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i. INTRODUCTION
l.1 The Problem

An {mportant Air Force objective is to develop tschnology to sllow the utilization
of aviation fuels with a broader range of properties including lower hydrogen
content and higher aromaticity. Such fuels will be increasingly important as the
sources shift to heavier petroleum, oil shale, tar sands and coal derived fuels.
The combustion of such fuels adds substantial complexities to fuel volatilization
and pyrolysis, and increases the potential for higher radiative emission from soot,

. reducing the useful life of turbine combustors (1,2). Also, the smoke emitted from
an engine, resulting from unburned soot, is both a pollutant and a prodlem due to
increasad visibility for detecting and targeting of military aircraft.

Current research suggests that the sooting potential of an aircraft fuel increases
vith decrease in hydrogen (1) or alternatively, increases with incressing aromatic
content (2). The problem is, therefore, to provide fuel specification, .uel
procnnuing strategies and combustion design concepts to reduce goot, but which still
allow utilization of readily available fuels. While many trends hnve been
established, there is no accepted model for soot formation. This lack of
understanding hinders our ability to provide combustor design and fuel
specifications. For example, Lefebvre (2) points out that "it is quite possible
that not all of the various types of aromatics (l-ring, 2-ring, etc) are equally
effective in producing soot and thus a better correlation of smoke emission might be
achieved by neglacting certain aromatic constituents of the fuel."

To develop the appropriaste technology to utilize such fuels, it is desirable to
develop capabilities to experimentally study and theoretically model the combustion
of sprays of multi-component fuels, including fuels with higher boiling fractions
and aromatic and heteroatom components. Such models will be necessary input to the
_ large computer codes which calculate the characteristics of two phase reacting flows
- in two and three dimensions (3-7). The current level of understanding of droplet
- and spray combustion is discussed in several reviews (8-13). Eor the simplest case
of isolated, single component, volatile paraffin drops, the "d“"-Law model has been
well estadlished. For this case it is assumed that the fuel vaporizes from a :
homogeneous fuel drop and diffuses to the flame zone without cracking and without -
- radiative absorption or emission. For higher molecular weight fuels with aromatic -
components, separation of components during vaporization, pyrolysis of the fuel, Co
soot formation, and radiative absorption and emisaion by the soot become important.

L 1.2 The Solution

The objectives of this program were to develop a data base and modeling capablilities g
to relats vaporization, pyrolysis, and soot formation to the properties of the fuel,

the atomizer and combustion conditions. 1It is soot generation aud its radiation

which appears to be the major problem. Based on the Phase I results, it appears

that the "hydrogen available for release” in pyrolysis controls soot production. A

major focus of the further work will be to identify how this parameter can be

measured, the mechanisme by which it affecte soot production and methods based on =
these mechanisms for controlling soot. The relation between soot production and

"avallable hydrogen"” is discussed in more detail in Sec. 2.

The Phase 1 program has demonstrated that substan:ial progress can be made in }
developing a general fuel combustion model by employing successful experimental and
theoretical methods already developed at Advanced Fuel Research, Irc. for -
characterization of complex hydrocarbons in combustion and gasification. The

development of the experimental and modeling techniques have been sponsored by the
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'ﬁ United States Department of Energy (14,15), the National Science Foundation (16,17),

. the Electric Power Research Institute (18,19), and the Gas Research Institute
(20,21). Successful application of these¢ techniques for fuel studies was
demonstrated in Phase I.

‘ 1.3 Phase I = Technical Objective

f; [ Deconstrats the capabilities of a high temperature entrained flow reactor
L with on-line, in-situ analysis by FT-IR to measure py:o'vsis spacies

R tenperature and radistion characteristics.

. Provide dats on vaporization and pyrolysis of a mulii-component liquid
drop streanm.

° Perform characterization of the fuel by quantitative FT=IR, FIMS and
programmed pyrolysis/FT~IR.

. Correlate volatile inounco and rates with fuel characteristics.

] Select appropriste models for various elements of fuel volatilization. jfﬂ

° Ansver questions on amount of distillation in vaporization, pyrolysis of &iﬁ
volatiles, soot formation and coking. -

1.4 Summary of Phase I Accomplishments :*;
° Excellent rasults obtained using FT-IR emission and transmission for ff
on-line monitoring of soot and gas concentrations and temperatures. (See g

Section 2.1). Py

-y

° Quantitative data obtained for vaporization, pyrolysis, and soot formation .
for JP-4, JP=7, dodecane and ERBS at temperaturas up to 1573K. (See o
Section 2.1). o]

. Good correlation obtained between radiative emission intensity and weight
of soot collected. (See Sec. 2.1).

4

. Observation of substantially different soot production for three . }
multi-compouent and four pure hydrocarbon fuels. The variation correlates
with aromatic content but not with hydrogen cortent (JP-4 which has a
higher hydrogen content than JP-7 produced su!l .stantially more soot). (See o
Section 2.1). o

-—

® Good correlation of soot radiative emission intensity under pyrolysis
conditions with smoke point and soot produced in a jet engine at
take-off conditions (see Sec. 3).

* Possible identification of a controlling factor in soot formation
("hydrogen released during pyrolysis") which provides a better correlation
with sooting behavior than total hydrogen or aromaticity. (See Section 3
for discussion of results).

° Observation of the effect of oxygen in increasing soot at low
concentrations and decreasing soot at high concentrations. (This effect
is discussed in Sec. 2.1 and Sec. 3).
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] Demonstration of FT-IR and FIMS for quantitative characterization of fuel
including factors controlling soot production. (See Section 2.2).

® Observation of fuel composition changes in vaporization and pyrolysis by
FT-IR. The changes fall between the results expected for distillation and
for complete mixing. (See Section 2.3).

] Developnment of gas phase cracking model for fuel components. (See Section
2.4).

ey

] Demonstration of temperature programmed/FIMS for fuel characterization.
(See Section 2.2).
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2. PHASE I RESULTS -

2.1. Measurements of Vaporization, Pyrolysis, Combustion and Radiative
Emission Behavior of a Fuel Droplet Stream in the Entrained Flow
Reactor. (Phase I - Task 1)

The objective of Phase I, Task I, was to elucidate the coupled vaporization, _—
pyrolysis and soot production behavior of a series of increasingly complicated fuels o
in an entrained flow reactor with on-line, in-situ FT-IR spectroscopy. The fuel
series consisted of: 1) a single component paraffin (dodecane); 1ii) a
multi~component aviation fuel with low aromaticity (JP=7); 1i11) a jet fuel with
higher aromaticity (JP=4); and iv) a heavy multi-component fuel (ERBS).

