concerned with tota l  f ixed nitrogen, TFN : NO + NO2 + HCN + 
NH 3. Large quanti t ies of HCN and NH3 can be produced in the f i r s t  stage 
of the r ich- lean combustors now being considered for  control of  fuel NOx. 
These species are l i k e l y  to be oxidized to NO in the fuel- lean second stage. 
Consequently~ the f i r s t  stage must minimize production o f t o t a l  fSxed 
nitrogen (NO + HCN + NH3) i f  high overal l  conversion of  fuel nitrogen to 
NOx is to be avoided. 

NO is determined using a chemiluminescent instrument (TECO 
.~del IOA) as discussed in previous r e p o r t s .  In th is  technique, sample 
gas enters a chamber where the NO reacts wi~h 03 produced within the 
instrument and fed to the chamber. The NO and 03 produce an activated 
NO 2 which emits l i gh t  of  a character is t ic  frequency ~pon decay. The 
amount of l i g h t  produced is proportional to the amount o{ NO present 
and, since the sample inf low is held constant, the l i g h t  in tens i ty  is 
proportional to the concentration of  NO in the sample. NO2 is usually 
determined using the same procedure, but af ter  the sample has been 
passed through a stainless steel tube at about 900°C which converts NO2 
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to NO. This allows NO x = NO + NO 2 to be determined, NO2 is then calculated 
as the dif ference between the two measurements. However, under f ue l - r i ch  
operating conditions the NOx measurement (and hence the implied NO2 determina- 
t ion) is not val id because NO is reduced wi th in the converter when substan- 
t i a l  amounts of hydrocarbons are present, Consequently, under the fue l -  
r ich conditions of in terest  in fuel-bound nitrogen invest igat ions,  only 
the NO measurement can be made. Fortunately, NO 2 is not l i k e l y  to be pro- 
duced at these fue l - r i ch  operating conditions and the lack of  a measurement 
is probably not a serious drawback. 

HCN and NH3 were determined using scrubbers and select ive ion 
electrode analysis. Two sets of scrubbers were used in pa ra l l e l ,  one 
set for  HCN and one set fo r  NH 3. Each set consisted of two scrubbers in 
series, with the exhaust from the las t  scrubber passing through a rotameter- 
meter/valve combination, thence to an exhaust, The scrubbers consisted 
of Pyrex graduated cyl inders (I00 ml) f i t t e d  w i th  sparge tubes and connecting 
f i t t i n g s  which were washed down with scrubbing solut ion into the appropriate 
scrubber, The solut ion volume in each scrubber was then brought to I00 ml 
by adding fresh solut ion.  Scrubbing for  NH 3 was done in 0.2% H2SO 4 while 
that for  HCN was done in 0,5 M NaOH. 

Analysis for  HCN was performed with an Orion model 94-06A 
electrode for  CN- and an Orion model 90-01 reference electrode, Analysis 
for NH3 was performed with an Orion model 95~I0-00 gas-sensing ammonia 
electrode. Both analyses used an Orion model 801A d ig i t a l  pH meter. 
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3.0 LIQUID FUEL JET STIRRED COMBUSTOR 

As previously noted, prevaporizinq the fuel and premixing i t  
with the a i r ,  as has been done in al l  our previous JSC test ing,  represents a 
s ign i f i can t  departure from practical continuous combustion systems. In 
the l a t t e r  case, the fuel is usually injected as a l iqu id  spray and the 
combustion process involves a great deal of unmixedness which s ign i f i can t l y  
influences the sooting and fuel nitrogen conversion processes. 

Our previous and continuing use of the JSC is necessary because 
i t  represents an idealized process which can be analyzed. I t  gives us a 
much better vehicle to unravel the key chemical processes without immedi- 
ately encountering the complexities of unmixedness. Indeed, our success 
in ident i fy ing the importance of THC and the groupings of hydrocarbon 
fuel types may not have occurred without this useful tool .  

Nevertheless, since our program intends to develop an engi- 
neering model in the short term, we must also look at the spray combustion 
process using an experimental system which is as well-characterized as 
possible. For th is reason, our future studies wi l l  include invest igat ions 
in the Liquid Fuel Jet St i rred Combustor (LFJSC) bu i l t  th is past year. 
The unit  has a spherical s t i r red  zone of 5.1 cm diameter into which fuel 
spray is injected followed by a turbulent plug flow section having a resi-  
dence time roughly one-half that of the s t i r red  zone. The two a i r  atomizing 
spray nozzles can be removed and characterized in terms of droplet size dis- 
t r ibu t ion  using a Malvern Spray Droplet Analyzer available to th is  program. 
A nu;nber of nozzle configurations can be u t i l i zed  to vary spray characteris- 
t ics .  In this way the influence of spray parameters on the important f indings 
uncovered using the vapor-fuel-fed JSC can be evaluated. 

The LFJSC was constructed at Exxon expense during January-March of 
1979. I t  has been operating since producing results for another government- 
sponsored program, Carbon Slurry Combustion (Air  Force Aero Propulsion Labora- 
tory Contract F33615-C-78-2025). Its future use in the subject DOE program wi l l  
benefit  greatly from the learning experiences of this past year. 

