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Results are presented for in situ measurement of CO2, NOx and CO concentrations in exhaust emitted from an automotive diesel engine
ata were obtained with a series of temperature-controlled sensor probes and compared to exhaust concentrations measured s
ith an exhaust motor analyzer. The CO2 sensor is a Nernstian type with a Li2CO3|Au sensing electrode, a Li3PO4 electrolyte and
i2TiO3 + TiO2|Au reference electrode. The total NOx sensor measures the difference between potential responses of two porous Pt e
n an ion-conducting stabilized cubic zirconia support. The potential difference results because one Pt electrode is covered with
chieve a locally equilibrated NOx mixture, whereas the other electrode exposed to the sensing gas mixture, pre-equilibrated at a

emperature. The CO sensor is a resistive type and responds to selective sorption of reducing species. All sensor types have s
onfigurations but require accurate temperature control to deal with significant fluctuations in the engine exhaust stream. A cons
emperature of typically 400◦C is achieved with a ceramic heater strip and tight control using a direct digital PID algorithm. The NOx senso
equires a second temperature-controlled pre-conditioning filter. This filter is integrated in the probe and controlled with a thermo-co
ire and another PID implementation. Generally, the sensors responses in the engine agree with the laboratory tests, but calib

esulted due to lack of thermal homogeneity of the sensor. In addition, some drift is observed due to particulate contamination from
tream. The CO2 sensor appeared to be the most robust, though the probe signal may have been influenced by the evacuation e
as velocities present in the car exhaust.
2004 Elsevier B.V. All rights reserved.

eywords:High temperature sensors; Zeolite-based sensors; Automotive exhaust sensors; Potentiometric sensors; Resistive sensors

. Introduction

In view of the increasingly strict laws for emissions from
otor vehicles and other sources of pollutants, the need for
new generation of in situ, cost effective and reliable gas

ensors has become a high priority[1]. Such sensors must be

∗ Corresponding author. Tel.: +1 614 2476987; fax: +1 614 6884949.
E-mail address:verweij.1@osu.edu (H. Verweij).

able to provide a stable and unambiguous signal in hars
vironments as exist in: (i) the convective pass after the bu
section of a coal-fired power plant and (ii) the exhaust
compression-ignition direct-injection (CIDI, diesel) engi
These sensors can potentially be used in feedback con
systems operation or as an indicator that preventive ma
nance is needed[2]. Sensors-based on solid-electrolyte
semiconducting ceramics, operating at typically 400◦C or
higher are good candidates for such applications. Gas sp

925-4005/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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of interest are NOx, CO, hydrocarbons (HC), and to some ex-
tent O2, CO2 and H2O. Previous work in CISM has resulted
in several high temperature sensing concepts for these gases
[3–16] that are briefly discussed here.

1.1. CO2 sensor

The CO2 sensor is of the Nernstian type with a multilayer
structure, consisting of a Li2CO3 sensing electrode (top), a
Li3PO4 solid-electrolyte (middle), and a reference electrode
made of Li2TiO3 + TiO2 (bottom)[15,16]. The lithium phos-
phorous oxide solid electrolyte-based sensor shows good se-
lectivity, sensitivity and a linear response that follows the
Nernst equation:

�Φcell =
µ0

Li2CO3
+ µ0

TiO2
− µ0

Li2TiO3
− µ0

CO2

2F

− RT

2F
ln

pCO2

p0
(1)

where�Φcell is the cell voltage (sensor signal),F the Fara-
day constant,R the gas constant,T the absolute temperature,
pCO2 the gas-sensing pressure, andp0 the standard pressure,
101,325 Pa.µ0

Li2CO3
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TiO2
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dard state chemical potentials. The sensor requires a back-
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electrode produces a significant signal. The pre-equilibration
temperature treatment has the additional advantage of re-
moval, by oxidation, of interference from other gases such
as CO and hydrocarbons. The oxidation products CO2 and
H2O do not affect sensor operation. The sensor can be used
between 400 and 700◦C. Below 400◦C, the ionic conductiv-
ity of zirconia electrolyte becomes too low and above 700◦C
zeolite decomposes.

