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Abstract

The development of a catalytic converter required an analysis of selected physical parameters of the
supports. This resulted from the necessity to assume given parameters of the supports applied in the
tests in exhaust gas environment in the CI engines. An analysis of ionic conductors which constitute
the basic solution in voltage sensors providing signals through NO; electrocatalysis. The aim of this
paper is to determine the basis for the monitoring of catalytic converters in compression ignition en-
gines by the emission level of a selected exhaust gas component as a diagnostic signal.

The emission of NO, has been taken as the basis. This required the development of a specialized sys-
tem allowing the reduction of NOy and obtaining of a diagnostic signal reflecting the level of the said
reduction. Those paper include same results of testing and possibilities monitoring of prototype cata-
lytic converter on the test bad. Paper presents:

— ways of monitoring of aftertratment systems,
— ways of monitoring of catalytic converter efficiency,
— transportation gas across constant electrolyte — the basis of operated of the NOy sensor,
— prototype of principle of NOy sensor which can use to monitoring of catalytic converter in CI engine,
— analyses of temperature dissolution in exhaust pipe,
— analyses of pressure dissolution in exhaust pipe,
— analyses of tested catalytic converter efficiency.
1. Introduction

The OBD system (On Board Diagnostic system; known in the United States as the OBD II system and
in Europe as the EOBD one) is a set of diagnostic tests and calculation and decisive procedures which
are performed in a real time and are intended as a measure for evaluation of the emission efficiency
and the efficiency of elements responsible for the passive and active safety of a vehicle. The OBD sys-
tem is an integral part of the vehicle connected with the engine control system. Nowadays the investi-
gation on the on board diagnostic systems in their different applications is one of the basic problems
that the OBD method is concerned with. The implementation of the investigation method for the OBD
system efficiency is one of the main questions of the matter in hand.

After the obligation of using the OBD system was introduced the evaluation of the technical state of
vehicles (especially their environmental and safety parameters) during their whole operation time,
which previously the service stations staff and vehicle users were interested in, has become a legally
required task that the manufacturers of vehicles have to deal with. The manufacturer is responsible for
the complete life cycle of vehicles i.e. from the production ‘throughout the operation up to their scrap-
ping, however, the cycle should be closed and environment friendly (using materials of the scrapped
vehicles for the production of the new ones — recycling).



In order to satisfy such postulates the realization of the implemented diagnostic procedures during the
real operation of vehicles and in the possible shortest time is necessary. Thus the evaluation of the oper-
ating efficiency OBDE (On Board Diagnostic Efficiency) of the OBD system is also necessary [1, 2].

2. Monitor of catalytic converter efficiency

The catalyst efficiency monitors currently used in the OBD II systems use some information
supplied by signals generated by two oxygen sensors which are located in the stream of ex-
haust gas before and after the catalyst (these sensors will be hereafter called PK and ZK re-
spectively in relation to the sensors before and after the catalyst). This concept is based on the
following solutions, namely: When the catalyst is efficient the oscillations of the AFR mixture
before the catalyst (as measured by the oxygen sensor PK) are attenuated in the catalyst and
the AFR (Air Fuel Ratio ) signal after the catalyst (as measured by the oxygen sensor ZK) be-
comes stable — the reduction of both amplitude and frequency of the signal oscillations can be
observed. In case of the catalyst failure the AFR signal read out from the sensor located after
the catalyst is no more subject to the significant change and its characteristic is similar to the
one of a signal coming from the sensor located before the catalyst.

At the large oxygen capacity the ZK sensor is being significantly more rarely switched than the
PK one and when counting the number of switching between both sensors per longer time in-
terval the ratio of such switchings is close zero. The ability of storing the oxygen consumed by
the catalyst is low thus the mean frequency of switching for the ZK sensor (for closed loop)
tends to the frequency of switching for the sensor before the catalyst. The ratio of switching
numbers recorded in the longer time interval is close. The commencement of the efficiency
evaluation procedure, for which the ratio of switching numbers is the main diagnostic parame-
ter, occurs after the supply system entry into the work area of the closed loop of the engine and
catalyst lower limit temperatures. This procedure is based on counting the switching number of
the PK sensor during the operation of the engine at different loads determined by the mass air
flow values. In practical applications as many as up to 9 separate areas of counting the switch-
ing number for the PK sensor can be used (mostly, however, three areas are being used). The
number of switching of the ZK sensor is calculated totally for an air flow area as a whole. The
monitor is considered completed if a number of switching of the PK sensor for a given working
area has been recorded. Then the obtained number of switching for the PK sensor shall be di-
vided by the total number of switching for the PK sensor what in the effect will give the esti-
mate of the main diagnostic parameter determining the oxygen capacity.