While the LFJSC meets our needs to examine spray combustion, i t  is 
l i k e l y  to create other problems. Most importantly, i ts  undefined level of 
unmixedness may cause d i f f i c u l t i e s  in fundamental in terpretat ion of the data. 
The JSC was developed over an extended period of time to minimize unmixedness. 
Various tests over the years have implied (but not proven) that when operated 
at design conditions the reactor is very close to being perfect ly  s t i r red .  
Because of the design features necessary for introducing a l i qu id  spray the 
LFJSC is not l i ke l y  to be as well mixed and th is may influence our a b i l i t y  
to evaluate the resul ts.  

3.1 LFJSC Design 

The LFJSC is composed of two sections, a spherical reactor and a 
cy l indr ica l  one (see Figures 2 and 3). The spherical portion of the LFJSC 
consists of two castable refractory halves housed within a 15.2 cm diameter 
metal shel l .  The refractory material is Castable 141A, a product of Combus- 
t ion Engineering Refractories, capable of withstanding temperatures of up to 
1870°C. Each section is cast separately with a 5.1 cm diameter hemispherical 
volume--the two sections together create the spherical reactor zone. The 
cy l indr ica l  plug-flow section is composed of a 7.6 cm long by 2.2 cm diameter 
alumina tube. Residence times of 2.4 to 6.0 and 1.6 to 4.0 msec can be 
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FIGURE 3 
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achieved in the s t i r red and plug-f low sections, Scale-down or scale-up 
could allow expansion of these residence time ranges. Each of the fo l lowing 
aspects of the f a c i l i t y  w i l l  be discussed, 

® Air  Inject ion 
© Fuel in ject ion 

Metering of Fuels and Ai r  
® Oxygen Inject ion to Boost Temperature 
® Exhaust System 
© Temperature Measurement/Sight Port 

Combustion a i r  enters the spherical reaction zone through two 
a i r  je ts  positioned 180 ° apart. Four a i r  je ts  entering the reactor at 
each side ( total  of eight) are aimed towards the corners of a cube 
imagined to s i t  within the spherical reactor. See Figure 2. One set 
of a i r  jets is rotated 45 ° with respect to the other to allow the 
opposing jets to mesh rather than co l l ide .  This approach provides 
for highly turbulent mixing and simulates the rec i rcu la t ing characteris- 
t ics of gas turbine systems,* 

Fuel enters the reactor at two posit ions 90 ° from each a i r  
j e t ,  The fuel nozzle assemblies consist of I/4J bodies, 0.030 cm fuel 
caps (Model 1250) and pressurizing a i r  atomizing caps (Model 67147) a l l  
acquired from Spray Systems Co, This pressurizing cap provides for  
premixing of the fuel with the atomizing gas (a i r  or nitrogen) pr io r  
to ex i t ing the nozzle t i p ,  A l te rnat ive ly ,  a siphon a i r  in ject ion system 
can be used in which atomization takes place immediately downstream of  
the nozzle by shearing forces between the fuel and atomizing a i r .  
Schematic diagrams of  the two nozzle types are shown in Figure 4. Metering 
of the combustion a i r ,  atomizing gases and l i qu id  fuels is accomplished 
using cal ibrated rotameters. 

The combustion products ex i t  the we l l - s t i r red  zone and enter 
the plug-f low region. A small sample of the exhaust gas is obtained 
by inser t ing a probe through the sample port at the base of this section, 
The remainder of the exhaust stream passes through a water cooled heat 
exchanger, Additional cooling is achieved by introducing into the exhaust 
stream a f ine water mist produced by an atomizing nozzle, I f ,  for  any reason, 
the exhaust temperature is not reduced to below 200°C an audible alarm is 
sounded. The combustorwil l  automatical ly be shut down i f  correct ive action 
is not taken within 30 seconds. 

Oxygen can be u t i l i zed  to increase the combustion temperature 
at a given equivalence ra t io ,  i ts  addit ion to the combustion a i r  reduces 
the nitrogen content, which is a flame temperature di luent,  The oxygen 
flow rate is determined using a cal ibrated rotameter and the flow is 
introduced to the a i r  stream pr io r  to i ts  metering. This provides for  
a uniform air/O 2 mixture entering the reactor. 

Temperature wi th in the reactor is measured by u t i l i z i n g  a 
platinum-6% rhodium/platinum-30% rhodium thermocouple which enters the 
combustor through the ign i t ion  port, Addition of  thermocouples in 

* This reactor concept borrows from previous designs by Prof, R, Essenhigh 
(Ohio State) and A, Putnam (Bat te l le Columbus Laboratories), The Pr inc i -  
pal Invest igator acknowledges the i r  contr ibut ion to this development 
through discussions during late 1978. 
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several key locations ( inside the refractory and on the outer shel l )  
is planned for the future. These w i l l  enable the refractory temperature 
gredient and heat losses to be calculated. A nitrogen-cooled sight 
port, positioned in the f ront  of the reactor, provides optical access to 
the reactor i n t e r i o r  and could also be used to de~ermine temperature 
by pyrome,try. 

3.2 C__ombustion Product Sampiing 

A 30.5 cm long by 0.24 cm internal diameter sample probe w i l l  be 
used for obtaining gaseous emissions and soot measurements, Special 
care has been taken to prevent condensation of water or unburned hydro- 
carbons within the probe and sample l ines. The sampling probe is hot- 
water cooled and sample t ransfer is accomplished using e l e c t r i c a l l y  
heated sample l ines. Al l  sample condit ioning (pumping, f i l t e r i n g ,  and 
vaiving) is accomplished within a Blue-M Model OV-18A oven maintained 
at 150°C. Valves have been selected which are rated for  operation at 
temperatures up to at least 175°C and design character ist ics are such 
that lubricated valve components are sealed from the gas path. The 
pump is a high temperature metal bellows type (Model MD-158 HT) driven 
by a I /4 horsepower motor external to the oven. Gas analysis and 
part icul~te measurement are ident ical to that used with the JSC. 

