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SUMMARY

The original hypotheses that the program tas based on were found to be
~~nting. Utilizing the results obta ined new hypotheses have been formulat ed
which expla in not only the results of the present ~~rk but those of other
investigators as well .

As originally evisioned the program s~~s to produce a map of soot producing
conditions in terms of fuel-a ix “pr einixedness” and equivalent ratio for
different operating conditions. In additio n the soot wee to be analyzed to

• see whether or not the theory of soot adhesion via thermally stable polycylic
aromatic hydrocarbons (PCHH) , wes valid .

Using a combustion app aratus that had carefully controlled reaction or
pr imary zone conditions , it wes found that the fuel-air prenixing completely
dominated soot production . Even with low levels of preinixing at rich
condition s soot could be eliminated , Soot particles as collected on the
water cooled boiler simulation tube and from the smoke sampling appara tus
were found to be essentially r*ire carbon . Soot from the tube , however , wee
determ ined to consist of carbon with some weter • Water through adsorpt ionp forces has been postulated as the “glue ” that pr ovides adhe sion of carbon
particles to boiler tubes. The theory of carbon condens ing directly from
carbon vapor in fuel rich area s has al so been proposed as the mechanism for

• soot particle production .
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2
INTRODUCTION

2 )  PROBLEM STATEMENT

Soot particle production in marine gas turbine combustors was at one time
mainly an aestheti c problem associated with visible plume production , from
the exhaust stack • With the advent of waste heat recovery as a means of
improving o’v-eral1 power generation efficiencies (such as combined cycle
arrangements) , soot production and subsequent deposition on exhaust heat
exchangers or boilers has been ident ified as a major operatin g problem.

The deposition of soot on heat exchanger surfaces is in effect a byproduct of
the design . In genera l such heat exchangers are designed to maximize
convective heat transfer within the const raints of pressure drop , cost and
weight . However , when the convective heat transfer is maximized so is the
convective mass transfer , and thus an effective heat exchanger is also an
effective anal 1 particle collection device .

Periodic cleaning is the only method proposed for use at present to remove
soot materials deposited cii the lot gas side of such marine heat exchanger
systems. T~~ such cleaning approaches are being considered . The fir st is
the cannon practice of mechanical cleaning in which steam, air or water j ets
blow or wash the soot of f surfaces. A second app roach being advanced by
Solar is based on the use of high surface temperatures to “burn-off ” the
deposits. The fir st of these approache s looses power during shut-down and
also uses parasitic power for clean ing, while the second app roach simply uses
extra fuel during the cleaning pr ocess. Both approa ches have many design ,
cost and operating penalties that indicate that a direct ed re search effort
was needed to eliminate the problem at its source,

By eliminating soot production the above processes ~~uld no longer be
req uired and substantial cost and etergy savings could be made • The w~rk
rep orted cii here in , was concerned with determ ining under controlled
condition s the Important combustion parameters that govern soot production.
With such paramet ers defined it was then intende d to provide “maps” of soot
producing conditi ons.

2, 2 JUSTIFICAT iON

• • At present the cost of fuel and the anticipated future costs are such that it
is now economically advantageous to consider heat recovery systems for both

V
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indu strial and marine gas turbine units supplying electrical or shaft—p ower.
Of the various heat recovery app roaches the one that has been chosen by Solar 4
as the most attractive is that involving tu rbine exhaust heat recove ry
through steam generation and its subseq uent use in a steam turbine to provide
power. Typically the exhaust from gas turbines can produce steam at 426°C
and 17 atm, together with lower pressure steam at 3. 4 atm and 450°C , which
weuld be used in a two-stage steam turbine to generate shaft-power . The
attractiveness of this app roach is that the technol ogy req uired is largely
available , and in addition it lends itself to automatic operation .

The United States Navy is presently pursuing the developnent of a gas turbine
ship propulsion unit combined with an exhaust heat steam “bottoming cycle ”
which will improve the specific fuel consumption . A reduction in fuel
consumption is usually re lfected in reduced operating costs , increase rang e
or increa sed payload.

Soot deposition on the boiler of such units is one of the major problems
impeding implementation of this technology. In addition , the cleaning of

• soot fran boilers can expose personnel (and the general public if the soot is
blow into the atmosphere ) to possible health hazards , because of the
possibility that carcingogens could be contained In soot . The most desirable

• solution for any application is to eliminate the problem. Such an app roach
however , req uires a detailed knowledge of how exhaust heat exchanger
deposition is influenced by canbustor operating conditions. At present this
information is not available in the literature. If it were made available it
would assist manufacturers of gas turbines to modify their equipnent to
eliminate soot production . Thi s would eliminat e down-t ime for clean ing which
would allow vessels to have much longer operational periods.

2.3 I N I T I A L  HYPOTHESES

The work performed was based largely on two hypotheses that were derived in
part from reviews of the literature and in part from in -house work performed
at Solar.

The first of the two hypotheses concerned the mechanism whereby soot
particles adhered to the surface of the heat exchanger. It was postulated
that certain polycylic aro matic hydrocarbons (PCAH) which were thermally
stable (and had been found by previous investigators (Ref . 1) in soot) could
condense on cool surfaces and act as a “glue ” to ensure the adhesion of the
soot.

In the second hypothesis a model was proposed In which soot particle
formation occurred in the primary zone of the combustor in high temperatur e
fuel rich pockets. These particles were carried out of the canb ustor in the
scheme above and were thought to separate fran the gas stream and hit the
heat exchanger or boiler tubes through inertial impaction .
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2.1+ PROPOSED MECHAN I SM
a

• It was found that the material adhering to the tubes was in general pure
• carbon particles wetted with a film of water which was al so on the tube

surface. Although at present there is no definite proof , there is the above
• evidenc e that water adsorbed on the oxide layers of the Hastelloy—X tube

used , and which is also in turn adsorbed onto Impacted soot particles is the
means by which soot adheres.

Soot particles sampled from the gas stream were measured and were found to
be mostly in the range (less than 10 microns in diameter ) where inertial
impaction is unlikely. Generally it is believed that most of the soot
particles were conveyed to the sur face by turbulent diffusion . Sane smaller
particles of the order of 0.1 micron in diameter were probably carried to the
tube surface by molecular diffusion type mechanisms.

Soot formation , it was found , was most easily eliminated by providing
improved fuel-a ir mixing . Preiuixing of the air and fuel was by far the most
important factor in preventing soot formation • This parameter overshadowed
even the fuel-air ratio effects. This latter variable did have, however,
some second order effects on soot formation prevention .
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3
EXPERIMENTAL PROCEDURE

3.1 TEST APPARATUS

The test appratus utilized was originally produced by Solar Turbines
International for an evaluation of the effects of variable geometry on
combustion emissions and operating range . It was an ideal vehicle , however,
for an investigation of soot formation because it could provide controlled
conditions within the primary or reaction zone. Controlled conditions in the
sense used here refers mainly to the fact that there was essentially a single
value to the fuel air ratio supplied. Most conventional gas turbine
combustion systems inject fuel directly into the reaction zone thus allowing
the combustion process to take place at a variety of fuel-air ratios. In the
apparatus used (see Fig. 1 for a schematic) the fuel was injected into the
inlet of four circular tubes or ducts. The primary or reaction air also

• entered through these same tubes. These tubes were sized as to length to
provide a well mixed and vaporized fuel-air mixture. Thus the fuel-air charge
was well dispersed or mixed before it entered the primary or reaction zone.
By changing the inlet air temperature the degre e of prevapo rization could be
increased or decreased at will • In addition mounted at the inlet to each duct
was a tappered plug valve arrangement. These plugs could be moved into or out
of the tube mouth to vary the air flow enteri ng the primary or reaction zone.
A similar set of plugs was also mounted to the dilution ports to control the
air flow entering at this point . By controlling both the above air flows
(dilution and primary) a large range of flow split ratios could be detained
without changing the over&li pressure drop. Being able to maintain the
pressure drop constant at some desired value while changing the flow split
between primary and dilution ensures that the inlet velocity and thus the
atomization quality does not change . Details of the variable geometry or
valved port inlets can be seen in Figures 2 and 3. The se also show the fuel
injection and supply line system.

