THE FRAMEWORK PROGRAMME FOR RESEARCH AND INNOVATION

Grant Agreement no.
Project acronym

Project full title

636834
DISIRE

Integrated Process Control Based on Distributed In-Situ Sensors into Raw Materials

and Energy
Dissemination level PU
Date of Delivery 02/01/16
Deliverable Number D8.1

Deliverable Name
AL / Task related
Authors
Contributors
Keywords
Abstract

Report of suitable O, sensors for cracking furnaces characteristics

T81-T82-T8.3

C. Herce, A. Gonzéalez-Espinosa, C. Cortés (CIRCE)

CIRCE, DCI, DAPP

Oxygen sensors, high temperature, review, commercial equipment, combustion

The aim of this document is to review the available technologies in oxygen measurements,
mainly in combustion flue gases at high temperature. The scope is to screen the most suit-
able alternatives to measure oxygen in cracking furnaces. A review of all modern commer-
cial technologies for oxygen sensing has been carried out (at high and low temperature and
with point measurement and optical techniques). Two technologies have been selected:
zirconia potentiometric and tunable diode laser sensors. These technologies have been

studied in detail and a research of manufacturers and model available has been carried out.

DISIRE_D8.1_v1.3_CIRCE.doc © DISIRE Consortium Page 1 of 36




Document History

Ver. Date Changes Author

1.0 22/01/16 First Complete version C. Herce, A.Gonzélez-Espinosa, C. Cortés
(CIRCE)

11 26/01/16 |Review and additional comments A.Arias (DCI)

1.2 26/01/16 |Received feedback from LTU G. Nikolakopoulos (LTU)

1.3 04/02/16 | Integrated feedbacks C. Herce (CIRCE)

Fields are defined as follow
1. Deliverable number * *

2. Revision number:

draft version \%
approved a
version sequence (two digits) *x
3. Company identification (Partner acronym) *

DISIRE_D8.1_v1.3_CIRCE.doc © DISIRE Consortium Page 2 of 36




INDEX

1 INTRODUCGTION ...ttt e e ettt et e e e e e s s bbb et e e e e e e e anabbbeeeeaeeeeas 5
Nt O o Y U ] 0= /P 5
1.2, Structure Of dOCUMENT........coiiiiiiiiiiiii ettt eeeee e eeeeeeeeees 5
I T |V 1= o o T (o] (o o Y PRSP 5
O e 1 1 o ES T 1Y 0] LY=o 5

2 OXYGEN SENSORS OVERVIEW ....ooiiiiiiiiiiiiiiiiiiiie ettt 6
2.1, POINt MEASUIEMENTS SENSOIS ...t iii e e e e e e e e e e e e e e e aaaaens 7

2.1.1.  POtentiOMELriC SENSOIS . ..ciei i 8
N O N ¢ 0 01T do] L= i ol o To ] = T 8
2.1.3.  RESISHVE SENSOIS. . i i i i e i 9
214, RESONANE SENSOIS .. .iiii i 11
2.1.5. ParamagneliC SENSOIS ......cccuuuiuiiiieeeeieieiiiie e e e e e e e e et r e e e e e e e eatr e e e e e e e earar e eees 11
2.1.6. Low temperature electrochemical Cells.............oooiiiiiiiiiii 12
A @ o) i Tor= | IR T= 1] R 12
2.2.1. Tunable Diode LasSer SENSOIS....cccciiiii ettt 13
2.2.2.  Low temperature OptiCal SENSOIS.....cccciieieiee e 14

3 ZIRCONIA OXYGEN ANALYZERS ......outiiiiiiieiiiiieeieee et ee e e e e e 15
3.1. Commercial available zirconia sensors for furnace applications..............ccccccccuunnnneee 19

4  TURNABLE DIODE LASER OXYGEN SENSORS ...t 22
N W o | | B0 10| (o PSP EP PP PPPPPP 23
4.2. Tunable absorption SPECITOSCOPY ...coeeeeeieeeieieee e 26
N T @ P ¢ g =T oY U] (=] 0 111 | 27
4.4. Commercial TDLAS sensors for furnace applications............cccccoeeeeeiiee. 27