3.30perat i~ ]g Procedure and Data Reduction 

The LFJSC has the capabi l i ty  of operating on gaseous~ l i qu id  
or slur~w fuels. A gaseous fue l ,  such as ethylene, is u t i l i zed  for  
dai ly  start-up of the reactor and is fed through the f ront  nozzle, I t  
is ignited by a flame from a small propane torch which enters the com- 
bustor through the ign i t ion  port. Liquid fuel and atomizing gas (a i r  
or nitrogen) are f i r s t  introduced into the combustor through the rear 
fuel nozzle and then, once the ethylene flow is shut o f f ,  through the 
f ront  nozzle. 

A data reduction computer program was developed to convert 
measured gas analysis concentrations to wet values, calculate soot 
production and overal l  combustion ef f ic iency:  determine equivalence 
ra t io ,  and perform redundant material balances to check the consistency 
of measured results. The program is s imi lar  to that developed for  the 
JSC and discussed previously (Reference I ) ,  
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4 .  RESULTS 

4.1 Soot Formation 

The experimental program has concentrated on acquiring soot 
formation data at constant equivalence rat io and variable temperature. 
The data were acquired by adjusting 02/N 2 rat ios in the reactants--previous 
results had been acquired using a i r  as the oxidant with each equivalence 
rat io  producing a single operating temperature. Because of the need to 
monitor temperature and adjust 02/N2 rat io  during the experiment, these 
data are d i f f i c u l t  to obtain and very time consuming to acquire. 

Following our previously-reported work in which hydrocarbons 
were categorized into three groups defining various soot formation char- 
ac ter is t ics ,  the fol lowing data have been acquired. 

Fuel Equi valence Ratio Temperature 

Iso-octane (repre- 
senting Group I) 

1.0-I .7 1700 
1800 
1900 
2000 

Toluene (repre- 
senting Group 2) 

1.0-I .8 1700 
1800 
1900 
2000 

Methyl-Naphthalene 1.0-1.8 1900 
(representing 2000 
Group 3) 

These results are a large part of the basis from which we w i l l  develop 
quasiglobal soot formation models, 

The ef fect  of residence time on toluene soot production was 
also evaluated. These results were acquired at equivalence rat ios 
of 1.4, 1.6 and 1.8 and again reactor temperature was held constant (at 
1900 K) by varying 02/N 2 ra t io .  These data can be used in two ways. 
F i rs t ,  they confirm the importance of hydrocarbon breakthrough by i l l u s -  
t ra t ing  the dependence of soot formation on THC at constant temperature--a 
change in the chemical mechanism of soot formation is not involved. 
Secondly, they allow the development of key rate information--keeping 
the temperature ef fect  constant the residence time influence is examined 
separately, 

The iso-octane constant residence time data do not include 
soot production resu l ts - - th is  Group 1 fuel does not produce measurable 
quanti t ies of soot in the JSC. The main u t i l i t y  of the data concerns 
the future development of quasiglobal models for fuel decomposition and 
par t ia l  oxidation. While these processes do not d i rec t l y  impact on the 
soot production portions of the overall  model, this predict ive capabi l i ty  
is necessary to calculate correct values of species concentration and 
reaction temperature which, in turn, influence the soot prediction for 
the other hydrocarbon groups. Of par t icu lar  importance is the behavior 
of THC under fue l - r i ch  operating conditions. These results are shown 
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in Table I,  As expected, increases in ~ or decreases in temperature 
resulted in higher hydrocarbon concentrations in the exhaust, 

Toluene constant residence time data are shown in Table 2 
and Figure 5. The table shows the expected behavior that increases in 

or decreases in temperature resul t  in higher exhaust hydrocarbon con- 
centrations. The table also i l l us t ra tes  the impact of  increased reactor 
temperature on the range of soot-free equivalence rat ios.  As reactor 
temperatures are increased higher equivalence rat ios can be achieved 
without sooting. The f igure shows that  soot production at a given 
equivalence ra t io  decreases with increasing temperature. The main 
reason for  decreased soot production with temperature is evident from 
examination of the hydrocarbon concentration data in Table 2. As tem- 
perature increases the THC present at any given equivalence rat io  decreases, 
Since soot production depends strongly on hydrocarbon concentration for  
these Group 2 fuels, the increased temperature results in less soot produc- 
t ion. An a l ternat ive explanation of these temperature trends might be 
enhanced soot oxidation with increasing temperature, However, soot 
oxidation is not considered to be very temperature sensit ive at 1700- 
2000 K (see discussion of Nagle-Strickland Constable model in Reference I )  
and then the hydrocarbon explanation is much more l i k e l y .  In a more 
general sense, these results re-emphasize our previous statements that 
the behavior of THC is the key to predict ion of  soot production in highly 
backmixed systems, Our quasiglobal models w i l l  c lear ly  recognize this 
important point. 



