Journal of Automated Methods & Management in Chemistry
Vol. 25, No. 5 (September—October 2003) pp. 115-122

Taylor & Francis
Taylor & Francis Group

Application of a catalytic combustion
sensor (Pellistor) for the monitoring

of the explosiveness of a hydrogen-air
mixture in the upper explosive limit range
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Chemical Faculty, Gdansk University of Technology, ul. G. Narutowicza 11/12,
80-952 Gdansk, Poland

A new technique s presented for continuous measurements of
hydrogen contamination by air in the upper explosive limit range.
1t 1s based on the application of a catalytic combustion sensor
placed in a cell through which the tested sample passes. The air
content 1s the function of the quantity of formed heat during
catalytic combustion of hydrogen inside the sensor. There is the
possibility of using the method in industrial installations by using
hydrogen for cooling electric current generators.

Introduction

Different types of gases (including flammable gases) are
used in many technological processes. Of these, natural
gas and hydrogen especially find wide applications. It
seems that the importance of hydrogen as an energy
carrier and technological medium will increase. It is
connected with increasing concern for the environment
as well as for economic reasons. Hydrogen is used in the
production of electric energy and not only as an energy
carrier.

The high heat conduction of hydrogen (A=0.186 W/
(mK) at 20°C) has led to its general application in
current generator cooling systems of 30 to over
200 MW power [1]. Application of hydrogen as a cooling
medium increases the efficiency of a power unit by 1%,
while its low viscosity has an advantageous effect on
decreasing rotor frictional resistance. In addition, the
noise level decreases significantly. The heat conduction
properties of non-flammable helium are similar, but a
twice greater viscosity and economic considerations lead
to the use of hydrogen in practice only.

The application of hydrogen is completely safe when not
contaminated by air. Hence, every installation requires
devices for continuous determination of its purity.
Analytical devices used at present operate by measuring
the difference in the heat conduction of a reference
gas (pure hydrogen) and the tested hydrogen sample
contaminated by air. The sensor is made up of two or
four fibres, or termistors, connected to an unbalanced
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Wheatstone bridge [2] and heated by the current passing
through them. The bridge unbalance voltage is a quan-
tity proportional to the analyte concentration.

Such a sensor is called a thermal conductivity detector
(TCD) [3] or katharometer and has many advantages:
it does not cause destruction of the analysed substance,
and it is characterized by simple construction, high
sensitivity and response linearity in a wide measurement
range. It is well suited for measurement of the concentra-
tion of one gas in a two-component mixture, but owing to
lack of selectivity, it is difficult to analyse multicompo-
nent mixtures.

In the case of devices cooled by hydrogen, e.g. electric
generators, filling of the cooling system has to take place
in two stages as the hydrogen—air mixture (in the con-
centration ranges of hydrogen from 4 to 75% by volume)
1s explosive. Hence, air is first removed by carbon dioxide
(COy) and the COy is then replaced with hydrogen.
During emptying of the system, hydrogen is removed
with COy and the COy is then dislodged by air.

The presence of COy in the mixture, the heat conduction
of which is three times greater than that of air, causes the
katharometer to significantly decrease hydrogen purity
indications.

A sensor, for which the analyte is not one of the com-
ponents but the whole mixture—fuel gas (hydrogen) and
oxidizer (air) mixture, would not have the principal
disadvantage of the katharometer, being the effect of
additional components on sensor indications. For prac-
tical applications, the sensor has to have the following
features:

Construction simplicity.
Small dimensions.

Small power supply current.
High mechanical resistance.
Short response time.
Relatively low price.

Sensors using the combustion reaction heat for determi-
nation of given components are such sensors. They are
applied in the lower explosive limit (LEL) range. In the
case of hydrogen, it is a concentration of up to 4% of
hydrogen in air by volume. Attempts have been made
here to use the standard catalytic combustion sensor for
measurements of air concentration in hydrogen in the
upper explosive limit (UEL) range, i.e. from 0 to 25%
of air in hydrogen, and to determine the purity of
hydrogen.
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Experimental

Pellistor sensor

A standard sensor is made of two elements: active and
passive [4]. The catalytic combustion reaction takes
place on the active element, while the passive element is
used as a reference compensating for external tempera-
ture, pressure and humidity changes. The sensor is
connected to a Wheatstone bridge (figure 1).