5 CONCLUSIONS ..ottt e et e e e e e e e st eeaaaeeesssnsnsrnaaaeeeaeeeans 32

6 REFERENCES .......co ittt e e e e e e e e et e e e e e e e e e e st e e e aaaeeeeannnrnnees 33

DISIRE_D8.1_v1.3_CIRCE.doc © DISIRE Consortium Page 3 of 36



H2020-SPIRE-2014

DISIRE

List of Acronyms

EPA US Environmental Protection Agency

A/F Ait-to-fuel ratio

BAW Bulk acoustic wave

BOD Biological oxygen demand

DBR Distributed Bragg reflector

DFB Distributed feedback

ECL External cavity diode laser

FDML Fourier domain mode locked

FP Fabry-Perot resonator

GEISA Gestion et Etude des Informations Spectroscopiques Atmosphériques
HITRAN  High-resolution transmission molecular absorption database
HVAC Heating, ventilating, and air conditioning

LED Light emitting diode

QCL Quantum cascade laser

SAW surface acoustic wave

SOA Semiconductor optical amplifier

SNR Signal-to-noise ratio

TDLAS Tunable Diode Laser Sensor

VCSEL Vertical-cavity surface-emitting laser

WMS Wavelength Modulation Spectroscopy

YSZ Yttria Stabilized Zirconia

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 4 of 36



H2020-SPIRE-2014 DISIRE

1 INTRODUCTION

1.1. Summary

The aim of this document is to review the available technologies in oxygen measurements,
mainly in combustion flue gases at high temperature. The scope is to screen the most suit-
able alternatives to measure oxygen in cracking furnaces. A review of all modern commercial
technologies for oxygen sensing has been carried out (at high and low temperature and with
point measurement and optical techniques). Two technologies have been selected: zirconia
potentiometric and tunable diode laser sensors. These technologies have been studied in
detail and a research of manufacturers and model available has been carried out.

1.2. Structure of document

The objective of this document is provide the DISIRE partners with a general overview of
oxygen sensor technologies, with a particular focus on cracking furnace applications. The
document is divided in four main sections.

In section 2 a general overview of oxygen sensors is done. A division in four categories is
proposed: high and low temperature, and point vs. averaged sensors. All the commercial
technologies available have been reviewed and two have been selected for cracking furnac-
es control: zirconia potentiometric and tunable diode laser sensors.

In section 3 a review of zirconia sensors principles, uses, alternatives and commercial manu-
facturers has been carried out. Meanwhile, in section 4, in an analogous way, tunable diode
laser oxygen sensors have been studied in detail.

Section 5 presents the general review and the main benefits and drawbacks of each tech-
nology. Actual technology and alternative sensor are compared.

1.3. Methodology

A general review of oxygen sensors have been carried out. The most suitable options for
cracking furnaces have been review, with particular attention to industrial point of view. The
document has been reviewed by industrial partners. This report is directly linked with the
fiber optics temperature sensors development (Task 3.2 — D3.1) due to the close correlation
between temperature and oxygen concentration.

1.4. Partners involved

Partners and Contribution

Short Name | Contribution

CIRCE Main contributor — CIRCE

DCI Critical revision as final user — Dow Chemical Iberica
DAPP Critical revision as sensor specialist — D’Appolonia
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2 OXYGEN SENSORS OVERVIEW

Advancement in gas sensor technologies during last decades has been crucial for a better
control of pollutants (with obvious environmental advantages) and for an increase in the effi-
ciency of industrial processes (based in advanced monitoring and control). Oxygen is a criti-
cal element in many areas from transport to medicine or industry. Although of the natural
presence of oxygen, its correct preparation, processing and use costs are considerable.
Thus the development of less expensive, more accurate and more robust sensors is very
interesting to several sectors (as shown in Table 1) and it is by itself an industry (e.g. 200
patents with “oxygen sensor” in the title have been published worldwide during 2015 [1]) .