The combustor wa s designed and fabricated with a double wall, air was
constrained to enter this annular passage and this aix cooled the wafls
convectively, At certain points this heated cooling air was injected into the
combustor as a film. As can be seen from Figure 1 there are two rows of small
holes in an area that is part-way along the outer wall of the primary zone . A
solid ring divided the air flow entering these two rows of of holes so that
the row nearest the primary zone dane (front end) fed air into a passage that
lead to the dome where it ~~~ø injected as a wall film for extra cooling. The
air on the downstream side of the sold ring flowed rearward and eventually was
injected at the combustor exist, ~~ctra cool ing is admitted to this latter
passage at these points where rows of small holes are shown .

7 
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A short extra section was designed and built to fit onto the exit of the
combustor proper. This section held the water cooled Hastelloy—X tube which
was intended to simulate the tubes at the cold-end of a boiler . Figure 4
shows the air cooled section holding the simulated boiler tube . The boiler
tube simulator itself is shown in Figures 5 and 6. These two views are front
and rear respectively . A sample probe (water cooled) for obtaining emissions
was located downstream of the soot collecting tube • This part icular probe was

T of a single diametrical arrangement with seven equal area positioned sample
holes or ports as shown in Figure 7. ~n additional probe at right angles to
the above unit and located just upstream of the simulated boiler was used for
smoke sampling (Fig. 8).

Once through high pressure water-cooling of the probe gas sampling was used
with the water entering through one end and being ejected from the other .
Downstream of this probe water (high pressure) was injected directly into the
gas stream . This water both cooled the exhaust gases and the butterfly
back-pressure valve which was located directly behind the sampling section .

Downstream or behind the beckpres sure valve was an exhaust silencer which
directed the exhaust gases into a stack. This latter unit had extra cooling
water injected for mechanical integrity pirposes.

3. 2 FACILITY

The test apparatus described above was mounted in a specially equipped test
cell, that could provide air at pressures up to 12 a~ n, with mass flows of the
order of 1.5 kg/s. this air could be preheated with an externally fired heat
exchanger to provide temperatures up to 5O0~C (see Pig. 9) • Control of the
air supply was accomplished with conventional paeuznatic actuated valves and
regulators.
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Figure 4.

Cooled Soot Collec tor Tube Section

FIgure 5.

Front View of Soot Collector Tube

of Soot Collec t ion Tube
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- - Figu re 9.

- - 0 Soot Test Rig

High pressure fuel systems ware also available in the test cell; these
included natural gas, DF-2 and JP-5 • The fuel of interest , JP-5, could be
provided at mass flow rates as high as 0.5 kg/s, at pressures between 50 and
60 ath.

Cooling water was also piped into the test cell and pressures up to 100 ath
and flow rates of approximately 1 kg/s could be obtained.

Included as part of the facility was a water cooled (splash cool ing) butterfl y
valve and a silencer • These two un its ware joined together and in turn were
connected to an exhaust stack built into one wall of the cell.

3.3 INSTRUMENTAT ION

lulet air conditions to the rig ware generally monitored with conventional
instrumentation. Air mass flows ware measured with a standard high
temperature ASt~ orifice run close—coupled to the rig proper . This orifice
run employed a corner pressure tap arrangement with the pressure drop obtained
measured with a water manometer. Absolute inlet pressures were measured with
calibrated sensitive dial type gauges. Taps for the absolute static pressure
ware located just upstream of the sharp-edged orifice (two ) and at the inlet
to the rig (four) . Total temperatures of the inlet air were measured upstream
of the orifice and at the inlet to the rig proper. At the orifice inlet
temperature plane four type 1 thermocouples ware used and these were connected
so as to read an averag e temperature value , A similar four thermocouple
arrangement was used at the inlet to the rig. All temperatures were read from
digital meters.

12
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The othe r inlet parameters monitored ware those associated with the fuel
injection. Fuel flow ra te s ware measured with coevnercial turbine meters .
Pressures throughout the fuel system ware all measured with accurate dial
gauge s • These included the pressure at the pm~p exit and before and after the
external fluidic orifices that divided the fuel between the variou s combustor
ports . Because of the relatively low fuel flows provided at each of the
port s, flow control was not accomplished at the fuel injector orifice . If the
flow ware to be controlled by the injecto r orifice , it would require an
orifice size of the ord er of 0.025 nm~ which is undesirable because of dirt
blocking effects. Thus external swirl type fluidic orifices were utilized
which have larg e actual orifices that behave as small ones and thus do not
block readily. Fuel inlet temp eratures (to the rig ) ware monitored with a
single type K thermocouple , the reading from which was displayed on a digital
meter .

The combustor exhaust conditions ware monitored , for total temperature , static
pressure , gaseous emission s, smoke and soot deposits. Eight type K
thermocouples with their tips located at the center of equa l area annulii were

- - mounted in the exhaust section downstream of the soot collecting probe but
upstream of the sampling probes, to monitor the exhaust tempera ture . The
temperature indica ted by each thermocouple could he read separatel y, or their
output could be combined to provide an average value • Static pressure tap s
ware located in a plane close by the plane where the thermocouples were
located. Four static pressure taps ware provided and by manifoldi ng these
together a singl e average output value was obtained.

The two sample pr obes located one behind the other and at right angles to each
other ware position at two planes. The smoke sampling probe was located at
the temp erature measuring area and the emissions probe a few centimeters
behind it. The emission probe consisted of two tube s mounted inside one
another in an eccentric manner (see Fig . 7 for construction ) with cooling
water passing between the two in the annulus thus formed. Dchau st gas was
sampled through a series of holes b~ this latter probe, each of the holes
being located at the center of an equal area division . It should be noted
that al though the probe spanned a single diameter , the section that it was
mounted in could be rotated so that the emissions at different radial
condition s could be determined .

The water cool ed probe was designed to reduc e the exhaust gas sample
temperature rapidly to a temperature of app roximately 150°C • After leaving
the sample probe the gases ware conveyed into an electrica lly heated Teflon
sample line. This line took the sample gases from the rig to an emissions
train consisting of the following.

3.3.1 Total Hydrocarbon Measurement

The total unburned h~~rocarbon in the exhaust was determined continuously by
the flame ionization detector method. In this method , carbon atoms were
“counted” as electrical charge pulses as the simple was passed throug h a

13
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hydrogen flame. The instrument was c*librated using standardized mixtures of
methane in nitrogen to develop a correlation for the range of interest.

Instrument — Beckman Model 402 (Fig. 10)

Flame ionization detector , high temp erature
Instrument response time 0.5 second to 90 percent
Sensitivity 0.5 percent full scale accuracy ±1 percent
Detection range one p~u to 250,000 ppr methane

3.3.2 Carbon Monoxide Measurement

Carbon monoxide was determined by the nondispe rsive infrared method (NDIR) .
The exhaust gas sample was collected in this method as described with a water
cooled stainless steel averaging probe and was partially dried by passage
through a large cannister of non-indicating Drierite • Further sample
processing included the removal of water by refr igeration to a constant
dewpoint and filterin g throu gh a five micron filter .