After a cold engine start the catalyst efficiency monitor starts after about 330 s and lasts for
about 900s. In this time interval about 200 to 600 switchings of the ZK sensor are accumu-
lated.

The above outlines the way how the control system simulates artificially the vehicle emission
control system by changing the mixture composition from rich to lean and inversely. The re-
sponse of both sensors (PK and ZK) to this simulation is analysed as a function of delays be-
tween the times of switching for those sensors and the recorded number of switching.

3. Monitoring of aftertreatment systems

The carbon dioxide and hydrocarbons emission from the modern self-ignition engines reaches
the values near the ones being recorded for the spark ignition engines equipped with the three-
function catalyst. Further reduction of the toxic substances from the engines of this type does
not present any significant problems. However, the problem is how to limit the nitrogen ox-
ides and particulate matter emission. The compression ignition engines CI are equipped with



the exhaust gas catalyst of Oxicat (Oxidation Catalyst) and the DeNOx types and with the par-
ticulate matter filter. It happens that the DeNOx catalyst becomes gradually poisoned by sul-
phur which is contained in fuel whereas the filter is being filled up with the particulate matter
and gets plugged. For ensuring the effective operation of these units their efficiency must be
kept under constant monitoring so that it could be possible to start the regeneration procedure
immediately, if needed.

The methods developed for the catalyst diagnosis can be divided into three groups [4]:

— methods using the measurement of the exhaust gas temperature,

— methods using the oxygen concentration sensors (quantitative detection of the emitted heat),
— methods using the toxic substance concentration sensors (direct detection of the catalyst op-

eration).

The arrangement of the individual elements of the diagnostic systems belonging to the groups
discussed above is presented in figure 1.
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Figure 1: Diagram of location of on board diagnostic elements in exhaust pipe [4]

The paper [5] presents some opinion that the use of the HC conventional sensors for monitor-
ing the catalyst is unreasonable as the signal value is not satisfactory sensitive to the catalyst
efficiency (especially in case of its high temperature operation). However, in accordance with
[6], the use of the CO sensors with their simple signal processing algorithm seems to be rea-
sonable when used for the catalyst efficiency evaluation.

The NOx sensors are more and more often installed in the on board diagnostic systems OBD
II/EOBD. The measurement of concentration of CO, HC and NOx in exhaust gas presents
such an exemplary solution. The analyser discussed below performs the simultaneous meas-
urements of concentration of hydrocarbons, carbon oxides and nitrogen oxides. The first valve
collects exhaust gas at the catalyst input, the second one collects it at the catalyst output.
However, the third valve is used for taking the samples of exhaust gas that have already flown
in through the first and second valves and for delivering them to the analyser. The measure-
ment of content of the toxic compounds in exhaust gas makes possible to determine the state
of the catalyst.

The amount of NOx emitted from the engine is conditioned by many factors, starting from the



environmental conditions (humidity, ambient temperature and pressure), through the composi-
tion and type of fuel and ending on the engine state. Up to now all undertaken actions, both to
develop any mathematical description of the NOx emission from the compression ignition en-
gines and to determine the amount of NOx emission during the control survey of the engine,
failed.

In case of the exhaust gas emission from the compression ignition engines the amount of mo-
lecular oxygen is about 20 per cent. This situation calls for a solution which could radically
extend the range of the oxygen concentration measurement. The solution presented in the pa-
per consists in completing the Nerst’s classical cell with an electronic segment which forces
an outflow of the oxygen ions. The reference electrode of the Nerst’s cell is located in the at-
mosphere of air.