Table 1.- Oxygen sensors uses, adapted from [2]

Area Application
Industrial processes

Biological Fermentation, synthesis
Chemical Petroleum cracking, catalysis
Boiler water Corrosion control

Nuclear plants
Food/brewing
Semiconductor
Gas suppliers

Cooling water monitors
Carbonation, packaging, process control, formulation
Plating processes
0,, CO, suppliers
Environmental

Air pollution EPA monitoring, engine lambda probes
Ground/surface water BOD determination, pollution monitoring
Municipal water BOD, water quality, waste treatment plants

Health safety

Occupational Mines, silos, tunnels, manhole monitors
Building HVAC monitors/controls
Inerting Explosion control
Transportation
Perishables Container monitors
Law enforcement Immigration control
Ship safety Environmental/explosion control

Auto emissions

Exhaust sensors

Military/government

Nuclear power
NASA

Reactor cooling water
Capsule monitoring

Toxic waste Field monitors
Medical
Blood gas Bedside monitors, non-invasive checks
Ventilators Control respiration cycle
Operating rooms N,>—O, mixing
Burn units: O, control recovery units
Miscellaneous
Scuba diving Gas recovery systems
Aquariums Commercial fish tanks, aquaculture
Agriculture Soil respiration
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Since each of the measurements methods has its advantages and disadvantages, it is im-
portant to select the appropriate sensor for each application. Oxygen sensors can be divided
according to two categories by:

- Measurement method: point measurement (via insertion or sample extraction) and
optical (for spatially averaged determinations).

- Operation temperature: Low (from cryogenic to 100°C) and High temperature (up to
2000°C)

Depending on the type of sensors 9 different categories of oxygen sensors have been char-
acterized. These types are shown in Table 2.

Table 2.- Oxygen sensors types

POINT MEASUREMENTS OPTICAL
Solid oxide Potentiometric _
HIGH , Amperometric | Tunable Di-
electrochemical cells L ode Laser
TEMPERATURE Resisitive (TDLAS)
Resonant
LOW Paramagnetic Optical Fiber
TEMPERATURE | Low temperature electrochemical cell LED

This document doesn'’t intend to give a very broad overview of all the categories of oxygen
sensors. A very brief explanation of all categories will be provided to and the most suitable
sensors (Zirconia-based potentiometric and TDLAS) for combustion in cracking furnaces will
be explained in detail in subsequent sections. Excellent reviews can be found in literature for
a general overview of gas sensors [3]-[9] or for combustion control sensors [10]-[12].

2.1. Point measurements sensors

Some types of solid-state sensors have been developed in last decades for combustion con-
trol, mainly for automotive applications. These sensors were developed to measure mole
fractions, temperature or flame presence. Subsequently they were refined, and adapted to
boilers, furnaces and gas turbines [10]. Extensive reviews about these sensors can be found
in references [8], [13]-[15].The main six types of oxygen sensors are:

Paramagnetic
Electrochemical cell

1 Potentiometric
2 Amperometric
3 Resistive

4  Resonant

5

6

The three first types (potentiometric, amperometric and resistive) are based in electrochemi-
cal solid-electrolyte (usually ZrO,) cells. Thus can be group in a solid oxide electrochemical
cells cluster. These kinds of sensors are the most used in combustion processes.

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 7 of 36
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2.1.1. Potentiometric sensors

The potentiometric (also known as concentration cell) sensors are usually based in Zirconia
solid electrolyte. Solid electrolytes are materials that allow the conduction of ions, but not the
transport of electrons. Yttria Stabilized Zirconia (YSZ) exhibits a very good conductivity of
oxygen at high temperature. These devices act as an oxygen concentration cell according
Nernst's equation. When porous platinum electrodes are attached to both sides of the zirco-
nia element at high temperature and different partial oxygen concentrations are in contact
with the respective surfaces of the zirconia an electromotive force is generated by transfer of
ions.