________ 
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Fi gure 10. Bec kman Model 402 Hydrocarbo n Analyzer
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Instrument - Beckman Model 315 Dual Stacked Cell Infrared Analyzer
(Fig. 11)

• sensitivity 0.5 percent of ful l. range
• Response 0.5 seconds to 90 percent

Accuracy ±1 percent
Range 10—inch cell 0-250 ppe, 0-1000 ~ *n
0.125—inch cell 0—2.5 percent

3.3.3 Carbon Dioxide Measurement

Carbon dioxide is a nontoxic combustion product and was not determined from a
standpoint of pollution. It was used however as a method for checking fuel!
air ratios , and in celculating carbon belances . Carbon dioxide was determ ined
by the non-disp ersive infrared method. The exhaust sample was collected with
a stainless steel averaging probe and was partially conditioned by passing the
sample through a cannister of non-indicat ing Drie rite • Further sample
conditioning included the removal of water by refrigeration to a constant
de~point and filteri ng through a five micron filter.

~~~~u 
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Fi gu re 11. Beckman Model 315A tnfra red Ana l yzer
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Instrument - Beckman Model 315 Infrared Analyzer (Fig. 11)
Range 0-5 percent and 0-16 percent
Response time 0.5 second to 90 percent

• Sensitivity 0.5 percent of full scale -

• Accuracy ±1 percent

3.3.~e Oxides of Ni t rogen Measurement

The oxides of nitr ogen (NOx) ware determine d by the chemilinninescence method . 
-

This is a chemical method kased on the reaction of nitri c oxide and ozone
yielding nitrogen dioxide and oxygen • In this method a fraction of the
nitrogen dioxide is excited to an unstable state and decays , giving off
photons. The emission is measured by a ~I~otomu1tip1ier tube and is
proprtional to the nitric oxide in the system. The method also utilizes the
principle that thermal decomposition of nitr ogen dioxide is complete at 600°C.
In this manner all the NO 2 in the sample is converted to NO before enter ing
the reaction chamber.

The exhaust sample was drawn from the mixing chamber through a heated Teflon
sample line maintained at 200°F and was transported to the instrument in this
manner. The sample gas was filtered through a ten micron filter before
passing into the analyzer.

Instrument - Thermo Electron Corp . Chemiluminescent Analyzer Model lOA
(Fig . 12)

Equipped with a high-temperature thermo-reactor
Response time 2—4 seconds
Accuracy ±1 percent
Sensitivity 0.1 ppn
Range 0—2 ppe full scale to 0—10,000 NOx
Calibrations are made by the use of standard gas mixtures • The instru-
ment is linear over all ranges . The chemiluminescent analyzer detect s

• only nitric oxide but can be used for N02/NO mixtures by convert ing the
to NO prior to analysis .

The emoke sampling probe ithich was a single uncooled Hastelloy-X tube with
area-we ighted sampl e holes (see Fig . 8) conveyed the sample to a Von Brand
muoke meter . This latter instrument is shown in an exploded view in Figur e
13. In operation the ~mit compares the reflectivity of a section of filter
paper that the sample has passed through with an unused portion. Changes in
reflectivity indicat e the presence of air borne particles . For qualitative
indication s of particles the filter paper which is a machine fed strip can be
stopped for any desired length of time to accwnzmilate enough particles to
affect the reflectivit y. This is the mode that the unit was used in for the
activity described herein • It was found that a fibration dwe]. 1—t ime of
approximately 120 seconds was sofficient to detect conditions that led to soot
deposition .

16
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Figure 12. Ther moelectron Corporat ion Chem il um lnescent Ana l yzer
Model 1OA

Soot was obtained from the surface of a water cooled probe which was describe
earlier. The soot collected mechanically from the surface of the tube was
subject to a variety of analyses by several different instruments. Primarily
the soot was analyzed by pyrolysis gas chromatography. In this method
adsorbed , absorbed or chemically bound hydrocarbon molecules on the main
carbon matrix were exposed to hot helium gas, The helium steam then conveyed

17



- - 
-

V
1 

•

1

-
-

Figure 13. Von Brand Smokemeter

the “outgassed” material to a gas chromatogra ph . This unit was a Model 311
manufactured by Can e Instruments , Inc. The detector column used was a 2.4 in
column approximately 0.03 m in diameter with a packing composed of 80 percer~t
Pora Pak N and 20 percent Pora Pak Q. A flame ionization detector un it was
used to identify the various hydrocarbon species after segregation by the
column material. This type of detector essentially counts the number of
carbon atoms in the various molecules and thus can identify the molecule as
members of a tentative paraffinic series.

M infra—red absorption device was al so used to analyze the soot composition,
this was a Beckman IRA unit • In this method soot was mixed with hot carbon
disulphide (CS 2 ) and the re3ulting solution was analyzed by examining the
absorption spectra of a ~xoad range infra-red beam passed through a sample of
the solution.

In addition to the above, a scanning electron microscope (SEM ) was used to
examine the soot in detail for its morphological characteristics. The unit
utilized was an AMR model 1210; this latter unit included energy dispersive
spectroscopic analysis equipoent which allowed individual particles to be
analyzed. The spectroscopic mode used was the X-ray range and the method is

18
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generally termed energy dispersive X-ray (EDX) analysis. The EDX analyzer was
• capable of detecting elements with atomic numbers between 12 and 48 , and did

so by examining the X-ray emission spectra after a particle had been “hit”
with a focused high energy (25 1(V) electron beam . Carbon with an atomic

• number of 6 thus could not be detected. Only a few elements exist besides
• carbon are solid at the analysis condition s with atomic numbers less than 12;

boron , beryllium and lithium being the only examples. The chances of the
particles being composed of any of the latter three elements is remote since
none of those elements were part of or introduced into the test rig syst em.
Thus the particles if they had no spectra could be identified as carbon.

3.4 TEST OPERAT I ONS

Before testing the primary zone equivalence ratio was set to a value of 0.5 by
adjusting the primary and dilution port plugs. A constant pressure drop
(tIP/P) of five percent , was maintained The flow data necessary to set the plug
positions was obtained by calibrating the combustor port openings on a special
“cold flow” rig made avail ab le by Solar to the program.

The operation of the actual test appara tus involved light -off , design-point
condition setting and shut-down. Light-off was accompl ished by setting the
inlet air flow a little below the desired value , arid the air pressure to

• approximately 2.8 ath . A modified Solar engine torch igniter firing into the
ccmibustor primary zone was then supplied with air and fuel G7P’-S ) and ignited .
The air pressure available to the torch which had a high pressure drop was

• limited to approximatel y 5.8 ath and thi s was the main reason that the
coinbustor was lighted at low air pressures. With the torc h burning fuel was
then introduced into each of the coinbustor ports. When ignition of the
combustor proper was indicated by the exhaust the rmocou pl e , the fuel flow was
adjusted to provide the desired outlet temperature . Following this , the air
flow and pressure were increased in anall steps interp osed with fuel flow
increases , until the desired levels were reached. Usua lly the outlet
temperature during the light -off and the approach to the design point was
maintained below 950°C. When the design point air pressure , temperature and
mass flow was reached , the fuel flow was adjusted to the level necessary to
provide the design point outlet temperature and the torch was shut -down .
Shortly after this outlet temp erature was set , water was introduced into the
soot collection tube . Smoke sampling was al so started . This procedure of
maintain ing the soot-tube hot until the design point conditions were reache d
ensured that any soot deposited was associated citly with the design point .

If the design point outlet temperatures were below 950°C then the water was
introduced directly after the conditions were reached . Once the design point