1.3. CO sensor

The CO sensor is of the semiconductor type. A thick film
is made of anatase TiO2 particles mixed with 8 wt.% CuO
and 10 wt.% La2O3, and an organic solvent. The additives
are for catalytic oxidation of interfering hydrocarbons[8,9].
The mixture is applied on an alumina support, heat-treated,
and provided with two Au electrodes to measure the resis-
tance. First, oxygen from the ambient adsorbs on the exposed
surface of the grains, and extracting electrons from the ma-
terial, forms chemisorbed oxygen species. This leads to the
formation of a depletion region and the electrical conductiv-
ity is determined by the height of the Schottky barrier (qVs)
between the TiO2 grains.

σ = σ0 exp

(−qVs

RT

)
(3)
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.2. Total NOx sensor

The total NOx sensor is a mixed potential type, where
ensing electrode consists of a thin porous Pt film while
eference electrode consists of a similar porous Pt film
overed with a Pt-loaded zeolite Y1 catalyst[7]. The role
f the catalyst is to provide local equilibration at the re
nce electrode between NO and NO2 at the sensor operatin

emperature andpO2 background of the order of 10 kPa. N
nd NO2 do not easily equilibrate at the sensing electr
ithout the presence of a catalyst so that a mixed pote

esponse is measured between the sensing and the ref
lectrodes. For NO2 in excess of NO, the mixed potential c
e expressed as[7]:

Φm = RT

F
ln

(
kNO2[NO2]

kO2[O2] + kNO[NO]

)
(2)

herek’s are the electrochemical reaction rate constant
This sensor concept can be used to obtain a ‘total Nx’

ignal by pre-equilibrating the gas mixture (NO and NO2) at
ifferent temperature with the same type of (Pt-loaded

ite) catalyst. Pure NO and NO2 shows a sensor response t
s proportional to their partial pressure but in mutually
osite directions. The absolute values of the proportion
onstants are different, and the pre-equilibration temp
ure is chosen such that the NO–NO2 mixture at the sensin

1 Faujasite, official International Zeolite Association code: FAU.
e

When exposed to a reducing gas such as CO, the ads
O reacts with the adsorbed oxygen species, releasin

rapped electron back to the conduction band, subsequ
owering the barrier height and increasing the conducti
lthough these thick film sensors are inexpensive, they
rone to interference from other co-existing gases suc
ydrocarbons and H2O.

.4. Sensor design and control

Under ideal laboratory circumstances, the ab
entioned sensors have a repeatability, reproducibility

tability of O2 (10%). They are promising because of their
ential cost-effectiveness and robustness in high tempe
nvironments such as utility boilers and automotive exh
pplications. To use them in such environments a numb
onditions need to be met:

Eqs.(1)–(3) show significantT-dependence of the sen
ing signal. This implies that in a fluctuating exhaust e
ronment the sensing temperature must be controlled
constant value, typically within 1◦C.
The NOx sensor as proposed requires a pre-equilibra
of the gas mixture at a temperature, significantly diffe
from the sensing temperature.
The sensing materials should, to some extent, be shi
from direct contact with turbulent gases (flames) and
ticulate contamination.

These requirements can be met by attaching the s
n top of a temperature-controlled heating strip. This hea
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strip, in turn, must be surrounded by a protective filter that
allows for sufficiently fast gas diffusion but, at the same time,
optimum thermal homogeneity at the sensor, and protects it
from the main stream fluctuations and particulate contami-
nation.