Experimental

The entrained flow reactor is shown in Fig. 1. It employs a Nicolet 7199 FT-IR for

in-situ analysis of gas species and gas temperature and quantitative analysis of the

gas composition after cooling. To operate the reactor, a gas stream of

predetermined composition is heated during transit through the heat axchanger -
(maintained at furnace temperature). The gas stream then turns through the U-tube

and enters a 5 ¢m diametertest section, maintained at the furnace temperature. Fuel

vas introduced into the test section at variable positiona through a movable water

cooled injector. The fuel was injected as a droplet streanm bty passing the liquid

through a section of 100 micron ID hypodermic tubing and mechanically vibrating the »

feed tube asseumbly at the natural drop formation frequency. After a variable -
tresidence time, the reacting stream passes optical access ports and, immediately -

downstream, is quenched in a water cooled collector. Thaere are five optical access

ports, of which two are presently employed for the FT-IR beam. The other three

ports are available for additional diagnostics.

PR S

After quenching, the product streaum is passed through a cyclone to separate out -
particulates larger than 4 microns, The remaining stream of gas, condensed oil mist g
and soot 18 collected in a bag. A gas sample is drawn from the bag for analysis by -
FT-IR spectroscopy. Solids are collected on the bag walls and in a filter when the

bag is pumped out. The bag can be used to study the sattling time of the suspended

solids as a means of determining particle size distributiona.

Figure 2 compares the spactra from the in-situ analysis and room temperature gas -

cell analysis for the furnace at 1100°C. 1In transmission measurements, radiation

from a globar source passes through the interferometer before traversing the reactor

to the detector. In passage through the interferometer the radiation gets amplitude

modulated as a function of wavelength, and it is only modulated radiation that is

detected. In this way the transmission experiment measures the extinction,

1ndependunt of emission from the furnace. Easily seen in the hot spectrum are CO, -
y H 0, CH » and heavy paraffins. The lowar noise of the roonm t-mpernturu

|p3ctrum pornitu the measursment of additional species including C,H y C H6’
» HCN, NH 3 cos, CSZ' 80,, and heavy olefins. This spectrum 3. ulea 2

quagtitltivo lnnlylio. A typical gas analysis together with the yleld of solids

and liquids is presented in Table I.

The relative intensities of the hot CO absorption lines can be used for measuring
gas temperature (22) Figure 3 compares the in~-situ CO spectra at measured furnace
temperatures of 20°C and 950°C; the calculated temperatures from line intensities
are 30°C and 1050°C.

The FT-1R can be operated to measure emission (35). Radiation from emission within
the entrained flow reactor emerges through a Kbr window, and is directed by mirrors

f A e i Mo [P VA, - PPN,
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Figure 2. FT=IR Spectra of Pyrolysis Cases from
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TABLE 1

Quantitative Analysis of Pyrolysis Products

PYROLYSIS SUMMARY REPORT ~  FAFRUN 19
RYN CONDITIONS

3600 ng. NO COAL

1369 Deqrees c.

754,588 an. Final Pressures for B2.8524 liters

Ao s e

-1

Fuel
Name &t JP? - 2N
FTROLYSIS PRODUCT DISTRIEUTION
ut. % R
Soot 44,3460
01l [ ]
Gas 32.1704
Water 2.9584¢ -
Missing 21.4954 - 4
GAS COMPOSITION B
L R B X A LN R ‘
ut. 2 Volume X ‘i
Aethane 2.73819 «28523 4
£o 1.22922 87243
Hydrogen # ’
co2 7.82343E-4 2.86680E-)
Acetylene 2,92771 18631 ]
Ethylene 4,21738 24922
Ethane 32221 1.7727136-2 1
Propvliene 2.37982 #9372 1
Benzene  4.299€¢ 89119 1
Paraffins 4.5931% 09047 '
Olefins 7.14044 18084 :
. HCN .+ 25328 1.95208E-2 B
. Annonia 1.43649€-3 1.39835E-4 1
cas -5.157B1E-4 -1.42237E-5 i
' cs2 4.774126-2 1.83939E-3 !
502 B.30467E-4 21429569 :
Vater 2.95H44 13099 !
. Other ’ 90.508%4
E Bas Total: 34,2204 180
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onto the FT~IR specirometer, from which it passes to a HgCdTe detector. The overall
detection effictency for this path is wavelength dependent, and must be corrected
for. This 1is done by placing a "black-body” standard, a blackened stainless steel
rod of known temperature, within the reactor, and measuring its mpectra. The path
correction at each wavelength is found by dividing the observed intensity, corrected
for background, by the theoretical “"black-body” curve appropriate to the rod
temperaturc¢ measured with a thermocouple.

1t has been shown that the uss of the outer surface of a blackened stainless steel
rod as a grey body standard can lead to systemstic errors in temperature
determinacions of up to 20 K (3€). This deficiency in the present measurements will
be rorrected in future studies by the use of a cavity emitter.

Measurements of soot emission have been made previously by Vervisch and Coppalle
(37) and by Buckius and Tien (38) in oxidizing atmospheres. The advantage of the
present method is speed, (a spectrum cen be obtained in less than 1 sec) and dboth
spectral and spatial resolution. A single epectrum of lower resolution presented by
Vervisch and Coppalle required three hours to obtain (37).

Pyrolysis Rasults

Figure 4a shows a series of emission spectra taken from pyrolysils of JP~4 fuel in
the reactor at 1300°C. The spectra were accumulated over a se-ies of reaction
distances from 6 to 66 ecm, all in under 6 minutes. The gas velocity is 1 meter/sec
giving a maximum residence time of 660 msec. At short reaction distances there is
evidence «i the paraffinic fuel. As the distances increase, the paraffine crack to
forn olefins and the olefins crack to form acetylene until at 36 cm there appears a
broad emission due to soot.

Figure 4b shows the corresponding transmission spectra. The absorption of radiation
by soot results in the sloping spectra for 46 and 66 cm. Figure 5 shows data for
1100°C for the same fuel. The data show cracking of paraffins to methane, olefins
and acetylene, but no soot formatinn. At 800°C (Fige 6) thore i3 little cracking
at all.

Quantitative product distributions obtained from collection of solids and liquids
and analysis of the gas in a room temperature cell are compared for JP-7 and JP-4
fuels at 1300°¢c in Figs. 7 and B. The general trend validates the observation from
the emission spectra. First vaporization of the fuel, followed by cracking to light
paraffina, olefins, and benzene, and further cracking to methane .nd acetylene
accompanied by soot formation. The trends are similar for the two fuels except that

JP-4 produces more methane than JP-7. Both fuels show substantial benzene
production.

Data for JP4 at 1100 and 800°C are presented in Figs. 9 and 10. At 1100°C (Fig. 9)
the cracking pattern is similar to that at 1300°C but occurs at longer residence
times. Also, the drop off in the concentration at longer residence times seen for
1300°C occurs later and is not as severe for 1100°C. This drop off coincides with
goat production and as can be seen from the emission in Figs. 5 and 6, soot
production at 800°C and 1100°C is minimal. The 1100°C case also ahow substantial
benzene. At BUO°C (Fig. 10), little crucking occurs. The fact that no benzene is
observed at 800°C indicates that the 6-8% benzene observed at 1100 and 1300°C 18 a
pyrolysis product.

