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A stable ethylene/oxygen/argon flame is sustained and nearly complete combustion is achieved in the combustion

chamber of anM � 3 supersonic nozzle, at a stagnation pressure of P0 � 1 atm. Ultraviolet and visible emission is

detected both from the combustion chamber and from theM � 3 flow of combustion products. Temperature in the

combustor, inferred from the visible emission spectra, is T0 � 2000� 200 K. Electron density in M � 3 flow of

combustion products has been measured using Thomson discharge ne � 1:4� 0:2 � 108 cm�3, at an ionization

fraction of ne=N � �0:65� 0:15� � 10�9. This corresponds to an electron density of ne0 � 2:2 � 109 cm�3 in the

combustor. The chemi-ionization current measured in theM � 3 flow is found to be proportional to the equivalence

ratio in the combustor. The time-resolved chemi-ionization current is in very good correlation with the visible

emission from ethylene–air and propane–oxygen–argon flames in the combustor at unstable combustion conditions.

The results show that nearly all electrons can be removed from the supersonic flow of combustion products by

applying a moderate transverse electric field. No effect of electron removal on visible emission has been detected. A

similar result was obtained for nitric oxide � bands and cyanogen violet band emission, when nitric oxide was

injected into the combustion product flow.

Nomenclature

A = electrode surface area
Across = supersonic test section cross-sectional area
A� = nozzle throat area
De, Di = electron and ion diffusion coefficients
e = electron charge
h = distance between the electrodes in the supersonic test

section
Ie = current between the electrodes
Is = spark plug current
Isat = chemi-ionization saturation current
L = length of computational domain
l = nozzle length
M = Mach number
N = number density in the test section
ne = electron density in the test section
ne0 = electron density in the combustor
ni = ion density in the test section
Pback = vacuum tank pressure
P0 = combustor/plenum pressure
P1 = static pressure at nozzle exit
P2 = static pressure at diffuser inlet
R = gas constant
Re = electrode ballast resistor
Rs = spark plug ballast resistor
S = electron flux through the test section
T = test section temperature
Tad = adiabatic flame temperature
T0 = combustor/plenum temperature
Ue = voltage between the electrodes
UPS = spark plug power supply voltage

Us = voltage across the spark plugs
Usat = saturation voltage
u = flow velocity in combustor
uflow = test section flow velocity
�ei = electron-ion recombination rate
� = specific heat ratio
"0 = dielectric permeability of vacuum
�e, �i = electron and ion mobilities
�rec = characteristic electron recombination time
�flow = flow residence time
� = equivalence ratio

I. Introduction

S PECTRAL characteristics of high-altitude rocket plume
signatures are of great importance for detection, identification,

and tracking of missiles [1–4]. Insight into the UV/visible plume
signatures, and possibly control of plume emission, require
understanding of energy transfer mechanisms among the excited
species in plume flows. Specifically, identification of energy transfer
processes generating radiating species and determining the rates of
these processes are among key technical issues. Missile launch
experiments [1,5,6] demonstrated that emission from rocket plumes,
such as CO fourth positive bands [1], may persist over anomalously
long periods of time after the engine cutoff. This suggests that short-
lived radiating species, such as CO�A1�� (radiative lifetime of
�10 ns), may be created by energy transfer from long-lived,
metastable “dark species,” which may store energy for a long time.

An example of such energy storage in metastable species, with
subsequent energy transfer to radiating species producing UV/
visible emission, has been studied in recent CO optical pumping
experiments [7,8]. In these experiments, nonequilibrium low-
temperature plasma is created by resonance absorption of a
continuous wave (cw) CO laser radiation by CO-Ar and CO-N2

mixtureswith additives such asNO in aflowing absorption cell. High
CO vibrational levels (up to v� 40), which are not directly coupled
to the laser radiation, are excited by collisional vibration–vibration
energy (V–V) exchange:

CO �v� � CO�w� ! CO�v � 1� � CO�w� 1� v; w� 0–40

(1)
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Typical CO vibrational temperature at these conditions is
Tv � 3000–4000 K, with up to 40 vibrational levels populated,
whereas the translational/rotational temperature remains rather low,
T � 300–700 K [7,9]. At these extremely nonequilibrium condi-
tions, ionization occurs in collisions of two highly vibrationally
excited molecules, by associative ionization mechanism [10–12],

CO �v� � CO�w� ! �CO2�� � e� (2)

These optically pumped CO-Ar-N2-NO plasmas generate UV/
visible emission from electronically excited species, C2 (Swan
bands), CO (fourth positive system bands), CN violet system, and
NO � and � bands [7,8]. Optical pumping studies of the UV/visible
emission mechanism showed that removing electrons from the
plasma by applying a moderate dc electric field results in dramatic
reduction of the UV/visible emission [7,8]. This method of electron
removal from the plasma is known as Thomson discharge [10].
Figure 1 shows photographs of visible emission from the optically
excited CO-N2 plasma, with and without electrons present in the
plasma [7]. When the electrons are removed from the plasma, the C2

Swan and CN violet band emission decreases by up to 80–90%, so
that the plasma glow nearly disappears (see Fig. 1). This effect is
detected at ionization fractions as low as ne=N � 10�9. A similar
effect was detected for CO fourth positive bands as well as for NO �
and � bands. These results demonstrated that low-energy electrons
mediate energy transfer from vibrationally excited CO molecules
(metastable “dark” states) to excited electronic levels, via super-
elastic electron-molecule collisions followed by electron impact
excitation of radiating electronic states of molecules [7,8].

