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- ABST RACT

The specific approach taken in this work was to study particle formation in
a cooling jet of carbon vapor diluted by an inert carrier gas. Vapor was produced
by the evaporation of a resistance heated graphite tube. The carbon vapor, mixed
with carrier gas , flowed Into a light scattering chamber where spectroscopic
measurements were used to monitor concentrations of molecular species .

I Particles were also collected for electron microscopy . An initial reaction
- leading to particle formation was identified as C2 + C3 -~ C5 with a gas kinetic

rate . Particulates were found to be spherical , of approximately equal diameter

~ I and frequently chained in the manner of hydrocarbon soot. 4
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1. INTRODUCT ION

I 
The for mation of part iculates is an important component of most high

temperature combustion processes. In general , the processes leading to the
formation of observable part iculates (e.g. , particle sizes greater than a few

I microns) are obscured by a complex set of combustion mechanisms. As a
result , there Is little known about the formation of particulates from high

I temperature species (e .g . ,  ca rbon , alumina , etc.). In the research described
in succeeding sec t ions of this report , data has been obtained on the formation

I of carbon particles by condensation of carbon vapor in a flowing inert gas
system. From these data , it has been possible to Identify a probable mech—
anism and determine the rate constant for the first—step reaction in the particleI formation chain . In addition , electron mierographs of “old” particles have
revealed at least a strong physical relationship between particulates fo rmed

I from the condensation of pure carbon vapor and those formed hydrocarbon
combustion. The final effort in this program has been directed toward the

I development of a molecular beam sampling system employing mass spectro—
metric detection of carbon species. At the termination of the present contract,
this system was not yet operational.

The following sections include: a description of the experimental apparatus
and measurement technique (Section 2); a presentation of the observed atomic,

I molecular , and particulate species behavior (Section 3); a discussion of these
data from the standpoint of carbon particulate formation (Section 4); In addition ,
observations of the combustion of C3 will be presented (Section 5).

I 1;

L 

1

—~~~~~~~~ ~~~ 4 

—- - - - - --



p~’ ~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

II
I
I

2. APPA RATUS AND MEASUREMENTS

I 2 .1 Carbon Furnace and Flow Sy stem

The heart of the experimental apparatus is the carbon vapor source and

I associated flow system shown in Figure 1. Carbon vapor Is produced by resis—
tlvelv heating a graphite tube (Ultr a Carbon grade F4F) supported in the center
of the furnace by clamping between graphite blocks . Power is supplied to the - -

I furnace via copper bus-bars from a high current , low voltage ‘varlac — controlled
AC power supply . Maximum input power is 12 kw (12V , 1000A). Water cooling
is employed in the entire assembly with the main heat loading produced at the
upper and lower graphite blocks . Radiation losses from the tube walls are
reduced by concentric tantalum heat shields which are , in turn , surrounded by
graphite felt insulation to reduce cpnduction losses. Furnace temperature is

I measured by an optical pyrometer sighted onto the heated tube wall. As shown
in Figure 1, the distance from furnace exit to optical axis is 5 cm. In order to
observe changes with dIstance , modifications were made to the system to give
2, 5, and 15 cm distar~es. The 2 cm distance was achieved by modifying the
upper graphite support so that it extended into the scattering chamber . A 10 cm

I spacer between the furnace and scattering chamber gave a 15 cm total distance. —

A carrier gas , usually argon , Is admitted into the lower end of the heated

I tube through holes in the lower graphite support. The argon mixes with the carbon 5
vapor subliming off of the tube wall . The argon/vapor mixture exits the tube into
the upper section where optical and probe sampl ing measurements are performed .
Total argon flow rates ax’e from 1 to 100 cm3/sec ( STP) as measured by standard
rotameters . Flow is maintained by exhausting the chamber with a 1000 1/rn
mechanical pump.