The heat of reaction causes a change in the resistance of
the active element and formation of a bridge unbalance
voltage on the output, the value of which is a function of
gas concentration in the combustion mixture.

Former sensors were designed to detect methane in the
mining industry, but the sensor functioning principle
shows that every combustion gas and oxidizer (usually
oxygen In air) mixture can be an analytical sample. An
example of an exothermic catalytic combustion reaction
is as follows:

CH,+20,T COy+2H,0+0Q, (1)

9H,+0,7 2H,0+Q 2)

where O is the (standard) heat of combustion and equal
to —891 and —572k]J mol ™', respectively [5].

The temperature of the active surface is of utmost impor-
tance and depends on the detected gas and catalyst.
For example, for methane combustion in air and the
application of palladium as a catalyst, it is 400-500°C [6].

Iigure 1. Catalytic  sensor measurement system. Uz, supply
voltage of the measurement bridge; i, bridge supply current;
Uy, output voltage; P4, active pellistor; Pp, passive pellistor;
Ry, Wheatstone bridge resistors.

Two types of universal industrial pellistors were chosen:

o Model 4P-90 from City Technology Ltd [7],
belonging to category Ex d IIC, with European
[8,9] and Canadian [10] conformity certificates
allowing application of this sensor in gas mixture
atmospheres creating explosive hazards.

e Model PC-31 from Zaklad Elektroniki Goérniczej
‘ZEG’ S.A. [11], also belonging to category Ex d I1C
with conformity certificates issued by Glowny
Instytut Gornictwa — Kopalnia Doswiadczalna
‘Barbara’.

In real industrial systems, hydrogen purity is evaluated
based on measurements with thermal conductivity
sensors. Hence, for comparison, a conductivity sensor
model PC-32 produced by Zaklad Elektroniki Goérniczej
‘ZEG’ S.A. has additionally been used.

In table I, basic electric and meteorological parameters
are presented of sensors used in investigations. The
following designations have been assigned to the three
types of sensors used: CityTech, ZEG and TCD.

The technical data of sensors refer to determination of
methane in the concentration range corresponding to
the LEL. Their full description is given in respective
technical specifications.

Experimental stand

The structure and final form of the measuring set-up was
the result of work in the Department of Analytical
Chemistry on the application of thermochemical gas
sensors [12,13]. The experimental stand was made up
of three main elements:

e Generator of standard hydrogen and air gas
mixture.

e Analyser measurement cell with pellistor sensor.

e Automatic system for steering and recording of
measurement data.

Hydrogen of 5.0 purity degree (99.999% by volume)
from Messer [14] was used for investigations. A standard
gas mixture stream was produced by the gas mixture
generator, the main element of which was a system of
mass flow controllers from OMEGA [15]. The system
ensured precise measuring of gas components and main-
taining a standard gas mixture stream flow at the
required level.

Measurements of pellistor signals were performed in a
typical system of an unbalanced Wheatstone bridge with
a stabilized DC voltage from a laboratory HAMEG
HM70042 [16] power supply, with inbuilt Uy voltage

Table 1.  Basic performance characteristics of industrial pellistors and the thermal conductivity sensor.

Sensor 4P-90 (CityTech) PC-31 (ZEG) PC-32 (TCD)
Operating voltage (V) 3.30 3.0 2.5+3.0
Operating current (mA) 75 60 60
Measurement range 04 100% LEL 04100% LEL 04100% by vol.
Sensitivity (mV/% CH,) 28 25 1,5+3
Response time Tqq (s) <20 <10 <10
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Figure 2. Measuring set-up. 1, Hydrogen cylinder; 2, air ¢ylinder; 3, mass flow controller; 4, generator of standard gas mixtures; 5, four-
way valve; 6, measuring cell with a catalytic sensor; 7, HP 70904 measuring system; 8, laboratory power supply; 9, HP 9000/310

wnstrument controller.

and ammeters. The sensor response to the presence of
gas mixtures was recorded with a three-channel Hewlett-
Packard HP 7090A [17] measurement system connected
through an HP-IB (IEEE-48) interface with an HP 9000/
310 controller. A schematic diagram of the measuring
set-up for determination of gas mixture explosiveness in
the UEL range is shown in figure 2.