TABLE 1 : 

Equivalence Ratio 

BEHAVIOR OF HYDROCARBON CONCENTRATION AT CONTROLLED TEMPERATURES 
FOR ISO-OC.TANE/,N2/9_2 COMBUSTION AT FUEL-RICHCONDITIONS 

Hydrocarbon Concentration (% as Methane) 
T = 1700 K i800 K 1900 K 2000 K 

1.0 .15 008 .016 .0012 

1.2 ,34 25 .14 .08 

1.3 .575 40 .40 .I15 

1.4 .68 8 .7 .27 

1.5 1.77 1 45 1,25 ,8 

1.6 2.0 1 5 1.77 1.0 

1.7 - -  2,0 - -  1.55 

I 

I 



Equivalence 
Ratio 

1.0 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

TABLE 2: 

Hydrocarbon Concentrati on 
T : 1700 K i800 K 1900 K 2000K 

BEHAVIOR OF HYDROCARBON CONCENTRATION AND SOOT PRODUCTION AT CONTROLLED 
TEMPERATURES FOR TOLUENE/N2/O? COMBUSTION AT FUEL-RICH CONDITIONS _ 

(% as Methane) Soot Product ion I~F~ I ) ~  
T = 1 7 0 0  K 1800 K 

• 0018 .0035 .0022 ,0008 0 0 0 0 

• Ol . Ol .0032 .001 . 004 0 0 0 

• 03 ,024 ,0135 .0008 • 04 0 0 0 

• 27 .03 .02 .0025 . 037 ,032 0 0 

• 32 • 13 .076 . Ol 8 . 074 . 027 .035 .021 

I .  1 . 6 . 21 .031 .062  .055~ ,004 . Ol 8 

2 . 4  2.9 ,37 ,015 .25 .35 .108 .039 

. . . .  3.1 . 24 .503 . 53 .203 - -  

! 

I 
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Methyl-naphthalene results are i l l us t ra ted  in Table 3. Again, 
the expected behavior that increases in @ or decreases in temperature 
result  in higher exhaust hydrocarbon concentrations is observed. The 
temperature ef fect  is so strong that soot forms only for @ = 1.6 at 
1900 K and @ = 1.8 at 2000 K. The amount of  soot produced is not much 
greater than in the case of toluene. This resul t  is in con f l i c t  with ear l i e r  
data (Reference I ) ,  which suggested that methyl-naphthalene produced much 
more soot than to luene.  The disagreement may be explained by a change in 
mechanism occurring as temperature is increased. As was noted in our f i r s t  
Annual Report (Reference I ) ,  i t  has been postulated that two soot formation 
mechanisms are possible with Group 2 or 3 hydrocarbons: a d i rect  condensation 
of aromatic rings or a r ing fragmentation to smaller hydrocarbon fragments f o l -  
lowed by "polymerization" which builds larger molecules. The condensation path 
is expected to be the much faster route; but, since the aromatic r ing cannot 
survive above about 1800 K, this mechanism is not operative at high temperature. 
Therefore, in this case, only 1900 and 2000 K data are avai lable and they 
may be en t i re ly  within a region where the r ing condensation mechanism, which 
explained the excessive sooting of methyl-naphthalene, is not operative. 
Consequently, these results imply that above 1900 K, the Group 2/Group 3 
d is t inc t ion is not necessary. 

The variable residence time results are shown in Figure 6 and 
Table 4. At a given equivalence ra t io ,  soot emission increases as residence 
time is decreased. As expected, soot production is much greater at the 
higher equivalence ra t io  but the soot/residence time trend is s imi lar  at 

= 1.6 and 1.8. The reason for  the strong dependence on residence time 
is most l i k e l y  the behavior of the THC within the reactor (see Table 4). 
At the shorter residence times, the hydrocarbons are not e f fec t i ve ly  con- 
sumed and the resul t ing high THC concentrations are responsible for  
great ly increasing soot production. 

4.2 Fuel Nitrogen Conversion 

Previous JSC studies of fuel  nitrogen conversion (5) have shown 
that a high percentage (~80%) of  fuel nitrogen is converted to NOx under 
fuel- lean conditions but the amount of conversion at fue l - r i ch  operation 
decreases sharply. While th is observation is consistent with concepts in-  
volving r ich/ lean stagedcombustion, the fact that low conversion toNO x 
is obtained at fue l - r i ch  operation does not necessarily mean that low NO x 
w i l l  be present af ter  second stage combustion. HCN and NH3 can be produced 
in large quanti t ies in the f i r s t  stage and i f  oxidized in the second stage, 
can resul t  in high fuel nitrogen-to-NO x conversion for  the overal l  combustion 
system. Consequently, our new capabi l i ty  to determine HCN and NH 3 concentra- 
tions (Section 2.3) is necessary for thorough study of fuel nitrogen conversion. 

Our experimental e f for ts  have focused on acquiring information 
on fuel nitrogen behavior in the CH4/NH3/Air, C2H4/NH3/Air, and Jet A/C5HsN/Air 
systems. NO, NH3, and HCN measurements were made over a range of  equivalence 
rat ios and the results give a perspective of  the fuel nitrogen conversion proc- 
ess occurring during fue l - r i ch  combustion in strongly backmixed systems. 

Methane Res ul ts: 

Table 5 i l l us t ra tes  the key results using methane as the fuel ,  
These data were obtained with an in le t  mixture temperature of  300%, 
a residence time of 4 ms, and an i n l e t  NH3 concentration of  1300 ppmv 



TABLE 3: BEHAVIOR OF HYDROCARBON CONCENTRATION AND SOOT PRODUCTION AT CONTROLLED TEMPERATURES 
FOR METHYL-NAPHTHALENE/N2/O 2 COMBUSTION AT FUEL-RICH CONDITIONS 

Equivalence Rat io 

Hydrocarbon Concentrat ion 
(% as Methane) (mg/ l )  

T = 1900 K 2000 K T = 1900 K 

Soot Product ion 

2000 K 

1.0 .0016 .0031 0 0 

1,2 .030 .018 0 0 

1.4 .58 .06 0 0 

1.6 1 . I  .32 .023 0 

1.8 - -  ,6 - -  .083 

! 