The filter can also be used for pre-equilibration by com-
bining it with a heating element. Controlling the temperature
of the filter has the additional advantage of more stable tem-
perature control of the sensor because it decouples the sensor
further from the fluctuating environment. To avoid the need
of active cooling elements, the sensor and filter operating
temperatures must be chosen higher than the average max-
imum temperature of the gas stream. For prototype sensor
packages, sufficiently stable temperature control is obtained
by employing an ideal PID algorithm:

output= 100

xP

(
�T +

∫ t

0

�T

tI
dt + tD

d�T

dt

)
(4)

in which output is the set point for the heating element power
controller,xP the proportional band,�T the set-point – ac-
tualT, t the elapsed process time,tI the integration time con-
stant, andtD the derivative action time constant. Relevant
temperatures can be derived from heating element resistances
or carefully positioned thermocouples or resistors. Optimum
settings forxP, tI andtD result in tight control (close and fast
s cess
c roces
g tion,
a n, gas
c cter-
i te for
o hols
m et for
a oth
s ntrol
l pti-
m ental
s er of
w tive)
o nds
o e sce
n hms,
o situ
a op
g ances
i con-
t mall
c

1

e re-
s kage
f ve
d arried

out in collaboration with industrial partners to demonstrate
feasibility without trying to optimize detailed packaging and
controller designs. Initial studies were carried out with the
CO2 sensor because that was the most robust, followed by the
NOx sensor, requiring a temperature-controlled pre-filter, and
finally the CO sensor, being the most vulnerable to contami-
nation. The sensors were applied on a heater strip supplied by
NGK Spark Plugs, Inc. The sensor probe was made to fit the
standard 18 mm× 1.5 mm thread, and the filter heating ele-
ment was made with Thermocoax heating wire. Temperatures
were derived from thermocouples near the sensor and from
heating wire resistances. All control and measurement elec-
tronics was interfaced with a PC; data acquisition and control
software was implemented on a LabView 6.1 platform. Single
loop PID control was implemented for both heater systems
and with constant parameter settings, optimized for a set of
typical conditions.

2. Experimental

All heat treatments of sensor materials took place in air
with a heating rate of 6◦C/min and natural cooling after soak
unless indicated otherwise.2

2.1. CO sensor preparation
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et-point conformity) after startup or in response to pro
hanges or perturbations. Such settings are related to p
ain and time characteristics of the control configura
nd these depend on the detailed sensor constructio
omposition, pressure, and flow, power controller chara
stics and scaling. For separate heaters, an initial estima
ptimum settings can be obtained with the Zeigler–Nic
ethod[17]. Those estimates can be used as a starting s
trial and error optimization for simultaneous control of b
ensor and filter temperatures. The sensor and filter co
oops can be strongly interacting and no tailor-made o

ization approach exists for that case as yet. Experim
ets of optimum control parameters, obtained for a numb
ell-chosen conditions, may be used to derive an (adap
ptimum control parameter function. This function depe
n one or more temperatures and gas conditions. Futur
arios foresee development of more dedicated algorit
r that control parameters are obtained directly from in
nalysis or artificial intelligence treatment of control lo
ain, dynamics, and gas sensor data (auto-tuning). Adv

n microprocessor technology have made that, complex
rol software can be implemented at a cost-price that is s
ompared to the costs of sensor packaging and wiring.

.5. Approach and scope

The objective of this paper is to present and discuss th
ults obtained with a temperature-controlled sensor pac
or monitoring of CO2, NOx, and CO present in automoti
iesel engine exhaust. The study presented here was c
s

-

2

A 6 mm Ø and 1 mm thick electrolyte pellet is prepar
tarting from a mixture of Li3PO4 with 5 mol% SiO2

3 as a
intering aid. About 0.4 g of mixed powder is cold pres
ingle-sided and uniaxially in a hardened 8 mm Ø stain
teel die4 using a pressure of 6.9 MPa. The pellet is sinte

n air for 6 h at 800◦C on a flat alumina ceramic plate
heating and cooling rate of 2◦C/min. Two separate A

nk contacts are hand painted5 on top of the pellet and
50�m Ø Au wire is bonded to the contacts using the s
old ink. The Au ink is cured by heating for 1 h at 700◦C
ith a 5◦C/min heating/cooling rate. After curing the co

acts, a Li2CO3 sensing electrode, and a Li2TiO3 + TiO2 ref-
rence electrode are hand painted on top of the Au con
he paints are made by mixing relevant powders6 with �-

erpineol solvent. The Li2CO3 electrode is heat-treated f
h at 600◦C. The Li2TiO3 + TiO2 is then heat-treated for 1
t 700◦C.