Soot Formation in Pyrolysis

Tests using variable drop feed vibration frequencies showed that with our apparatus

-




*830URIST( UOIIDEIY [PIAAIS

0,00t ' Tsng -4 103 ealdadg uworidiosqy pue uorssTmy WI-1d

SHIGHNNIAUM
JQS___ 0Qst 0Qs2 0QSe  0QSh  0QSS  00sy
ul 4004 | &
W A )
" WE
(=]
«H%
A @
_,§~ 3
9% 8
o
9% O
T
Zz
e D
'] 3 ’
o
o
&y
w 99 N
n
o
"
®
(@]
G
in
(1)}
o
-
(=]
[ )
uoyadiosqy
- - DR DIARNL  SRRUBERT S

*y 2andya
SHIGHNNIALGM -
0gsT _ o0gs2 O03sE  0Qsh  9QsS  0Qsq

ufjjoiod

9%

uoyssywy -

L
o
s |

oo

no°s
3ONU10ud

oo°nt

S~ we(lm (1-WI/WI DS/HIALS/SLLIUM)

O0°0% 00°Ss 00°08 00°se 00°02 00°St

e o,

O




......

-d
b
_y
i
g
":'
. t
K .4
-t
|
]
p——
e
]
Lok al

*S3TUEIST( UCTIDEIY [EBIIAIS
3% 3,0011 32 TIng y-dr 103 e331d3ds uoyidaosqv pue uoyssywd ¥I-I3 °G aanBrg

SHIGHNN SHIGHNNZAYN
OQS1 0gs2 OGRS DQSh 0QSS 0QSq Qs OGSl 0QsZ Ogse  Ogss  0gss 0g9

ﬂlg/
9 .
Suqly 0
O3
D
91 3
o
. mbw
O (=]
m om
o aE _
3 5.
-8 98 =
B3 83
D “HO 9S\, -3
2 " 0
« n L ¥4 .
n %o 9
a 4 w
! - D
™ o2
O OW
o P 4
L p
ﬁ. L] -~
(=]
2 Sx
| 45
worydzosqy - qQ ~ , aoissie] - D On
i 8,
D o

i ki




w00
sb

) @

o g

o 2

A ;
i

-1“‘-‘ ' .A_

g0

b-pbsorbance

r T i o
ooe* 0se’ n[up- iy oste Dot Qso* coot Qso* &
JONYELHOSEY

s00

X

15bo

. FT-IR Emission and Absorption Spectra for JP-4 Fuel at 800°C at
Several Reaction Distances.

3500 2S00
NAVENUMBERS
4

$¥S00
Figure 6

5500

3% s
5""
i.-r; G S
' . b ',l, . :f; E . ,w-“.

“;.*

g-Hmissim

OrfuUgE NotSe 002 00'St 00°01 opo'sS oo 00'S
S~ weDte (1-HI/HI OSAJELS/SLIUM) 3ONU10avM

- 11 -

e TS S SR A A T




[

c oW S, T
¥ o

g
_ w 0 manrin a
- X OLERIN
g-

15
0-8.
B
o gﬁ‘ R
| -3 X 0 X .
o Ee1 0 X
- o § B 6
S, 0.0 20,0 80,0 %3.0 80.0 €0.0 70.0
.’ INJECTOR POBITION CM .
9

~ 8
. 0 cene ¢
g | Xeew
T od
.,‘..! -l
|
31 X X
i%i E 9.
[}
d X
S x X ¥
g 5 £ X
Th
I o O . . o0
W 8o o R ¥0.0 80.0 80.0 n?u.o
3 o INJECTOR  POBITION CM
8
5 -0 soot e
L 2]
L
|- B9
L B

_ e 0
i E B B 0 0 ;
.9 0 o

.' Ea_ N
b-“ gq —T—6——0
1 0.0 20,0 8.0 0.0 80.0 80.0 70.0

INJECTOM  POSLYLON €M

Figure 7,

Variable Reaction Distances.

WEIGHY PERCENT  PRODUCT

HEICHT  PERCENT PRODUCT

PERCENT

;

S
& Ocwe b
9
i1
Q
e-
q
ﬁ-
Q.l
®
9. 0
-~
0 © p B
. 8
%8 100 o 20,0 0.0 80,0 #3.0 70.0
INJESTOR  POSLYION CM
(-]
. 0 caxe d
g | Xcens
s-
9
[ ]
X
], "
w
X
o <K
S o B o g
9,
N
33 Q
\0 10,0 20,0 85,0 w5.0 #3.0 8.0 370.0
o INJECTOR  POBITION CM ;
g
O REL PLS MISSING £
Q
B-
;’. 0
o 0
g 0 0 0
g 0 0 0
B 0 o O
Ry 10.0 20,0 85.0 0.0 85.0 85.0 70.0

-

INJECTOR POSITLON CM

Pyrolysis Products from JP-7 in Nitrogen at 1300°C at
Gus Velocity is | w/sec.




4 0 cHy b
b 9 9
: 3 O PRARIN a . 8]
. Q| XOuEFIN ED
o 87 CR
I' E e 5 0
5 0
; e 0
g ) 0o X 0 -
S 0 O o g
Il qJ X E 0
{2 b
3 8T o the o o Wo ®Bo o 8 80 .o o B0 Wo B 0o o
& . INJICTOR POBITION CM . INJECTOR  POSLTION ©N -
L " | Dcane C | 0 came d 5
o q | Xcem X x g | Xcens :
’: a.‘ E. B o
E ; E X L:......«i
u"" Q.. L‘--:n;l
_: E L X ® X . :.*,“:"
g X o
3 E 3 X é . x Bl i
X X 0 R e
° Qd 0 [
- ':.1 I 0 LA
o § X B :
v -] = G 0] oy
' o D [ [a) 0 - n . 1
h A 5.0 0.0 .0 \ﬁiﬁ.o 00.0 7.0 W8 “1h.o tho .o sbo 8.0 8.0 8.0 - ;
B e INJECTOR POBITION CM a INJECTOR POBITLON CM :
- g 1 : T
— 0 sol e O 1UEL PLUS MISSING f
- g Q
r g g g B _'
. o i
’ ;4 éJ 0 5
»_; ‘ Q q
L_ E g 8 E g 5 0 .
5 o o o
' 9 0 Q
) AL
r Y T P |
5 0o mho oo o Wo 8o o o Beow woBio

INJECTOR POBITION CM

%0.0 B0.0
INMICTON  POSITION CHM

Figure g, Pyrolysis Products from Jp-4 in Nitrogen at 1300°C at

Variable Reaction Distances.

Gas Velocity is 1 w/mec.