0 

I 



TABLE 4: BEHAVIOR OF HYDROCARBON CONCENTRATION WITH RESIDENCE TIME VARIATION FOR 
,TOLUENE/N2/Op COMBUSTION AT FUEL-RICH CONDITIONS 

Residence Time (ms) 

2.5 

3.0 

4.0 

5,0 

6.0 

Hydrocarbons (% as Methane) 
~h = 1 , 4  ~ = 1,6 # = ! . 8  

.053 1.3 4.2 

• 015 .21 3.1 

,0115 .057 1,14 

.009 .0105 ,24 

.008 ,0084 ,06 ! 

,...,i 

i 
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Figure 6: Dependence of Soot Production on Residence Time for 
Toluene/N2/O 2 Combustion at 1900 K 
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in the mixture. NO concentrations are indicated for  the case where NH3 is 
not added to the i n l e t  mixture as well as that where 1300 ppmv is introduced. 
HCN and NH 3 were not determined at equivalence rat ios less than 1.2 because 
previous experience had indicated that values at these conditions are neg l i -  
g ib le.  NH~ and HCN were not determined for  any of the baseline fuel (undoped 
with NH3) ~xperiments. The fuel nitrogen conversion l i s ted  in the las t  column 
of Table 5 is calculated as the tota l  f ixed nitrogen present (NO + NH3 + HCN) 
less the NO present without fuel nitrogen in the i n l e t  mixture, divided by 
an adjusted value of the i n l e t  concentration of  fuel nitrogen. The adjust-  
ment is necessary to account fo r  a change in the number o f  moles between 
product and reactant and the knockout of  water p r io r  to the NO, HCN, and 
NH 3 measurements. 

Conversion is high (~80%) at fuel- lean condit ions, decreases to 
about 50% at @ : 1.4, but then increases sharply as the blowout point  is 
reached. Production of  large amounts of  HCN at the very fue l - r i ch  condit ions 
is responsible for  th is  increase. These results emphasize the importance of  
considering TFN species other than NO in designing a r ich/ lean combustion system 
and i l l u s t r a t e  that ,  in the case of CHa fue l ,  the equivalence ra t io  value giving 
reduced tota l  f ixed nitrogen is w i th in 'a  very narrow range about 1.4. 

Ethyl ene Res ul ts:  

Results for  ethylene covering an equivalence ra t io  range of  1.4- 
2.2 are l i s ted  in Table 6. These data were obtained wi th an i n l e t  mixture 
temperature of 25%, a residence time of  4 ms, and an i n l e t  NH 3 concentra- 
t ion of 1300 ppmv. The Very high flame temperatures achieved with ethylene 
prevented examination at @< 1.4; the castable re f ractory  reactor material 
l i m i t  was about 2000 K. NO concentrations are l i s t ed  fo r  the case where no 
NH 3 was added to the i n l e t  mixture but, as with methane as the fue l ,  HCN 
and NH3 measurements were not made for  the undoped case. NO, HCN, and 
NH 3 were determine for  runs where NH3 was introduced at the i n l e t .  The 
fuel nitrogen conversion l i s t ed  in the las t  column of  Table 6 is calculated 
as the tota l  f ixed nitrogen present (TFN:NO + HCN + NH3) less the NO present 
without fuel nitrogen, divided by the properly adjusted value of  the i n l e t  
fuel nitrogen concentration. 

Conversion is about 54% at @ = 1.4 butwould have been near 80% 
with near-stoichiometr ic or lean mixtures. Fuel nitrogen conversion reaches 
a minimum of 43% at @ = 1.6 and increases to higher values as the mixture 
is made more fue l - r i ch .  As with CH4 the to ta l  f ixed nitrogen is dominated 
by HCN at the higher equivalence ra t ios .  I t  should also be noted that the 
increase in HCN beyond the minimum coincides with the increase in t o t a l  
hydrocarbons in the combustion products beyond the level of  about I000 ppm 
at the TFN minimum. 

Jet A Results: 

Jet A experiments were conducted with nitrogen being added as 
pyr id ine,  CsH5N. The natural Jet A nitrogen content is negl ig ib le  (<I0 ppm) 
and, therefore, test ing of  the undoped fuel  provided our zero fuel nitrogen 
baseline. These experiments were conducted with a f ixed fuel nitrogen 
concentration, 0.186% by weight. Consequently, the fuel nitrogen concen- 
t ra t ion  of the mixture increased with equivalence ra t i o ,  unlike the CH4 
and C2H a experiments. Data were obtained with an i n l e t  temperature of 
300°C and residence time of 4 ms. NO, HCN, and NH 3 were determined for  
both the undoped Jet A and the Jet A/pyr idine blend. 