.2. NOx sensor preparation

The NOx sensors are prepared on 0.5 mm th
mm× 5 mm single crystalline Yttria-Stabilized Zircon

2 Description of experimental details in this paper is necessarily
ore details can be obtained by contacting the corresponding author
3 Both 99.5% grade, Alpha Aesar, Ward Hill, MA, USA.
4 Mode C, Wabash, IN, USA.
5 C5789, Heraeus, Hanau, Germany.
6 99% grade Li2CO3, and 99.9% grade TiO2: Alpha Aesar, Ward Hill
A, USA. Li2TiO3: Lithium Corp. of America, Bessemer City, NC, US
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(YSZ) substrates.7 About 50�m thick Pt ink8 electrodes
are hand painted on the substrate. About 127�m Ø Pt
wires are bonded to the electrodes by pressing them in a
drop of Pt ink on top of the electrodes. The sensor is then
placed in the furnace and cured for 2 h at 1250◦C. Zeo-
lite powder9 was loaded with Pt as described in[18], and
mixed with�-terpineol solvent to form a paste. The paste is
painted over one of the electrodes and then heated for 1 h
at 500◦C.

2.3. CO sensor preparation

Two 250�m Ø Au wires are tied into holes machined in
a 0.5 mm thick, 8 mm× 8 mm alumina substrate with inter-
digitated gold electrodes, screen printed on its surface. Au
paste is then painted on the base of the wire, and the alumina
surrounding the wire hole, to bond the wire to the electrodes.
The sensor is prepared starting by milling anatase titania10

in isopropanol for 4 h using zirconia balls.11 The solvent is
removed by natural evaporation, followed by heating the re-
sultant powder at 6◦C/min to 800◦C with a 6 h soak. The
resulting powder is mixed with 30 wt.% organic binder,12

30 wt.% solvent,13 0.15 ml dispersant14 to make a thick paste.
The paste is then hand-painted on the alumina substrate, fol-
lowed by heating for 2 h at 200◦C to remove the organic
b ◦
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Fig. 1. Sensor package for the NOx sensor.

Fig. 2. Connector and sensor probe without pre-filter heater.

The heater strip is centered inside a 9.53 mm outer diameter
(OD), 6.35 mm inner diameter (ID), 25.4 mm long Mullite
tube.17 A 3.18 mm OD, 0.51 mm ID, 25.4 mm long Mullite
four-bore tube,18 guiding the signal and 0.25 mm Ø K-type19

17 Part # 66636, CoorsTek, Golden, CO, USA.
18 Part # 66676, CoorsTek, Golden, CO, USA.
19 Part #: CHAL-010, Omega Engineering Inc., Stamford, CT, USA.
inders and heating for 6 h at 800C to form the sensor.

.4. Temperature-controlled sensors

Fig. 1is a schematic drawing of the temperature-contro
ensor with an active, temperature-controlled pre-filter.Fig. 2
hows a picture of one of the probes used in car exhau
eriments. The stainless steel sensor housing is made
SU workshop and provided with a 18 mm× 1.5 mm thread
s used for automobile oxygen sensors. Holes in the no

he assembly provided a gas diffusion port as well as
ection from the main stream and particulate contamina
ny remaining empty space after mounting the sensor

ng assembly and the pre-filter is filled with quartz wool
tabilize the entire construction. All wiring is drawn throu
modified connector that is secured to the package, prov
train relief to the wires. A layer of a sealing compound15 is
pplied at the back of the sensor. The sensor heater is m
2 mm thick 4 mm× 50 mm alumina multi-layer strip wit
screen printed heating element embedded at one e

he strip and heating a∼4 mm× 4 mm16 area up to 600◦C.