Steering of the whole set-up was ensured by specialist
software written entirely by the authors. In effect, a
system of automatic acquisition of data from the mea-
suring set-up has been constructed. The sensor response
sampling frequency by the HP 7090A recording system
is equal to 500 readingss™' and significantly exceeds
measurement requirements. High measuring apparatus
parameters could be used to realize real-time software
measurement signal filtration in order to reduce the
noise level.

Generator of standard gas mixtures

The gas installation for preparing standard gas mixtures
was based on the gas flow mixing technique with the use
of mass flow controllers as the main part of the measur-
ing set-up. Application of mass flow controllers imposes
requirements about the purity of applied gases. Solid
particles especially have to be filtered off beforehand
as they can damage the controllers. To ensure stable
working conditions and to protect the devices from excess
pressure, a two-stage gas reduction system was applied.
(Apart from reducing valves on gas cylinders, precise
mechanical pressure regulators were built in.) The aim
of such a procedure was to obtain a strictly defined
constant overpressure of 12kPa at the inlet to mass flow
controllers.

The generator allows blending of two-component mix-
tures made up of hydrogen and air. In the case of

measurements in the UEL range, hydrogen is the zero
gas used for determination of the zero point of the sensor
and is a matrix (diluent gas) of the prepared standard
mixtures. One mass controller is calibrated hydrogen
and it has the adjustment range 0-200cm®min™"; the
second is calibrated air and allows regulation of the flow
in the range 0-10cm® min~'. Calibration of controllers
was performed in standard conditions, i.e. at a pressure

of 1013.25hPa and a gas temperature of 20°C.

Controller parameters have been chosen in such a way
so as to prepare mixtures of air in hydrogen (from 1 to
6% by volume) and of gas flow in the range 50—
200 cm® min~". These quantities result from conditions
in which purity sensors are operated in hydrogen cooling
power generators. If the air content exceeds 4% by
volume, the operators have to make up the cooling
system with pure hydrogen delivered from cylinders.
It is required for the stream flow of the taken sample to
be approximately equal to 150 cm® min™". An excessively
small flow of the taken sample would cause a delay (idle
time) in the detection of contamination of hydrogen
by air while an excessively high flow would lead to
unnecessary hydrogen losses in the cooling system.

The concentration of air in hydrogen is calculated from
the formula:

air

C = %7 (3)
Q’\I;IQ + Q’\&’}r

where C is the per cent concentration by volume and
Qv 1s the air and hydrogen stream flow by volume.

For certainty, it was decided to check the composition
of mixtures using an independent measuring technique.
A chromatographic technique (GC-TCD) was chosen
using  Hewlett-Packard HP GI1530A  equipment.
Measurements were performed using a PLOT Q 30 m x
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0.32mm column (length and diameter) at 50°C.
Hydrogen was used as carrier gas (5 cm’ min™ ).

The constructed standard mixture generator allowed the
generation of mixture flows of air content in hydrogen
from 1 to 6% by volume for four mixture stream flows:

50, 100, 150 and 200 cm® min™".

Investigation of sensor characteristics

Pellistors applied in investigations are universal sensors
allowing detection of flammable gases in air. Manufac-
turers quote the following sensor parameters in their
documentation: power supply voltage, current, sensitiv-
ity, response time, etc., only for mixtures in the range
up to 5% methane in air (up to 100% LEL). For
air mixtures with other gases, these are not optimal
parameters but nevertheless are sufficient for correct
functioning of the sensor.

In the case of measurements in the UEL range for
hydrogen, conditions were totally different due to the
physicochemical properties of hydrogen contaminated by
air. This results from a higher (by over seven times) heat
conduction coefficient by hydrogen in comparison with
air, a lower temperature required for catalytic hydrogen
combustion and also the non-dimensional excess air
factor, 4, determining the mixture combustion con-
ditions. It is defined as a ratio of the air quantity
delivered in a mixture, Ly, to the theoretical quantity
of air, L, required for complete combustion of fuel
(stoichiometric mixture). This coefficient is given by the
following formula:

, _La

A= I (4)
Optimal combustion conditions for a given gas mixture
composition require parameter A to be in the range
1.05-1.20, while the determination of hydrogen contami-
nated by air, for example for 5% of UEL, causes the air
in the hydrogen coeflicient to be 2=0.005. This value
illustrates differences in the operating conditions of a
catalytic combustion sensor in the UEL and LEL ranges.