I
I 4
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2 .2 Molecular Beam Mass Spectrometer

The niolectj ar beam mass spectrometer provides the most balanced molecular
species diagnostic tool currently available. It is able to monitor all molecular species,
function in the temperature/pressure range of interest to high temperature condensa—
tion , provide good spatial resolut ion , and monitor without major disturbanc e to the
thermodynamic state of the system . The apparatus is shown in Figures 2 and 3. The
sourc e gas expands as a free j et through the inlet nozzle orfice into the first chamber
(p — ~~~~ torr) . The skimmer allows only the central core to further expand into
the collimating chamber (— torr) and hence , into the mass spectrometer . The
mass spectrometer detector generates a signal proportional to the species density
in the beam . By modulatin g the beam of gas before detection , it is possible to sub-
stantially improve the detection signal—to—noise ratio .

“Freezing t ’ of reacting species at near their actual presampied concentrations
is accomplished by the rapid temperature drop upon expansion through the inlet noz-
zle . For a source at 2000°K, 1.0 atmosphere pressure expanding through a 0 .10 mm
opening , the quenching time is about 1 11sec.

Inlet nozzle diameter is determined by the requirement that the nozzle lip not
perturb the central gas flow and the need to avoid nozzle clogging by large particles.
These requirements will be satisfied for diameter to mean—free-path (D/X ) ratios
greater than 100 or for operating conditions by D = 0.13 mm. For so large an orifice ,
it is necessary to use a 16 in. diffusion pump in the first chamber in order to hold
the pressure to 1 x 10~~ torr and ensure a free j et expansion with no strong shock
influence.

The beam enters the final , mass spectrometer chamber through a collimating 4

orifice and remotely controlled valve . (Separation of the mass spectrometer from
the rest of the apparatu s is desirable to control contamination.) For an inlet nozzle—

1 
- to—mass spectrometer ionizer distance of 30 cm and an ionizer orfice of io

_.2 
cm2

,

there will be a species flux of 5 x 1014/sec in the ionizer .

The mass spectrometer shown in Figure 2 is a quadrupole type using a molecular
beam ionizer . Thi s type of ionizer gives high ionization efficiency (10 2) by allowing
the spectrometer to be positioned parallel to the f low.  Protection from contamination

4
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by condensable species can be added by placing a liquid nitrogen cooled baffl e around
tht~ ioni zer , but this should not be required with the well collimated beam described
here . ?~Iolecule~ enterin g the ionizer are ionized with an efficiency 

~
‘7ion~ 

of 1%.
They are drawn out of the ionizer by an electric field and into the quadrupole mass
spect rometer . By varying the AC and DC voltages supplied to the quadrupole it
is possible to ensure that only ions of a given m ass-to—charge ratio can completely
traverse the quadrupole . Ions are detected using an electron multiplier in which the
detected ion current is multiplied by typically ~~~

The major limitation to the quadrupole detector is the presence of background
species in the detector chamber . The effect of these background species (3 x 109/cm3

at 1O 7 torr) ca n be considerably reduced by chopping, or modulating the molecular
beam befo re it reaches the ionizer . The background species , since they are not
modulated , provide a DC level which is removed by AC detection at the chopping
frequency. Unfo rtunately, their effect is not completely eliminated , since there
are Fou rier components of the natural oscillations of the background gas in the
chamber which extend into the range of the modulating frequency. However , a
reduc tion on the order of 1/250 is possible for the system described here.

2.3 Measurements

2. 3.1 Spectroscopy

Molecular carbon species in the flowing gas stream are monitored by spectro-
scopic means by detection of either the light emitted from thermally excited species
or resonantly sca ttered from cooler species. Figure 4 shows the detection system
used for scatterin g measurements. A 500w , Xe light source is focused through a
chopper wheel and pas ses into the chamber . Light scattered at 9O~ to the incident
beam is focused onto the entrance slit of a O .25rn scanning monochromator . The
monochromator output is detected using an S-20 photornultiplier whose signal , after
passing throug h a lock—i n amplifier at the chopper frequency, is displayed on a char t
recorder. This syst~m suppre sses the strong emission from the hot furnace. For
studies of emission , the li ght source was not used and the chopper was placed in the — 

-

optical path betwee n the chamber and monochromator .