The radiating species detected in the optically pumped plasmas,
such asCO�A1��,NO�A2��, andNO�B2�� are among the species
that produce UV/visible emission in rocket plumes [1]. Also, it is
well known that high-temperature combustion productflows, such as
those occurring in chemical rocket engines, are ionized due to chemi-
ionization [13–16]. This suggests that a similar energy transfer
process from metastable to radiating species, mediated by electrons,
may contribute to UV/visible emission of combustion products in
plumes. At these conditions, however, vibrational excitation is
unlikely to be a factor because vibrational relaxation time in high-
temperature flows in the presence of hydrocarbons andwater vapor is
very short. On the other hand, electronically excited metastable
molecules, such as N2�A3�� or CO�a3��, may be among the
relatively long-lived, energy-storing species. Therefore, studies of
possible coupling of chemi-ionization and chemiluminescence in
combustion product flows may provide insight into the plume
emission mechanisms.

There is considerable literature on the vacuum ultraviolet (VUV)/
UV emission and chemi-ionization mechanisms in hydrocarbon
flames (e.g., see [17–27]), which includes studies of CO fourth
positive system, OH 306.4 nm system, and CH 430 nm system
emission. Some results [20,21,25] show similarities between the two
processes. In particular, it has been suggested [25] that both chemi-
ions and electronically excited OH�A2��� molecules may have the
same precursor, CH radical. This indicates that chemi-ionization and
chemiluminescence processes may be coupled, although direct
experimental evidence on such coupling is not available. Therefore,
controlling the number density of electrons and ions generated by
chemi-ionization processes in combustion flows (e.g., by applying
electric field across the flow) may help control UV/visible
chemiluminescence emission, such as that which has been done in
optically pumped plasmas [7,8].

Additional motivation for studies of chemiluminescence and
chemi-ionization in combustion productflows is combustion sensing
and control. Previous experiments in hydrocarbon flames showed
that the emission intensity ratio at fuel-lean conditions, ICH�=IOH� ,
varies almost linearly with the equivalence ratio [28]. Feasibility of
feedback combustion control using chemiluminescence has been
demonstrated in recent experiments in hydrocarbon flames, where
the OH 306.4 nm band emission signal was monitored and the
equivalence ratio was controlled by adding fuel to the combustor
when the emission signal decreased [29]. However, the accuracy of
optical sensing may be affected by optical thickness of the flame and
soot deposits on the collecting optics. On the other hand, chemi-
ionization current measurement is simple to implement and interpret.
Indeed, previous experimental work shows that chemi-ionization
current is directly related to the equivalence ratio in the combustor
[30,31]. Such a relationship suggests that chemi-ionization current
can be used to monitor the equivalence ratio in the combustor, and
possibly to control it by using a feedback loop.

The main objectives of the present paper are 1) to detect
chemiluminescence in supersonic flows of hydrocarbon combustion
products using UV/visible emission spectroscopy, 2) to measure
electron density in these flows, 3) to detect correlation between the
electron density in the flow and the conditions in the combustor, and
4) to determine whether electron removal from the flow affects UV/
visible emission intensity.

II. Experimental

Figure 2 shows a schematic of the experimental apparatus, which
consists of a combustion chamber followed by a converging–
diverging nozzle and a supersonic test section through which
combustion products exhaust into the vacuum system. Oxidizer (dry
air or a 20%O2-80%Ar mixture) enters a combustion chamber
through a 1 in. delivery line connected to the backplate of the test
section, as shown in Figs. 2 and 3. The fuel (ethylene or propane) is
delivered through a 1=4 in: line and injected into the combustor
through a choked injection port 1 mm in diameter. Both the oxidizer
and the fuel flows, supplied from gas cylinders, are choked using
pinhole sonic choke plates inserted into the oxidizer and fuel delivery
lines. The pinhole diameters are 4.5 mm (in the oxidizer line) and
1.0 mm (in the fuel line). At the present conditions, the minimum
pressure ratio across the choke plates is 2.2 for the oxidizer flow and
2.5 for the fuel flow.