7 MTI Corp., Richmond, CA, USA.
8 A4731, Engelhard-CLAL LP, Carteret, NJ, USA.
9 LZY-52, Union Carbide, Houston, TX, USA.

10 99.9%+, Sigma–Aldrich Corp., St. Louis, MO, USA.
11 8005A, Fisher Scientific, Hampton, NH, USA.
12 V-801, Heraeus, Hanau, Germany.
13 5V-507, Heraeus, Hanau, Germany.
14 DISPERSBYK-110, BYK Chemie, Wesel, Germany.
15 Resbond 907GF, Cotronics Corp., Brooklyn, NY, USA.
16 NGK Spark Plugs (USA) Inc., Automotive Group, Wixom, MI, USA
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Fig. 3. Laboratory test chamber.

thermocouple wires, is placed on top of the heater inside the
9.53 mm OD Mullite tube. Any remaining empty space in that
tube is filled with cement20 to stabilize the heater + four-bore
tube position. The sensor assembly (CO2, CO and NOx) is
bonded to the heater surface with a ceramic adhesive.21 The
thermocouple hot junction is positioned near the sensing sur-
face. The 9.53 mm OD Mullite tube is centered in the stainless
steel housing with a cone fitting and a 9.53 mm ferrule22 fixed
to the tube with a ceramic adhesive.23

The catalytic pre-filter for the NOx sensor is made by pack-
ing Pt-loaded zeolite powder between two porous sintered
vitreous silica disks in the filter ‘nose’ of the housing. To
heat the filter up to 600◦C, a coaxial heating wire24 is coiled
inside a 19.05 mm ID alumina tube25 around the package
nose (see alsoFig. 1).

Temperature measurements were taken by 0.25 mm Ø K-
type thermocouples26 located: (i) close to the sensor location,
(ii) between the zeolite filter heater coil and the ‘nose’ and
(iii) at the entrance of the exhaust, 127 mm from the sensor
location.

A stable performance in the fluctuating car exhaust envi-
ronment of these thermocouples was obtained by securing
their position with a ceramic cement.

20 Omegabond 300, Omega Engineering Inc., Stamford, CT, USA.
21

.
nes,

F

2.5. Laboratory testing of sensors

To test the sensors in the laboratory, we use a stain-
less steel chamber as shown inFig. 3. This chamber has
18 mm× 1.5 mm threading to hold the sensor.

2.5.1. Gas mixing instrument
A gas mixing instrument composed of mass flow con-

trollers is used to produce a volumetric mixture of gases.
The instrument is composed of four 100 sccm (standard cubic
centimeters per minute) SEC-4400M27 mass flow controllers
(MFCs) with nitrogen calibration, two 100 sccm SEC-4400M
MFCs with oxygen calibration, and one 3 sccm SEC-7320M
MFC with nitrogen calibration. To be able to control two of
the MFCs with the computer, power to these units is provided
by a Sierra instruments 900 series power supply.28 Power and
control to the other MFCs is provided by five PAC-5S power
supplies and readouts. The actual gas flow rate is calibrated
with a digital flow meter.29

Concentrations of gas species are indicated as [species].
The O2 source is compressed air; low [CO2]s are achieved
with 1% CO2 in N2; high [CO2]s with pure CO2; [NO]s
with 600 ppm NO in N2; [NO2]s with 2000 ppm NO2 in N2;
[CO]s with 2000 ppm CO in N2. Adjustment of overall gas
concentration is done with a pure N2 cylinder. All gases are
o 30
904 Zirconia, Cotronics Corp., Brooklyn, NY, USA.
22 Swagelok Cleveland, USA.
23 Ceramabond 569, Aremco Products Inc., Valley Cottage, NY, USA
24 Type ZE Ac15/15-29/TI/CB 15/KZ 0506/2m, Thermocoax, Sures
rance.

