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FOREWORD

This is the thixd Techoical Progress Report for DOE Contract
EC-77-C-03-1543, "Fundarmental Characterization of Alternate Fuel Effects
in Continuous Combustion Systems." It includes brief descriptions ci
exzperimental and zmalyticzl information generated during months -
saven through nine of the program. Experimental information was generated
by Exzion Research arnd Engineering Coapaay (ER&E) and amalytical work was
verformed by Science Applications Inc. (S4I). Dr. Raymond Edelman is
responsible for activities at SAI. ER&E is the prirce contracter for -this
progran aznd is respomnsible for overall program direction and parformance.

The data and findings of our work during this quarter must be
regarded as prelirinary. Much further 2nalysis a2nd coafirming data will
be provided during the balance of the first program year. Consegquerntly,
the description of progress contazined herein i1s of z general nature.
The first year Interin Report will provide a full, detailed accounting
of the technical data, analysis, interpretation, and conclusions.

Williem S. Blazcwskdi
Principal Investigator



INTRODUCTION

; Alternate fuels derived from coal, o1l, shale, and -tar sands
are expected to play an increasingly important role in meeting the future.
national energy demend. The properties-of these fuels can result in
significantly different combustion performance compared with conventlonal
specification fuels. For example, decreased hydrogen content can result
in increased flame luminosity and exhaust smoke emission, higher fuzl bound
nitrogen can result in increased NOy emissions, and fuel impurities can
result in deposition within the combustion device. Although additional
refining and fuel treatment can mltigate these problems to some extent,
the approach of adaptingz the combustion system to utilize fuals ‘having
"unconventional" properties while operating in an environmentally acceptable
manner seems to be most cost effective and energy efficient. This.program .
will provide vital fundamentzl informartion necessary for the efficient
pursuit of this approach.

The subject program is a nulti~year effort to provide an improved
fundamental understanding of the relationships between fuel properties and
corbustion characteristics and to develop analytical modeling/correlation
capabllities for the prediction of fuel effects. The work will be limited
to investigation of alternate liquid and ‘gaseous fuels used in continuous .
cocbustion systems, with gas turbine systems receiving special attentiom. -
The program philosophy is to relate fundamental combustion phenomena t6’
fuel characteristics using analyticzl nodels developéd with and eventually
verified by data obtained in carefully desigred experiments. Consequently,
the program will proceed along two parallel paths, modeling and experimental.
EREE will be responsible for overall program direction and experimentation,
whila Scienc: Applications, Inc. (SAI) will be ::espons:.ble for analytical
rmodeling under subcontract to EREE.

Effort during the first phase of this program (to be undertzken
in the first year) will provide a well-developed plan for subsequent years
of the program. Key combustion properties and ranges of fuel variation of
interest to our subsequent efforts will be surveyed. Experimental work will .
include the utilization of unique ERSE experimental equipment=for=evaldation
of fuel combustion characteristiecs. The analytical modeling effort will
include new applications of guasi-global modeling techniques as well as
predictions of and comparisons wiin the exparimental rasults generated.
Efforts during the secend two years of this program'will céncentrate on
solving the problems ideatrified using the approaches deflped in Phase 1.
These efforts will be characterized by the broad application of experimental
combustion facilities avaiizble at ER&E. The SAT modeling work will not
only attempt to better describe chemical and physical phenomena, but will
also provide valuable guidance concerning the design of experiments. This
cooperative, iterative procedure will optimize the improvemeats to funda—
mental .understanding and the generation of an analy:icel rodel during this
PrOgram.



_Tasks 1 ard 2 of the firsc year of this effort were completed in
January with the Task 1/2 presentatica.to DOE representatives on the 12th
and the submittal of the first Technical Progress Report. The report pro-
vides background information which describes the curtent undexstanding of
zlternaze fuel effects iIn gas turbines. A survey of amnalytical model
capability for prediction of fuel effects ir contiruous cocbustion systems
~was provided and sections on computatlonal methods for recirculating react-
ing flows, turbulent fiow modeli nb, and tne phenomena of unzixedness,
Iroplet and spray cocbustion, and fuel dzcomposition ard combustion waere
lqcluded Key technical areas raquiring additional study and analysis
have been identified and prioritized. The presentation summarized this

iz gorhatlon ~znd described currear planning of the second and third progra:
years. -An expanded pregram involving more coacentrated effort and larger
scale experinerntation is eavisioned.

Th2 second Tecinicel Progress Report concerned inizial experi-
menta]l 2nd anaiyticel information generated during menths four through

siz. The subject report concerns ronths seven through nine during which
eddirional experimental informatior was developed.