conditions were reached (see Table 1 for a list of these operating points) ,
the emoke meter was monitored for particu lates . If no reading s were obta ined
on the emoke meter , then the air inlet temperature was reduc ed , to reduce the
vap orization premixed level , until anoke was indicated . In those instances ,
when no anoke was obtained with a reduction in inlet temperature to the
minuimam level (approximately 40’C ) , the pressure was reduced. Generally the
temperature was increased to at least 150°C before the pressure was decreas ed
and the procedure was repeated .
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Tab le 1
Tes t Cond~tlon s

Inlet Inlet
Temperature Pressure Mass Flow Fuel/Air Premixing

• Test Point (°C) atm kg/s Ratio Proportion

Atmospheric 38 1 0.45 0.1 0.025 ~~l00%
Baseline to to

339

Mid—Point 38 4 0.45 0.01—0.025 ~ l0O%

• Tests to to
____________ 

339 
_________ _________ __________ ___________

Medium 38 10 0.45 0.01—0.025 ~~l00%
Pressure to to
Tests 339 

_________ _________ __________ ___________

Part—Load 38 14 0.45 0.01—0.025 ~~l00%to to
339 

_________ 
z O%

4.

Max—Load 38 16 0.45 0.01—0.025 ~~l00%
to to
339

During shut-down operation the fuel was first diverted to a cell drum and air
was allowed to blow-back through the fuel liners to a three -way solenoid that
allowed the air and fuel to dump into a barrel type container. Then the fuel
flow was stopped. By using this technique a sharp cut-off of the fuel flow
was obtained and thus operation at a reduced fuel-air ratio was minimized as
was the injection of raw fuel .

ruinediately after the fuel flow was stopped the air flow was also shut down .

It was felt that the above technique provided a means of acquiring soot
deposits at a specific set of conditions.

no soot was obtained during the above procedure then the fuel-air or
alence ratio in the primary zone was increased by changing the position

ox ~e primary and dilution port plugs or valves. The pressure drop (tSP/P)
was, however, maintained near constant between 4.5 percent and 5 percent.
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4
RESULTS PND DI SCUSS ION

4.1 TEST OBJECTIVES

The major objective was to determine combustor operating conditions that
wnuld prevent the formation of soot. Specifically the desire was to find a
level of premixing that ~~uld eliminate soot forma t ion for any particular
reaction or primary zone equivalence ratio .

The basis for pursuing this particular approach is provided below, through a
consideration of the operating characteristics of conventional ccxnbustors.

In convention al combustion systems the combustion process is essentially
heterogeneous and a wide range of local fuel/air ratio s can exist . In such a
process the fuel (usually an atomized liquid) and air are injected separately
into the reaction zone of the coinbustor at a nominally stoichic*netric
fuel/air ratio (equivalence ratio of one) .  Because the mixing rate between
fuel and air is finite and usually in gas turbines is less than the chemical
oxidation rate the fuel/a ir ratio can locally be in excess of stoichic inetric.
IN some combu stors (FT—4 for example ) , see Reference 2 , the combustion zone
is sufficiently unmixed that it could be described as “stratified ” . Improved
mixing as described in this latter reference (after the primary zone had been
made lean to reduc e high-p ower anoke associated with soot deposition)
improved natters further and al so reduced low—power unburned fuel “smoke ”
emissions.

The improvement in mixing in the case abov e was achieved by both the
modification of the air jet distri bution patterns and by improvements in
atomization .

Smoke emission levels that meet all legislative req uirements are in many
cases sufficiently high to produce soot deposits on waste heat boilers .
Unpublished wnrk at Solar has revealed that a modified “no -smoke ” combustor
in a 3300 iw engine still produced soot deposits on a waste—heat boiler , even
though no visible smoke emissions were normally present .

The general conclusion that can be derived from the above is that to avoid
smoke or soot production all fuel rich areas in the reaction zone most be
avoided completely . This automatically eliminates conventional heterogeneou s
oombustion systems, because it wnuld be necessary to prevap orize and premix
the fuel and air prior to reac t ion , to avoid fuel-rich zones.
Prevaporizing /pr anixing modifications to what generally ~~uld be thought of
as a conventional combustor , have been devised by Mann-Turbomotoren and
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others. Prior to this latter work , Solar had demonstrated a radically
modified combustion system that utilized prevapo r ization and pr einixing of the
fuel to obtain with a lean reaction zone ul tra—low NOx emissions and zero
smoke levels. The history and data on this latter system is contained in

• References 3 and 4.

In general it is impractical to completely prentix/prevaporize the fuel , and
• thus minimization of fuel rich area s can only be attained by reducing the

overall fuel/air or equivalence ratio in the primary zone. This approach
generally reduces peak fuel/air or equivalence ratios in addition to the mean
values which effectively reduces the local level of “richness”.

Thus two parameters can be identified as being important in the control of
soot production ; one being preinixing and prevaporization which is probably
the most critical and the other being the reduction in the reaction zone
fuel/air or equivalence ratio. Both of these approaches appear to achieve a
reduction in soot production by “attacking” the first step in the soot
production scheme shown in Figure 14, that is the thermal, decomposition step .
Decreases in equivalence ratio nay, however, also affect the “soot radical ”
production through increased oxidation which could provide aldehyde related
radicals that block the reactions that produce polyacetylenes.

It should be noted that there will be , for any application , and particarly
for gas turbine use , distinct limits imposed on both preinixing and on the
degree of equivalence ratio reduction . These limits are best illustrated by •

Figure 15 which indicates what is presently believed to be the general trends
of the relationships between preinixing and equivalence ratio reduction and
soot formation . In practice a limit line parallel to the ordinate at some
low value of the equivalence ratio can be superimposed on this graph to
repre sent the lean extinction limit of the coinbustor reaction zone . This
means that the value of this equivalence ratio will be that used with the
lowest operating power point, By using the required turn down ratio (TDR) at
maximum power point of the engine a second line at a higher equivalence ratio
can be erected which delineates the complete engine operating range. In
addition to these two lines a third curve (not Imown accurately) describing
the fundamental autoignition limits for the fuel in question most also be
considered. Such a curve is shown schematically in the above-m entioned
figure. These three lines which abscina enclose an allowable operating area
which defines in turn , the conditions over which testing will have to be
conducted .

4.2 TEST RESULTS

The main point that can be made from the results of the testin g performed is
that it was very difficul t to produce smoke or soot under partially premixed
conditions.

Data showing the operating characteristics that produced soot are summarized
in Table 2. It should be noted that many hours of “negative” testing were
involved in obtaining these few results , The difficulties encountered in
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FUEL

THERMA L
• DECOMPOSITION

AC ETYLENE (C 2H2) 4 RADICALS (C 2H, C 2H3)
4 HYDRO GEN (H2 )

ADDITION OF RADICALS AND
AC ETYLENE

POLYA CETYLENES (-C-C C-C C-) AND
COMPLEX RADICALS

ADDI T ION OF RADICALS

BRANCHED CHAIN RADICALS

ADDITION AND CYCLIZATION OF
ACETYLENE AND POLYACETYLENES

POLYC YCLIC
HYDROCARBONS CYCLIC HYDROCARBONS (REACTIVE )

(PCAH)

POLYMERIZATION FURTHER ADDITION OF
AND DEH\’ DROGENAT ION POLYACE TY LENE

STABLE PCAH ~ SMALL SOOT PARTICLES

ADDITION OF SOOT AND
POLYMERIZATION POLVAC ETYLENICS

HIGH MWT PCAH LARGE SOOT PARTICLES

AGGLOMG RATION BY
DECOMPO S ITION OF ACETYLENE
AND PO S SIBLY PCAH

STABLE HIGH MWT PCAH AGGREGATES

FI gure 14. Poss Ible React Ion Sequence for Soot Formation
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DECREASING LEVELS
E v... OF PREMIXING