25 Part # 66455, CoorsTek, Golden, CO, USA.
26 Part #: CHAL-010, Omega Engineering Inc., Stamford, CT, USA.
btained from cylinders.

27 STEC Inc., Kyoto, Japan.
28 Sierra Instruments Inc., Monterey, CA, USA.
29 Model 520, Fisher Scientific, Hampton, NH, USA.
30 Praxair Inc., 39 Old Ridgebury Road, Danbury, CT 06810, USA.
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Fig. 4. Fitting used for tests with a controlled filter temperature, mounted
on a T-outlet right after the engine. Besides the sensor probe at right, a con-
nection lead feed-through for the thermocoax heater and the thermocouple
(yellow) are shown.

2.6. Engine testing of sensors

For the automotive exhaust analysis a 2.4 L, 5 cylinder,
1997 Fiat diesel engine is used. The engine speed and torque
are controlled by a dynamometer interfaced with a PC. Ac-
curate engine exhaust data is acquired with an analyzer31

capable of measuring [CO], [CO2], [NOx], [O2] and total
hydrocarbons (THC). For CO2 and CO sensor testing, the
sensor probe is mounted in an oxygen sensor port along the
exhaust pipe of the diesel engine. For NOx sensor testing the
probe with the filter heater is mounted in a steel chamber.
The tests with the pre-heated filter are carried out in a special
fitting, shown inFig. 4. The sample port of the analyzer is at
a distance of about 127 mm from the sensor location.

2.7. Measurement and control instrumentation

2.7.1. Hardware
External digital communication is achieved primarily with

an IEEE-488 cable bus. The PC is connected to this bus
with a USB-IEEE-488 adapter.32 Power to the sensor strip
heater and pre-filter thermocoax wire is provided with DC
power supplies33 with an IEEE-488 interface. A high in-
put impedance digital multimeter34 with an IEEE-488 inter-
face is used to acquire the sensor signals. An SCXI modular
system35 is used for data acquisition and temperature control,
w

• wer
ting

Inc.,
A

between the SCXI system and a PCI-MIO-16E-4 12 bits
multipurpose input–output (MIO) data acquisition card,
installed in the PC. The output channels of the latter are
used for control of two of the MFCs.

• An SCXI-1102C 32 channel analog input signal condi-
tioning module for high-accuracy measurement of thermo-
voltages, analog Fiat engine parameter and Horiba ana-
lyzer signals. The Horiba provides accurate [CO] (high),
[CO] (low), [CO2], [NOx], [THC], and [O2]. All signals
are measured in differential mode to diminish the risk of
electrical noise.

• An SCXI-1303 isothermal connection block used with
the SCXI-1102C to provide accurate thermocouple cold-
junction compensation, and a thermocouple ground con-
nection.

A user interface, measurement control and data acquisition
program is realized on a LabVIEW 6.1 platform for SCXI,
power supplies, and multimeter interfacing and temperature
control with built-in direct digital PID controllers.

3. Results and discussion

3.1. CO2 sensor

3
ing

f
l
r
t
m g-
u d the
s rift at
h ck-
a n the
s trode
m by en-
g

3
ghly

t y day
f ure
t re
c ters
t for
a ble
w era-
t ip
h ith
i con-
s e heat
s ffec-
t sured
ith the following components:

An SCXI-1000 four module chassis that provides po
to data acquisition modules, and handles signal rou