I 7
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A pulsed sy stem was used to detect atomic carbon species whose resonant
scattering Is the vacuum ultraviolet . A pulsed discha rge lamp using a MgF
window was attached to one port of the scattering chamber . At 900 to the light
source, a second MgF 9 win dow and MgF2 lens were used to focus the scattered
light onto a 0 . Sm evacuable monochr om ator . Both solar—blind and Suprasil
quartz enveloped S-20 phot omultipliers were used . Phototub e signals were dis-
played on a fast oscilloscope . In operation , the monoehromator and optical path
were purged with nitrogen to remove oxygen absorption .

2 .3.2 Par ticle Collection -

Par ticles were collected from the scattering chamber for electron microscopy.
Because of the high temperatures in the jet , special carbon film on tungsten electron
microscope grids were used . Grid s were supported on a stainless steel probe
equipped with a rotatable shutter . The probe was inserted into the flow through a
port on the scattering cha mber . Electron mlcrographs of the collected particles
were taken on a transmission electron microscope having an ultimate resolution
of 1.5 nm . Unfortunately, the carbon films used to collect particles severely
degraded the resolution to 5 nm.

1 
2.3 .3 Mass Spectrometry

As was mentioned earlier , the mass spectrometer system did not become
operational before the end of this cont ract . The major problem areas were dif—
ficulties in fabrication of the vacuum system and nozzle assemblies and continuing
instrumental problems with the mass spectrometer itself. While the mechanical
problems were final ly overcome the instrumental ones persisted and the complete
mass spectrometer was returned to the manufacturer for repair. The main problem
was one of sens i t iv i t y  and signal-to-noise ratio . With 40 torr pressure of argon
in the carbon furnace , the noise level limi ted the minimum signal to 10 of the
argon signal. This minimum signal level corresponds to 4 x io

_2 
tor r of carbon

as the minimum detectable . Refe rring to Figure 5, this requires a furr ace
temperature in excess of 2700°K for C3 and 3000°K for C2 . Operation at these
temperatures for extended periods of t ime was not feasible due to rapid degradation

9
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of the graphite elec trode. The measured system sensitivity corresponded to
appro ximat ely iu 3 of the expected value . Further , problems of mass spectrometer
stability and poor mass resolution poin ted to the need for equipment overhaul before
the experimental goals could be attained .

*
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3. OBSERVATIONS

3.1 Gas Phase Species

Mass spectrometric studies~~ have shown that the principal constituent of
equilibrium carbon vapor is C3 with lesser amounts of C and C2 species followed
by t races of higher carbon molecules . The vapor pressures of these species at
temperatu res from 1500 to 3000°K are shown in Figure 5.

The carbon molecules C 2 and C3 have near resonant or resonant transitions
in the visible portion of the spectrum. For C2, strong emission is obse rved inI many carbon/hydrocarbon environments from the d 3fl — a Swan bands with
0, 0 ba nd at 516 .5 nm. Strictly speaking, this is not a resonant transaction,

I since the a ~T7 state is not the C ground state. However , the a 3~ state is only
715 cm above the ground state arid has an appreciable population in most situations.
(C
2 

(a  ~(7)/ C., (x  1J7) = 0.1 at 450°K.) The comet head or 405 nm bands characterize
emission from the C3 molecule . This is a complex band system extending from
about 390 to 430 am which is produced by the overlap of many individual vibronic

I bands .

I Typical fluorescence spectra obtained 2 and 15 cm above the furnace exit are shown
in the upper trace of Figure 6. Fluorescence is observed from the ilV = — 1, 0, 1

I sequences of the C2 Swan bands and from the C3 comet-head bands which show
a main peak at 405 nm and a secondary bump at 430 nm . Also present in the
spectrum is the sodium doublet at 559 nm and an unidentified line at 422 .5 nm.

I Both of these latter features are apparentl y produced by impurities and disappear
as the electrode is heated .