The pressure in the combustor is measured using a wall pressure
tap shown in Fig. 2. For emission spectroscopy measurements, the
combustor is equipped with two rectangular optical access windows
made of magnesium fluoride, flush in the side walls. The combustion
chamber also acts as a plenum of the aerodynamically contoured
M� 3 nozzle. The side walls of the nozzle are the contoured walls.
The nozzle height remains constant, h� 1 cm, in the subsonic part
up to the throat. The nozzle throat cross section isA� � 1 � 0:82 cm.
Downstream of the throat, the top and the bottomwalls are diverging
at 1 deg angle each to provide boundary-layer relief. The subsonic
area ratio of the nozzle A=A� � 6:1 corresponds to the combustor
Mach number of M� 0:09 (flow velocity u� 30 m=s at T0 �
300 K and u� 80 m=s at T0 � 2000 K). Therefore, the combustor
pressure is close to the flow stagnation pressure. The fuel and
oxidizer mass flow rates are measured using their pressures upstream
of the choke plates in the delivery lines:

_m� P0A
�

���������������������������������
�

T0R

�
2

� � 1

���1
��1

s
(3)

Because the flows in the oxidizer and fuel delivery lines remain
choked during the entire experiment, their mass flow rates also
remain the same after ignition, which is critical for combustion
stability. Equation (3) has also been used to measure the flow rate of
the mixture through the combustor, in which case P0 and T0 are the
combustor/plenum pressure and temperature, and A� is the nozzle
throat area. In that case, the fractions of fuel and oxidizer in the

Fig. 1 Photographs of CO-N2 optically pumped plasmas [7]. The
location of Thomson electrodes is highlighted. Left, no voltage applied

(electrons present); right, 2 kV voltage applied (electrons removed).
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mixture have been determined bymeasuring their partial pressures in
the plenum before ignition.

To ignite the fuel/oxidizer mixture, the combustion chamber has
three spark plugs arranged in an isosceles triangle, as shown in Fig. 2,
bolted to the combustor/nozzle cover plate. The fuel/oxidizer mixing
occurred in the injection flow in the backplate 4-cm-thick upstream
of the spark plugs, as shown in Fig. 2. The spark plugs are connected
to a high-voltage dc power supply (Glassman, 5 kV, 2 A) and are
individually ballasted (Rs � 10 k�). AV-shaped copper plate flame
holder is bolted to the cover plate near the upstream spark plug, as
shown in Fig. 2. The flame holder stabilizes the flame after the spark
plugs are turned off. The dc power supply voltage applied to the spark
plugs is typically UPS � 2 kV in a C2H4=O2=Ar= mixture and
UPS � 5 kV in air=C2H4. After dc arc discharges are initiated in the
spark plugs, the voltage across each spark plug is Us �UPS �
IsRs � 1 kV at the current of Is � 100 mA (in ethylene/oxygen/
argon mixture).

Downstreamof the nozzle is a rectangular cross section supersonic
test section. The top and bottom walls of the test section continue to
diverge at 1 deg angle each up to the diffuser inlet. Two static
pressure ports are located in the top wall, 0.5 cm downstream of the
nozzle exit and 4 cmupstream of the diffuser inlet, as shown in Fig. 2.
The test section is equipped with two additional rectangular optical
access magnesium fluoride windows and a rectangular copper
electrode, 6.8 cm long and 4 cm wide, flush mounted in the top wall,
as shown in Fig. 2. The electrode is insulated from the grounded test
section using a mica ceramic housing and is used for chemi-
ionization current and electron density measurements, as well as for
electron removal from the supersonicflow.The grounded test section
acts as the second electrode. The electrode can be biased to moderate
voltages (up to a few hundred volts) using a separate low-current dc
power supply (ThornEMI 3000R, 0–3 kV, 0–5mA). The electrode is
connected to high-voltage output of the power supply through a
ballast resistor Re � 0:7 M�, as shown in Fig. 2. The current

Fig. 2 Schematic of experimental setup.

Fig. 3 Overall view of the combustor/nozzle/test section/diffuser assembly.
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between the electrode and the test section was determined by
measuring the voltage drop on the ballast resistor using a Tektronix
P6139A high-voltage probe. Typically, the voltage applied to the
electrode is much lower than the breakdown voltage at the present
conditions. Therefore, the applied voltage does not generate any
charged species in addition to chemi-ionization of the flow in the
combustor.

Downstreamof the supersonic test section is an angle step diffuser.
The M � 3 diffuser throat width is 3.0 cm, 75% of the test section
width. The upstream and downstream step angles are 9 and 15 deg,
respectively. The combustor/nozzle/test section/diffuser assembly is
attached to a vacuum system connected to a 1200 ft3 dump tank
pumped out by an Allis-Chalmers 1900 cfm rotary vane vacuum
pump. Theminimum pressure in the vacuum system sustained by the
pump is Pback � 35–40 torr, which necessitates the use of the
diffuser with the test section operated at relatively low static
pressures of �15 torr (at P0 � 1 atm).

