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Abstract −−−−An electrostatic probe is utilized to determine the ion distribution in a laminar flame. The probe is
developed to be implemented in the ion measurement of combustion process contained in a solid container, and there-
fore the probe fabrication and the construction of a whole measurement system are explained in detail. Also, a
numerical analysis is conducted to compare experimental measurement with the computed temperature and concentra-
tion. The ion distribution of four different flames of various fuel/air ratios is measured to analyze the distribution for
understanding the combustion process. An explicit method is implemented to solve a set of partial differential equations
of material and energy balances. Comparison between the measured distribution and the computed distribution of tem-
perature indicates that the ion formation is closely related to the temperature distribution.
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 INTRODUCTION

The analysis of combustion processes is difficult, because fast
and complex reactions are involved in the process. Moreover, its
highly exothermic reaction makes the measurement of composi-
tion and temperature in a flame complicated. For the increased ef-
ficiency of the combustion process, various catalysts can be uti-
lized to reduce the emission of un-reacted fuel [Kirchnerova, 1999;
Cho et al., 1999; Chaouki et al., 1999].

There are two methods for measuring such a fast process: elec-
trical and optical techniques. Both of them are suitable for fast vary-
ing systems. Though recently developed laser measurement tech-
niques [Bengtsson, 1996; Choudhuri and Gollahalli, 2000; Yujing
and Mellouki, 2001] scan a whole cross-section at one time and
provide information without spatial limitation, the condition of a
measurement chamber has to be adequate for the optical measure-
ment. On top of the high cost of measurement instruments, a tech-
nique requiring optical path is not applicable to a combustion system
having steel walls; most combustion chambers in practice are made
of steel. Spectroscopy was implemented to monitor the concentra-
tion of OH radical during soot oxidation [Furukawa et al., 1994,
1998], but its application is also limited like laser measurement tech-
niques. The optical technique was also utilized in the radical meas-
urement of low oxygen air combustion [Chung et al., 1999].

An electrostatic measurement system is simple and inexpensive
to implement in flame analysis. It detects only a local composition
in the flame, but a new data acquisition system connected to a per-
sonal computer getting multiple measurements [Waterfall et al., 1996]
at the same moment solves the problem of spatially limited detec-
tion. Ion measurement in a laminar flame was conducted by Shcher-
bakov et al. [1988], and in turbulent flames Furukawa et al. [1994,
1998] measured the flame using an electrostatic probe. Also, num-
erical analysis of the turbulent flame was conducted by McKentry

et al. [1999] and Choi et al. [2001].
In this study, an electrostatic probe system for the ion meas

ment in a flame is developed and utilized in a butane-air syst
The fabrication detail of the measurement system is explained
the researcher being expected to utilize the probe. Also, a num
cal calculation using a set of partial differential equations of m
and energy balances is conducted to compare with the experi
tal measurement.

NUMERICAL ANALYSIS

A detailed description of the burner used in this study is given
Fig. 1. Half-inch size fittings are utilized to assemble a burner. 

Fig. 1. Schematic diagram of electrostatic probe, T/C thermome-
ter, and burner.
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fuel of the burner n-butane gas is provided through 1/8 inch tubing
installed in the center of the burner, air is separately fed for the com-
bustion.

For the simplicity of the computation, some assumptions are made
in the development of system equations. Because gas is supplied
as a laminar flow in vertical direction, no significant radial gas flow
is expected and radial transport of mass and energy is dominated
by diffusion. In addition, axial gas flow is large enough to ignore
axial diffusion, and the flow is steady and constant.

With the assumptions, a material balance in steady state is for-
mulated as

(1)

c=0 at r=R
c=c0 at z=0, r=0
c=0 at z=0, r>0

and an energy balance is

(2)

The chemical reaction mechanism of a combustion process is very
complicated. Because the approximate composition and tempera-
ture profiles are studied here, a first order simple reaction mecha-
nism is utilized in the analysis.