- 13 -




UEIGHT PERCENYT  PRODIKCY

\0 10.0 20.0 80,0 0.0 %0.0 €0.0 70.0
INJECTOR POSITION CM

-]

0 D cere ¢

o XC2r X

g *czHe

Q

e-

e

bk X

3.4

9, +

' e

airn-?‘—“‘:ztnz—_n_

) 16,0 £0.0 ®0.0 W5.0 80.0 60.0 70.0

INJECTOR POBITLON ©N

<

O cas

U

T
10.0

20.0 90.0 0.0 B0.0 80.0

INJECTOR POBITION CM

70.0

Figure 9.
Variable Reaction Distances.

& O cry b
<
a-
Eo.
o
e
N
Q.
[ ]
;|
%8 18.0 .0 50 0o 8.0 8o .0
INJECTOR POBITION CM '
;: d
| pe
En
X
X
Ez' X XX X
R
0
3' 0 o
Eq (u]
- 0N 0
) | 0
'O 10.0 ®0.0 80,0 40.0 B80.0 80.0 9.0
. INJECTOR POSITION CM
g
O Missing f
]
M
0
9
B-
Eq
g-
g 0 0
B 8
Hu ~ 0
"0 10,0 20,0 ¥0.0 0.0 0.0 80.0 70.0

INJECTORM POSITION Cv

Pyrolysis Productu Crom P-4 in Nitrogen at LI00"C at

Gas Velocity Is 1 w/Hec.

h




- -

=T
Y

WETGHY PERCENT  PROOUCT

o "-’T’-."»ﬂ':r A
N PR

Q
g
0O raArIN a
o| XOLEPIN
é' 0
Q
’ 0
Q 0 0
£ 0
8
Bu
X X X X
° té.oxﬁ.o*d.o v0.0 0.0 80,0 70.0
INJECTOR POSITION OM
[ -]
K O cens C
o | Xcem
g4 *cene
gq
e-
e
R
Q.
[ ]
B,
¥ .
5 X X
° |3.0':5.plné.o ‘st.o 80,0 co'.n*:u.o
g INJECTOR POSITLON On
8
" | Ocre e
Q
it
Q
8-
Eu ] 0 0
g-
Q
§ 8
i D
n
4 16.?926.0 #0.0 +0.0 SC.0 80,0 70.0

INJECTOR POSITION CM

0o

+0
INJECTOM POBITION CM

15.o%e6.ne;5.o v0.0 80.0 e5.0 7.0 g

12.0

0 cenz
¥ ceMe

2.0 .0 6.0 8.0 10.0
1 i i M 2

WEIGHT  PERCENTY PRODUCT

.0

tb.oi:zé.::‘so.o %0.0 = 80.0
INJECTOR POSITION M

o

100.0

r—f—T—f—r—-r

€0.0

-

70.0

Oﬂlsslnqo o

PERCENT PROOUCTY
20.6 %0.0 60.0 ﬂz.ﬂ
'l ]

uEICHT

— ¥

_1 T ¥ T
.0 i 20,0 80.0 %D,0 80.0

INJECTOR POSITION CM

Figure 10. Pyrolysls Products from JP=4 in Nitrogen at 800°C at

Variable Redction Dlistan

CeYa

Gun Velocity 1s 1 w/sec.

1 h -

]
80.0

70.0




soot formation was not sensitive to details of drop formation, but it was found thet
there were some variations in the emission spectra which were related to the
position and angle of the injector with respect to the reaction tube center-line.

To make a meaningful comparison of the & fuels, measurements were made without
moving the injector. The results are shown in Fig. 11. Results for 3 pure
hydrocarbons are shown in Fig. 12 for comparison. The emission intensity appears to
be a good measure of soot density as shown in Fige. 13 where the intensity is plotted
as a function of soot collected. The emission intensity correlates roughly with the
aromatic contant of the fucls. The emission does not correlate well with hydrogen
content. ERBS and JP-7 both have a lower hydrogan content than JP~=4 but one is
higher and one lower in soot emission. The relation betwesn soot formation in
pyrolysis and in combustion 1is discussed in Sec. 3.

Soot Charactaristics

A distinguishing feature of the soot spectra is thelr non black~body appearance.
This shape depends on the soot temperature, size-distribution, density and optical
properties (37,39-41).

Quantitative analysis of soot spectrs 1s discusned for the spactra shown in Fig. 14,
which sre from ERBS fuel at the onset of sooting (36 cm injector height), and at a
longer residence time (66 cm). 1In Fig. 15 the spectra have baen scaled for
comparison to each other, and to the appropriate black=body curve for the measured
temparature.

The transmission spectrs for these two cases has also been measured. The soot
emission spectrum of highar intensity in Fig. 14 apparently suffers from
self-absorption effects. As shown by Stull and Plass (42), at sufficiently high
density-pathlength products, all soot spectra will have black=body form. To extract
{information about the soot particle size distribution one should use
extinction-pathlength products (kL), or emlssion spectra corrected for
self-absorptior. The 66 cm soot spectrum has been corractad back to an optically
thin sample form in Fig. 15 by multiplying by ln T/(1~7), where T is the measured
transaission (43). The behavior shown in the raw data persists; both soot spectra
are of non black-body form, but that from the shorter residence time has a cut-off
at higher wavenumber.

Other information concerning the sample has been obtained. A log-log plot of KL
versus wavelength is approximately a straight line: there is no break in the curve.
Scanning electron micrographs (SEM) have been measured of the soot generated over
the 66 cm distance (Fig.16). These soot particles, of order 200 nm, have
agglomerated into chaine. The particles generated at 36 cm were too small to be
distinguished in our SEM.

In trying to understand the difference between the spectral properties of soot at 36
cm and 66 cm respectively, there are two pleces of background information that must
be considered. First, in the Rayleigh limit,AdDdiameter, the absorption is nuch
greater than scattering, and the extinction coefficient {s indistinguishable from
the absorption coefficient (339,43,43). There is no explicit dependence of the
spectral shape on particle size in this regime (39).

Also in the Rayleigh limit, it is found that log-log plots of extinction=pathlength
products versus wavelength are stralght Lines in the reglon 1.5 to 10 microns (an.
This line becomes notlceably scgmentced only for larger particle slzues, for diameters
grester than about Q.3 microns, where the Rayleigh approximat ion breaks down. An
explicit dependence of extlinction on purtlcle size is expected for these large
particle diameters (37,41).
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Figurs 13, Corrvelation of Yoot Emission Intensity from the Entrained Flow
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For the 66 cm spectra the log-log plot is linear, and the spherical particles of the
collected gsoot have diameters less than 0.3 microns. It seems probable, thean, that
both spectra in Figs. 14 and 15 are from samples for which the Rayleigh limit is
applicable. However, the corrected spectra from the 36 and 66 cm injector positions
do not have the same shape. The problem posed by these data is that soot particles
of differant size from the same fuel and essentially the same temperature have
different spectral shapes, a difference which cannot be ascribed to the explicit
appearance of particle dimension in the Mie formula (39). We conclude that in this

region of the spectrum the optical constants of the soot vary with parcicle size.