The entire assembly ismachined from a single piece of steel with a
steel cover plate and a separate backplate. The nozzle and the diffuser
inserts are removable, which makes possible replacing an M � 3
nozzlewith anM � 4 nozzle or adjusting diffuser geometry. Figure 3
shows the overall view of the test section. Theflow direction in Fig. 3
is from left to right.

In the present experiment, optical diagnostics includes visible
emission spectroscopy and infrared absorption spectroscopy. Visible
emission signal from the combustor or from the supersonic test
section was collected through the magnesium fluoride optical access
windows and focused on the spectrometer slit using two fused silica
plano-convex lenses (focal distance of 30.5 cm) and a gold-plated
plane mirror. Optical emission spectra in the UV/visible range (250–
800 nm) were taken using an optical multichannel analyzer (OMA)
with a Spectra Physics 0.5 m monochromator with 1200 lines=mm
grating and a Princeton Instruments intensified charge-coupled
device (ICCD) array camera. In addition, time-resolved UV/visible
emission intensity at different wavelengths was monitored using an
Acton Research vacuum UV spectrometer (model VM 504) with a
photomultiplier tube. Also, we used a Biorad 175C dynamic
alignment Fourier transform infrared (FTIR) spectrometer with a
liquid N2 cooled In-Sb detector to determine combustion
completeness and combustion product concentrations by infrared
absorption spectroscopy. For this, combustion product flow was
sampled into an absorption cell of the FTIR through a pitot probe
1.6 mm in diameter, inserted into the supersonic flow through one of
the pressure ports, as shown in Fig. 2. The pitot probe was placed
13.5 cm downstream of the nozzle exit (2.5 cm upstream of the
diffuser inlet).

III. Thomson Discharge Model

Tomodel the electron removal from the flow by transverse electric
field applied to the electrodes in the supersonic test section, we used a
two-dimensional non-self-sustained dc discharge (Thomson
discharge) model [32]. The model incorporates equations for the
ion and for the electron densities in the decaying plasma, as well as
the Poisson equation for the electric potential distribution:
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� @�i;x
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In Eqs. (4–6), ni and ne are the ion and electron densities, �ei is the
electron-ion recombination rate coefficient, and ’ is the potential.
The coordinate axes are shown in Figs. 2 and 3. The x and y
components of ion and electron fluxes are
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where�i and�e are the ion and electronmobilities,Di andDe are the
diffusion coefficients Di=�i �De=�e � kBT=e, E��r’ is the
electric field, and uflow�y� is the flow velocity profile in the test
section, assumed to be uniform. The electron and ion mobilities are
taken from [33]:

�i�
1:45�103
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T

(9)

The initial conditions assume quasi-neutral plasma (ne � ni). The
cathode and the anode are extending from x� 0 to x� L and from
x� L=4 to x� 3L=4, respectively, where L is the length of the
computational domain, 13.6 cm long and 1.5 cmwide. The system of
Eqs. (4–6) is solved with the following boundary conditions:
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Basically, the model describes electron and ion removal from the
initially quasi-neutral plasmamoving in the positive x direction at the
flow velocity by the applied electric field, which does not produce
additional ionization in the flow. The system of Eqs. (4–6) is solved
using a nonlinear stiff partial differential equation solver PDETWO
[34].

IV. Results and Discussion

The experiments have been conducted in three different fuel/
oxidizer mixtures at near stoichiometric conditions, ethylene/dry air,
ethylene=20%O2=80%Ar mixture, and propane=20%O2-80%Ar
mixture. In all three cases, the pressure in the combustor (stagnation
pressure) before ignition was P0 � 310–325 torr. Steady flame,
ignited by the spark plugs and stabilized by the flame holder, was
obtained only in one of these mixtures: ethylene/oxygen/argon. In
the other two mixtures, the flame was unstable and was repeatedly
blown off by the flow entering the combustor (u� 30 m=s) and
reignited as long as the spark plugs were operating. Under these
conditions, turning the spark plugs off resulted in the flame
extinguishing. In an ethylene–air flow, unsteadiness occurs because
of a lower flame temperature due to a higher specific heat of nitrogen
compared with that of argon. In a propane–oxygen–argon flow, the
unstableflame behavior is due to a longer propane ignition delay time
compared with that of ethylene [35]. In all three cases, the run time
did not exceed several seconds to prevent overheating of the
combustor, which was not actively cooled.

The mass flow rate of a baseline stoichiometric ethylene/oxygen/
argon mixture, determined from Eq. (3) using plenum conditions
before ignition (� � 1:51, R� 220 J=kg 	 K, P0 � 321 torr,
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T0 � 300 K), is _m� 9:6 g=s. After ignition, the steady-state
stagnation pressure in the combustor increases due to a higher
stagnation temperature at the samemassflow rate [see Eq. (3)]. Static
pressures in the supersonic test section have been measured at two
locations, at the nozzle exit P1 and upstream of the diffuser inlet P2,
as shown in Fig. 2. Table 1 shows the stagnation and static pressures
before and after ignition.