~~~

~~~

_ _ _  

AREA// 
~~

MAX ALLOWABLE DEPOSITION RATE

LEAN -
~~~ ~~~ RICH

EQUIVALENCE RATIO (PRIMARY ZONE)
FI gure 15. Probable Soot Deposition Rates With Combust ion

System Pa rameters

• Tabl e 2

Soot Produc ing Condition s

• Exhaa~it Raia.ire.

Prepaure Carbon Carbon Ozide. o~ Onborned
Soot Tub. Th1.t Air !n1.t Ai~ 06op Equi valence Dioxide Monoxide Nitrogen Sydtocarbons Cse~~~.tion

~~~~~~~~~~~~ T.~~sr.bar. Presaure 8P/P Ratio (~ i (C02~ (CO) 0,0. ) W~~ ) £fftc i.mc y

— 
(‘C) ( C )  (ata) (6) Pr ixsry Zone (6) (q/ k q)  (g/)cg ) (g,1~~) 

__________

1 79 32 2.0 3.3 0. 836 5 .1 37. 7 2 .69 22 .0 99.9

2 99 65.5 2 .55 4.7 0.816 ~ 0 0 0 0 -

3 93 77 2.69 4.7 1. 06 3.07 61. 4 2 .2 31.3 95.4

4 110 68 2.72 4.5 1.112 3 .63 5.06 4.56 0.37 99.5

5 110 38 3.0 4.1 1.473 0 0 0 0 0

Rota 4 and 5 .xbibit.d positive soob. par ticle pr esence but negi igibl. moot .cc,soil.tton date points thit jrovided soot
.po.iti~~i.

~~i I
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• producing soot were not anticipated , and it took such longer than planned to
obtain the data . At the condition s listed even though the coribustor was
operated in a “pre mixed” mode , the combustion iiiist have taken place in a
heterogeneous fashion . Little vap orization and thus little mixing could take
plac e at the combustor operating conditions that produced the soot deposits.

Some observation s can be made concerning the soot deposition. It was noticed
that soot particles under fuel lean to stoich ianetric condition s deposited
and adhered better than soot particles produced under fuel rich conditions.
Generally under lean to stoichicisetric conditions the combustion efficiency
had to be below 97 percent before soot was produced . In terms of exhaust
emissions this meant that there would have to be carbon monoxide levels
greater tham 20 g/kg. Although under rich reaction conditions smoke was
produced the particles did not appear to be capable of “sticking ” to the
probe surface.

For soot deposition at lean to stoichiometric reaction conditions , the onset
of soot fouling on the probe correlated well with smoke detection . When the
reaction or primary zone equivalence ratio is richer than stoichiostetric the
presence of smoke In the exhaust is not necessarily indicative of soot
deposition.

The rate of soot deposition was low and varied between 2 x iO~~ g/s and 3 x
l(r 5 g/s depending on the primary zone equivalence ratio • The higher rates
being associated with an equivalence ratio of 0.8 and the lower level with an
equivalence ratio of 1.0,

The soot taken from the tube and the smoke particles collected on filter
paper were both subj ected to chemical analysis. The sample tube with a soot
coating is shown in Figure 16. Carbon deposits were also found in the
coinbustor during operation at sooting conditions and this is shown in Figures
17 and 18.

Pyrolysis chrcmiatography was the basic method used to study soot samples
taken from the tube. In all the cases tested, no hydrocarbons of any type
were detected. To ensure that these results were not spurious a check ‘was
made by subjecting soot in carbon disulfide to an infra-red absorpt ion
analysis. As before, no positive identification of any hydrocarbons could be
made. Essentiafly the spectra obtained (see Fig. 19) was that of carbon
disulfide itself. An inorganic analysis was also made of the soot scraped
from the surface of the tube . This showed that significant levels of iron
(Fe),  nickel (Ni) and chromium (Cr) and sul fur (s) were present together with
several other trace elements (see Table 31. These latter metallic
“impurities” were probably contaminants that were mixed with the soot during
the tube scraping operations.

~~ergy Dispersive I Ray ~IDx) analyses of smoke particles trapped on filter
paper however, showed no trace of the above metals or any element heavier

• than the limiting case of sodium. This latter analysis showed in effect that
the particles bad to be nearly pure carbon with possibly some hydrogen . When
the ~ )X and the pyrolysis chromatography analyses are combined it is evident
that the particles must have been pure carbon.

25

• - ‘ ‘- ~~~~~ - - . _ n r  — - - • - -  — •—  .- - • •  - - • t . - -.. ••• • - - ~~• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •



- -

Figure 16.

Front View of Soot Col lection Tube Figure 17.
With Soot Coating

Soot Depos its In Combusto r Exhaust

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Figure 18.

Soot Depos its in Combustor Exhaust

Table 3

inorgan ic Ana lysis

Elements Detected (Approx. %) - 
—

A]. 0.1 Fe 8.0 S 6.7

C 66 K <0.1

Ca 0.2 Mo 0.3

Cl 0.8 Ni 6.6

Cr 1.1 P 0.1

Cu 0.9 Pb 0.6
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Tabl e 4
Approx i mate S ize Range for Va rious Deposi t ion Mechanisms

• Particle Diameter CD) Microns 
__________

Dc0.]. 0.l<D<l.0 l<D <5 DcS

• Molecular Brownian Motion Turbulent Inertial
Diffusion (Randon walk) Diffusion Impaction

Scanning Electron Microscopic (SEM) studies were conducted with the parti cles
to determine their general morphology and also to allow EDX analyses to be
made since the latter equi~iuent required the use of the SEM chamber and
•~
g

~~ fl
hI

•

Several polaroid photographs were produced of the soot and smoke particles
and in particular those smoke particles collected on filter paper were
studied in detail. These latter figures were thought to be important because
the y showed typical agglomerate particle sizes and also possibl e “basic
particl e” sizes. A knowledge of these sizes provide d details of the
mechanism of how the particles were collected on the tube . Table 4 shows for • -~
example the probable deposition mechanism for a variety of particle sizes.

Typical particle agglome rates can be seen in Figures 20 and 21 which are 
-

filter paper samples with particles lying on the surface in addition to those
that are buried. Particles on these ~~otographs are white . Figure 20 is a
700X magnification while Figure 21 is a 1500X magnification and shows in

- • detail the hottom left hand corner of Figure 20. Most of the large particles
had the genera l shape of oblate sphero ids and appeard to be made up of
smaller roughly spherical particles. These latter particles although they
varied in diameter somewhat , appeared to be in the range of 0.1 to 0.3
microns in diameter . This size was confirmed by a 12 ,000X magnification of a
single filter paper fiber (Fig . 22) which had on its surface some small
spherical particles. These particles ranged in size from 0.15 to 0.25
microns in diameter.

Other larger agglomerates appeared to be up of the smaller oblate epheriods
to give a random structural appearance . Typical of these is a particle shown
in Figure 23 which appears to be composed of several oblate spheroids, all of
approximately the same size (0.042 nsn ) or (42 microns) .

Two “close—up” pictures of the surface of this latter particle are shown in
Figures 24 and 25. Figure 24 is a 12 ,000x magnification whereas Figure 25 is
a 20 ,000x magnification. The has ic hotyoidal structure of the agglomerates
is clearly shown in Figure 26. A further particle is shown in Figure 26 and
two details of the particle in Figures 28 and 29. Basic particl e sizes are
shown clearly in these last figures,
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Fi gu re 20. Smoke/Soo t Part cles on Fil ter Paper
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Fi gure 21 . Smoke/Soot Particles on Filter Paper
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Figure 22. Single Fiber Showing . Small Par t icl es
(12 ,000X Magn ification )
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Fi gure 23. Compound Agglome rate Soot Particle
(600X Magnifica t ion
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Figu re 24. Detail of Smoke/Soot Particle
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Figure 25, Detail of Smoke/Soo t Par t icle Showing
Typ ica l Botryo lda l Structu re
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FI gure 26. Agglomerate Smoke Particle Showing Bot ryo lda l Structure
(1800X Magnification )

i 

.
•• 

A

Figure 27. Smoke/Soot Particle on Filter Paper
(600X Magnification)
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Figure 28. Detail of Particle of Figure 26
(12000X Nagnf icat ion)

Figu re 29. Detail of Particle of Figure 26
(18000x Magn if icat ion )
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4.3 DISCU SSION

From the analyisis of the deposits on the tube it would appea r that a layer
• of water was present on the tube surface. At the conditions that the system

was operated at the exhaust should have a dewpoint of less than 38°C based on
data of Reference 5. The tube temperature was considerably above this
temperature, however, at a level circa 110°c , and thus no liquid water would
be expected based on these considerations. Before testing the tube was
pre—oxidized to avoid any possible interaction of the oxidation process with
the soot. This oxidation process provides an adherent oxide film which
protects the metal from further attack. In general this film is extremely
adherent and is composed of mixed chrome, nickel and iron oxides probably
with a spine]. type structure. Thi s type of material could adsorb water
(ceratin chrome spinel oxides are used commercially for this purpose) ,
however, no data could be found to allow the use of Freundlich, Langiniur or
Brunauer Emmett and Teller ’s theories (see Ref s. 6 and 7) ,  to calculate the
likely concentrations. Carbon which the air borne particles were composed of
al so adsorbs water and thus if such a part icle impacted the tube surface , it
could possibly adhere through adsorption forces with water as the
intermediate “glue” .

Adsorption occurs on the surface of the solid tube wall coating and generally
results from valence forces or other attractive forces of the atoms or
molecules in the outermo st layer of the solid coating . Adsorption covers
usually two types of sorption physical adsorpt ion and chemisorption . The -

forces causing physical adsorption are similar to those that cause the
condenstation of a gas to form a liquid. Any heat evolved upon physical -

adsorption is small and such adsorpt ion is completely reversible. In
chemisorption the heat evolved is much larger and it may be considered that a’
surface compound is formed • It is thought however that physical adso rption
would be the main mechanism by which the carbon particles could adhere to the
surface. Generally for a given adsorbent (given surface area ) the amount of
material adsorbed depends on the concentration or partial pressure of the
material around the adsorbent. Thus after the first layer of carbo n is
deposited more water could be adsorbed onto the new surface (which is now
larger) and if more carbon particles impacted the sampl e tube they could
adhere by the seine adsorption forces.

4.4 DEPOS I TIO N

From an analysis of the carbon particle sizes found , four basic mechanisms of
deposition have been Identified as possible modes , these are (1) molecular
diffusion , (2) ~~ownian motion (random walk) , (3) turbulent diffusion, and
(4) inertial impaction . Each of these mechanisms is applicable to a
particular range of particle sizes, although the absolute values of the
ranges involved is not well known . In addition there are probably particle
sizes in which two mechanisms of are of roughly equal importance.
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Particles with diameters below 0.1 micr on behave like large mol ecules and
molecular diffusion contro ls the deposition of such sized material.
)~ xwel1’s Law of Diffu sion describes the chemical diffu sion mechanism where
there is a partial pressure gradient in the direct ion of diffusion .

If two materials are considered one (A) which is adsorbed on a sur face and
the other (B) which is not , then a partial pressure gradient will be set up
causing A to diffuse towards , and B away from the surface, see Figu~~ 30.

VA 
_ _ _ DIFFUSION OFA

SURFACE ABSORBING A — BULK FLOW OFA
DIFFUSION OF B

-
~~ BULK FLOW OF B

Figu re 30. DIffusion Scheme for an Adsorbing Surface

It can be shown that the rates of diffusion of A and B are given by

aCA DN = - D ’ — =  - —• —  (1)A ~y RT ay

and N + D ’ — ~~~= + 2 — • ~~~ A (2 )B ~y RT i.—

For equimolecular counterd iffusion where the total pressure (P ) is constant
throughout the system P 

~A +

thus = 
~A + t~B RT (CA + CB) = RT (

~ 
+ (3)

so that aPA
~j ;— — -

~~
j ;•-•

aCA aeB
~~~