Whether the variation is due only to size, or is related to soot H/C ratio, cannot
be determined from these data alone. Vervisch and Coppalle note that the slope of
the log~log plot of kL versus A depends on the soot H/C ratios, (37) so it is

probable that the marked variation that we see in the shape of the emissivity has
this same origin,

Coupling FT-IR neasuraments with the microscopic examination of collected soot
should enable us to determins whether there is a reproducidle correspondence bdetween
particle size and spectral shape., Such correspondence would snable the
determination of fine soot particle size distributions from FT-IR measurements.

These measurements would also give new information about the optical constants of
soot (!0_1.._) .

For emission from larger particles, computer programs like that being used by Lee
and Tien (41) and by Vervisch and Coppalle (37) can be used to determine particle
size distributions from FT~IR measurements.

Soot Tempurature Determination

For carbonaceous particles, and for wavelengths greater than the particle diameters,
radiation scattering is negligible compared with absorption (42,44). Neglect of
scattering is therefors a valid approximation for the wavenumber region of interest.

For an array of non-opaque particles, the particle temperature can be deduced from a
combination of emissivn and transmission measurements by the application of
Kirchoff's Laws, as used by Vervisch and Coppalle (37).

€y " Cy(T) 1-exp(=kyL) (L
I,/1, = exp(~kyL) (2)

whare @, is the emission, C p(T) the black-body emission at temperature T, ky is
the wavenumber dependent absorption coefficient, L is the path length, ¢ is
wavenumber and I and I_ are the transmitted and incident intensitiea in the
transmission oxpxtimlnt, respectivaely.

For the 66 cm case for which the emission is shown in Fig., 14 the absorbance wan
also maasured. It can be seen from Eq. 1 and 2 above that &y divided by (1-I /Io)
should give a black=-body curve appropriate to the temperature of the soot. The
rvesult of this calculation for the 66cm case of Fig, 14 1s shown in Fig. 17, where
it is overlayed with a black-body curve for a temperature of 1250K. 1t can be seen
that the quotient curve is of excellent black-body shape, and from this and
comparisons with other black-body curves, it can be concluded that the particle
temperature is 1250 + 15K.

In the case appropriate to Fig. 17 a suction pyrometer was inserted into tlie gas
stream, yielding a temperature measurement within 10°C of that deduced above. 1t is
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expected that soot and gas temperatures are essentially the same for the case where
reactions are not occurring at the soot surfaces (45).

Egpbustion

Data for JP-4 were taken as a function of oxygen concentration for a furnace
temperature of 1300°C. TFigure 18 gshows the emiseion spectra. It can be sean that
the addition of oxygen first increases and then decreases the radiation intensity.
The intensity increases without much change in shape and the absorption increases
suggesting that theres is more soot at the same temperature. The increase of sooting
vith small amounts of oxygen was discussed by Glassman (2(). His explanation is
that small amounts of oxygen enhance the fuel pyrolysis rate (46) which leads to a
higher soot formation rate. The oxygen will also reduce the “"available hydrogen.”

The reduction of the broad based emission above 6% oxygen occurs as ths soot is
oxidized, and is accompanied by an increacs in CO2 and nzo.

The quantitative gas composites are shown in Fig. 19. Oxidation of the gas species
starts for oxygen concentrations greater than 2X. This contrasts with the
obrervation that 2% oxygen substantially enhanced the socot concentration (Fig. 18).
The oxidation of the gas speciss is substantially complete at 8% oxygen at which
point, oxidation of the soot is beginning.

2.2 Fuel Characterization - (Phase I - Task II)

The objective of Phase I, Task 11 was to obtain characteristics of the fuels in
terms of the functional group and molecular weight components, and the relative
volatility of these components. The four were analyzed by quantitative FT~IR, FIMS,
and programmed temperature distillation/FT-IR. FT-IR and FIMS provided the most
ugeful iaformation.

FI=1R

Four fuele of increasing complexity were studied in this program. The fuels and
their hydrogen content, aromaticity and naphthalene content are listed in Table II.

Quantitative FT=IR spectra were obtainad using a liquid cell of known dimensions.
Compositions are obtained from FT-IR spectra using automated computer data-reduction
routines which perform baseline correction, solvent subtraction, spectral synthesis,
peak area determination, library searches and factor analysis. A quantitative
deternination can be wmade of hydroxyl, aliphatic, hydroaromatic and aromatic
hydrogen. From these data, the aliphatic and aromatic carbon may also be
calculated. Horeover, information can be obtained on the types of ether linkages,
and the distribution of aromatic hydrogen. The techniques have been described in
several previous publications (28-30). The spectra are presented in Fig. 20.
Important differences in the four fuels can be seen. The ERBS fuel and JP~4 have
the highest aromatic hydrogen content (peaks near 850 wavenumbers). The dodecane
has the highest aliphatic chain length (sharp peak near 720 wavenumbsrs) and JP=4
has the higheat methyl group conconcentration (1375 wavenumbers). Some of the
coupositions derived by FT-IR are¢ compared to the ASTM determination in Table II.

It should be pointed out that the ASTM method includes in the aromatic percent,
aliphatic couponents attached to an arowmatic ring, while FT-IR determines aromatic
C-ii concentrations. The latter may be a better property to correlate with soot
production.
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TABLE II

COMPARISON OF FT-IR AND ASTM METHODS FOR FUEL CHARACTERIZATION

FT-IR ASTM
FUEL XHal XHar H(calc) HT(Mcnl) XAromatics  ZANaphthalene
Dodecana 14,8 .12 14.9 15.3 0 0
Jp=7 14,9 .18 15.1 14.4 2.5 0
JP=4 15.0 41 1544 14.6 15,7 0.5
ERBS 10.7 1.2 11.9 12.8 30.2 16,0

Molecular Weight Distribution of Fuel Components by FIMS

Experiments to determine molecular weight distributions in fuels and hydrocarbon
pyrolysis products have been performed for AFR with a Field Ionization Mass
Spectromater (FIMS) at Stanford Research Institute: The technique was described by
Stv John et al. (47). FIMS is unique in ite ability to produce unfragmented
molecular ions from almost wll classes of compounds.

Figure 21 compares the batch inlet FIMS spectra of JP=4, JP=-7 and ERBS, Compared to
the JP=4, the JP=7 spectra appears to have substantial quantities of alkanes,
alkenes and dienes with faw phenyl compounds., This is in agreement with the low
aromatic contant measured by ASTM or FT-IR. Tha ERBS fuel has substantial
quantities of phenyl compounds and naphthalenes in agreement with its high
aromaticity, The JP=4 spectrum was obtainad using the batch inlet at 3500°C. The
low molecular welight (150-250) alkanss and alkenes appear to result from cracking,

suggesting that the batch inlet tempsrature was too high. Subsequant runs on ERBS
and JP=7 ware made at lower temperatures.