Combustion completeness was determined from the infrared
absorption spectra of the combustion products sampled by a pitot
probe in the supersonic test section (see Fig. 2). Figure 4 compares
absorption spectra of the C2H4=O2=Ar mixture at the equivalence
ratio of �� 0:95 and of the combustion products at 0:25 cm�1

resolution, with and without ignition. From Fig. 4, it can be seen that
the fuel (ethylene) has burned almost completely, whereas the
concentrations of combustion products, CO, CO2 and H2O,
considerably increased. This suggests that, at these conditions, the
combustor (stagnation) temperature is close to the adiabatic flame
temperature, Tad � 2620 K, calculated for 18:75%O2, 6:25%C2H4,
and 75% Ar mixture at P0 � 1 atm. At these conditions, the flow
Mach number in the supersonic test section after ignition was
estimated from the plenum-to-static pressure ratio using quasi-one-
dimensional isentropicflow theory for a stoichiometricC2H4=O2=Ar
mixture in chemical equilibrium at T0 � 2000 K (� � 1:39,
R� 221 J=kg 	 K), M� 3:16. At a higher equivalence ratio,
�� 1:13, only about 60% of the fuel burns, and less CO, CO2, and
H2O formed. Experiments also showed that the flame is more stable
at near-stoichiometric conditions compared with the fuel-rich
conditions.

Figure 5 shows UV/visible emission spectra of the C2H4=O2=Ar
flame in the combustor at the conditions of Fig. 4 (P0 � 730 torr,
�� 0:95). Emission from CH�A2� � X2�� 430 nm bands,
C2�A3�g-X

03�u� Swan bands, and OH�A2��-X2�� 306.4 nm
bands, as well as H atom line at 656 nm and O atom line at 777 nm,
were detected at these conditions. Emission spectra from the
supersonic test section also showed presence of the same species,
although the signal-to-noise here was significantly lower because of
the lowerflowdensity than in the combustor (by about a factor of 15).

No emission from electronically excited CO was detected either in
plenum or in the supersonic test section.

The R branch of the partially rotationally resolved
CH�A2�-X2�� emission spectra, (0,0) and (1,1) bands, has been
used to infer the flame temperature at these conditions. This method
has been previously used to infer hydrocarbon flame temperatures
[36,37]. In particular, analysis of high-resolution CH emission
spectra [37] showed no evidence of self-absorption, which may
considerably affect the temperature value inferred from partially
resolved spectra. Spectroscopic constants of CH molecule and
rotational energy levels are taken from [38]. The rotational line
intensities are taken from [39]. Figure 6 shows the experimental CH
spectrum of Fig. 5 with the synthetic spectrum calculated at the
rotational temperature of T0 � 2000 K. It can be seen that the two
spectra in Fig. 6 are on top of each other, except for a portion of a
P branch. The flame temperature inferred from comparison of the
two spectra is T0 � 2000� 200 K, which is somewhat lower than
the adiabatic flame temperature at these conditions, Tad � 2620 K.
The lower temperature value inferred from the CH spectrum may be
due to heat transfer to the combustor walls and also possibly due to
continuing combustion downstreamof the plenum, in the converging
part of the nozzle (see Figs. 2 and 3). Based on the inferred stagnation
temperature value, the static temperature in the supersonic test
section (atM � 3:16) is T � 670� 70 K (assuming isentropic flow
at � � 1:39). UV/visible emission spectra measured in ethylene/dry
air flows (at the unsteady combustion conditions) also showed
presence of CH,C2, and OH, as well as O and H atoms. No emission
from electronically excited nitrogen, CO, or NO was detected.

In the present experiments, ionization in the combustion chamber
is created by chemi-ionization reactions in the hydrocarbon flame,
such as a well-known reaction [13–16,40,41]

CH � O! CHO� � e� (13)

When no voltage is applied to the electrode placed in the supersonic
test section (see Sec. II), the ionized combustion product flow
remains quasi neutral. When dc voltage is applied to the electrodes,
both the electrons and the ions are removed from the flow by the
applied field, although electrons are removed faster because of their
higher mobility. This generates electrical current and creates a
positive space charge between the electrodes. Note that as long as the
applied voltage is lower than the breakdown voltage, the induced
current measured between the biased electrode and the grounded test
section is entirely due to the removal of charged species (electrons

Table 1 Pressures before and after ignition in C2H4=O2=Ar mixture

P0, torr P1, torr P2, torr

Before ignition 325 12.0 22.0
After ignition 730 15.6 15.7

Fig. 4 Infrared absorption spectra of the C2H4=O2=Ar mixture with and without combustion. �� 0:95, P0 � 730 torr.
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and ions) from the ionized flow. In otherwords, the applied field does
not produce any ionization, and the current is sustained by chemi-
ionization in the nozzle plenum. This type of a non-self-sustained
electric discharge is known as Thomson discharge [10].