Experimental Developmants

A very active =-per_nental program empleving the Exxon jet-stirred
combustor (see Technical Progress Report No. 1) was conducted during the
third quarter ¢f this first year of the subject contract. Studies of the
soot formation cheracteristics of ethylere and toluene wera gonducted and
significant differences between thess two hydrocarbons were iocund. Other
hvérocarbon types were studied and a screening procedure was adOﬂted to
exanine a large number of frels. Finally, gqualitative explanaglo o€ lean
blowout and lean reactor operating cheracteristics has been realized ‘dnd
the basis for quantitative evaluation of reacter surface effects and quasi-
glcbal kinetics under lean operating coaditions has besn established.

Ethylene Soot Formarion

Studies of incipient soot formation limits with ethylere as the
fuel were conducted during this quarter. These investigations were
intended to satisfy the following cbjectives:

'@ Determine the dependence of the ¢ﬁC1p’e1t soot limit on
Ieactor mass flow

& Evaluate the effect of mixture inlet temperature

- 8 Investigate the behavior of gas species 2t the incipient.
soot formation limit

Figure 1 illustrates the deperdence of the incipient soot forma-
tion limit ow reactor inler mixcure flow rate. Data was obtained by testing
at increasing eguivzlence ratio incremeats of C.1. Results presented
represent an equlvdlen_e rztio value midwzy betwean test points at which
we began to observe soot. The flow rate effect zppears to be significant
with soot linit equivalence ratio increasing from 1.85 to 2.25 over the




-3 -

FIGURZ J. ~

Incipient Soot Limit Equivalence Ratio Dependance
or Mass Flow for Ethvlerne—4ir Combustion
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flow range tested. This is an interesting observatiom in that at the lower
flow rate conditionis the equivalence ratio for incipient soot approaches
the accepted premixed laminar flame value of 1.8. It can be postulated
that residence time effects—the effect of reduced burnedness as reactor
loading is increased—are important: to ethylene's soot formation process

in the well mixed situation. i

Data presented in Table 1l indicate that the temperature effect
on the incipient soot limit is not measurable over the range of ethylene
2ir combustion conditions investigated during-this reportirg period.
Wright (Ref. 1) reported a continuous decrease in incipient soot O/C with
increasing temperature but considered a broader range of temperatures and
idertified che critical O/C “y observing flame color. It has been our
observation that ethylene is & difficult fuel to study in soot formation
investigation. Compared with toluene, for exaicple, very small amounts
of ‘soot @re formed. A notable temperature effect observed during this
testing was that the darkness of the filter observed at the lowest sooting
equivalence ratio increased with mixture inlet temperature. At 25°C the
darkness of the soot deposit was very slight with iacreasing darkness as
temperature was elevated. Another observation was that beyond tne soot
limitr equivalence ratio the soot dz2posit on the filter beczme darker and
ther lighter 2s the blowoutr mixture ratio was approached.

Gas species at the incipiear limit were determined for ethylere-
air mixrures at 25°C a2and 2 number of zir mass flows. Figure 2 illustrates
typical results for the incipient soot limit uehavior of ethylene air
mixtures at an air flow rate of 160 g/min a2t 25°C. The portions of fuel
carbon coovertad to CO, CO), and total hydrocarbons for these same condi-

tions are illustrated in Figure 3. As indicated, CO is by far the predoainant

speciles.,

Toluene Sooting Characteristics

The sootimg characteristics of toluene were also studied during
this past quarter. Results presented below concern the following:

& Effect of reactor.mass flocw oa sooting limit
8 Behavior of gas phase species at sooting conditions

e Dependence of soot production on experimental conditions

The incipient soot limit behavior of toluene was determined as
a function of inlet mass flow. 1In contrast with observations made with
ethylene as the fuel, no distinct relationship between the incipient soot
limit ard inlet mass flow was uncovered. Using the technique described
in the second Technical Progress Report--leamest operation at whick a
soiled filter was observed—the limit was consistantly found to be 1.35.
Note that this is much leaner then for the case of ethylene combustion

where the incipient limit equivalence rario was found to be 1.95 at these
conditions. '



TABLE 1 .

