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ABSTRACT−The engine behavior in a transient condition is important to not only emission regulations but also fuel
economy. A fast response gas analyzer can be a useful tool to investigate exhaust gas in a transient operation. It should
be designed to analyze gas concentration with a short time constant by a fast sampling module and an appropriate
measuring method for each emission element. In this study, a new fast sampling module is introduced and flow analysis
is performed by numerical simulation. The analysis has shown the proper operating condition and the sensitivity of the
module for practical application. Calculated flow to the sampling module has 0.5~4% error, while backflow toward the
expansion tube is expected when pressure in CP (Constant Pressure) chamber is over 0.6 bar. For a stable supply of flow
to the optical cell, sample gas pressure should be in the range, 0.35~1.90 bar, when the pressure in the CP camber and the
optical cell are 0.2 bar and 0.158 bar, respectively.
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NOMENCLATURE

c : concentration of sample gas 
Io : intensity of infrared light emitted into the gas
k : kinetic energy of trubulence
L : length of sample cell
x, y, z : rectangular coordinates
u, v, w : velocity of rectangular coordinates
Tt : time for the sample gas to arrive at measuring

point 
α : absorbtion constant
ε : dissipation rate
τ : time for measure the concentration

SUBSCRIPT

i, j, k : axis in rectangular coordinates
j’ : species of gas

1. INTRODUCTION

The transient behavior of an engine has been widely
investigated due to strict regulations on harmful exhausts.
A fast response concentration analyzer can be a useful
tool to understand engine characteristics in a transient
condition since it is fast enough to analyze exhaust gas

cycle by cycle (Steula et al., 2000; Green, 2000). In
addition, it is used to detect various emission gases
including unburned hydrocarbon, carbon dioxide, carbon
monoxide, and nitrogen oxide simultaneously (Sergei et
al., 1998; Zhao and Ladommatos, 1999). One of the key
technologies for the fast response analyzer is a sampling
module which picks up exhaust gas and delivers it to the
test section.

Peckham (1993) introduced a sampling module which
consists of capillary tubes and extracts sample gas from a
cylinder or exhaust manifold directly and applied it to a
FRFID (Fast Response Flame Ionization Detector).
Summers and Collings (1995) divided the fast sampling
module into several parts such as transfer, expansion and
FID tube, and analyzed flow in each part with simple
models. They also estimated the response time for each
part.

However, the response time for each part is not veri-
fied and has considerable error compared to experimental
data, especially during a transient condition. Moreover,
estimation of velocity and density of sampled gas in the
sampling module is necessary to ensure measuring sensi-
tivity and stability of the analyzer.

In this study, a new sampling module which allows fast
sampling of objective gas is introduced and analyzed
using a commercial code, FLUENT. Internal density,
velocity and response time are calculated and compared
with experiments (Kim, 2004; Lee et al., 2006).*Corresponding author. e-mail: jpark@ajou.ac.kr
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2. THEORETICAL CONSIDERATION

2.1. Sampling Module
Exhaust gas should be extracted and supplied to a detector
fast enough to ensure cycle by cycle measurements, but
rapid movement in the module causes a choking and
density decrease of the objective gas, resulting in sensitivity
deterioration.

To solve these problems, the sample module is organi-
zed into a sample transfer tube, expansion tube, CP
chamber, optical tube and optical cell as in Figure 1. The
sampling module keeps the pressure of the optical cell
lower than that of the CP chamber. The bleed line
connected outside keeps the pressure difference between
the two parts constant by controlling the amount of each
gas discharged. Sampled gas is accelerated in a transfer
tube and stabilized in an expansion tube. The expansion
tube is designed to keep the gas pressure as low as the CP
chamber’s with decreasing velocity, so that the gas
pressure at the inlet of the optical cell is similar to the CP
chamber’s, and the pressure difference between the inlet
of the optical tube and the optical cell is maintained
constant. Under these conditions, the distribution of
velocity and density of sample gas in the whole module is
calculated and the response time of the fast sampling
module is estimated, which is essential to determine
various design factors and the available operating range
for the fast sampling module.

2.2. Organization of Concentration Detector
In order to measure response time, CO2 is selected as
sample gas, since it is one of the major components in
exhaust gas. Detector parts are designed for CO2 gas and
NDIR (Non-Dispersive InfraRed) techniques are intro-
duced, which are widely used for the analysis of CO2

concentration. The techniques use a specific characteri-
stic of a dipole molecule against an infrared ray; dipole
molecules such as CO2, CO, CxHy, NOx, and H2O absorb
the energy at a certain wavelength when exposed to
infrared rays. Therefore, the energy of infrared rays de-
creases in the specific wavelength after passing through

the molecules. Lambert-Beer’s Law used in NDIR techni-
ques is summarized below.

 (1)

The sensitivity can be expressed in Equation (2) by
differentiating Equation (1).