Porous

% Pt electrodes
Air - PO, (rD

PQ, {sensing)

bawd

(b)

Figure 1: Schematic diagram of a potentiometric oxygen sensor employing a thimble YSZ electrolyte
and platinum electrodes (a) and the chemical potential profile in the sensor cell (b) [12]

This kind of sensors are the most used for combustion control purposes due to the low cost
and the possibility of be used in direct contact with flue gases at service temperature, not
needing cooling. These sensors can be used in combustion exhaust gases because the con-
centration of flammable gases is very low. If analyzed gas contains combustible species
(CO, H,, or CH,) these species are burnt in the sensor. Thus there is a consumption of oxy-
gen that causes a smaller value change in the oxygen measured sensor compared to the
actual value. Typically the maximum concentration acceptable without errors is 0.5%, [16].

2.1.2. Amperometric sensors

The amperometric (also known as limiting current) sensor presents a different arrangement
of ZrO, electrolytic cell respect to with potentiometric. The oxygen flow to the cathode is lim-
ited by means of a diffusional barrier (a porous material or a small hole). Under these condi-
tions, a region appears where the current becomes constant (and proportional to oxygen
concentration) even though the voltage is increased. Therefore, by applying an external
pumping voltage oxygen ions can be transported from cathode to anode, through a solid
electrolyte [10], [12]. This system present a higher sensitivity than potentiometric, but it is

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 8 of 36
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less robust due to, in dirty environments, diffusion holes can be saturated [16]. These sensor
were devised to lean combustion in automotive, but they can be used in clean ambient in-
dustries for oxygen control (N, reflux furnaces, semiconductor manufacturing, biochemistry,
food...).

Exhaust T, Pav

gas = ;:, ':,.1 N -:'.:;' 3;;..
:b -5- 33 .",'n .°.‘,- ‘e
For o, 020" 20", o
Co, = |oda®iorniio, —
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: I
Co, T— T~
I, =const- Do, - Co,
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0 i P Co, : concentration of O,
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Figure 2: Principle of limiting current oxygen sensor [17]

2.1.3. Resistive sensors

It is well known that the charge-carrier concentration near the surface of a semiconductor in
contact with a gas is sensitive to the composition of the gas [18]. The principle of these sen-
sors is the change in the resistance of a thin layer of semiconductor oxides in the presences
of detected species [19]. These sensors can be divided in three categories as function on the
interactions that occurs between metal oxides and analyzed gas[20], [21]:

a) T>500 °C - Bulk conduction-based sensors, which are used to detect oxygen at high
temperatures. The main mechanism is the variation in the conductance due to oxy-
gen vacancies induced in the crystal lattice in dynamic equilibrium.

b) T =200-500 °C - surface conduction-based sensors, which are reported to show
good sensitivity towards reducing gases such as CO, H,, and hydrocarbons (HCs))

¢) T =200-500 °C -> metal/oxide junction based sensors, which are based on relative
work function changes

These effects are schematically presented in figure 3

Hb\\-
Chemisorption celceo e Gae
I Metal - <300°C <<
O = Me Yok X6 X6 cxlde’
® -0,
e.q.
Gas CH, cg?, CO, H,0
Surface O @0 ® ® @ wetal-
defects ® %Qm () oxide Temperature
Bulk
defects
_
O NOX NON v

Figure 3: Model of the three regimes of gas reaction of simple oxide semiconductors [20]
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The main advantages of these sensors (compared to other solid electrolyte-based oxygen
sensors) are their simple configuration, easy fabrication, cost effectiveness and, above all,
miniaturization capability [21]. However, their use is limited by a low long-term robustness
compared to ZrO, sensors [22]. The most extended metal oxide used in automotive industry
is the TiO, [12], [23]. However several metal oxides materials are used such as SnO, [24],
ZnO [25], CeO; or Ga,03 [21].

For additional information about these sensor, excellent reviews about the metal oxides as
gas sensors can be consulted [25]-[29]. A summary of metals and species studied is pre-
sented in Figure 4.