The material balance in dimensionless form is

(3)

where the primes indicate the dimensionless variables as below.

and

And the energy balance is

 (4)

where

Though the system is described in cylindrical coordinates, a two-
dimensional rectangular grid containing the center axis is used in

the formulation of the finite difference equations from Eqs. (3) a
(4). An explicit technique is implemented here to solve the se
parabolic partial differential equations. The concentration and te
perature are simultaneously found at the same axial position. 
grid sizes in radial and axial directions are determined to satisfy
stability criterion [Constantinides and Mostoufi, 1999].

The average size of flame is 2 cm in radius, and the axial velo
obtained is an air flow rate of 4 liters per minute. Fuel flow is t
small to be included. Physical properties are taken from thos
air. Kinetic information is from a reference [Librovich, 1999]. Tab
1 lists the parameters used in this study.

EXPERIMENTAL

1. Preparation of Probe
Because the electrostatic probe is expected to be utilized in a

cealed solid container and to measure a local ion concentratio
is made of a small stainless steel tube with a thin platinum w
The tip of the wire is extruded by 1 mm from the end of the prot
tive tube. Fig. 1 shows the detailed dimensions of the probe. 
wire is installed inside the tube, and the wire is insulated from 
tube for the measurement of electric current between them du
the measurement of ion concentration. An electric circuit descri
in Fig. 2(a) is used for the current determination. The voltage m
urement across the resistor gives the current. The dc voltage is
plied from the circuit in Fig. 2(b), of which the positive electrode
connected to the center wire and the negative is to the prote
tube. For the high voltage supply, the circuit is built with high vo
age components. The signal voltage is directly provided to a ho
made A/D converter described in Fig. 3. The digitized measu
ment from the A/D converter is transferred to a PC through a pri
data port. To eliminate noise contained in the signal, an integra
type A/D converter is used, though its conversion time is lon
than that of successive approximation type. The sampling freque
of the home-made converter is 10 Hz, which is high enough for
experiment. Three signals of ion current, temperature, and p
position are separately and sequentially transferred to the A/D 
verter. The control of the input signal transfer is conducted thro
a PC. The converter generates four digits of binary coded dec
data that are sent to the PC through a parallel port. The conve

vz
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Table 1. Parameters for numerical calculation

Symbol Value

L 4 cm
D 0.225 cm2/s
R 1 cm
vz 21.2 cm/s
kc 1.2×10−5 cal/(cm oC s)
EA 1.25×105 J/mol
Tm 1,000oC
T0 256oC
c0 1×10−3 g/cm3

r 1.16×10−3 g/cm3

Cp 0.272 cal/g oC
−∆Hr 1.09×104 cal/g
Korean J. Chem. Eng.(Vol. 19, No. 2)
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of the data is included in the program for the experiment.
The amount of electric current is proportionally related to the

ion concentration, but the detection of weak current signal is impos-
sible without applying external voltage supply. The voltage and cur-
rent have a linear relation within a certain range [Burtscher et al.,
1990]. Low voltage gives better ion measurement as long as the

current signal is detected. The relation between the voltage and m
ured current is shown in Fig. 4. A linear relation is observed up
40 volts, and therefore 20 volts are applied in this experiment a
the sensitivity and linearity between the supply voltage and cur
signal.

For the measurement of temperature a thermocouple thermo
ter of K type is utilized here. Thermocouple selection is explain
in Heitor and Moreira [1993]. A temperature indicator (Konics C
Korea, Model KN-2200) is installed for the monitoring and da
transfer to a PC. The indicator generates 4-20 ma current ou
and it is converted to voltage signal by using a 100 ohm res
directly connected to the output port. The voltage signal is fed
the A/D converter. For the calibration of the thermometer, temp
ature and measured voltage are plotted in Fig. 5, which indicat
good linear relation.

In order to adjust the position of a probe and a T/C thermom
ter, a driving system is constructed as given in Fig. 6. The set o
probe and thermometer moves forward and backward by drivin
geared induction motor of which the shaft is coupled with a scr
The motor turns both directions. The turning of the screw pus
or pulls a probe bracket. The location of the bracket is detected 

Fig. 2. Circuit diagrams of probe current detection (a), dc power
supply (b), and position detection (c).