--  -

~~~~~

-

L 
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and acA ac~ M
A

A will be absorbed at the surface and B will tend to diffuse away and
therefore a total pressure gradient will be produced causing a bilk motion of
A and B towards the surface, in addition to the transfer by diffusion . Since
there is no net motion of B, the bilk rate of flow must exactly balance its
transfer by diffusion.

Thus the balk rate of flow of B —

D

The bulk flow of B is accompanied by a bilk flow of A , equal to

P P
N . — - . A 

~~~~~ (from equations 1, 2,B 1’B R’~’ ~A ~
‘ and 3) (4)

This bulk rate of flow produces a velocity u~ , given by

D D 1’A

= 

~~~~~~ 
.(

~~A) 
- 

(5)

The total rate of transfer of A, N , i~ obtained by adding the rat es given in
equations (1) and (4)

- - . 
(i + 

~~ 

PA) ~ ~~A

— _ L  . P . 
aPA (6)

This relation is ~~owe as Stefan ’s Law (Ref . 8) .

36

• 

—-— ——--

~~~ 

— ~~
—•— —• — —

~~ _•J 
•

~~~
—.—

~
—•-

~
-
~~~~~ 

— ~~~~~~~~~~~~~~~~~ —i —



Integration of the above equation between two positions denot ed by suffixes 1
and 2 , gives

= Rr(y2 - y 1
) £fl (~~ 

(7)

D ’P  1 B2
RT( y~ - y1

) Lr\ç.;~

RT(y2 
: y1)P~~ ~

‘B2 
-

(wher e P~~ is the logar ithmic mean of 
~B1 

and 
~B2~

D ~~P
- 

RT(y2 - y1
)P~~ 

(P7~2 
— 

~A1~ 
(8)

D C
— — 

T _ (C — c  ) (9)
— 

— y1)C~~ A2 A 1

where CT and C~~ are the total molar concentration and the logarithmic value

of CB respectively.

Equation (7) can be simplified j~~ P~ is snail compared with P , giving

I ~~
/ A2 A1

= D P 
~~A R’~~y2 y1

)

/ P - P
D • P ( 

A2 A1
= RT(y2 — y

1
) • 

~ — 
~A1 

— •

— ~~~
y2

D
_ y1~ ~~A2 

— 

~A1~ 
(10)
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To apply this type of relationship to soot deposition requires the assumption
that all the gas species can be “lumped together ” and treated as a single
material, (B) • Whereas the soot would be treated as A. Similarly water
vapor could be assigned to A and everything else in the system to B. Only
order of magn itude rates can be obtained however from the above equation s,
because of a lack of knowledge of the partial pressures or concentrations of
carbon , the diffu sivity, and the distances (Y2 - Yi )  over which the gradient
exists. For carbon particles of the order of 0.05 to 0.1 microns in diameter
it is est imated that the deposition rate in g/cm2/s is the seine order as the
concentration in g/czn 3.

It is worthwhile pointing out at this time that molecular mass tr ansfer is
controlled by the identical flow parameters which contro l convective heat
transfer. Relationships have been derived which relate mass tran sfer to
convective heat transfer (Ref. 9, 10, 11). McAdams (Ref . 12) indicates how
the terms in the convective heat—transfer equations may be revised so as to
convert the equations to a mass-transfer relationship. The observations can
be made that , if there are snail particles in a gas stream, then the deposit
rate increases as the convective heat—transfer coefficient increases and
decreases as the fraction of heat transfer by radiation is increased with a
constant total heat-transfer rate, Thus waste heat boilers should be ideal
small particl e collectors.

When the particles are of the order of 0.1 to 1.0 microns in diameter .
Brownia n effects tend to dominate the particle motion and thus the depo sition
rate. Generally under these latter condition s, minimal deposition rates are
obtained although it is difficult to assign any specific values to the rates.
Most of the measured smaller “basic” particl e sizes fell into this range ,
which might explain the diff iculties encountered in producing adherent soot
layers.

- 
- The discussion of Brownian motion involves two Important points: (1) the

part that Brownian motion plays in the deposition of particles which are
larger than 0.1 micron and still too snail to be burled through the boundary
layer by turbulent notion , and (2) the role of Br-own Ian motion in the
deposition of particles less than 0.1 micron in diameter .