Carbon manoxdide (16.0%)

| Acetone (1.0%)

MLDJ:EJ Trimethylamine (1.2%)

7] Propanel (1.3%)
oy Propane (1.0%)

NO, NOy, NO, (16.0%)

Sensing behavior of different metal oxides 1o various gaseous species

Meial oxides
Gas Al Bi ©d Ce Cr Co Cu Ga In Fe Mn Mo Ni Nb Ta Sn Ti W Zn Zr Mx
Acetone (CH;-CO.CH;) X X X X X
Acetaldehyde (CHyCHOY) x
Ammonia (NHs) X X X X X X X X X X X X
Arsine (AsH3) X
Automobile exhaust gases X X X
Benzene (CgHg) X
Butane (CyH,y) X X X X X X
Butanol X X X X
Carbon dioxide (CO2) X X X X X X X X X X X X X X
Carbon monoxide (CO) X X X X X X X X X XX X X X X
Chlorine (Cl} X X
Dimethy] disulfide X X
Dimethylamine (DMA) X X X X X X
Ethane (CaHg) X
Ethanol (C:HsOH) X X X X X X X X XX X X X X
Humidity (H20)) X X X X X X X X
Hydrocarbons (HC) X X X
Hydrogen (Hz) X X X X X X X X X X X X X X
Hydrogen sulfide (H;5) X X X X X X
Inflammable Gases X
Liq Petroleum Gas (LPG) X X X X X
Methane (CH.) X X X X X X X X X
Methanol {CH10H) X X X X
Methyl mercaptan (CH.5H) X
N, NOY, MO, X X X X X x X X X X X X X
Oxygen (03) X X X X X X X X X X X XX X X X X
o-xylene X
Ozone (04) X X X X X X X X
Petrol/Gasoline X X X
Phosphine (PH;3) X
Propane (C3Hg) X X X X X X
Propanol (C3H7OH) x X X X X
Smoke X b
Sulfur dioxide (S0:) X X X
Trimethylamine (TMA) X X X X X X

Figure 4. Summary of species and metal oxides available for gas sensing [27]
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In a similar way, in the last years some efforts has been carried out in the use of carbon na-
nomaterials, such as nanofibres, nanotubes and graphene due to their unique electrical, op-
tical and mechanical properties [30], [31]. However, the commercial exploitation of metal
oxides and carbon nanomaterials is still a way off.

2.1.4. Resonant sensors

Resonant piezoelectric are currently under development, but it is potential attraction attention
of high temperature gas sensors researchers. Until 1995 only at low temperature sensors
were developed due to the intrinsic properties of materials. Resonant piezoelectric gas sen-
sors convert changes of mechanical (or electrical) properties of a gas sensitive layer into a
resonance frequency shift. Thus the sensor is formed by a semiconductor film that absorbs
gas molecules selectively [4]. These gravimetric sensors are usually used at low tempera-
tures, but depending on the materials (see Table 3) these sensors have been proposed at
high temperature. Two operation principles for resonant sensors are of practical relevance 1)
bulk acoustic wave (BAW) based in CeO2 films [4] and 2) surface acoustic wave (SAW) res-
onators in ZnO sensitive layer [32].

Table 3.- Piezoelectric single crystals and maximum operation temperatures [4]

Material Temperature limit (°C) Remark
LiNbO4 300 Decomposition
o-quartz 573 Phase transformation
AIPO, 583 Phase transformation
GaPO, 933 Phase transformation
AIN 1000 Oxidation
LazGasSiOq4 1470 Melting point
YCa,0(BO3)s 1500 Melting point

2.1.5. Paramagnetic sensors

In a paramagnetic sensor, the partial pressure of oxygen is obtained from a measurement of
the magnetic susceptibility of the gas. If oxygen molecule is affected by a magnetic field it is
attached, meanwhile diamagnetic particles will be repelled [33]. Only oxygen and NOx are
strongly paramagnetic. However, usually NOx concentration is sufficiently low to consider the
interactions with oxygen negligible, and, therefore, the error generated can be considered
negligible . Thus this method is considered the method of reference to oxygen measure-
ments [34]. Sample gas is compared with a reference gas and signhals are processed in two
thermistors. The main disadvantages of this method are a higher cost compared with YSZ
sensors; moreover paramagnetic sensors operates at low temperature, so gas mast be
cooled and dried, thus gas treatment complicates the measurement in industrial conditions
compared to ZrO, and the other sensors [35]. Finally contamination of the cell by dust, dirt,
corrosives or solvents can lead to deterioration of the oxygen cell, so the cell must be substi-
tuted periodically [16].