When the applied voltage is sufficiently high (but still below the
breakdown threshold), the electrons are removed from the
supersonic ionized flow at the same rate they are brought to the
test section by the flow, resulting in current saturation. Basically, the
saturation current is equal to the flux of electrons through the test
section. Therefore, at saturation, the electron density in the flow can
be inferred from the current,

Isat � eneAcrossuflow (14)

where Isat is the saturation current, e is the elementary charge, ne is
electron density, Across � 6:2 cm2 is the cross-sectional area of the
flow, and uflow �M

����������
�RT
p

� 1450� 70 m=s is the flow velocity in
the test section. Similar methods of electron production rate and
electron density measurements have been previously used in
optically pumped plasmas [10–12] and in hydrocarbon flames
[42,43]. Further increase of the voltage results in electrical
breakdown (i.e., additional ionization by the applied field), which
dramatically increases the current. In the present experiments, the
voltagewas kept below the breakdown threshold, and current voltage
characteristic of the Thomson discharge was measured up to the
breakdown point.

Figure 7 shows a typical current-voltage characteristic measured
in a flow of C2H4=O2=Ar combustion products at P0 � 1 atm and

�� 1. In Fig. 7, three different discharge regimes (current rise,
saturation, and breakdown) can be clearly identified. A well-
pronounced saturation plateau at Ue � 100–300 V demonstrates
that nearly all electrons are removed from the flow long before
breakdown occurs at Ue � 500 V. This shows that at Ue < 300 V,
electron impact ionization does not contribute to the measured
current. Figure 7 also shows a current-voltage characteristic
predicted by the kinetic model described in Sec. III at
ne � 108 cm�3, as well as an analytic current-voltage characteristic
obtained from a one-dimensional Thomson discharge theory [10],

Ie�
�
4"0�iA

h3
I3sat

�
1=4

U1=2
e � Isat

�
U

Usat

�
1=2

; Ue 
Usat;

Ie� Isat; Ue >Usat

(15)

where

Usat �
�
Isath

3

4"0�iA

�
1=2

(16)

is the saturation voltage, "0 is the dielectric permeability of vacuum,
�i is the ionmobility,A� 27 cm2 is the electrode surface area, andh
is the distance between the electrodes (test-section height). From
Eq. (16), for Isat � 20� 2 �A (see Fig. 7), the saturation voltage is
Usat � 100� 15 V. From Fig. 7, it can be seen that both numerical
and analytic current-voltage characteristics are in good agreement

Fig. 5 UV/visible emission spectra of the C2H4=O2=Ar mixture at �� 0:95, P0 � 730 torr.

Fig. 6 Experimental and best fit synthetic CH spectra at the conditions

of Fig. 5. Best fit combustor temperature is T0 � 2000� 200 K. Fig. 7 Current-voltage characteristic of Thomson discharge in the
M � 3 test section. C2H4=O2=Ar mixture, �� 1, P0 � 730 torr.
Uncertainty in current measurements is �2 �A.
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with the experiment. From Eq. (14), for Isat � 20� 2 �A, the
electron density in the supersonic test section is ne�
1:4� 0:2 	 108 cm�3, the ionization fraction is ne=N�
�0:65� 0:15� 	 10�9, and the electron flux through the test section
is S� Isat=e� �1:25� 0:13� 	 1014 electrons=s.

Using the quasi-one-dimensional isentropic compressible flow
theory and assuming that the ionization fraction remains constant
during the supersonic expansion, one can calculate the electron
density in the combustor, ne0 � 2:2 	 109 cm�3. This assumption is
justified because, at this low electron density, the characteristic
electron recombination time at the plenum conditions �rec �
��eine0��1 � 5 ms is much longer than the nozzle expansion time
�flow � uflow=l� 100. Here �ei � 10�7 cm3=s is the electron-ion
recombination rate and l� 17 cm is the nozzle length. This estimate
shows that in high-speed, weakly ionized flows, where �flow � �rec,
ionization equilibrium may not be established, and the electron
density at these conditions may be far from its equilibrium value.

Fig. 8 Contour plots of electron density, ion density, and electrical potential in the supersonic test section at the saturation conditions.

Fig. 9 Saturation current in the M � 3 flow of C2H4=O2=Ar
combustion products as a function of the equivalence ratio;

P0 � 730 torr.
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Indeed, the inferred value of the combustor electron density is more
than an order of magnitude higher than the electron density for the
stoichiometricC2H4=O2=Armixture at thermochemical equilibrium
at the adiabatic flame temperature of Tad � 2620 K, ne0�
5 	 107 cm�3. Also, the electron density in the combustor exceeds
the equilibrium value at the experimentally measured combustor
temperature T0 � 2000� 200 K by several orders of magnitude.
This demonstrates that the electron density in the C2H4=O2=Ar
flame at the present conditions is much higher than its equilibrium
value.