The individual constituents of exhaust gas diffuse through the diffusion barrier into the space
in which some state of the thermodynamic balance is attained. The voltage connected to the
porous electrodes, which are formed directly on the electrolyte, forces some cathode-to- an-
ode flow of the oxygen ions. The flow of such a type is called “an oxygen pump” [6, 8, 9].

The flow of ions in such “a pump” is proportional to the difference of the oxygen concentra-
tions existing on both sides of the pump. The task for this electronic control unit is to set such
a value of the pump flow that the exhaust gas composition in the diffusion space corresponds
to the stoichiometric fuel-oxygen mixture. The increase of the applied voltage (for the speci-
fied temperature, electrolyte type and electrode distance) intensifies the current in the cell to
some value limited by the oxygen concentration.

A method of the nitrogen oxides measurement using the zirconium dioxide-based sensor was
developed in the nineties years of the last century. The measuring device consists of a sensor
and a recording unit. Exhaust gas gets into the sensor (fig. 5) where in turn in its two diffusion
chambers the exhaust gas oxygen content is being removed. The chambers are preheated and
coated by zirconium dioxide-based electrodes. The gas, in which 0.01 ppm of O2 is being left,
gets into the measuring chamber where the measuring electrode made of rhodium is placed
[10, 11].

The scheme of the operation principle of the NOx sensor is presented in fig. 2. This sensor is
based on six layers of zirconium dioxide. A space for measuring the exhaust gas concentration
is on the second layer, the reference space with an access to the air is on the fourth layer
whereas the space with an internal heater installed for controlling the temperature is provided
between the fourth layer and the sixth one [6, 9, 10, 11, 12, 13].

The operation principle of the NOx sensor is presented in fig. 6. Exhaust gas entering from the
left side comes through the space (1) in which the voltage to be applied is properly selected
for the first thin layer made in ZrO2 (operating as a pump which removes the exhaust gas mo-
lecular oxygen O2 content and reduces NO2 to N2. The performance of the oxygen pump is
controlled in order to maintain the concentration of O2 in the space (1) before using the refer-
ence electrode to prevent the NO decomposition). Then the exhaust gas passes from the space
(1) to the space (2) and NO is transported in an electrolytic way from the third thin layer of
ZrO2 in a form of electrolyte for measuring a current of flow. Thereby from NO remains only
O2 which is subject to the electrolysis in the space (2) and a current of flow is an equivalent of
the NO amount.
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Figure 2: Operation principle of NOxsensor:

1 —ionic condacter made (YSZ), 2, 3 — diffusivity of ceramic separator, 4 — ionic condacter (YSZ),
5 — platinum elecoredes, 6 — platinum eleocrode, 7 — platinum-rodium electrode,

8 — platinum elecorede 9 — heaer, 10 — pressure valve [6, 9, 10, 11, 12, 13]

The operation principle of the NOx sensor is presented in fig. 6. Exhaust gas entering from the
left side comes through the space (1) in which the voltage to be applied is properly selected
for the first thin layer made in ZrO2 (operating as a pump which removes the exhaust gas mo-
lecular oxygen O2 content and reduces NO2 to N2. The performance of the oxygen pump is
controlled in order to maintain the concentration of Oz in the space (1) before using the refer-
ence electrode to prevent the NO decomposition). Then the exhaust gas passes from the space
(1) to the space (2) and NO is transported in an electrolytic way from the third thin layer of
ZrOz2 in a form of electrolyte for measuring a current of flow. Thereby from NO remains only
O2 which is subject to the electrolysis in the space (2) and a current of flow is an equivalent of
the NO amount.

A correct operation of a sensor (its repeatability) depends on [6]:
— a plate thickness,

— the area of electrodes,

— an electrode porosity,

— a diffusion insert porosity,

— the area of platinic electrodes located in area on a plate,

— a diffusion insert porosity,

— a plate thickness.