Incipient Soot Limit Depandence on Inlet Temperature
for: Ethylene-Air Combustion

Temp. 9
25°C . 1.95=
100°C 1.85
200°C 1.95
300°C 1.95

g

Z 0,

3. 2=

2.4
3.3
3.1

= 110 g/min)

"ZcCo ° % co, % HC
'2' :;2': =-3 045 5,0
26.7 3.70. 3.2
28.1 2.95 4.3

29.8°  2.80 3.4



c, 02, or COZ‘

Mole Percent
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FIGURE 2

Gas Phagse Specics Near the Fthylene Incipicnt Soot Limit
(Alr Flow = 160 g/min, Inlet Temperature = 25°C)
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Gaseous species concentratioas at the soot limit for the 300°C,
112.5 gm/S condition are: : ‘

¢=

1.35
%z 02 = 1.8
% co = 15.1
"% Ccop = 8.0 i
% EC = 0.2
7% H0 = 7.1
X Hp = 3.4

Ho0 ard Hy values are calculated by assuming water-gas equilibriur and -
perforning a hydrogen balance calculation between inlet mixture and combus-—
‘tion products. By appropriate consideraztion of reactor heat loss )
characteristics these data can also be utilized to determine reactor gas
temperature which was calculated to be 3215°F., -Because of this high
teaperature at the soot limit it was not possible to experimentally deter—
mine species benavior for equivalence ratios much lower tben 1.30. Leaner
oparation would have resulted in temperatures which exceed reactor material
limitations (3400°F). Measurements have been mede at ¢=1.30 aand at the
highly scoting conditions for equivalence ratios greater than 1.30.

Figure 4 illustrates the nature of gas phase species present at
equivalence ratios at and beyond 1.35. Tnese -data were obtained zt an
inlet texperature of 300°C with an inlet air flow of 112.5 gm/min. The
plot illustrates typical gas phase bshavior by displeying the portioms
of fuel carbon converted to CO, CO;, and total hydrocarbomns... As with
ethylene, CO is the predominart specie. A substantial difference in
cemparison with ethylene behavior is the variation of total hydrocarbons
at the soot limit... While substantial amcunts of hydrocarbons were present
with ethylene at equivalence ratios below the limit, toluene sootiag
comrences with the initial presence of hydrocarbons in the reactor.

Soot production was determined at these same conditions. Data
are obtaired by:adding the amount of mass collected on:a filter in the
measurement system to that which deposited a2t the entrance to the probe.
This latter. amount is carefully removed from the probe tip with a2 fine
wire and placed on the soiled fiiter before fipel weighing. These measure-
ments correspond to the soot production f£ar a known volume of exhaust gas
==being passed through the system (usuvally 10 £). FReduction of this data

yields the mg soot produced per standard liter of exhaust product.

Typical results are shown in Figure 5. These data :cor”espond
to operation at air mass flows of 50 and 112.5 gm/min and at an inlet
mivture temperature of 300°C, Note that while the incipient soot limit

vas not significantly affected by mass flow, the -soot production was sub-
stantizlly less at the lower air mass flow condition.

The results of Figure 5 indicate that soot production increases
very significantly as the mixture equivalence ratio ircreases. However,
translation of the data in Figure 5 to fraction of fuel carbon or soot

indicates that, even at the worst coadition, less than 17 of the fuel
carbon is converted to soot.
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" formation mechanisms for Toliy and CZASCAY™ vader the -strongly backmized
corditifns o the jet stixred cembustor. The n*om::e_o- our originally-
proposed approach—-duasi-global characterization of S00t Torzazicn
characteristic g-.based on hydrocarbon ty?_—-ls supporited by thess “HHudsngs
In order to,further develop this .concept it is necessary to screen a2 lar ge
cenber of other fuel types to deterﬂiﬂe "he:her they beha ve like CpHz,
CgilsCly or have s6dt formation characteristics distinctly wifferent ti an
CzEA or Caﬁs(:ﬁ:.s.

The first two, ‘hydrocarbons studied were hexzane and iso-octzne.
It was not possible to Teach sootiug conditions with either of these
fuels as rich blowout was reached pr 1er to the onset of soot formation.
Nevertieless, it was determined that they behaved in 2 hanmer similar to
that of ethylene——rich combustion .esult-;g in substantial production of
hydrocarbons could occur without scot formation. These Tesults were
obtained at an air flow of 112.5 gm/min. and a mixture inlet temperature
of 300°C. " '
i ) Conditions for additionzl fuel screening studles were estzablished.
Tests using this ‘procedure will involve the balance of the test fuels
listed in Techalcal Progress Report Xo. 2, a number of pure fuel lends,
and”actual commercial fuels. The objective of the screening studies is to
gzizrally characterize soot formation cheracteristics of each fuel,
espaczally with Tespect to similarities betwsen these fuels and either :
~toluene or ethylene. Sootproduction and gas species will be determined
at tne“‘*low*n 'conditions.

Inlet Temperature = 300°C
-7 7 Adir Mass Flow =~112.5 gm/mln
Equivalence Ratios: Determine Inci g t lelt (I.L.)
' < L. + 0.2
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Plawest and Lean Operctinz Choract cristics

- mamenan  wastme G\

Lean blowout limits and CO concentrations in the combustion
products a2t fuel lean operarion have Seen experimentally determined for
CoHy and Cghi3CH3. These results will b2 of value in developing quasi-
global models of hydrocarbon coxbustion under well-mixed conditions.
Iz addition, data have been acgquired for two reactor sizes, 1.5 and 2-
inch diazeter reaction volume. These results will be analyzed for indication
of surface effects which may impact the global chemistry being studied.