The aforementioned ionization measurements demonstrate how
the Thomson probe, placed in the supersonic flow of combustion
products, can be used for straightforward measurements of electron
density in the flow,without affecting the flame by the applied electric
field. Also, these results show that nearly all electrons can be
removed from the combustion products flow by applying a modest
electric field. This is further illustrated by the results of modeling
calculations using the Thomson discharge model described in
Sec. III. Figure 8 shows contour plots of electron and ion density, as
well as of the electric potential in the supersonic test section. In Fig. 8,
the flow pressure, temperature, and velocity are the same as inferred
from the experimental data, the incident electron density is ne �
108 cm�3 and the electrode voltage is Ue � 100 V. From Fig. 8, it
can be seen that the electrons are indeed completely removed from
the flow. Note that the ionization fraction at the present conditions is
comparable with ionization fraction in the optical pumping
experiment [7], in which removal of electrons from the plasma
significantly affected UV/visible emission.

Measurements of the Thomson discharge saturation current while
varying the equivalence ratio in the combustion chamber showed that
the current (i.e., the electron density in the flow) is approximately
proportional to the equivalence ratio (see Fig. 9). This suggests that
measuring chemi-ionization current in the flow of combustion
products can be used to monitor and control the equivalence ratio in
the combustion chamber, especially at lean conditions or low
combustion pressures, when the flame may become unstable.

This conclusion is further supported by the time-resolved flame
emission and chemi-ionization current measurements at the unstable
combustion conditions, in stoichiometric ethylene/dry air and
propane/oxygen/argon mixtures. In these cases, the spark plugs
remained on during the entire run, while we simultaneously
monitored the flame emission from the combustor (CH 430 nm band
at 431 nm and C2�0! 0� Swan band at 516 nm) and the chemi-
ionization current in the supersonic test section. The results plotted in
Fig. 10 show that chemi-ionization current spikes are in very good
correlation with the CH emission spikes, which appear due to
repeated ignition and flame blowoff in the combustor. A very similar
correlation was detected between the current and the C2 emission.
Note that the chemi-ionization current spikes are not related to the
spark plug current, which remains steady during the entire run.
Again, this suggests that chemi-ionization current can be used both
as a flame sensor and as a control parameter for feedback combustion
control. Basically, current reduction would indicate approaching
flame extinction, which can be countered by either adding more fuel
to the combustor or by turning on an ignition source.

To detect the possible effect of electrons on the visible emission
from the supersonicflowof combustion products,wemeasured time-
resolved emission intensity of the CH 430 nm band system and of the
C2�0! 0� Swan band (516 nm) in theM� 3 flow of C2H4=O2=Ar
combustion products, with and without saturation voltage Usat �
200 V applied to the electrodes. As discussed earlier, applying
saturation voltage to the electrodes results in electron removal from
the flow. Figure 11 shows the emission signal and the chemi-
ionization current at these conditions. If the presence of electrons
indeed affects the number densities of electronically excited
CH�A2�� andC2�A3�g� states, suddenly turning the voltage on and
off (and thereby changing the electron density) would result in a
sudden change in emission intensity. However, one can see that the
results of Fig. 11 show no detectable effect of applied voltage on CH
and C2 emission, respectively. Basically, this demonstrates that

formation of these electronically excited radiating species is not
affected by chemi-ionization and energy transfer by electrons.

In a separate series of experiments, we injected one of the
dominant species detected in emission of high-altitude rocket
plumes, nitric oxide, 1) into the M� 3 flow of C2H4=O2=Ar
combustion products in the supersonic test section using a pitot tube
(see Fig. 2), and 2) into the subsonic C2H4=O2=Ar combustion
product flow downstream of combustor using a stagnation pressure
port (see Fig. 2). For both injection schemes, electronically excited
states of NO and CN are generated by energy transfer from excited
species in the combustion products flow. Figure 12 shows a
photograph of a bow shock in front of the pitot probe, formed by a
counterflow injection of a 5% NO/95% Ar mixture into the M� 3
flow. The emission intensity near the probe is higher because of the
higher flow density behind the bow shock. Figure 13 shows the time-
resolved NO emission signal, NO � band (0! 10) at 358 nm, at
these conditions. In Fig. 13, NO injection starts at t� 3:2 s and ends
at t� 8:0 s. During this experiment, applying saturation voltage to
theThomson electrodesUsat � 200 V did not result in detectableNO
emission intensity change.