31 Motor exhaust analyzer MEXA-7500DEGR, Horiba Instruments
nn Arbor, MI, USA.

32 Type USB-A, National Instruments Corp., Austin, TX, USA.
33 Type E3642A, Agilent Technologies, Palo Alto, CA, USA.
34 Type 34401A, Agilent Technologies, Palo Alto, CA 95303, USA.
35 National Instruments Corp., Austin, TX, USA.
.1.1. Laboratory tests
To test the CO2 sensor, a volumetric gas mixture rang

rom 500 ppm to 50% CO2 in a background of 10% O2 was
ed through the test chamber, shown inFig. 3, at a total flow
ate of 210 sccm. The sensor was heated at 10◦C/min to the
arget temperature of 350◦C in 10% O2 and balance N2. The
easured [CO2] was nearly identical to that obtained in re
lar furnace tests. After diesel engine operation we teste
ensor again in the test chamber and observed some d
igher [CO2]. When we removed the sensor from the pa
ge, we noticed some exhaust particle contamination o
ensors surface. We also noticed that some of the elec
aterial deposited on the surface came loose, caused
ine vibrations.

.1.2. Engine testing
Testing was done without the pre-filter present. Rou

he same torque versus time program was applied ever
or 4 subsequent days.Fig. 5shows the exhaust temperat
o vary between 100 and 350◦C. The sensor temperatu
ontroller was tuned with one fixed set of PID parame
hat was sufficiently relaxed to maintain stable control
ll torque settings.Fig. 6shows that temperature was sta
ithin ±1◦C between torque changes. The largest temp

ure fluctuation at torque transients was 3◦C. The sensor str
eater resistance is shown inFig. 7and found to decrease w

ncreasing torque (with the sensor surface controlled to a
tant temperature). This decrease corresponds to mor
upplied to the surface from the exhaust. The actual e
ive sensor temperature is likely to be between the mea
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Fig. 5. Exhaust gas temperature.

Fig. 6. Sensor temperature.

surface and heater temperatures so that small systematic cor-
rections to the derived [CO2] may be necessary.

Fig. 8shows the Nernstian CO2 sensor response, andFig. 9
the actual [CO2] during the 4 days of testing. The fact that the
sensor signals during 1 day testing showed a nearly perfect
correlation with the actual concentration is very encouraging.

Fig. 7. Heater resistance.

Fig. 8. Sensor EMF.

The sensor signals at similar [CO2], obtained on subsequent
days showed small but significant differences in response, in
particular for the highest [CO2] during the second day. This
might be explained by the particulate contamination of the
sensors, observed after testing.

Slight variations in [NOx] were observed during testing
that did not seem to influence the sensor response. [THC]
remained nearly constant except for a sudden temporary but
significant change during day 2 that did not influence the CO2
sensor response. No significant variations in [CO] and [O2]
were observed during testing.

Fig. 10shows calibration curves generated with sensor re-
sponse data, obtained with the lab test setup and during engine
testing. As seen, the two tests show a significant difference.
This same effect was also found in a preliminary experiment
and is not yet fully explained. One important aspect is that
during engine testing the gas flow rate is orders of magnitude
higher than the few hundred sccm used during the laboratory
tests. These high engine velocities may evacuate the sensor
probe chamber while keeping the relative mixture composi-
tion constant. This would result in a lower [CO2] than what is
effectively measured by the motor exhaust analyzer. In addi-
tion, the significantly different thermal environments during
Fig. 9. Motor exhaust analyzer [CO2].
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Fig. 10. Calibration curves for the CO2 sensor, obtained in the laboratory
test setup and during engine testing (bundle of 4 lines).

lab and engine tests may have influenced the signal. Both
effects can be addressed with a better design. Nonetheless,
the sensor CO2 response could be used for a local total pres-
sure measurement by comparison with [CO2] measured by
the analyzer.

3.2. NOx sensing

3.2.1. Laboratory testing
To test the NOx sensor, 100–400 ppm NO or NO2 in a

background of 3% O2 was led through the test chamber at a
flow rate of 200 sccm. The sensor was slowly heated to the
set point in a mixture of 3% O2 and balance N2. The sensor
and heater temperature were varied between 300 and 500◦C
to obtain an equal response to NO and NO2.