I At 2 cm above the furnace exit , C 2 and C3 fluorescent intensities increase
- - with temperature following the expected equilibrium vapor pressure curves of

I Figure 5. This behavior Is shown in Figure 7 . The large scatter apparent in the
data is due to the = 10 K un c~ rta Intl in setting the furnace temperature as monitored
by an opt ical pyrometer .

1 
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Species concentrations were found to be uniform across the furnace exit. This
was deter mined by scanning a 2 mm segment of the input light beam over the 1 cm
dia meter j et. No change in fluorescent intensity was observed until the beam
int ersected the edge of the jet .

Relative concentratio ns of C2 and C3 were observed to vary rapidly with
downstream di st ance as illu st ra ted by the spectra of Figure 6. Both spectra were
taken at a furnace temperature of 2200°C with 39 cm3/sec (STP) argon flow at
40 torr total pressure. These conditions correspond to a jet velocity of 84 .8 rn/sec
which gives a time difference of 1. 56 msec between observations at the 2 and
15 cm di stances .

At the 5 and 15 cm downstream distances, variation of relative species con-
centrations with temperature was observed to depart from furnace equilibrium
value . By 15 cm, the effect became quite pronounced and appeared as illustrated
by the spectra in Figure 5. These~spectra , obtained at 39 cm3/sec (STP) flow and
40 torr , show a rapid decrease in C2 concentration at higher temperatures.
Figure 9 gives the observed temperature dependence of C2 and C3 fl uorescence
intensities over the temperature range of 1950 to 2250°C at 15 cm.

Experiments designed to follow carbon atom concentrations proved disappointing
due to difficulties with the pulsed light source. Data were obtained at 2 cm above the
furnace indicating the presence of carbon atoms as indicated by observation of the
193.1 nm ( 1D - 1P) transition . However, further experiments showed no C-atom
emission. An examination of the pulsed light source revealed substantial window
opacity which probably severely attenuated the VUV output . The experiments will
be repeated when a more suitable , preferably CW, light source can be obtained .

3.2 Particulates

As can be seen from Figures 6 and 8, there appears to be little or no continuum
scattering background of the type which would be expected if particulates were pre—
sent in the gas stream. Visibly, particulate scattering may be seen in the recircula—
tion region surrounding the jet which at higher pressures and slower flows can mix
with the central jet giving rise to the continuum scattering reported earlier~

2
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Attempts to collect samples of particula tes from the jet were unsuccessful.
Electron microscope pictures of grids exposed to the central jet at 2 and 15 cm
distances showed no part iculates. In the recirculation region , par ticulates were
easily collected . Figure 10 shows an electron micrograph of single and multiple
carbon particles obtained 5 cm above the furnance at 20 torr pressure and 2240°C
furna ce temperature . The particles are spherical and of approximately equal
dia meter ( d  ~ 35 n m) . A break in the same grid allowed a large cluster to form
as shov.-n in Figure 11. This structure was apparently produced by agglomera-
tion on the grid surface and , again , is composed of equal diameter particles

I (d ~ 35 nm) . There is some branching evident indicating the capture of multiple
partic le groups fro m the gas stream . At 15 cm , downstream with higher pressure
(40 torr ) and lower temperature (2050°C), major clustering takes place in the gas
stream as ~vell as on the grid surface. Figure 12 shows the complicated structuring
possible at longer times in the cooler environment. It is interesting to note that
the individual particles still have an approximately constant diameter of 35 to 40 nm.

I
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Figure 10 - Particles Collected Scm From Furnace at 20 torr (250 , 000 magnification)

19

I 
-~~~~~-

- -- -  -
~~~~~~~~~

---
~~~~~

- - -



-- . ~~~~~~~~~ . 
~~~~~~~~ _ .. ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—- 
. - V 

~~~ / 1 - - - . . -
.

- - - _
; 

- 
- . .. 