 (2)

A difference of voltage on a detector indicates CO2

concentration since a difference in CO2 concentration
results in a difference of light intensity by the detector.
An infrared light source and detector are mounted apart at
the ends of the optical path, which allows light to pass
through the sample cell. Since the analysis of concen-
tration with NDIR techniques utilizes very small voltage
change resulting from the variance of CO2 concentration,
attention should be paid to electrical noise and drift due
to the variance in temperature. In order to minimize drifts
due to temperature variance, TE-cooler with thermistor is
installed, which is supposed to keep the temperature at
30 ± 0.01oC.

A mechanical chopper on a specific frequency is usually
used to achieve a better S/N ratio, but in this experiment,
a semiconductor laser with 1ms chopping frequency is
selected as a light source in order to achieve fast response
time. A PbSe type photo conductor is suitable for a
detector that provides fast response time (<30 μsec) and
sensitivity (D*=1.2~1.6×10−8) at a certain infrared wave-
length (4.28 μm).

3. NUMERICAL ANALYSIS OF SAMPLING 
MODULE

FLUENT is used to carry on three dimensional numerical
analysis of flow pattern in the sampling module of the
fast CO2 concentration analyzer. FLUENT uses a standard
k-ε turbulence model for a turbulent flow field and
continuity equation, momentum equation, and an energy
equation listed below, serving as governing equations of
abnormal compressible flow.

 (3)

 (4)
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Figure 1. Schematic diagram of the fast sampling module.
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keff represents effective conductivity, and Jj' is diffusion
flux of species j'. E is described in equation below.

 (6)

In turbulence flow, Reynolds stress ( ) is pro-
portional to a gradient of mean velocity, and its propor-
tional coefficient is μt. This assumption is known as
Boussinesq’s assumption, and described below.

   (7)

In this study, standard k-ε is used to determine a
turbulence viscosity coefficient. The governing equation
for k, turbulence kinetic energy, and ε, dissipation rate, is
described below.

 (8)

 (9)

 (10)

Here, coefficients C1ε , C2ε, Cμ, σk, and σε are
experimental constants, and Gk represents the generation
of tubulence kinetic energy.

 (11)

A species transport equation is used to calculate the
distribution of CO2 concentration in an abnormal state.

 (12)

Here, Ji',i is the diffusion flux of species i'. The equation
below describes Ji',i in turbulent flow.

 (13)

Sct in Equation (13) is the turbulent Schmidt Number,

and Di',m is a diffusion coefficient of species i' in mixture.
The power law is used for differentiating the convec-

tion term, and the equation describing the relationship
between velocity and pressure of momentum is determin-
ed by a SIMPLE algorithm and for better convergence
and stability, an under-relaxation method is applied. Ideal
gas assumption is used for the calculation of compressi-
ble flow. In the case of an unsteady calculation, an
implicit time integral method is used, while solutions for
each physical time interval are obtained through the
internal repetition of the proper number of iterations,
approximately 500, until the solution is acquired; this
process is repeated over time.

4. INSTRUMENTS AND METHODS FOR 
EXPERIMENT

Results of the numerical analysis are verified by compar-
ing with experiments. Figure 2 shows a test bench for
measuring total response time with pressure variation.
The total response time is defined as the time required for
the sensor output to change by 90% of the real value.

In order to measure response time, N2 gas flows into
the module using a vacuum pump, then CO2 gas is led to
the module by a solenoid valve. The solenoid valve used
in the module has a 6 ms delay when fully open, which is
subtracted from a measured total response time, to calcu-
late real response time. A laminar flow meter is used to
measure mass flow rates toward the sampling module,
respecting CP chamber pressure variation.

5. ANALYSIS AND EXPERIMENTAL 
RESULTS

5.1. Numerical Results
Figure 3 shows output of FLUENT analysis with the
following boundary conditions: CP Chamber - 0.5 bar,
Optical cell - 0.4 bar, which is determined before develop-
ing the actual sampling module. CO2 gas is accelerated
up to 160 m/s when the gas passes through the sample
transfer tube (lefthand side of the figure), and decreased
around 35 m/s in the expansion tube (righthand side of
the figure).
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Figure 2. Schematic diagram of the test bench to measure a response time.
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The recirculation area is observed at the outlet of the
transfer tube and the inside of the optical cell. A compli-
cated three dimensional recirculation area of low velocity
occurs in several places in the CP chamber. Considering
the amount of gas transfered to the sampling module,
some of sampled CO2 gas flows into the CP chamber, and
majority of the gas passes through the optical cell and
exhausts. The CP chamber at the inlet of optical tube
controls flow toward the optical cell properly. As the
difference of pressure between the CP chamber and the

CP tube is about 0.1 bar, the constant pressure in the
expansion tube is well maintained at the inlet of the
optical tube hole.