The Pd-Ag and Pd-Ni alloys usually used in the laboratory studies cannot be used in normal
engine operation conditions due to the presence of sulphur in the atmosphere and some sus-
ceptibility of their surfaces to degradation. At the normal operation of the compression igni-
tion engine the adsorbed sulphur does not only delay the action of the catalyst bed during a
cold start and idle running but also affects the indications of the sensors from these engine
operation stages.

Metals used in the NOy sensors can be ranked in relation to their highest susceptibility to the
sulphur corrosion in a following way: Ag > Pd = Ru > Rh = Pt.
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4. Tested station

The engine research work presented in this paper was carried out in the laboratory of the Insti-
tute of Combustion Engines and Transport at Poznan University of Technology. For the re-
search needs an exhaust system of the tested engine was adequately adapted. The engine test
stand consisted of the following elements [4]:

—4CT90 compression-ignition engine manufactured by WSW Andoria,
— AMX-210/100 eddy-current brake with water cooling,

— reducing catalytic converter equipped with carriers of 200 cpsi density,
— HORIBA MEXA 7100 exhaust emission analyser,

— temperature sensors,

— pressure sensor.

For determining the efficiency of the applied catalyst, and NOx probe as well, on the adapted
test stand under the engine test bench conditions, some preliminary tests were carried out ac-
cording to the obligatory ESC (European Stationary Cycle) test.

A special catalytic converter equipped with carriers of 200 cpsi density was built for the test
needs. It consists of five blocks with dimensions of 125x50 mm. The catalyst casing enables

performing the tests for a variable number of catalytic blocks and taking the measurements
behind each block.

A chemical composition of the catalytic converters was developed in the Institute of Internal
Combustion Engines at Poznan University of Technology in cooperation with the Department
of Inorganic Chemistry at AGH University of Science and Technology in Krakow.

The catalytic layers were produced by means of the USPD (Ultra Spray Pyrolysis Deposition)
and sol-gel methods for CeO2-ZrO2/PtPd and CeO2-ZrO2/PtRu components [6].

5. Analyses of temperatur dissolution in exhasut pipe

The temperature is a basic parameter affecting the ability of generating voltage signals by the
sensors produced in the ,,sensor to sensor’” technology. Owing to the design of sensors and the
constructional materials used for the execution of electrodes in the individual areas, as shown
in papers [6, 14], it was necessary to provide an additional reheating to reach the temperatures
which enable starting the oxygen pumps. Taking into consideration the operating parameters
of the engine examined on the engine test bed the exhaust gas temperatures during the realiza-
tion of the ESC test could reach the range in which generating the diagnostic signals by the
sensors was possible.

Overheating the measuring probe of a sensor caused by too high temperatures of exhaust gas
while supplying a system of heaters with an external voltage can result in a degradation of
electrodes.



Therefore the developed laboratory system requires a manual selection of the voltage for sup-
plying a sensor in a way eliminating a risk of exceeding the threshold voltage value for given
engine operating conditions. To complete the gathered knowledge on the possibilities of de-
livering the supply voltage depending on the temperature in the exhaust engine system an
analysis of the temperature distribution was carried out in the measuring points of the exhaust
system, provided for the NOx sensors (fig. 3 —4) [6].

The performed analysis indicates that with regard to the exhaust gas temperatures the phases
I1, VIII and X are most critical. It concerns both temperatures measured without and with the
catalyst provided. In case of phase II the highest temperature of 7100C was reached at the TO
point of the exhaust system equipped with a catalyst with a carrier of 200 cpsi density.

In case of phases VIII and X the exhaust gas temperature were reaching the values ranging
from 737 °C to 759 °C. These are temperatures at which the sensors, owing to their design and
constructional materials for electrodes, are able to generate voltage signals without necessity
of reheating. For all other test phases the highest temperatures were reached at the TO point
and the recorded temperatures were not exceeding the value of 600 °C.

This analysis indicates that in case of phases VIII and X, during a realization of the engine
test bed examinations, the applied sensors will be most sensitive to the controlled supply volt-
age value.