TABLE 5: DEPENDENCE OF FIXED NITROGEN EMISSIONS ON 
FOR CH4/NH~/Air Mixtures* 

T(K) HC NO (ppm(%) NO Fuel N 
~Measured) ~ COp(%) H_H2 %C~_ (ppm as CH4~ W/O NH~) (ppm w NH3) HC__N NH 3 Conversion (%) 

0.8 1885 0.35 7.4 0,075 17 59 940 - - 80 

1,0 1980 0,7 7.4 0.144 15 72 900 - - 79 

1,2 1950 4,7 5.6 2.57 12 84 780 62 0.6 69 

1,3 1935 6,2 4.1 3.6 12 87 820 45 12.6 72 

1.4 1850 7.0 4.0 4.5 40 59 510 103 9.5 50 

1.5 1830 8.9 2.95 5.7 I0 67 470 255 318 87 

1.6 1775 9.75 2.4 lO 4500 19 l l5  2626 32.8 232 

l .  7 blow out . . . .  - 

I 

r , o  

i 

Combustor in let  temperature = 300~ 15°C 

R~sidence time = 4 ms 

NH 3 concentration in in le t  mixture ~ 1300 ppm 



TABLE 6: 

HC 
(ppm as CH 4) 

T(K) Without With 
(Measured~ NH3__ 

1.4 1854 260 330 

1.5 1879 I00 115 

1.6 1824 1,300 1,000 

1.7 1805 3,350 3,500 

1.8 1757 11,250 13,250 

1.9 1717 24,500 24,500 

2.0 1685 29,000 29,000 

2.2 1611 34,500 34,500 

DEPENDENCE OF FIXED NITROGEN EMISSIONS ON 
FOR. C2H_4/NH___3/AIR MIXTURES * 

NO NO HCN NH3. Fuel N 
"(ppm) (ppm) (ppm) ( p p m )  Conversion 

Without NH 3 With NH 3 With NH 3 With NH.3 (%) 

81 610 147 1 54 

91 690 58 21 55 

64 415 130 33 43 

46 270 557 30 69 

I0 105 963 33 95 

4 55 68B 66 73 

4 44 673 51 7O 

7 25 65O 178 81 

! 

! 

1300 ppm NH3 in in le t  mixture 
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Results are shown in Table 7 and Figure 7. The table i l l u s t r a t e s  
reactor temperature, to ta l  hydrocarbon concentrat ions, NO and TFN for  both 
doped and undoped operat ion, and the percent of fuel nitrogen converted 
to TFN beyond the TFN found using undoped fue l .  Note that th is  las t  para- 
meter is d i f f e ren t  than that included in Tables 5 and 6. In that case HCN 
and NH 3 were not determined and conversion e f f i c iency  was calculated using 
the baseline fuel NO measurement only. Conversion of  fuel nitrogen to TFN 
is about 80% at lean and near-sto ichiometr ic  condi t ions. I t  reaches a 
minimum at ¢ : 1.38 where the to ta l  hydrocarbon concentration is about 
600 ppm but then increases at higher equivalence ra t ios .  Again, HCN is 
the predominant f ixed nitrogen species. A drop in TFN at the highest 
equivalence rat ios ( I .69 and 1.94) is probably a t t r i bu tab le  to unreacted- 
ness of the i n i t i a l  fue l .  That i s ,  the pyrolys is of  the i n i t i a l  fuel is 
not completed and fuel nitrogen remains as pyr id ine in the combustion 
products. 

The Jet A case is the only one for  which NH 3 and HCN were deter- 
mined for  the baseline or undoped fue l .  These resul ts  show that  whi le NO 
is maximized at near-sto ichiometr ic  condi t ions,  TFN increases with ¢ 
once beyond the hydrocarbon breakthrough point in the JSC. The important 
TFN re la t ionsh ip  is not a bell-shaped curve with a maximum at ¢ = I .  When 
the process is under s u f f i c i e n t l y  fue l - r i ch  condi t ions,  hydrocarbon fragments 
apparently react with N2 to produce HCN, This understanding is c r i t i c a l  to 
successful development of staged combustion processes. 

Another feature uncovered by these Jet A results is that a fuel 
nitrogen conversion e f f i c iency  greater than 100% is achievable, even when 
HCN and NH 3 are taken into account. This means that  more N2 is converted 
to TFN when fuel nitrogen is present than when a very low nitrogen fuel is 
used. That is ,  fuel nitrogen can accelerate the N2 reaction with hydrocar- 
bon fragments, to produce an apparent TFN conversion in excess of uni ty .  



TABLE 7: DEPENDENCE OF FIXED NITROGEN EMISSIONS ON 
FOR JET A AND JET A/PYRIDINE 

0.68 

O.87 

l .08 

l .26 

I. 38 

1.5 

l .62 

l .69 

l .94 

T(K) 
(.Me.a.s.u.red) 

1 740 

1984 

2014 

1933 

1871 

1823 

1 749 

1 730 

1513 

Jet A Without Pyridine Jet A + 0.186% N as Pyridine 
HC NO TFN HC NO TFN 

(p_pm as CH.4_.) .CEEE)_ ~ (ppm as CH 4) ~ 

575 15 23 2,000 1 75 180 

500 98 124 l ,  150 305 310 

400 145 148 0 375 379 

400 I 13 193 150 320 507 

210 108 160 650 245 370 

l., 025 60 229 4,000 280 754 

8,500 37 301 II ,250 74 l ,052 

21,500 12 l ,405 15,000 60 l ,826 

28,000 27 497 30,000 27 621 

Convers i on 
to TFN 
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93 

58 

1 38 

187 

I01 

26 
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5. DISCUSSION 

5.1 Implications for  Quasiglobal Modeling 

5.1.1 Soot Formation 

The soot formation results presented in Section 4 have im- 
mediate u t i l i t y  for developing quasiglobal models of soot production. 
As w i l l  be discussed in Part B of th is report~ quasiglobal models 
based on a strong unburned hydrocarbon dependence are successful in 
characterizing soot production. Differences in the soot formation 
character ist ics of a l iphat ics ,  s ing le- r ing aromatics, and mul t i - r ing  
aromatics can be accommodated by employing d i s t i nc t l y  d i f fe rent  quasi- 
global expressions for the three fuel groups. 