Distillation/FT=1IR

A new techniqua was tried for fuel characterigation. The fuel was heated at
approximataly 30°C/min inside an ¥T=IR cell swept with nitrogen, as FT=IR spectra
were recorded. The spectra obtained during heating from 0 to 700°C are shown in
Fig. 22, Specific reglons of the apeactra which are related to different functional
groups may be integrated and plotted as a function of time. Results for a
dodacane/phenanthrene mixture are shown in Fig., 23. The spectra show the evolution
of the more volatile dodecane at sarlier (low tampsraure) than the phenanthrena.

2.3 Droplet Generation and Vaporisation

Ganaration

The study of the droplat geaneration and vaporization was originally planned to be
performed in the entrained flow reactor as part of Phuse I-Task L. The optical
dccess was not good for photography and the teumperatures used for the pyrolysis and
soot studies were too high to study vaporization. A duplicate of the droplet
injector assembly used in the entrained flow reactor was, thersfore, installed in an
apparatus (Fig. 24) which allows the droplets to pass thiough an electrically heated
tubes The injection point and length of ths heated section cun be varied to obtain
differant residence times. A microscope focused at the tube exit allows photography
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Flgure 24, Schematic of Droplet Vaporization Apparatus.
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of the droplet stream at various sctages of pyrolysis. The liquids ara collected,
weighed, and analyzed by FT-IR. Gas is also collected for analysis.

The evoluticn of a drop stream is illustrated in Fig. 25, Figure 25a shows the
stream emerging from the hypodermic tube (250 micron OD). After a short distance,
the gtream starts to break up (Fig. 23b) due to the Rayleigh iustability. Droplets
form, but are not spherical (Fig. 25c and d) due to shape oscillation. The shape
finally settles down and a regular stream of spheres of about 200 micron diameter is
observed (Bottom of Fig. 25d). The drops ars shown in highar magnification in

Fige 26 where the affect of drop collisions can be seen (Fig. 26d).

Hass Loss

Figure 27 shows the droplets appearing after 20 and 50 cm, within the tube. The
droplats at 20 cm are larger than in Fig. 25, Investigations indicated that droplst
collisions were taking place at longer distances, leading to larger droplats. The
droplets at 50 cm (Mig. 27c) are clearly smaller than those at 20 cm (Fig 27s and
b).

The droplets vare quantitatively collected at the tube exit to determine the amount

vaporized. The results are presented in Fig. 28. Assuming that the nu!hcr of dropa
is constant, the volume collected to the 2/3 poyer should follow the "d“" law. The

results are in reasonable agreement with tha "d“" law.

Fuel Component Separation

The composition of the collected liquid was analysed by FT-IR to determine vhether
separation of the fuel components occurs during vaporisation. Figure 29 conparas
the initial fuel with the collected fuel after 51 msec (69X volume loss). The major
change is in the chain length indicator near 720 wavenumbers. The shorter
components appsar to be leaving first. Pigure 30 shows a similar comparison for the
ERBS fual., Here the aromatic components increass as vaporiration occurs.

To get a guantitative measurs of the ssparation, a blend of dodecans and banzene
(50/350 by volume) was analysed in a manner similar to the above. The FT-IR spectra
vare used to determine the composition as a function of reaction time. As
vaporisation procesds, the aliphatic components increase relative to benzens. The
calculated percentagas ara shown in Fig. 3la as a function of extent of
vaporization, Data from Hansen et al (48) are presented for comparison. It was
expected that the results would look 1ike those for pyridine as the boiling point of
benzena is sicilar. Instead they are closer to the quinoline data. The lower than
expucted evolution of benzene suggests that there is not much mixing within the
drop, This investigation will have to be carried further to study the effects of
relative velocity.

2.4, Application of Vaporisation and Pyrolysis Model in Conjunction
with Literature Models to Simulate the Experimantal Results
H i

ZPFAIQ [ = Task II1

The objective of Phase I, Task I1l was to test tha predictions of various models for
droplat heating, vaporization, pyrolysis, and transport againet the data. Prograss
was made in two areas. A program to calculate the vaporization from droplets {n
AFR's two teactors was implementad on a PDP 11/23 computer. The program will allow
testing and improvements of the assumptions used in the hoat transfer calculations
and the addition of component separation. A cracking model has bean developed and
programued to describe tha pyrolysis of large paraffins. Sufficient data were not
collected on component separation in vaporization to test critically the predictiona

- 3] -

L VU AP S S NP ST |

Yo “h
Wy

[




FAE

Y

it
A

iR M

Figure 25. Photomicrographs of Fuel Stream Emerging from Hypodermlec Tuhu
Breakup into Droplets. The Tube OD is 250 Microns. The average Droplat
is about 200 Micronw,
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Flgure 76, Droplets from Figure 25 Enlarged. d) Shows evidence of a droplet
collisfon,




Figure 27. Druplets after Passage Through Heated Tube at 800°C.
@ a) and b) 20 cw, ¢) 50 cm,
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of the droplet circulation model (49,50) and the distillation modal (1l1).

Droplet Heating and Vaporization

The vaporization of the fuel droplets was mudeled using the methods of Reference
(31)« This model considers the energy balance to a droplet which is stationary
relative to an ambient gas stream: The heat into the droplet is by radiation ivom
the furnace walls, and by conduction through a layer of fuel vapor and ambient gas
surrounding the droplet. Tha absorption of thermal radiation is nagligible for the
conditions of the experimant since the absorptivity as measured by FT=-IR (Fig. 32e)
is essentially zaro excapt in a faw wavelength regions. Thus, the energy transport
is dominated by the conduativity of the gas surrounding the droplet.

In Figure 32 are the rasults of our nodoltgg calculations, showing the manner in
vhich velocity, temperature and (diametsr)” vary with time for 200 micron dodecane
droplets injected into a 800 K furnace at an initial relative velocity of 200
cm/secs The droplet velocity (Figs 32£) is determined by the force balance batween
Stoke's Lav and the force due to acceleration.

On the laft of Fig. 32 can be seen tha most significant features of the model. The
initial portion of the prncess is simply heating the droplet up to its boiling point
(Fig. 32¢c), followed by an slmost imothermal vaporization of the droplat

(Fig. 32d). This vaporization stage is an equilibrium between heat transported into
the droplet to vaporice it, and mass transport out from the particla., Much of the
heat conducted into the particle is used to heat up the outgoing fuel vapor.

On the Figs. 32£,g,h one can diacern the warm-up period, followed by svaporation at
the boiling point.

The most serious limitations of the model that we used wers as follows: a) the
droplet vas assumed to be isothermal at all times and b) transport and thermal
properties for the “film" vere evalusted at the "nid" film temperature and
composition, respectively. A bettar corvelation with experiment has bsen obtained
using teaperatures and compositions evaluated closer to the droplet (52). We will
use this scheme in futurs calculations.