• - : .~- . 
~~ -

- - ~~~~~~ ~~~~~ .- ~~~ . .-~~~.
-- .~~~~~~ - Y : ~~

-
~~~~~~~~

-- 
-

,~~ ,~ - ‘  - -
~~ 

- . /~~•~~~~~. • ~~
- 

~~ - . - ..- - r ” 
~

- - -  : - —a, ~~~ ~ ~ -
- - .1 - 

$ -l - ~

~~~~ ~.1:~ :::--~.. — -

~ ..~ ~~~~~~~~ ~~~~~~~~ - .—
~~4~~

- - 
~~~ - ~~~~~~~~~~~~~~~~ 

p .-’ ~
- ; - - - - - - - - - --

~ 

- 
Z~~~~j~p ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

-

~ ~- ~~~~~ ~~ - - 
-

~ 1- - -~ - , ,-l~C~4~~-. ~ -
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - —- . ~~ 
- - - - - - -d- -

~
V ~~~~ ~~~~~ * 1  5 ,

-. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
- -

- -

• 
~~~~~ 

p1~~~~~~~~~~~~~~~l ’ 
- 

- 

p

-

- 
: - - -

~~~~ w .  — 
- -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~;~ ~ .

~ ~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~ %

~~~~~~~~~ ~~~~~~ -.

~~~ ~~~~~~~~~~~~~ - 
-

- 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
$

A L- 1107
I- igur

~ 
11 — Particle Agglomeration on Edge of Grid . Collec ted at 20 torr , 5 cm From

Furnace (100 , 000 magnification )
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4. DISCUSSION

4.1 Formation of Carbon Nuclei

Traditio :~al part icle formation theorie~ employ the concept of a thermodynamically
stable “crit ical  nucleus ” upon which furthe r particle growth can take place. This

c ritical nucleus is the smallest size particle which can he held together by the su rface

tension of the bul k material . \Vhile this method has had some success with low temper-
a ture materials , e .g . ,  wa ter and alcohol , it is not necessarily valid for high melting

point material s. In the case of carbon 13~ the predicted “critical nucleus ” is the poly—
atomic molecule C.. . Therefore , it seems more appropriate to try to analyze the
fo rmation of particles from carbon in terms of a series of reactions leading from
gas phase species to pa rt icles . Three possible reaction schemes are possible:

Three—body Recombination

C,~ ± Cy ÷ M — C ÷ Cy_n + M (1)

Bimolecular Exchange

C,~ + C~, — ~~~~ + ~~~~ , and (2)

Bimolecula r Coalescence

C,~ 
+ C~ ~~~~ . - (3)

In the first process , the total species concentration may or may not decrease depending
on the value of n .

The most dramatic feature of the da ta presen ted in Subsec t ion 3.1 is the

rapid va riation of C 2 intensity with distanc e and temperature . Both of these
fea tures (i. e . ,  dis tance and temperature variati on) must be manifestations of a
react ion of the for m

22
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C2 C~ (± M ?~ — C~ (±  M ? )  - , (4)

W hCL ~&- the re is the possib ility of any of the three reaction schemes discussed above .
From t he dcc re~t se of C 2 intensity with distance at constant velocity, a charac teristic
reaction t ime , r , defined as

1 _ 1 d t C 9 J
cit ~~K 1C ~~] (5)

r C 2~
may be obtained . The observed T is between 0. 3 and 0.5 msec . This reaction time
is too short for three-body reconibination and is only possible for the bimolecular
exchange or coalescence reac tions with C 3. That is, the reaction must be of the
form -

K
C2 4- C 3 — or , ( 6)

( a

with a rate constant K = 1/ [ C3 Jr equal to the gas kinetic rate (3 x 10~~~ cm3/sec).
The decrease InC 2 intensity with temperature at 15cm downstream shown in Figure 7 .
also gives a rate constant equal to gas kinetic , if Eq. (5) is integrated to obtain
the C2 concentration at time t in terms of initial concentrations of C2 and C3 , the
result is

[c 2 j 0 6 e x p f —  a K t J
r c 2 J~= , (7 )

$ [C 3 ]0 — [ C 2 l0 e x p [ — 6 K t ]

where 6 = I C3 ~0 
— I C2 ~ 

. In the limit that [C 3 ~ 0 > > ~ c2 ~ 
, approximately

true in these experiments , i t is possible by applying Eq. (7) twice to obtain the ratio
of C2 concentrations at two different temperatures , T1 + T2

23