A pract ical fuel may be represented as a three-component blend 
having appropriate amounts of each component. The total  amount of  unburned 
hydrocarbons must be determined using quasiglobal rate expressions for fuel 
disappearance which are speci f ic  to each of the hydrocarbon groups. Using 
such expressions~ one could then account for the d i f fe rent  nature of  the 
unburned hydrocarbons present, These unburned hydrocarbon quantit ies can 
then be u t i l i zed  in predict ing soot formation using the quasiglobal expres- 
sions speci f ic  to each group, 

While these results are very encouraging, a number of current 
serious l im i ta t ions must be kept in perspective. As already noted, the 
predict ion of soot requires knowledge of the unburned hydrocarbon concen- 
t rat ions and the i r  or ig in .  Quasiglobal expressions to make this predict ion 
de not current ly exist ,  Secondly, a f u l l  demonstration that quasiglobal 
models can be combined l i nea r l y  or in some other simple manner is not in 
hand, The poss ib i l i t y  of synergist ic effects between the d i f fe rent  types of  
unburned hydrocarbons has not been eliminated, Thi rd ly ,  the size of the 
soot part ic les formed is not current ly predicted. This information w i l l  
cer ta in ly  be needed for  calculat ions of soot burnout in the downstream 
portion of continuous combustion systems, F ina l ly ,  the current model is 
based on atmospheric pressure experimental data. Pressure effects have 

"not been evaluated. 

There are addit ional problems to be encountered in applying the 
model to pract ical  systems. Unmixedness wi th in the backmixed primary zone 
must be considered. Soot production is very sensit ive to mixture rat io  
and the more fue l - r i ch  pockets w i l l  disproport ionately contr ibute to soot 
formation. This problem does not inval idate quasiglobal expressions being 
developed in this program, but i t  does place a str ingent requirement on 
the aerodynamic port ion of the overall  model to recognize and accommodate 
unmixedness, In this connection, the presence of droplets may be important 
in certain combustor configurations. Most l i k e l y ,  the droplets w i l l  not 
combust in the classical d i f fus ion flame configurat ion, but the i r  evapora- 
t ion character ist ics w i l l  dominate the overall unmixedness. Accommodation 
of spray combustion may r~quire the primary zone to be analyzed as a s t i r red  
reactor simultaneously combusting an ensemble of mixture rat ios.  
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5.1.2 Fuel Nitrogen Conversion 

The current JSC data for fuel nitrogen conversion do not represent 
a set of information sufficient to develop a model of fuel nitrogen behavior. 
However, they do comprise a set of results with which other proposed models 
can be tested. The subject program has cooperated with a companion DOE program 
at MIT and their kinetic model wi l l  serve as a starting position for our efforts. 
The MIT model wi l l  be compared with the current JSC data during the coming year. 

The data describe some interesting phenomena which a successful 
model should be able to predict. First, the results of Jet A combustion with- 
out a nitrogen dopant show that very high quantities of HCN and NH3 are pro- 
duced at fuel-rich conditions. This suggests that HCN is being produced by 
N2 combination with hydrocarbon fragments present under fuel-rich conditions. 
The results provide new information on "prompt NO" which has been shown to 
be a strong function of equivalence ratio in f la t  flame studies (6). These 
JSC results characterize the process using a single known hydrocarbon concen- 
tration. This is not the case for the f la t  flame burner results which dominate 
the l i terature on this topic. Hopefully, the data wi l l  be of assistance in 
developing a better understanding of prompt NO. 

Secondly, under fuel-rich conditions the addition of fuel nitrogen 
actually results in the production of more TFN (mainly HCN) than could be just i -  
fied by I00% conversion of fuel nitrogen (note Jet A data at 1.5 and 1.62 in 
Table 7). That is, the addition of some fuel N results in additional N2 being 
converted to TFN, The chemistry by which this occurs should prove very inter- 
esting and this phenomenon should provide an excellent test for future analyt- 
ical models of the fuel nitrogen conversion process. 

5.2 Application of  Findings* 

5,2.1 THC Importance 

Acceptable gas turbine combustion performance using low hydrogen, 
high nitrogen content fuels wi l l  require a fuel-rich f i r s t  stage which pro- 
motes conversi'on of fuel N to N2 while preventing excessive soot formation. 
The current results imply that the f i r s t  stage be thought of as a well-stirred 
reactor--a zone which is suff iciently mixed to be nearly homogeneous in tempera- 
ture and composition. The incoming fuel-air mixture is assumed to be instan- 
taneously mixed with the combustion products and the entire reaction zone is 
represented by one set of composition/temperature conditions. Soot and fuel 
nitrogen conversion in this system can be viewed as the products of the reaction 
between these components in the "well stirred pot" at rates determined by the 
existing temperature conditions. 