For the low Reynolds number situations corresponding to our oblorvntion!, the model
gives the value of K (Fig. 32d), the "burning rate" constant for the "d“" law, as

K= 8k/p 8 n(1 + cp-AT/L)

the well-known rate for stagnant conditions (8,1V,11) where k is the "film" thermal
conductivity, c_ the spscific heat of the "filﬁprL. the 1iquid density, and AT the
“deiving” t.mpc?a:uro difference across tha film.

The theory for pure components was compared to the data of Fig. 2Bb for vaporization
of a dodecane/benzene mixture. Line A is the prediction for dodecane in helium.

The high thermal conductivity of helium results in too high a hoat transfer rate.
When the thermal properties of dodecane were used for the "film” surrounding the
drop, the heat tranafer rate is more reasonable. For benzene in uitrogen the heat
transfer rate is too low. The theory appears to give reasonable predictions.
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Gas Phase Cracking

A kinetic model has been developed using some of the free radical reactions known to
be important in hydrocarbon cracking theories. Specifically, free radical

initiation (Eq. 1), recombination (Eq. 5), radical decomposition (Eqs. 344), and H

transfer reactions (Eq. 2) have baen included.

Inftiation:

G _—G

{ 1-1 + oCH3

Hydrogen Transfer:
kz(i.j)
R1+Gj-_-_-.ci+nj

Decomposition:
ky ()

k, (1)
R, o=t 0,6 + R

i J i-3

- Ri

Termination:

(1)

(2)

(3)

(4)

Voot
‘. e,
SIS TSI




The model can treat mixtures of straight chain olefins and paraffins with up to 20
carbona. To reduce computational times, the hydrocarbons with lengths greater than
three carbons were assumed to rapidly exchange hydrogens. Thus, radical and
hydrocarbon populations were always assumed to be in equilibrium and only total
heavy radicals needed to be calculated (this approximation is not accurate for many
circumstances and will be improved. The remaining equations for radical populations
were solved algebraically after making the steady state approximation. That is, for
esach iteration, the gas populations wers held fixed and the equilibrium radical
populations were calculated. This technique allows rapid calculations for a set of
differential squations with widely varying vates. To reduce the number of
parameters appearing in the model, only single initiation and recombination rute
constants were used, and it was assumed that radical decomposition rates for the
large hydrocarbons depended only on chain position, not on chain lengths. Rate
constants were taken unchanged from papers by Doolan and Mackie (33) aud by Allara
and Shaw (54). The frequency factors for the initiation and recombination rates
ware then adjusted to give decompositions on the right time scales. The model can
be solved in approximately 5 minutes on a PDP 11/23 laboratory computer.

A typlcal calculation is shown in Fig. 33 for octane decomposition. At short
reaction times (Fig. 33a) most of the octane remains uncracked. As time progresses,
cracking occurs, resulting in the formation of hydrogen, ethylene, methane and
larger products. By 700 milliseconds (Fig. 33f) the octans is almost completely
cracked. Methane, ethylene and hydrogen are the dominant producte. The results are
prasanted as a function of reaction distance in Fig. 9 for comparison with the
entrained £low ressarch data. There is reasonable agresment for both the amount and
shaps of the predictions. The methane is underpredicted, but as discussed sarliasr,
the JP~4 fuel produces about twice as much methane as a typical paraffin suggesting
additional methane sources.
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R 3. DISCUSSION

Soot Formation

e A major objective of this work i1s to undurstand the interaction between pyrolysia, i
'I comnbustion and soot formation. In attempting to relate sooting potential to the ’
e characteristice of the fuel, Glassman has arguad that theve are & number of
complications causaed by studying soot production under combustion conditions
(25=27)« In this case the lavel of soot is a balance batween scot formation (in v
fusl rich regions whera pyrolysis occurs) and soot destruction by oxidation. It is bl
clear that the compsting processss which control soot production in flames provide :
substantial complications which hava limiced progress in understanding the
mechanisms of soot formation and its relation to fual properties. To solve the

roblem the experiments in Tusk I will be performed under conditions which allow
E 4 t f th ) vari octing soot formation
fuel type, Llon concentration and

n ¢ complications of fuel vaporimation,
fual mixing, and destruction of soot by oxidation.

The study of soot formation in pyrolysis may simplify the problem, but is it
relevant to combustion? Results from Phase 1 suggast that this 1s so. Figure 34
conparans che soot emimssion intensitiee from Fige. 11 and 12 to the measured smoke
point for several fuels (33)« There is an excellent correlation batwean the
parameters measured in pyrolysis and in combustion. Another good correlation was
made in Fig, 33 with the soot emission from four liquid fuels in pyrolysis and soot

neasured for fuels of comparable aromaticity in a jet engine uader take-off
conditions (2).

The study of soat produced in pyrolysis has provided some important observations in
Phase I relating to the influence of hydrogen in suppresaing soot formation. In
obtaining the emission data for ethane and acetylene (Fig. 12) it was found that the
pyrolysis gas composition for ethane (Fig. 36b) contained much more acetylene than
the pyrolysins gas of acatylena itself (Fig. 36a). This was so, even though the
ethane produces about 1/7 the amount of soot produced by the acetylens: A possible
sxplanation was that the more hydrogen=rich athane provided certain pyrolysis
products which inhibited scot formatlon: To test this hypothesis, the soot emission W
from banzens vas measured with and without ethane addition. The results in PFig. 37 .

. how that thae ethane addition reduced soot, even though the carbon density in the
reactor increased,

. . CL -
o, a e e =i

A candidate pyrolysis product which may inhibit soot formation is hydrogen. Wang at .
al (36) found that soot from acetylene was reduced in the presence of hydrogen. To {
test this, hydrogen was added to the benzena. The emission spectra of Fig. 38 shows —d
the reduction of soot emission with hydrogen addicion.

Based on these resuits, the suggestion is made that the hvdrogen raeleased by a tuasl
in pyrolysis may be an important factor in soot production, This concapt is in
accord with the correlations which have been m:dolwit: r:lnrd to soot yields VOIOUI.
w aromaticity and hydrogen. 'fhe more sromatic a fuel, the less hydrogen it can relaass -
« In pyrolysis. Thus, ERBS and benzene are high lod?tn. fusls.,  In general, the more '
» aromatic a fusl, the lower its total Eﬁarolun! 80 low hydrogen and high aromaticity
» o together. But what about JP=4 which has aromatics but & hvdrogen vaiue
C8e [~

gl » Rreatar than JP-7 with 2.5% aromati A clue 1s that JP-4 produces about twice the

t'l"t"..‘.'tl”l"t‘

w methane of Jp-7 (Fige. 7b and

o « Brunched with a concentrat
i s Into methane, not g drogen, so that w gh hydrogen concentration, :
o 1t8 hydrogen relessed in pyrolysis is low, leading to high soot yields. :
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Ap indicated in Fig. 18, the addition of oxygen also dramatically effects the
ptoduction of soot. This variation appears to accur because of the increase of the
pyrolysis rate in the presence of oxygen. This 1s expected since oxygen will
increanss the {ree radical concentration which controls the pyrolysis rate. It also

reduces the available hydrogen. It represents another important variable in
identifying the soot production mechanisms.