The upper limit to Bro’wnian-motion considerations is not clear cut . It is
usually assumed that some sort of random-walk technique controls deposition
so long as the particles are too small to be hurled through the boundary
layer by stream turbulences, However-, at some size , the particles begin ‘to
“see” not only a continuum bit the whin es and eddies in it . They become
unable to follow these turns, however, and are thrown into quieter regions ,
such as boundary layers. The mechanism proposed is that particles are on the
average burled a distance of one stopping distance into the laminar boundary
layer (where the stopping distance is the distance required for the particle
to lose all of its momentum) . The travel of the particles the remaining
distance to the wall is then controlled by Brownian motion . -

If particles are large enough (over 1. micron in diameter ) to be hurled
through the boundary layer Un other wor ds, if the stopp ing distance is
greater than the boundary !.layer thickness 1 , then the deposition rate becomes
a function of friction factor and essentially independent of particle size.
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Whenever the stopping distance is a factor in deposition , the surface
roughness becomes Important. This is because the stopping distance increases
with increases in the initial velocity of the particle. The initial velocity
results from turbulence which in turn is a function of surface roughness. A
new boiler , for example , is rep orted to stay clean for a relatively long
period of time. However, once deposits start , they build up at a rapid rate .
This form of deposition is often referred to as turbulent diffusion

- ; controlled.

Inertial impaction occurs when the particles are too large (of the order of
10 micron s and larger) to follow all of the turns and velocity changes which
the stream encounters in approaching an obstacle . For exampl e, as the gas
accelerates and decelerates around a tube , a particle could , if large enough ,
continue to move towards the tube and collide with it. A review of the
extensive literature on inertial Impaction can be found in the work of
Golovin and Putnam (Ref. 13).

When only inertial forces are considered then for cylindrical collectors such
• as boiler tubes , various analyses (see Ref . 14, 15, 16 and 17) can be

utilized to produce the curves shown in Figure 31 which correlate efficiency
• of impaction or deposition versus an inertial correlation parameter CV) .
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where V — CPpV0D
~
/181iD

c

and C — empirical constant
• — particle density

— particle chamber

D — collector diameter

— fluid viscosity

‘F is the ratio of the force necessary to stop a particle initially travel-
ing at a velocity v in the distance D /2, to the fluid resistance at a
relative particl e velocity of v0. It Is also the ratio of the stopping
distance - i.e., the distance a particl e will penetrate into still air when
given an initial velocity of V

0 
— to the diameter of the collector .

• The above results have been generally verified by the experimental work of
Ranz and wong (Ref. 18) who determined the curve shown in Figure 32 • As can
be seen the curve follows the same trends as Figure 31, however, no
efficiencies greater than 0.8 were obta ined.

The expenimen~~~ apparatus used was designed so that the impaction efficiency
parameter ( ‘F)J/ was in excess of 2.5 , thus ensuring a constant collection
efficiency. This ensured the highest possible collection efficiencies for
the larger particles.
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FIgure 32. Exper Imenta l Intertial Collection Efficiencies for a
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A s~mmtary of the above discussion is provided by Figure 33 which shows the
deposition ra tes found with a 2.5 om diameter tube. Each of the deposition
mechanisms and its associated particle size rang e has been Identified.
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• Fi gure 33. DeposItion Rate on a 2 5  cm Tu be

I~~5 PARTICLE FORMATION

Experimental work on the formation of soot from gaseous hydrocarbons is
plentiful bit often apparently contradictory and difficult to understand.
The mechanisms advocated (see, for example Gaydon & Wolfhazd 1970; Homann
1967) include dehydrogenation and polymerization via acetylenes ,
polymerization via aromatics , condensation and graphitizat ion , nucleation on
unspecified uncharged ~~ecies and nucleation on ions, but none of these
mechanisms has been pat on a firm quantitative footing.

Evidence for the various mechanisms has largely been gleaned from analyses of
the various compounds associated with the ~~rbon in soot deposits. Di past

• work (see Ref s. 1 and 19 polycylic ar omatic hydrocarbons (PCAH) and
polyacetyle nes were identified In soot deposits and this presence was used to

• 
- justify a theory of polymerization via polyac.tyl.n.s. More recent work at

Solar (Ref . 20) has shown that when hydrocarbons are present they are often
- 
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paraffinic compounds and few if any aromatic species are found , One possible
explanation for this is proposed by J ensen (Ref . 21) in which a particle
formation method is proposed that includes homogeneous nucleation from carbo n
vapor and subsequent growth of a carbon nucleus . The carbon particle so
formed could , if it passed throuqh a fuel -rich zone , adsorb the various

• hydrocarbon compounds present on its surface . Thi s coul d expla in the wide
variety of compounds found in soot by variou s invest igations . Particle
formation can conveniently be divided Into three phases , nucleation , growt h
and agglomeration .

4.5. 1 Nucleation

A given chemical species such as carbon will condense from the vapor phase
only in the presence of a condensed phase (certain specific chemical species)
and when its vap or pressure exceeds the saturation vapor pressure • The
second of these two criteria is often satisf ied in combustion systems with
the vapor pressure of C2 for example exceeding the saturation vapor pressure

• by an order of magnitude . Homogeneous nucleat ion involves the formation of
sufficiently large nuclei for subsequent growth from the n~,lecules of the
condensing vapor. Usually such formation req uires high super saturation
ratios. Classical theory on particle growth can provide an estimate of the
nucleu s size that is required before subseq uent growth occurs .

The equilihrium vapor pressure P above a surface (of radius of curvature r)
of a condensed phase exceeds that above a flat surface P according to the
~.eivin equation, when~ °

In (P/P~ ) = 2~v/rk T, (11)

where ri is the surface free energy, v the nr lecular volume in the condensed
phase, Ic the Boltsmann constant and T the temperature. Conseq uently, fo r a
given super—saturation ratio S condensation niay occur on a spherical droplet
of radius r when

r < r — 2~v/kT In S. (12)

Smaller droplets (with higher vap or pressures ) “evaporat e” and do not ,
theref ore , contr ibut e to homogeneou s nucleation . Droplets with r < r~ may
grow indefinitely.

It is difficul t to calculate r for carbon , not least because of the large
uncerta inties concerning ~ ~~~~~ in combustion and pyr olysis systems. It is
unlikely that n is as high as 2 x 1O~~ J csn 2 or S as low as 100 under
conditions where soot formation is about to occur , however, and rc ~~ g~~~ui
by equation (12 ) is therefore unlikely to be as large as 0.3 nm (v ~ iO. 23
ml) • A carbon fragment of this size contains only a few atoms , and it is
clearly unreasonable to assign to it a bulk condensed phase value for n. The
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• calculation does suggest that a species containing only a few atoms of carbon
may be resp onsible for the homogeneou s nucleation of carbon vap or .• Significantly, there is noth ing in the classical calculation to suggest that

• species as anal], as C2 and C 3 are not capable of induc ing homogeneous
• nucleation.

The forma t ion of small soot par t icles from such nuclei may be treated , to a
first approximation as irreversible.

There are many chemical reaction schemes that can be proposed to produce
potent ial nuclei such as C2, even from single carbon atom molecules such as
methane (C}ft1 ) .  A typical reaction set for methane is shown in Tabl e 5. This• table also includes reactions for ethane and ethylene (reaction 4 and 6,
which are often produced as cracking fragments ). Rice and Herzfe ld (Ref . 22)
developed a free—radical chain mechanism to explain the general features of
paraffinic hydrocarbon decomp osition. This was later modified by Rice and
Kossiukoff (R -K) (Ref . 22) to include isomerizatio n by ring formation . The
results of this analysis agree well with experimental data on the
decomposition of n—hexadecane and isododecan e , (Ref. 24) , both these
compounds , it should be noted , are constituents of the fuel used . This
decomposition model shows that most of the material ends up as ethylene ,
ethane and propylene. This fits into the above reaction scheme well.