Fig. 3. Schematic diagram of a home-made analog-to-digital con-
verter.

Fig. 4. Relation between dc power supply and probe current.

Fig. 5. Calibration of temperature measurement.
March, 2002
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a slide resistor connected to the bracket. The circuit demonstrated
in Fig. 2(c) is implemented to measure the position as a voltage sig-
nal. The voltage is measured through the A/D converter.
2. Burner Construction

For the simple assembly of a burner, half-inch fittings are uti-
lized. Fuel is supplied through a 1/8 inch copper tube installed at
the center of the burner. The detailed dimension of the burner is
given in Fig. 1. Air is supplied from the side of the burner.
3. Experimental Setup

The whole arrangement of experimental equipment is shown in
Fig. 7. Air is provided from an air blower and a rotameter for the
flow measurement. Flow rate is adjusted by using a needle valve
attached on the rotameter. Fuel is drawn from a cylinder and is sup-
plied by the same manner as for the air supply. The probe signal,
signal from temperature indicator, and probe position voltage are
directed to the A/D converter. The digitized measurement is pro-
vided to the PC, and the data are stored in the PC for the analysis
later.
4. Experimental Procedure

The probe set is positioned at a given height from the top of bur-
ner head. The height is set from 0.5 cm, and is increased by 0.5 cm
until no current is detected. The air blower is activated for the air
supply, and the needle valve on the rotameter is adjusted for a given
flow rate. Then fuel is supplied at a desired flow rate. Gas of n-but-
ane is used as the fuel. After a couple of seconds, the flame is ignited.
While the computer program for data collection is running, the probe
driving motor is activated for forward scanning until the probe passes
all the way through the flame and for backward scanning. After the
probe returns to its initial position, the program stops and the flame
extinguishes.

RESULTS AND DISCUSSION

In order to examine the experimental setup performance, a test
run is conducted and the result is shown in Fig. 8. While the probe is

moving forward and backward as shown in the figure of positi
electric current and temperature are measured and displayed 
two left figures. Because of high convective heat transfer near
flame and conduction through the protective tube, an accurate m
urement of point temperature is not available as noticed from
broad temperature distribution. Note that a thin thermometer of 1
in diameter is utilized here. Therefore, the flame analysis is condu
by examining the current variation only.

When fuel is supplied at the rate of 30 cm3/min., the ion distribu-
tion is given in Fig. 9. The numbers in the figure indicate the amo
of current in microampere units. A circular pattern is observed
the height of 2.5cm, and weak signal is detected at bottom. A sim
pattern of current measurement is found with the rate of 40 c3/
min. as shown in Fig. 10, but the strength of the current is twice
much as the previous one. With the rates of 50 and 60 cm3/min, al-
most identical current distribution is obtained and described in F
11 and 12. About 5 times as high current as the last one is dete
in these cases. And the current distribution in the last two cas

Fig. 6. Schematic diagram of probe positioning system.

Fig. 7. Schematic of experimental setup.

Fig. 8. Measurement of current, probe position, and temperature.

Fig. 9. Distribution of current measurement in microamperes for
fuel supply of 30 cm3/minute.
Korean J. Chem. Eng.(Vol. 19, No. 2)
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almost identical except flame length is a little longer. With a sm
amount of fuel supply, the ion generation is limited from the amo
of the fuel. When the supply is high enough, the current streng
saturated owing to the air supply. The measurement of ion distr
tion gives the optimum fuel and air ratio. From the measurem
of this study it is observed that the fuel flow rate of 50 cm3/min is
optimum because the rate gives the highest ion concentration, m
ing complete combustion and the maximum generation of heat.
ing less than the flow rate implies excessive air supply, and hig
fuel flow produces incomplete combustion.