Response time is calculated based on velocity and den-
sity distribution, and is illustrated in Figure 4. In the same
way, response time prediction is carried out including
variation of driving conditions, such as pressure variation
of the CP chamber.

5.2. Determination of Operating Range of Sampling Module
Numerical analysis is compared to experimental data in
order to ensure the reliability before determining detect-
ing limits. There is a 0.5~4.0% difference of mass flow
rate in Figure 5, where the pressure of sample gas is 1 bar.
This error grows as the difference of the pressure bet-
ween sample gas and CP chamber increases due to lack
of consideration on entrance effect at the capillary inlet.

Figure 6 shows the mass flow rate of the sample gas,

Figure 3. Profiles of (a) streamline and (b) Ma (Mach
number) of the fast sampling module with the pressures
of the CP chamber - 0.5 bar and optical cell - 0.4 bar.

Figure 4. Calculated time constant based on velocity and
density of sample gas.

Figure 5. Comparison of modeled and measured mass
flow rates of the sampling module.

Figure 6. Simulation results for mass flow rate and cell
pressure.
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flowing out from the CP chamber with the pressure vari-
ation of the CP chamber, as well as the mass flow rate
flowing in the optical cell through the optical tube.
According to the result from FLUENT, reversed flow is
observed when pressure of the CP chamber is 0.6 bar and
0.7 bar.

In other words, since the mass flow rate of the sample
gas flowing into the transfer tube is less than the mass
flow rate into the optical cell, it can reversely flow into
the CP chamber through the bleed line that is installed to
control the pressure of the CP chamber.

This phenomenon is also seen by the measured sensi-
tivity from the detector, which shows a defined voltage
change, with a change of CO2 concentration from 0 to
20%. Figure 7 shows that sensitivity decreases when the
pressure of the CP chamber is near 0.6 bar and tends to be
reversed when the pressure reaches 0.7 bar. Flow toward
the optical cell is increasing, whereas flow from the
transfer tube is decreasing when the pressure of the CP
chamber increases. In other words, this results from

decreased CO2 density flowing into the optical tube from
the CP chamber.

Figure 8 is the result of numerical analysis of the
amount of sample gas flow passing through the sampling
module when the fast analyzer is applied to an intake and
exhaust manifold. The use of the sampling modeling
could be restricted, depending on the sample gas pressure.

In other words, when the gas pressure is 0.3 bar, reverse
flow may occur depending on the pressure of the CP
chamber and the optical chamber. According to the results
obtained, the sampling module can generate reversed
flow when the CP chamber is more than 0.6 bar or the
sample gas pressure is less than 0.3 bar. Hence, the oper-
ating range of the sampling module should be carefully
decided when applied to a practical engine.

5.3. Measurement of Analyzer Response Time
There are two parts composing the response time of the
concentration analysis: transit time and time constant.
Transit time is generally considered the time duration
when the gas concentration changes from 0 to 10% and
time constant represents time duration to detect the change
in gas concentration from 10 to 90%. Transit time can be
calculated for a particle to travel from the inlet of the tube
to the detector; that is, when the Lagrangian method and
time constant calculated for the number of particles
flowing into the detector increases from 10 to 90%.

Figure 9 shows the comparison of the response time
with variation of the CP chanmber pressure. 

Experimental data include variations shown with error
bars; note the pressure of CP chamber at 0.2, 0.3, and 0.7
bar, yet within an acceptable error range.

Our analytical estimation agrees well with measured
data. According to these results, reliability of the analysis,
using a commercial code is verified for compressible
flow where the Mach number is above 0.3. An available
range for the sampling module is also examined and
useful basic data to determine design factors is acquired
through numerical analysis.

Figure 7. Measured sensitivity with variation of CP
chamber pressure.

Figure 8. Mass flow rates vs. sample gas pressures.

Figure 9. Comparison of total response time with the
variation of the CP chamber pressure.
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6. CONCLUSIONS

A new design method for the fast gas sampling is intro-
duced and the numerical analysis by FLUENT is per-
formed to predict internal flow of sampling gas and to
determine the available range. Reliability of numerical
analysis is verified by comparing with measured response
time. Results are summarized as follows.
(1) Flow analysis of the whole sampling module shows

distribution of velocity, density and recirculation area
in each module. The static pressure at the outlet of
the expansion tube and inlet of optical tube is main-
tained constant, which is one of the design points of
the sampling module.

(2) According to the analysis of internal flow distribution
and experimentally measured sensitivity, the sampling
module can be operated properly when the pressure
of the CP chamber is less than 0.6 bar.

(3) It is expected that the sampling module can be
successfully applied to the intake manifold of an
engine where the pressure drops seriously if the
intake manifold pressure is higher than 0.3 bar.

(4) The numerical analysis and experiments show that the
total response time can be reduced to 8ms, which is
fast enough for real time measurements of exhaust
gas, including CO and CO2 with the NDIR method.
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