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 11 of 36
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Au x!latan,r gas
o Sample gas

Exhaust out
Sample + auxiliary gas

Thermistors <

Figure 5: Schematic paramagnetic sensor [16]

2.1.6. Low temperature electrochemical cells

The most extended method at low temperature measurements of oxygen (dissolved or in gas
phase) is the use of galvanic cells. The measurement principle is based in the fact that when
oxygen pass through a diaphragm and it is dissolved in an electrolytic solution with adjacent
anode and cathode, a current proportional to the quantity of dissolved oxygen is generated.
The amount of oxygen passing through the diaphragm is proportional to the partial pressure
of oxygen in the sample gas. Thus, the oxygen concentration can be determined by measur-
ing the current [16], [36]. A very used variation of the galvanic cell are the polarographic
electrodes (or “Clark Electrode” in honor of its inventor) [37].These systems present the ad-
vantage of being cheap and compact, thus it can be used in portable or transportable sen-
sors. However, it works at low temperature, thus combustion gases must be cooled, reducing
the sensitivity. Moreover, cell life is limited; therefore the galvanic cell must be replaced once
a year.

Indicator

H““JEILnu::h::IE: (base metal)

/ I~ Cathode (noble metal)
LR R
Gas that contains oxygen

Electrolyte (KOH)

Diaphragm (Teflon)

Figure 6: Schematic electrochemical sensor [16]

2.2. Optical Sensors

Optical sensors can be divided in two types: 1) High temperature sensors based in tunable
diode laser; and 2) Low temperature sensors based in low power diodes and fiber-optics. A
brief explanation of these technologies is presented in subsequent sections.

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 12 of 36
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2.2.1. Tunable Diode Laser sensors

Tunable diode laser absorption spectroscopy (TDLAS) has been found a suitable technique
to analyze the combustion species and particularly, the oxygen molecule [38]. Tunable diode
laser absorption spectroscopy (TDLAS) is a non-intrusive optical technique, for measuring
different parameters of gases: temperature, velocity, pressure and concentration of mole-
cules. Low concentrations of gases can be detected by in-situ measurements owing to its
high sensitivity, even in harsh ambient [38]-[40].

TDLAS is based on the widely used absorption spectroscopy. In this technique, a laser beam
generated by the light source crosses the sample. Opposite, a detector, aligned with the
emitter, records the transferred light. Because of the absorbance of the medium, the intensity
of detected light is reduced; this effect is characterized by Beer-Lambert law. Each gas mol-
ecule absorbs light at specific colors, called absorption lines. This absorption follows Beer’'s
law. TDL Analyzers are effectively infrared analyzers which obey the Beer-Lambert Law at
specific wavelengths.

Cross stack/Pipe Close Coupled Extrative / Bypass Extractive [ | . [ |
e
— P € 3 T =
- L li=2 i |
ot - . i o \
ey i } =15 d= L P10 81 || Fowatoue
L — : 1 e - cal 7 | o inlet Sv =
""‘:&_‘ b eU - - et "&;] PR T
; il il Lok
! [%J PROCESS -l (] Zero check gasg‘?\ GX Span check gas.
4 ¢ = N ) at grade \ |/ at grade

Figure 7: Different configurations of TDLAS [41]

This technology allows measurements in-situ, of different species simultaneously, at high
temperature and in harsh environments [41], [42]. The main problems are the installation in
very large gas ducts (see for example Figure 8) and cost. In any case, this technology is par-
ticularly appropriate to the cracking furnace, thus section 4 is dedicated to TDLAS sensors.