Qualitative explanations ol blowour aad carbon monoxide concen-—
tration data for lean operation ethvlene-zir combustiocun were daveloped.

Lean biowcut results for the 1.5 ani 2-iach reactor were evaluated

with respect to the heat transfer characreristics of che two devices.

Since the 2-—inch design has less resistzace to heat traansfer, it is less
adiabatic (loses more heat) and should have 2 higher blowou: equivalence
ratio for the same nn/V, mass flow norzalized by reactor volume. This egrees
with the data. As mass flow 1s increased through either reactor, the
frzction of input fuel energy which 1s lost through the walls decreases

2nd the difference between the blowour equivalence ratics for the two
recctors should diminish as @ increases (see the following figure). This

21lso agrees with the data and provides an excellent gualirative explanation
of our results.

Blow out ¢

2" Reactor

\
~

1.5" Reactor

> B/v

Further quantification in terms of blewout reactor temperature wiil be
performed to verify the cheaical similarity between the two reactors of
different geometry. The following plot might be developed to examine this
question. :

Reactox
Temperature
@ blow out

v
<|B»



Rezcter rempezature will be caleulated m giz dzta znd wiil

¢ dircerly meazured. Platinem/PIzrinum-13 thermocourl s wore
installed during this weporting perlod ro deternine reaciery tedpeTraiure
znd teperatuse of the relrazctory at a radiazl position close to the reactor
interrs]l wall. Chromel-zlumel theruncounles zre teing utilized o deter-
mine an internal refractory temperaturs in the upper hemisphere of the
J5C and reactor outside surface remperatures. The internal relractory
and outeide surface temperatures will preovide & direct asszesszent of
reactor hast loss to p:OJlda improved zccuracy for reactor temporaiuras
calculated by zas zralysis.

A qualitative explzaation was zlso developsd for the experimen—

tally deturmined relatlonship of CO in the combustion products to fuel~alr
‘rario. Results for lean ethylene znd toluene combust i
¢=0.5 for constant inlet temperzture and alr flow operatioa. The lower
eyuivalence ratles show CO0 Increases resulting froa lower reactor tempers
ture operation as the blowout limit is reeched. At the hilgher equivalence
ratlos, :wo fectcrs cause CO Increases. First, the higher temperature
causes a density decreasz which reduces residence tims and hencz combustion
efficiency. Secondly, equilibriua 0 is much higher at the increased
temperature wnich dmplies that very efifective consumptlon of C) is dzpeded
at the higher temperatures.

Analytical Developments

Dev clonment of quasi-globzl analyses for alternate fuals charac-
terization was conducted at a reduced levzl of effort in the third quarter
of this first contract year. This‘was done to preserve resdurces assigned
to SiI for a movre coacerted aznalytical effort to be conducted with the
entire package of ER&LE darta which will be available in Juiy.

Activity during this period was concentrated in three primary
areas:

e Comparison of the existing quasi-global model with avail~
able data

e Extension of the quasi-global model

e Obzaicing comparisons between cealculated results and jet
stirved combustor data

In oxder to continue the effort aimed at establishing the linmits
of validity of the current quasi-global model. the range of possible fuels
allowad foxr in the current quasi-glodal code was expanded. Included in the
additional fuels was hexane, for which experirental ignition dn ay results
were included in the report by Glassman, et al (Ref. 2). Cozputations
for comparison with these datz have been carrled out and are balrg analyzed
in conjunction with earlier results.

~




The meltistep quasi-glodzl zedel wos used £o cozpute resultls
for propane fuel for comparison with earlier computations. These co=puta—
Lions were carried out by reducing the —ulzistep codel to a single-step
rodel (i.c., the 222ition2l steps vere zeroed ou:) in oxcer to insure That
the basic forcrlation of the multistep —odel was coapatible with the single-
step quasi-global model. Ths multiszep zolel was showa to properly reduce

to the sxﬂgle—shc: formulation, reprciuciag the results obtairned with the
single-step model.

Hl

ffort was also concentrated ¢a obtaining comparisons of calecu-

lazed restlrs =made using the existin vasi-global model, for the stirred
S »

comhusrtor confi

-

gurazion, with data ottained L.:e: tnis program. Interest
is centered on determining conditions under which the carbon nponoxide
versus fuel-air ratio trends observed in the experlze:ts are reproduced
by the computed resules.
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