The obtained temperature distribution suggests that for these phases the sensor reactions
should be fastest as the optimum sensor temperatures can be reached without necessity of re-
heating. However, the above applies to the sensor installed at TO.
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Figure 3: Distribution of temperature in measurement point TO-T8 exhaust pipe
of testing engine without catalytically converter during realization ESC test [6]
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Figure 4: Distribution of temperature in measurement point TO-T8 exhaust pipe
of testing engine with 200 cpsi catalytically converter during realization ESC test [6]
6. Analyses of pressure dissolution in exhaust pipe



The rate of chemical reactions is a function of the reactive exhaust gas components, exhaust
gas temperature, type of the applied catalyst and pressure. For reactions proceeding in a gase-
ous phase the concentrations and pressures are interdependent. However, the pressure can in-
dependently affect the reaction rate values, thereby the response times of the sensor in the
considered system. In order to find the importance of these variables the experiments should
be carry out in a way which makes possible a simultaneous change of the smallest number of
parameters. It is impossible to perform such experiments in case of examination being real-
ized under the engine test bed conditions. For this reason the importance of pressure is limited
to its effect on the sensor response time with regard to the exchange of exhaust gas present in
the sensor’s probe.

The pressure in the exhaust system affects the intensity of the gas exchange in a sensor by af-
fecting the pressure present in a measuring probe, as shown in papers [6, 14]. When an in-
crease in pressure in a measuring area is faster the speed of the gas exchange in the individual
regions of the NOx increases and thereby a frequency of the voltage signals should be greater.

With reference to the classic catalyst the engine exhaust system pressure results in a number
of the molecules adsorbed within a catalytic layer. Regarding it to the sensor conditions a
number of the collisions of oxygen molecules with the electrode pt should be also higher what
can directly result in the sensor response time value.

In the phase 1 of the test, in which the engine was operating at idling speed, the average over-
pressure in the exhaust system without the catalyst was of 0,03-10™ pa (fig. 5). In case of the
exhaust system equipped with the catalysts with the 200 cpsi carriers such same overpressure
values of 0,03-10™ pa were recorded. From the considered research point of view such values do
not allow to get information necessary for the realisation of the next assumed examination.

Analysing a distribution of pressure in the exhaust system without the catalyst it can be found that
for all phases of the test the pressure differences between the pO—p5 points are small (fig. 5).
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Figure 5: Distribution of pressure in measurement point p0-p8 exhaust pipe of testing engine
without catalytically converter during realization ESC test [6]

In points p6—p8 which are distant from the point p5 by 60 cm the pressure values are also
similar. In every phase, depending on the overpressure values, the measuring points can be
separated into two groups of points p0—p5 and p6—p8. In points p6—p8 the overpressure values
in every phase are smaller what results from their greater distance from the exhaust collector.
The differences in the overpressure values measured in the measuring points of the individual



groups can be explained by the pressure fluctuation in the engine exhaust system and an indi-
cation error of the applied pressure measuring sensors (fig. 6).
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Figure 6: Distribution of temperature in measurement point TO-T8 exhaust pipe
of testing engine with 200 cpsi catalytically converter during realization ESC test [6]

As the distance from the exhaust collector increases the pressure value decreases. In case of
measuring points before (p0), in (pl — p4) and just after the catalysts (p5), the differences in
the overpressure values are caused by the exhaust gas flow resistance in the individual cata-
lytic blocks. For every test phase in points distant from the catalyst (p6 — p8) the pressure val-
ues are much lower and continue their falling tendency depending on the distance in relation
to the exhaust collector.

In case of the catalyst the highest overpressure values were recorded for the phase x at the
point p0 and they were of 6,3-10-4 pa for the catalyst equipped with the 200 cpsi carrier.

7. Analyses Of Tested Catalytic Converter with 200 cpsi

In order to determine the effectiveness of the applied catalytic converter for the reduction of
the NOx emission according to the obligatory official certification test ESC some preliminary
examinations of its efficiency under the engine test bend conditions were performed. Taking
the operation nature (character) into consideration the NOx emission in each phase of the test
was analysed [6].

To determine the reduction in the NOx emission the emission measurements were taken after
each catalytic block. The presented results are referred to the NOx concentration values before
the catalytic converter. The efficiency for the individual catalytic blocks was determined from
the relation:

C.-C
k =—%2"2.100 []
C

P

where C, —concentration NOy before catalytic converter, C, —concentration NOy after catalytic con-
verter.