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f C 9 (T i ) l t [c ,(T1) J 0— 
= 

— exp — 16( T 1) — 6(T 2)]  K t J . (~~
)

f C 2 T2 ) 1~ f C 9 (T 2 ) J 0 -

Assuming t hat C 9 and C3 concentra tions are initiall y at their equilibrium values
(cf. Figure 7 .~ and the flow conditions appropriate to the data of Figure 9 , the ra te con-
stant obtained from Eci . (S ) is K 7 x 10 10 cm3/sec , Thus , the two observed
phenomena are describ able by the same reaction scheme and the reaction rate is
approximately gas kineti c .

The above discussion ha~ demonstrated that an early reaction in carbon
particle formation is between C2 and C3 . The product species was not detected .
There are three pieces of evidence supporting the conclusion that the reaction is
C + C — C~ instead of C ÷ C2 3 a 4

1) Recent studies of matr ix isolated carbon species~
4
~ have predicted

a gas—phase transition of the C4 molecule at abou t 520 nm; such a
transition was not observed

2) Molecular orbital ca1culauons~°~ predict that carbon molecules with
odd-numbers of atoms are more stable than their even-numbered
neighbors’

3) C9, C3, C4 and C all have singlet ground states while the carbon
atom ground state is a triplet . Thus , the only spin allowed formation
route leading to C4 ÷ c is via an exited state. The reaction would
be spin allowed if it proceeded from the lowest excited state of
C9 (a 317).
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4 .2 Pa rticle-

Electron mic-roscope pictures of par ticulates produced by the condensation of
cai-hon (Figures 10, 11, and 12) show structures remarkably similar to those of soot
particles from hydrocarbon combustion~~ Even for very la rge chai ned structures,
the basic particle appears to be spherical with a diameter of 35 to 45 nm , Since
electron microscope resolution was limited to 5 nm , it was impossible to determine
if the particles were amorphous or composed of still finer particles. The chain—like -

structures suggest that some , if not all , of the particles may possess significant
amounts of electrical charge~
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5. OBSERVAT IONS OF THE COMB UST ION OF C3
Reactions between gaseous oxygen and carbon vapor have been reported using

vapo r cooled to room temperature~~ In view of the substantial cooling and the
absence of t m ission from C3 species, it is probable that the reactions studied
were between gaseous oxygen and microparticles of carbon . The carbon vapor
source d escribed in Subsection 2.1 provides the opportunity to study reactions

using molecular carbon.

Oxygen was added to the argon/carbon vapor flow 5 cm above the jet through
a pyrex tube inserted in place of the electron microscope grid probe. The result of
02 addition was a bright green flame extending from the furnace exit. The lower
trace of Figure 13 shows the emission from carbon vapor in the absence of added
oxygen at 100 torr, 2200°C furnace temperature, and 86 cm3/sec (STP) flow rate.
Strong emission from C3 and weaker amounts of C2 Is evident. Upon addition of3 . . -0.2 cm /sec (STP) 09, the upper spectrum in Figure 13 was obtamed. There has
been a 50% consumption of C3 accompanied by a 300-fold increase in C2 emission.

Also evident is an increase in intensity from those Swan bands with v ’ = 1
suggesting that the combustion proceeds by the previously proposed mechanism~

8
~

C3
— 0

2 — C;+ C0 2

but with preferential excitation of v = 1.
These observations indicate that C3 emission probably is produced during

combustion in a fuel rich region of a reaction zone , and in the presence of excess
oxygen, C 3 is rapidly consumed by the reaction above.
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Figure 13 - Emission From Carbon Vapor With and Without Added Oxygen
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