4.5.2 Growt h

Candidates for the initial nucleus on which coagulation and growth may begin
are C2, C3 and C2H. It is reasonable to suggest (cf . Tesner , Snegiriova and
Knorre (Ref . 25) C2, C3, C2H and C2H2 as “growth species ” — i.e. molecules
which are assimilated into a particle, physically or chemically, upon
collision of the molecule with the particle surface. A series of particle
growth terms anal ogous to those for chemical reaction may then be written ;
e.g. , for the irreversible convers ton

Ci + C 2H2 + C1+ 1 + H2,

-d (C 1]/dt — d[C~ + 1]dt — k2~ [C1][C 2H2J

and -d[C2H2]/dt — d(H2 ]/dt Kii [Cj ] [C 2 H2 ],

with (fl
j  

- n )K = 2K] for C2, C2H and C 2H2 growth species . Values of
k ,4 are lts~ed iii Tale 6~ they are besed on the assumption that each
c~tlision of a growth species at a pa rticle surface results in assimilation
of the growth species into the partLcle . Collison rates have been calculate d
from simple kinetic theory . The neglect of diffusion terms does not
introdu ce significant kinetic theory . The neglect of diffusion terms does
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not introduce significant error into the application described below, but
wider other experimental condition s it may be necessary to include such
terms.

Although only C2, C~H and C3 are regarded as initial nuclei and C2, C2H , C 3
and C 2H2 as growth species in an explicit sense, the growth treathent
Implicitly allows molecules containing four or more carbon atoms (e.g., the
intermediates observed by Bonne, Hanann & Wagner (Ref. 26) to part icipate , in
so far as contributions from these species are accounted for by the averaged
conversion terms for CA

y CB~ 
. • . When reliable kinetic and thermochemical

data for such molecules become available , it will be possible to make
• explicit allowance for their reac t ions, with consequent gains in physical

insight into the early stages of particle formation .

4.5.3 Agg l omerat Ion

In order to calculate agglomeration rates the c~..ntinuwn distribution of soot
• particle radii is replaced by a discrete distribution with specified particle
• size ranges and averaged rates of conversion from one size range to another.
• The radii of 15 particles for the application described below are given in

Table 6. Although soot may contain anal] proportions of elements of other
than carbon, it is convenient to treat the particles as if they were pure
carbon in the interests of preserving a simplified mass Izlance .

All particles except the largest were permitted to agglomerate irreversibly
- with all others via inclusion of rate terms for processes of the type

Cj + Cj + ~~ + ~~~~ 

(13)

where r~i ~ ~~~ 
and i runs alphabetically from A to 0, For these processes,

‘-dIc~]/dt — k jilCi]ICj
] (14 )

and -dtC~
]/dt — d[C~ + i2/dt — X~ij fC i][Cj 3.  (15)

where (nj + ~ 
— nj )KBjj — n~K~~~ and the ith particle conta ins carbon

atoms. For i j, conversion terms of the type

-d (C~]/dt — 2X
~ji

[Cj]
2: d[C~ + 11/dt — 2KBii [Cj]2

~ 
(16)
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Tabl e 6
Par ticle Radii and Growth Rate Terms

Carbon Atoms
Species Radius/nm Per Particle, flj X

~~
4nl Molec le’48’1

CA 0,2 4 1.4 X 10 10

CB 0.38 23 6.0 x 10 10

CC 0.95 360 3.2 x 10~~

• CD 2.3 5080 1.9 x 10 8

CE 5.7 7.8 z 10” 1.2 x

CF 15 1.44 x 106 8,2 x 1O~~

CG 32 1.32 x 1O7 3.6 x i0 6

CH 63 1.06 x 108 1.4 x 10~~

C1 
150 1.47 x 1O9 8.3 x

C,~ 380 2.32 x 1010 5.2 x l0~~

CR 790 2.07 x lO~~ 2.2 x l0~~

CL 1600 1.66 x 1012 9.0 x iO~~

• CM 3800 2.31 x 1013 5.2 x l0 2

CM 7900 2.07 x l0~~ 2.2 x 10_i

C0 16000 1.66 x 1015

with fl
j  + 1~0~i. 

— flixaj il were included. Values of K
a 

are given in Tabl e ~
They are besed on twe sam assumptions: (1) that the wit concentration

- collision rate v for tim particles of radius ri and r2 respectively is given
• by

I 
V — Q~kic/2)~

”2 
( C ?  + r?) ~~i + r2) 4 rj~ r2 3 (1/2 • 

(17)

where ; is the specific (atomic carbon) condensed phase volume of 1 x 10-2 3
ml and N the Avogadro number; and (2) that the sticking probability for tim
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colliding particles is imity. This gives K and values for the larger
particles which are considerably bigger theft weuld be consistent with the
Snoluchowski theory (Ref . 27; see also Ref . 28) . In general , the
agglomeration rates of the larger particles do not play major roles in

• determining the overall soot conversion rate. Under conditions where this is
• not the case, proper allowance for the fact that equation (17) gives the

correct collision rates only for r -C A (the mean free path) must be made .

The results obtained indicated that there were few basic particles greater
than 0.3 mI crons in diameter (150 rmt in radium) . This imuld suggest that at

• this size the agglomeration rate exceeded the growth rate. This latter
condition is possible both the the scheme proposed above • Thus most
particles with dimensions greater than 0.3 microns imuld be agglomerates with
a general botryoidal appearance , and this is what has been found .

4.6 GENERAL

1
It should be noted that during the experimental evaluation it was found that- it was extremely difficult to produce soot even at typical conventional 1 -

• combustor ~riaary zone equivalence ratio s (1.0 to 1.1). this difficulty is
attributed to the premixing (at least partially of the fuel and air) which
minimized the production of fuel rich zones or areas in the primary or
reaction zone. By minimizing the size and number of fuel rich zones the I -

local carbon particle pressure is reduced and potential of nucleation and
• condensation is minimized. By minimizing nucleation the first step in

particle formation, the total soot level is minimized.
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5
• CONCLUSIONS AND RECOMMENDATIONS

The simplist and most significant conclusion is that it is difficult to
produce soot or muoke when the fuel-a ir charge to the combustor is partially
premixed. This is true even at equivalence ratios typical of conventional
primary or reaction zones. It has been difficult to assess accurately the
degree of vaporization and mixing required to avoid soot, however , using
unpublished Solar imrk the vaporization level was estimated to be of the
order of 12 percent. Rather than vaporization being the main factor, there
nay be some critical droplet size which when reached effectively, eliminates
the possibility of fuel—rich decomposition reactions . This latter hypothesis
is provided with some support by recent imrk performed at Solar and which

- I will be piblised by the Electric Power Research Institute .

A hypothesis has been postulated regarding the formation , collection , and
adhesion of soot to boiler tubes. This hyposhesis explains the results of
the present program while allowing for past imrk in the same field. If the
hypothesis is correct, then if a coating or material which did not adsorb
water is chosen for the boiler tubes no soot should adhere ,

In addition if the fuel and air can be mixed sufficiently prior to reaction
• such that the carbon vapor in any fuel pocket cannot become super—saturated ,

then no soot or anoke should be produced .

It is recommended that further imrk be performed to verify the simple
approach of partially premixing the fuel and air charge to eliminate soot
formation. In addition any investigation of coatings or materials of
construction for boiler tubes should include a consideration of those
materials that do not adsorb water. Typically such materials imuld include
certain glasses and ceramics .

Further icrk to verify the premixing of fuel and air effects on soot
formation or rather the elimination of soot formation, should be performed on
conventional combustion systems as a developsental effort. Typically
“add-on ” fuel—air premixing devices could be designed and incorporated into
existing conventional combustors and then evaluated as to their effectiveness

• in soot prevention.
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