Because the NO emission signal-to-noise during supersonic
injection was rather low due to a small NO fraction in the flow, we
have done additional measurements using subsonic injection of
NO=Ar and NO=N2 mixtures (NO mole fraction in the flow is 0.5–
1.0%). Subsonic NO injection resulted in considerable emission
reduction from OH, CH, and C2 in theM � 3 flow. Figure 14 shows
low-resolution UV/visible emission spectra of theM� 3 flow in the
test section, with and without the subsonic NO=Ar injection. Two
NO � bands, (0! 9) at 338 nm and (0! 10) at 358 nm, as well as

Fig. 10 Time-resolved flame emission from the combustor (CH,
431 nm) and chemi-ionization current in the M � 3 flow. Top,

stoichiometric propane/oxygen/argon mixture; bottom, stoichiometric

ethylene/dry air mixture.
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CNviolet bands system at 388 nm, can be clearly identifiedwhenNO
is injected. At these conditions, the possible effect of electrons onNO
and CN emission from the M� 3 flow was again tested using the
Thomson probe, as discussed previously. Figure 15 shows UV/
visible emission spectra (OH, NO �, and CN violet bands) taken
from an M � 3 combustion product flow with subsonic NO=Ar
injection, with and without electrons present in the flow. It can be
seen that removal of electrons from the flow by applying saturation
Thomson voltage of Usat � 200 V did not produce a detectable
change in the UV/visible emission intensity, and so the two emission
spectra in Fig. 15 basically coincide with each other. The same
negative result was obtained withNO=N2 injection: one can see that
the spectra with and without electrons coincide again. This result,
which is similar to the data obtained for CH andC2 emission from the
combustion product flow without NO injection (see Fig. 11),
suggests that formation of electronically excited OH, NO, and CN is
also unaffected by chemi-ionization and energy transfer by electrons.

Fig. 11 Emission intensity (left, CH; right, C2) and saturation current (Usat � 200 V) inM � 3 flow of C2H4=O2=Ar combustion products.

Fig. 12 Photograph of a bow shock formed in front of the pitot probe
when an NO/Ar mixture is injected into theM � 3 flow ofC2H4=O2=Ar
combustion products; �� 1:0, P0 � 730 torr.

Fig. 13 Time-resolved NO emission signal, NO � band (0! 10) at

358 nm. C2H4=O2=Ar mixture with and without supersonic NO

injection. Injection starts at t� 3:2 s and ends at t� 8:0 s; �� 1:0,
P0 � 730 torr.

Fig. 14 UV/visible emission spectra from the M � 3 combustion
product flow. C2H4=O2=Ar mixture with and without subsonic NO

injection; �� 1:0, P0 � 730 torr.

Fig. 15 UV/visible emission spectra (OH, NO �, and CN violet bands)

in an M � 3 combustion product flow with subsonic NO injection, with

and without electrons.
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V. Summary

In the present experiments, a stable C2H4=O2=Ar flame is
sustained and nearly complete combustion is achieved in a
combustion chamber of anM� 3 supersonic nozzle, at a stagnation
pressure of P0 � 1 atm. UV/visible emission from CH (430 nm
system), C2 (Swan bands), and OH (306.4 nm system) is detected
from both the combustion chamber and from the M � 3 flow of
combustion products. Temperature in the combustor is inferred from
the CH emission spectrum, T0 � 2000� 200 K. Electron density
measured in the M� 3 flow of combustion products using the
Thomson discharge is ne � 1:4� 0:2 	 108 cm�3, at the ionization
fraction of ne=N � �0:65� 0:15� 	 10�9. This corresponds to the
electron density in the combustor of ne0 � 2:2 	 109 cm�3, which is
more than an order of magnitude greater than the equilibrium
electron density at the adiabatic flame temperature of Tad � 2620 K.
The chemi-ionization current measured in the M� 3 flow is
proportional to the equivalence ratio in the combustor. The time-
resolved chemi-ionization current is also found to be in very good
correlation with the visible emission (CH and C2 bands) from
ethylene–air and propane–oxygen–argon flames in the combustor at
the unstable combustion conditions. This suggests the possibility of
developing a combustion sensor/feedback controller based on
monitoring the chemi-ionization current.

The results also show that nearly all electrons can be removed from
the supersonic flow of combustion products by applying a moderate
transverse electric field. No effect of electron removal on emission
fromCH (430 nm) andC2 (Swan band, 516 nm) has been detected. A
similar result was obtained for OH (306.4 nm system), NO � bands,
and CN violet band emission, when NO=Ar and NO=N2 mixtures
were injected into the combustion product flow. This suggests that
formation of these electronically excited radiating species is
unaffected by chemi-ionization and energy transfer by electrons.
Ongoing and future work includes further measurements of coupling
between chemi-ionization and chemiluminescence in combustion
product flows, as well as feasibility studies of feedback combustion
control, using chemi-ionization current as a control parameter.
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