The distinction between the f i r s t  stage operating as a plug 
flow reactor or as a stirred reactor is important. First, previous 
work has shown that the incipient soot formation l imi t  in the stirred 
reactor configuration is richer than the plug flow case (2). A further 
distinction is added through consideration of fuel nitrogen conversion. 
In the plug flow case, destruction of fuel nitrogen occurs where large 
concentrations of hydrocarbon fragments are present and formation of 
HCN can be extensive; low fixed nitrogen may be achieved by allowing the 
system to relax back towards equilibrium. On the other hand, at appro- 
priate operating conditions the stirred reactor may allow fuel nitrogen 

This section draws heavily on an ASME paper written jo in t ly  by W. S. 
Blazowski (Exxon) and A. F. Sarofim and J. C. Keck (MIT). The paper 
is included in its entirety in Part C. 
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destruction to occur at low hydrocarbon concentrations and the i n i t i a l  
formation of HCN may be l imi ted.  

Soot w i l l  form in this we l l - s t i r red  combustion zone i f  the 
i n i t i a l  fuel contains a substantial amount of  single or double-ring 
aromatics and i f  the zone is operated in a manner which allows 
a s ign i f i cant  concentration of hydrocarbons (unburned fuel fragments) 
to be present, Fuel nitrogen conversion is minimized by operating the 
reaction zone as r ich as possible without the presence o f  high hydro- 
carbon concentrations. More oxid iz ing conditions allow the conversion 
of fuel N to NOx to be more ef fect ive and the presence of  hydrocarbons 
at r icher operating conditions allows the formation of  HCN in the f i r s t  
stage which w i l l  subsequently be oxidized to NOx in the second, fuel- lean 
stage of the combustor. Consequently, these results imply that minimiza- 
t ion of both NOx and soot in gas turbines u t i l i z i n g  future fuels w i l l  re- 
quire a staged combustion process designed for the r ichest possible opera- 
t ion without substantial hydrocarbon breakthrough. I t  is recommended that 
combustor designers u t i l i z e  this information by analyzing THC concentra- 
tions within the fue l - r i ch  f i r s t  stage during combustor development 
test ing. 

The a b i l i t y  to operate fuel r ich without soot formation is also 
influenced by the type of fuel being combusted ( i , e , ,  composition in 
terms of Group I ,  2, or 3). Lesser quanti t ies of  s ing le- r ing and 
double-ring compounds in the fuel w i l l  increase the inc ip ient  sooting 

and allow the THC concentration at the l i m i t  to increase. However, 
fuel nitrogen conversion is not l i k e l y  to be as sensit ive to fuel t ype - - f i x -  
ation of fuel nitrogen as HCN w i l l  coincide with the THC breakthrough 
regardless of the type of  hydrocarbons present in the fuel .  Consequently, 
the maximum operating equivalence rat io for  fuels with a predominance of  
Group 1 hydrocarbons may be dictated more by considerations of fuel 
nitrogen conversion than soot formation. 

A point already mentioned which should be emphasized again is 
that the JSC experiments on which these conclusions are based involves 
a premixed prevaporized system, The presence of  fuel droplets in the 
f i r s t  stage would be expected to seriously influence the resul ts.  Suc- 
cessful operation w i l l  require the pockets of fue l - r i ch  mixture resul t ing 
from droplets in the f i r s t  stage be avoided--otherwise the consequence 
of hydrocarbon breakthrough (soot formation and f i xa t ion  of  fuel nitrogen) 
w i l l  occur loca l ly .  Fuel in ject ion,  d rop le t -a i r  mixing, and droplet 
vaporization must be accomplished in a manner which allows homogeneous 
conditions to be achieved on a micro-scale wi th in the f i r s t  stage. 

F ina l ly ,  the second stage combustion process is also c r i t i c a l  
for achieving low levels of NOx emission. Large quant i t ies of thermal 
NO x can be produced i f  the mixing process is too slow and allows regions 
of near-stoichiometric, high temperature reaction. 

5.2.2 Control by THC or Radiative Characteristics 

One important concern in the design of  low NOx combustion systems 
is the impact of  load var iat ion on operating character ist ics.  For example, 
a reduction in load causes a decrease in f ue l - a i r  ra t io  requirements and 
perhaps combustor i n l e t  temperature. These changes can cause the system 
to operate in a manner substant ia l ly  o f f  the optimum operating point unless 
adjustments are made to key combustion parameters. 
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The evidence that THC is a cr i t ical  indicator of optimum 
operation suggests that measurement of this parameter might be used to 
control conditions in the f i r s t  stage. One can envision a flame ioniza- 
tion detector which monitors f i r s t  stage gas composition to provide a 
signal proportional to f i r s t  stage THC. This, in turn, could control 
air supplied to the f i r s t  stage in a manner which assures optimum operation. 
In essence, this control scheme would attempt to have the combustor always 
operating at the "knee" of the THC versus equivalence ratio characteristic. 

Alternative methods of monitoring THC which do not involve 
extraction of a physical sample might also be employed. Luminosity is 
a measure of soot formation but is more indicative of Group 2 and Group 3 
hydrocarbon breakthrough than Group I.  I t  is therefore expected to be a 
useful measure of when HCN breakthrough occurs but could overlook situations 
in which fuels with a low sooting potential are uti l ized. Alternatively, 
a spectroscopic analysis of flame emission or adsorption in a spectral 
region characteristic of hydrocarbons could be employed as the control 
signal. 

Establishing the best method of sensing hydrocarbon breakthrough 
and controlling key combustor variables wi l l  require additional research 
and development. The appropriate THC concentration to use as a set point 
is not known and the abi l i ty  to design f i r s t  stage zones with controllable 
flows must be developed. 
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