100% CO Cell

Laser (H,0) | | LASCT Signal AV
| | Drivers Generator

R Sph.
irror
Filter Computer T

Beam-
| / Splitter &
et. _W_ |
(CO) , — >->‘ADC

Combustion Chamber

600 MW,

Det. (H,0) Amplifiers ‘

Figure 8: Schematics of the experimental setup during in situ CO/H,O measurements at a coal-fired
power plant [43]
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2.2.2. Low temperature optical sensors

The research in the field of optical chemical sensors has grown in the last decades. The
main applications are centered in biological systems (e.g. blood oxygen, aquiculture) and low
temperature processes (e.g. water quality, cooling circuits). Optical chemical sensors employ
optical transduction techniques to yield analytic information. The most widely used tech-
niques employed are optical absorption and luminescence [44], [45]. Certain organometal-
lic molecules exhibit fluorescence when excited by particular wavelengths, and some of
these molecules are able to have this fluorescence quenched by other entities in the imme-
diate environment. Thin-films of noble metals are embedded in fiber optics and they are in
contact with the medium to be analyzed. A blue excitation is sent to the sensor and the re-
sulting fluorescence is received by a red receptor. The differences between excitation and
reception signals (in phase and intensity) are correlated with partial pressure of oxygen [44]-
[48]. These sensors are accurate and cost competitive, but only available at low temperature.

Slii;ﬁ:; Optical wave guide ’/O? , \‘ I Excitation Emission
~ SES=—=— —"_b% :
- o, ;o
o
o fu
-~ o, ::

Red luminescence 0 o
detection > ° 0 e 750 0

Luminescent O,
sensitive spot

Figure 9: Schematics of the optical gas sensor and response of the sensor [49], [50]

Some novelties and improvements of this sensors have been presented mainly in the light
generation [2], [51]. Moreover, in the last years some mixed techniques (fiber-optics plus
microphones) have been recently proposed [52].

DISIRE_D8.1_v1.0_CIRCE.doc © DISIRE Consortium Page 14 of 36



H2020-SPIRE-2014 DISIRE

3 ZIRCONIA OXYGEN ANALYZERS

Zirconia oxygen analyzers are mainly used for oxygen control in combustion processes.
Theoretically the oxygen necessary for a complete combustion is the stoichiometric. Thus a
deficiency of oxygen produces an incomplete burning and a very big excess of air produces
an increase on the thermal losses and pollutants. Thus, in most of the combustion process is
necessary work in an operational window which allows a complete combustion with the lower
heat loses possible. The optimum combustion region is very simple to define theoretically,
but it is very difficult to reduce this range to the operational point for two main reasons: the
uncertainties in the measurements and the human factors of operators. Thus a good meas-
urement directly produces an higher efficiency in combustion process. This is the last objec-
tive of DISIRE project.

Thermal efficiency

T "‘ » [
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0 g =
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: [T
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W
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Heat loss caused by 'h,, - L -

incomplete buming

o
:’_‘/‘ Heat loss from stack
/ b

"In—-l--—----t-t-i—i—l-

Airraiom= 10 1.02 1.1 1.3
Cuick CO increase Less
Black smoke emitted polluion | NOx and SOx increase
Insufficient -
_air region . |lfwmfw1 Excess air combustion region
3 5 * g -

Figure 10: Relationship between Air Ratio and Thermal Efficiency [53]

These sensors are based in electrochemical principles in which doped ZrO, (“zirconia”) with
yttrium oxide Y,0O3 (“yttria”) acts as a solid electrolyte. O, diffuses through a membrane of
zirconia. In the case of potentiometric sensors, the displacement in the crystal phase gener-
ates a potential, proportional to the concentration, as shown in Figure 1 and 11.
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Figure 11: Schematic representation of YSZ structure and Nernst cell [10]

At 600°C YSZ (8%mol Y,03) presents a ion conductivity of 5-102 S cm™, meanwhile other
solid electrolytes present similar conductivity (Bi,Os) or higher (e.g. conductivity of
Bi,Cuo1V0.0s3s5 is 1:10"'S cm™). However, YSZ is usually used due to its ionic nature, its low
cost and the good stability at high temperature (1400°C) in harsh environments [12].