Fig. 11shows the NOx sensor response to a sequence of
[NO] = 200 and 400 ppm, and [NO2] = 200 and 400 ppm at
optimum sensor heater and pre-filter temperature settings of
450 and 400◦C, respectively.

Besides equilibrating NO and NO2, the second function
of the zeolite filter is to oxidize CO to CO2, to avoid CO
interference. This resulted in virtually no influence of CO
additions on the NOx signals.

F
o 00
r

Fig. 12. NOx sensor response vs. motor exhaust analyzer reading (right hand
scale).

3.2.2. Engine testing
During an initial test we were able to keep both the sen-

sor heater and the zeolite filter temperature within 0.5◦C and
observed significant but unsteady responses to NOx changes.
In a second test, for which we present results here, we were
unable to tune the pre-filter heater but observed its tempera-
ture to be in the appropriate range. Sensor heater fluctuations
during torque changes were within 2.5◦C.

Fig. 12shows the sensors response to a change in [NOx].
The sensor responded as fast as the analyzer but showed some
drift at a constant [NOx] ascribed to internal thermal equili-
bration.

[CO], [THC], and [O2] remained fairly constant at one
torque setting and changed step-wise upon transients, but
without the peaks in the NOx signals. The fact that the NOx
sensor responded to those peaks gave additional confidence
that interference by other gases was virtually absent. How-
ever, the quality of the NOx sensor response did not yet justify
a quantitative comparison with the motor exhaust analyzer
results.

3.3. CO sensing

3.3.1. Laboratory testing
To test the CO sensor, 200–1000 ppm CO in a background

o e of
1 kept
w tion
w fter
r d to
a sen-
s ce
b

onse
t e we
n some
p

3
nsor
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ig. 11. NOx sensor response to a sequence of two [NO] and two [NO2]s at
ptimum settings of the sensor and pre-filter temperature of 450 and 4◦C,
espectively.
f 5% O2 was led through the test chamber at a flow rat
00 sccm. During the test, the sensor temperature was
ithin ±0.2◦C. The sensor signal showed a good correla
ith step-wise changes in [CO], but showed some drift a

eturning to earlier [CO] values. The drift can be ascribe
developing thermal homogenization of the sensor. No

itivity to NOx, CO2 or CH4 was observed while interferen
y O2, H2O and larger hydrocarbons can be expected.

After engine tests we observed roughly the same resp
hough more noisy. When we opened the sensor prob
oticed that the surface of the sensor was covered with
articulate matter.

.3.2. Engine testing
Testing was done without the pre-filter present. The se

emperature was kept constant within±5◦C for most of the
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Fig. 13. CISM CO sensor vs. motor exhaust analyzer CO reading (right hand
scale).

test with 20◦C fluctuations upon torque transition, followed
by stabilization within 1◦C. Temperature control was lost at
a torque of 217 N m when the exhaust temperature became
higher than the sensor set-point of 400◦C. Fig. 13shows the
sensors response to changes in [CO]. The sensor response
correlated with that of the analyser, but never reached a steady
value for the duration of the test.

4. Conclusions

The results demonstrate that meaningful signals can be
obtained for [CO2], [NOx], and [CO] in a CIDI engine ex-
haust stream using temperature-controlled simple planar ce-
ramic sensors. Stable temperature control was realized with
a PID-controlled heater strip. The NOx sensor required pre-
conditioning with a temperature-controlled catalytic filter.
Since both the sensor and the pre-filter are in thermal con-
tact, controller tuning in various environments can be te-
dious and is a subject for further study. Pre-conditioning
of the analyte gas temperature is thought to be beneficial
for any gas-sensing application because it better decouples
the local sensor temperature from the exhaust temperature.
Controller tuning in a commercially viable concept can be
done with model-based algorithms or artificial intelligence
m

on-
t -filter
a on
s opti-
m d
t par-
i indi-
c h gas
v n ef-
f btain
t O
T ccu-
r side
a lude
i from

particulate contamination and improved mechanical integrity
of the sensors and thermocouples and their connections.
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