The mechanisms of soot formation have baen discussed by a number of authors (25-27,
57=75)« An excellent collection of raviews appears in "5oot in Combustion Systems"

(37) which contain many of the articles referred to herein. Soot formation is

considersd to be a seriss of processes which starts with the growth of large
molecules (the scot precursors) followed by the nucleation of emall particles
(larger than 1.5 nm). The small particles grow first by consuming molecular species
snd by coagulation to sizes of 20 to 100 am and finally by agglomeration (up to 1000
nm). Thers is reasonable agreement that the coagulation can be treated by collision
theory as discussed by Prado and co~workers (68,69), and Howard and co~workers (62).
The major question is the mechanism of large molecule formation and particulate
or paraffins and aromatics.
Several features of the nucleation process have been identified. J.B. Howard, J.P.
Longwell and co-workers (39,61,65,71,72) have demonstrated that the growth of large
polycyalic aromatic hydrocarbons (PAH), many of which are charged, precede the
appearance of soot. Howard has discussed possible mechanisms for PAH growth which
involve aromatic radicals, unsaturated aliphatics such as acetylene and N atoms.
Calcote (66,67) has argued that radical mechanisms are too slow to explain the rapid
appearance of PAH and that ionic spacies are present in sufficient quantitiec, and
have sufficiently fast reaction rates to be the primary ingredient of soot
formation. Glassman and co=workers (23-27) point out that pyrolysis kinetics play a
dominant role in the sooting tendencias of flames.

Pyrolysis of hydrocarbon fuals produces small stable species such as methane,
acetylens and benzens as wall as large species. The capture and analysis of the
large molecules will be particularly important. While these molecules were not
specifically identified in Fhase I, their praesence can be inferred. The data for
pyrolysis at 1100°C show a loas from total gas species above 50 cm (Fig. 9a).

There is no corresponding increase in the soot emission (Figs. 5 and 6) and it is
likely that the loss of material is going to build heavier molecules not detected by
FT=IR in the gas phase. A cooled trap will be used to collect this material for
analysis by FT=-IR, GC and FIMS,

In future studies, the relationship between pyrolysis, combustion and soot formation
should be examined by measuring the gruwth of small pyrolysis products, of larga
molecules and of soot for a variety of fuels and additives (oxygaen, hydrogen and
iong) which affect soot Formation.

Correlation of Soot Formation with FT-IR Spectra of Fuels

The methodology for FT-IR analysis was discussad in Bec. 2.2, The purposa of the
analysis is to correlate FI-IR properties with combustion behavier. Yroperties of
interest include i) the aromaticity and chain length indicator as illustrated in
Fig: 39¢ (dodscane has the longast and JP-4 the shortest chains and ERBS is most
aromatic). 11) the CH, and Cil, wag in Fig., 39b (JP=4 ham the highest methyl and
dodecane the lowaat, ERBS has éhe lowest Cll, peak). 1iil) the CH3 and CH, stretch in
Fig. 39a (JP-4 hus the highest CII3 and muu§ the lowest cuz). €

The higher methyl group concentratlon for JP-4 1w in agreement with {ts high methane
yield and high soot production. An indication of hydrogon release in pyrolysis may
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be the CH, stretch at 2860cm” . This peak is lower for the JP-4 than the JP-7.

To provide quantitation, an automated curve anaiysis routine is available using
sre=selected paak positions and widthe to fit liquid fuels. The fit for JP-4 in the
CH stretch vegion iw illustrated in Fig. 40.

FIMS Analysis

The raasurements by FIMS using the batch inlet techniques were discussed in

Sec¢ 2.2, In addition to this experiment, a controlled heating experiment was also
performed for JP-4. In the controlled heating experiment, the fuel is impregnated in
a porous glacs and placed in the Mass Spectrometar at -70°C. Spectra sre obtained
as the temperature is ramped up to 400°C. Figure 41 shows selected spectra for
JP=4, ‘The technique allows identification of the fuel components an well as tneir
volatility. It appears to be more useful than the batch system.
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4., CONCLUSIONS AND RECOMMENDATIONS

The major objlective of this work was to determine how the fuel characteristics
influence combustion behavior including atomization, vaporization, pyrolysis,
ignition and soot formation. The Phase I program has demonstrated thae effectiveness
of mechanistic studies in a well controlled laboratory reactor with in-situ FI-IR
diagnostice. It has further demonstrated the usefulness of using FI-IR and FIMS to
characterize the initial fuel and follow changes during vaporization and pyrolysis.
Applying these techniques in Phase I has allowed identification of the "hydrogen
release potential of fuel as possibly the most important factor affecting soot
formation. The effact of low concentration of oxygen in increasing scot has also
bsen demonstratad. Mechanistic studies should proceed to elucidate the fundamental
mechanisms, the role of hydrogen (in soot supression), and the role of oxygen (in
soot enhancement and oxidation) and should also extend the studies to conditions
closer to combustion in a jet engine. The following questions raised in Phase 1
should be addressed.

'Y The interesting observation that soot formation in pyrolysis appears to
depend on the H, released from ~he fuel in pyrolysis must be investigated
to quantify the result and determine whether it applies for oxidative
conditions and high pressures.

. 1f H2 relaased during pyrolysis is the chief factor controlling aoot
formation, correlations must be developed to predict H, releassd using
fuel characteristics and combustion conditions. Also, what does this
result tell us about the soot formation process?

. The increase in soot production with oxygen will have to be inveatigated
to determine ths mechanisms and fit it into the model for pyrolysis and
soot production.

¢ Saveral changes in expsrimental techniques are needed tc improve the
meachanistic studies. Variations in droplet size and droplet collisions
vare observed using a vibrating tube droplet genarator. An improved
plezoelectric droplet generator to provide more regular droplet sizes and
wider spacing should be employed for the additional mechanistic studies.
The in-aitu emission and transmission measurements were subject to
variation cauged by variations in flow homogenaity. A better controlled
flow in front of the optical window should be provided.

[ The gas phase reaction model has been developed for cracking reactions
with hydrocarbon radicals only. Further work is neaded to optimize the
reaction kinetics, add oxygen containing radicals and expand the model to
describe large molecule building which occurs in eoot format{on.

] Fuel composition variations were observed during vaporization. The
results suggest that componant separation falls between the extremes
expected for complete mixing and equilibrium distillation. To provide an
adequate test of drop vaporization theories, experiments must be performed
as a function of relative drop velocity.

[ ] The experiments at one atmosphere must be extended to characterize the
behavior at typical engine pressures.
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