Additionally, intense cooling of the pellistor platinum
fibre by hydrogen occurs. In effect, in spite of a lower
than standard supply voltage, a higher current flows
through the sensor exposed in a hydrogen atmosphere
than through a sensor placed in air.

Hence, determination of the effect of power supply
voltage and the gas stream flow on sensor dynamic
parameters becomes a basic problem. Differences in
construction led to the adoption of the following supply
voltage for the ZEG pellistor in investigations: Uz =1.5,
1.7, 1.9 and 2.1V, while for the CityTech sensor, the
following U, voltages were used: 2.8, 3.0, 3.2 and 3.4 V.
For technical reasons, in the case of the measurement of
dynamic characteristics of chemical sensors, it is best to
obtain activation by a unit step concentration change.

Measurements of characteristics were performed on a
measuring stand, the schematic diagram of which is
shown in figure 2. The first phase is based on the removal
of air from the system and thermal stabilization of
all measuring devices. Required flows were set by mass
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flow controllers and the power supply was switched on
(without applying voltage to the sensor). The flow of
hydrogen removed air from the measuring cell and
capillary. After 15min, the power supply of the mea-
suring bridge with a sensor was switched on and after the
next 15 min recording of the sensor signal was started.

The sensor signal value determined the base line during
flow of pure hydrogen through the cell. After 30 min, the
four-way valve was reset causing the flow of the hydrogen
mixture with air (of required concentration) through the
cell. A step change of gas mixture concentration was
realized in this way. The measured unbalance voltage of
the bridge was the response to excitation of the sensor by
a step change of the air concentration in the gas mixture.
Resetting of the valve and directing pure hydrogen to
the cell was performed after 30 min. The measurement
was completed after the next 30 min.

The above procedure was repeated for different sensors at
hydrogen flows of 100 and 150 cm” min™" and for respec-
tive sensor supply voltages. To increase the accuracy
of the method, the dynamic characteristic of the sensor
was measured twice, once after the step increase (from
zero air concentration in hydrogen to a set 6%) and
then a decrease (from 6 to 0% by volume of air in
hydrogen). The means of both measurements were
taken as parameters.

In figures 3 and 4, sets of characteristics show the course
of signal changes of sensors: CityTech and ZEG, as the
result of step excitation at different gas flows and for
various sensor power supply voltages.

For comparison, in figure 5, characteristics have been
presented of a dynamic thermal conductivity sensor,
measured 1in identical conditions as for ZEG and
CityTech pellistors. Only the power supply voltage
changed (adjusted to electric parameters of the TCD
sensor).

The obtained characteristics correspond approximately
to the response to step excitation of the inert sensor of the
first type. Dynamic parameters in the first approximation
have been determined for such a sensor.

Results

Dynamic parameters of pellistor sensors

The response of a type I inert system to step excitation is
described by the following function:

C, dlat=<0
t
€= (1- exp(—;)) +C, dlat>0
©®)

where (), is the initial volume concentration of com-
ponent in mixture, () is the final volume concentration
of component in mixture and 7 is the time constant of the
sensor system (time after which the sensor output signal
attains 63% of the final value).

@) =

In the case of a real sensor placed in the measurement cell
connected by capillaries with the step concentration
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Figure 3. City Tech sensor response changes after step excitation by air concentration changes (6% by volume) in a gas mixture for the
Jollowing pellistor power supply voltages, (V): ——, 2.8; , 3.05 , 3.25 , 34.
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Figure 4. JEG sensor response changes after step excitation by air concentration changes (6% by volume) in a gas mixture for the
Jollowing pellistor power supply voltages, (V): ——, 1.5; .75 ,1.9; , 2.1
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Figure 5. Thermal conductivity sensor response changes after step excitation by air concentration changes (6% by volume) in a gas mixture

JSor the following sensor power supply voltages:

increase excitation system, the dead volume should be
taken into account, which is responsible for dead time,
i.e., the transport delay (f,) of the gas sample. By
modifying the function describing the change of sensor
concentration ((f) for a step increase of air concentration
in hydrogen from lower to higher values, so as to take
into account the dead time the following formula was
obtained:

Cp dlat=<ty,
l_lm
(=) (1=exp(——="1)) +6p dlat> .
(6)

Analogously, one may describe function C'(¢), where
concentration changes from higher to lower values:

C()=

¢, dlar=rg,
c'() =

/

t—1t
(C;) -G)- exp<— = m) +C dlat>1¢.
(7)

Determination of the parameters of sensor response
functions C(f) and C’(¢) presented in figures 3-5 was
performed using the non-linear regression method [18].
Additionally, based on the determined characteristics,
sensor sensitivities, .S, have been calculated for different
power supply voltages and at different gas stream flows.
Time constants, T, and dead time, £, collected in table 2
are means from ‘upwards’ and ‘downwards’ sensor
excitation.
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L 1.7; ,1.9;

s 2.0

, 2.3

Table 2. Experimentally determined dynamic parameter values
Jor: (a) CuyTech sensor; (b) JEG sensor; and (¢) TCD

sensor.

Q.,V Uz [V] tm [S] T [S] S [mV/O/o]
(a)
100 (cm® min™") 2.8 20 27 1.30
3.0 19 21 1.50
3.2 19 22 1.60
3.4 19 22 1.70
150 (cm® min™") 2.8 15 15 1.55
3.0 15 14 1.65
3.2 15 14 1.74
3.4 16 15 1.80
(b)
100 (cm® min™") 1.5 21 31 0.50
1.7 22 28 0.95
1.9 22 28 1.40
2.1 23 27 2.00
150 (cm® min™") 1.5 17 20 0.60
1.7 17 20 1.10
1.9 17 19 1.50
2.1 18 18 2.15
(c)
50 (cm® min™") 1.7 25 20 1.04
1.9 25 20 1.28
2.1 25 20 1.51
2.3 25 21 1.79
100 (cm® min™") 1.7 17 11 1.00
1.9 16 11 1.23
1.9 15 11 1.48
2.3 15 11 1.73
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Figure 6. Relation of CityTech, JEG and TCD sensor sensitivily versus power supply voltage (for different gas stream flows).

The analysed mixture stream flow, as expected, has an
effect on transport delay. A higher value causes a
decrease of transport delay. Similarly, the time constant
decreases with an increase of flow. More complex rela-
tions are observed in the case of sensor sensitivity.

Sensor sensitivity in the UEL range

In figure 6, pellistor sensitivity changes are shown
depending on power supply voltages and for different
standard mixture flows. Based on the above curves, it can
be stated that the sensitivity of the ZEG sensor does not
depend substantially on gas stream flow. In addition, this
type of sensor is characterized by highest sensitivity.
An additional advantage is a low supply voltage.

Owing to a low value of slope of characteristics, it can be
concluded that the CityTech sensor signal depends on
small changes in the power supply voltage. On the other
hand, a small effect is noticed of gas stream flow on sensor
sensitivities. Simultaneously, sensitivity is smaller for the
ZEG pellistor and attains a maximum at a power supply
of about 3.2 V. Large curve slopes show that although
the highest sensitivity is obtained for the highest power
supply voltage, it is not the optimum ZEG sensor-
operating voltage.

The conductivity sensor is characterized by lowest sensi-
tivity, while at the same time it is distinguished by the

greatest linearity of sensitivity changes in the function of
power supply voltage.

Conclusions

Conclusions about the application of catalytic combus-
tion sensors for the determination of air in the UEL range
are as follows:

e Application of pellistor sensors for investigations of
gas mixtures in the hydrogen UEL range is possible
but requires determination of optimal operating
parameters, primarily of the sensor power supply
voltage.

e Secnsitivity of pellistors in the UEL range is lower
than in the LEL, but is two times higher in the UEL
range (in the case of ZEG) than in the case of the
thermal conductivity sensor used for comparison.

® Response time of sensors in the UEL range is also
lower than in the LEL range. The conductivity
sensor used for comparison was characterized by
the lowest value, while the CityTech had the lowest
value among pellistors and its response time
increased by several per cent in the UEL range.

From the above conclusions, although the traditional
hydrogen purity measurement method fulfils its role in
the case of two-component mixtures, in systems that are
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more complex and require high reliability, it may be
advantageous to use an additional analyser with pellistor
sensors acting on a different basis than the thermal
conductivity sensor. A possibility of coupling in one
measurement system of two types of analytical methods
would ensure greater operation safety and better control
of industrial processes in which hydrogen is used, e.g. in
the production of electric energy.
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