For a typical case of a laminar flame, fuel concentration and t
perature distributions are calculated from the procedure expla
in the section of numerical analysis. The parameters listed in Ta
for the computation of concentration and temperature are from
case of experimental results shown in Fig. 9. Fig. 13 shows the
concentration distribution in dimensionless position of the flam

Fig. 10. Distribution of current measurement in microamperes for
fuel supply of 40 cm3/minute.

Fig. 11. Distribution of current measurement in microamperes for
fuel supply of 50 cm3/minute.

Fig. 12. Distribution of current measurement in microamperes for
fuel supply of 60 cm3/minute.

Fig. 13. Calculated distribution of dimensionless fuel concentra-
tion (Numbers on the curves are dimensionless axial dis-
tance).

Fig. 14. Calculated distribution of dimensionless temperature.
March, 2002
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The numbers given on the curves are dimensionless concentrations.
Because fuel burns from outside of the flame, high concentration
is observed in the center and the concentration decreases as flame
goes up. Temperature distribution is given in Fig. 14. Again, the
numbers on the curves are dimensionless temperatures. The high-
est temperature is observed at the center and one-third of axial loca-
tion. The temperature diminishes as moving away from the center.
Though the location of the highest temperature is different from
the current measurement of the experiment, the patterns of both dis-
tributions of ion from the experiment and temperature from the num-
erical calculation are similar. Despite the fact that complex chemi-
cal reactions are involved in combustion process, high temperature
indicates high rate of exothermic reaction and ion generation. This
explains the similarity of the temperature and ion concentration dis-
tributions. The difference in location of the center of circular pat-
tern is from the discrepancy in parameters used in the numerical
calculation and the experiment. The gas flow rate in the numerical
computation is determined from the supplied air flow rate, but se-
condary air supply from the surrounding of flame is significant in
the actual experiment. Including the secondary supply to the flow
to increase the flow rate by 50% moves the center upward as shown
in the difference between Figs. 14 and 15. This is an example to
explain the discrepancy in some of the parameters used in the sim-
ulation.

The circular patterns below the center are similar in the distribu-
tions of calculated temperature and measured ion concentration, but
those above the center are quite different. While the high concen-
tration ions are consumed by reaction and are not detected above
the center, the heat generated from reaction moves upward to be
sensed as shown in the distribution.

Because the distribution of ions explains the combustion pro-
cess the best, many studies dealing with combustion pursue an ef-
ficient means to measure the distribution. For example, the com-
bustion process in an internal engine for an automobile is directly
related to the efficiency of the engine. The confined structure of
the engine prevents optical measurement of the ions, and therefore
atechnique utilizing an electrostatic probe is useful to such an appli-

cation. It is simple to fabricate and is also inexpensive compa
with laser instruments.

CONCLUSION

The measurement of ion concentration in a laminar flame is c
ducted by utilizing an electrostatic probe, which is designed for
detection of ion distribution in a confined combustion chamber. T
details of probe fabrication and experimental setup are prov
here. In addition, a numerical analysis is carried out to compare
computed distribution of concentration and temperature with 
experimental outcome.

The distribution of ion in the flames is measured with differe
fuel supply rates. The analysis of the distributions gives the o
mum ratio of fuel and air supply. Also, the result of the numeri
temperature calculation shows a similar pattern with the ion dis
bution measured experimentally. In other words, either meas
ment of temperature or ion distribution gives identical informati
for the analysis of a flame.
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NOMENCLATURE

c : concentration [g/cm3]
c0 : initial concentration [g/cm3]
Cp : heat capacity [cal/g oC]
D : diffusivity [cm2/s]
EA : activation energy [J/mol]
−∆Hr : heat of reaction [cal/g]
k : reaction rate constant [1/s]
kc : thermal conductivity [cal/(cm oC s)]
k0 : collision constant [1/s]
L : flame length [cm]
R : flame radius [cm]
r : radius [cm]
rA : rate of reaction [g/cm3 s]
T : temperature [oC]
Tm : maximum temperature [oC]
T0 : initial temperature [oC]
vz : axial linear velocity [cm/s]
z : axial distance [cm]

Greek Letter
ρ : density [g/cm3]
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