Due to the diversified parameters characterising the catalytic converters, which are being built
with the use of the catalytic carriers with different cell densities, the examinations were per-
formed for the catalytic blocks based on the carriers with a cell density typical for the com-
pression-ignition engines of 200 cpsi. The application of the catalytic carriers with higher cell
densities was considered inadvisable because of a high resistance of flow of exhaust gases
intensified by the PM emission.



The operation performance of the catalytic converter with the 200 cpsi carrier is similar in
each phase of the test (fig. 7). In phases II-XIII the catalytic converter was characterized by an
effectiveness of the reduction in the NOx emission of 15%. The analysis of the measuring
points shows that from the point ¢3 on the reduction in the NOx emission level was constant.
That means that the catalytic reactor volume is sufficient with reference to the assumed
amount of the active layer deposited on each catalytic block. The ratio of that volume to the
engine displacement volume was 0.76. The analysis of the bibliographic data shows that this
ratio values are in the 0.75-1.3.range.
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Figure 7: Value of NOxconcentration during ESC test of catalytically converter with 200 cpsi [6]

The emission measurements in points c6—c8 are considered close to the emission measured in
the point ¢5. For the discussed points the difference in the NOx concentration was at the indi-
cation error level of the measuring exhaust gas analyser.

The performed analysis shows that the catalytic converter with the 200 cpsi carrier allows to
obtain a satisfactory difference in the voltage signals basing on the NOx concentration after
the third catalytic block. However, it should be noted that the obtained effectiveness of the
catalytic converter for the NOx reduction is unsatisfactory. The average percentage effective-
ness of the discussed catalytic converter in the measuring point c5 was 14% (table 1).

Table 1: Efficiency of limit NOxconcentration [%] behind ever catalytically blocks
in light of concentration before catalytically converter (200 cpsi) [6]

No phase | 1 I (I | IV | V| VI | VID | VII| IX | X | XI | XIT | XIII
Pointel | 03 (08| 01 |-03[ 2 [03] -1 1 [03]-10]|03] 10 | 03
Pointc2 | 04 [-0.1|-05|-03[ 2 [04] -1 1 [04] -9 |04] 10 | 04
Pointe3 | -0.8 | 13 17 |15 (1415 (16| 14 [ 13 5 | 15 23 | 14
1
1

Pointcd | -0.8 | 14 16 | 14 (15| 15 (16 | 14 |13 | 6 5123 14
Point ¢5 5 14 18 | 16 |15 15 (17 | 14 | 15| 6 5122 ] 15




Conclusions

On the basis of the performed examinations and obtained test results the following conclu-
sions can be drawn:

1. The analysis of the NOx concentrations in exhaust gas from the compression-ignition en-
gine can be based on the indications of the voltage probes with the modified electrodes of the
oxygen pump;

2. The application of the reduction conditions in the voltage probes using the nitrogen oxides
reduction by the electro-catalytic way depends on the exhaust gas parameters, the values of
which change depending on the rotational crankshaft speed and engine load. For this reason
obtaining the diagnostic signal for the whole engine operation range is impossible. The con-
trol of the correctness of the catalyst operation regarding the nitrogen oxides reduction can be
realised for the defined operating parameters of the tested engine;

3. For phases VIII and X of the ESC test the reheating the test probe installed before the cata-
lyst was unnecessary owing to the high exhaust gas temperature (737-759 °C).
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Abbreviations

AFR Air Fuel Ratio

Ag gold

CcO carbon monoxide

DeNOy  Decrease NOx

EOBD European On-Board Diagnostic

ESC European Stationary Cycle
HC hydrocarbon

N2 nitrogen

NO2 nitrogen dioxide

NOy nitrogen oxides

02 oxygen

OBDII  On-Board Diagnostics II

OBD On-Board Diagnostic

OBDE On Board Diagnostic Efficiency

Oxicat Oxidation Catalyst

Pd palladium

USPD Ultra Spray Pyrolysis Deposition
YSZ Yttrium Stabilization Zirconium