At temperatures over 300°C, O ions pass though high (Po,reference gas, usually atmos-
pheric air) to low (P,,sampled, combustion gases) oxygen partial pressure. During the
transport of ions an electromotive voltage is generated (U). The response of the system
changes with temperature: the speed on the response increases with temperature. Thus
usually sensors have a heater to ensure a continuous high temperature for all the measure-
ment process [10]. Thus, the O, concentration can be determined with Nernst law:

RT (P},
U= Uoffset (AT) + Fln Pé’z

together with Py, = P - X, where U is the voltage drop (V), Uyssse; is an offset voltage, R the
universal gas constant, T the electrode temperature, n the number of electrons involved to
generate the potential (in the present case n=4), F the Faraday constant. Thus it is possible
to correlate (with an appropriate sensible electronic converter additional to the detector) the
cell voltage with oxygen concentration. Figure 12 presents the typical voltage response to
oxygen concentration in boiler applications.
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Figure 13: Cross sectional view of planar oxygen sensor and typical response of lambda sensor [12]
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Amperometric sensors are operated under an externally applied voltage, which drives certain
electrode reactions electrochemically. Therefore, by applying an external pumping voltage
oxygen ions can be transported from cathode to anode, through a solid electrolyte. The oxy-
gen flow to the cathode is limited by means of a diffusional barrier. Under these conditions, a
region appears where the current becomes constant even though the voltage is increased
[12]. The corresponding oxygen flux is related to the applied current by means of the Fara-
day’s law [10]:

dNy,

pump

Under steady-steady state conditions the flux of oxygen that is released from the cell is gov-
erned by a linear diffusion law, thus:

dN,,

I n n
dt = 0= Uoz(Poz - Pozl,,)

nk
pump

Where gy, is the leak conductance with respect to oxygen, Py, is the partial pressure of oxy-

gen in the exhaust stream and Py, is the partial pressure of oxygen within the internal vol-
. . : - : "

ume. If the voltage applied to the pumping cell is sufficiently high, Py, , may be almost zero

because the diffusion barrier restricts the transport of oxygen to the inner cavity. Thus it is
possible to obtain a zone (as function of the impedance of the cell) where voltage is constant
at specific defined pump current that depends on oxygen fraction.

L NTON

Voltage ,1' | Electrode

S\
Source Q\\\\\\\\\E\\\ Cap | |I.{(]-;(:t-cun]pu.~i1inn

] 1 2
pump voltage [V]

0.08

Bumnt gases T————— > o , operation Po: [bar]
, & = Diffusion Barrier 14 range 021
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/".9 i % Zirconia § 0.12
e
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Figure 14: Basic amperometic cell for oxygen detection and response of the cell [4], [10]

Compared to potentiometric sensors, which show logarithmic behavior with the concentration
of gas and low sensitivity at high concentrations, amperometric sensors are more suitable for
the detection of high gas concentrations. The linear relationship between current and con-
centration typically spans over 3 orders of magnitude. Measurements with high sensitivity
(ppm to ppb) are achievable with excellent measurement accuracy under constant potential
conditions [21]. The main disadvantage of this kind of sensors is that the measurement is not
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direct, because of the need of a diffusional barrier (porous or small hole), this point can be
blocked by impurities or sintering material at high temperatures.

Mixed amperometric and potentiometric cells are produced in order to combine the ad-
vantages of both methods. And multiples advances in the design [55], [56], manufacture [22]
and formulation of electrolytes have been carried out as shown in figure 15 and table 4.

exhaust gas
Sensor element layers diffusion pumping
- . Porous protective layer l barrier cell
o._.—.= Outer pumping electrode e o | @
S *™, Pumping sheet ZrO; ) l
O Inner pumping electrode @
o Diffusion barier cap |rcl"emnuc
o Nernst electrode electrolyte cell closed loop
e : ____+>, Nernst sheet ZrO, reference gas control
. pr ot ot T
— Air duct sheet ZrQ, mA
Insulation layer = 20+
Heater E 1.0
Insulation layer 3 0
= Heater sheet ZrO, _g 1.0k
= Terminals E .20-
& .30 | 1 1 L 1
07 1.0 13 1.6 19 22 A
Normalized A/F ratio

Figure 15: Dual cell A/F sensor [4], [22]

Table 4.- Stabilization ratio and phase composition of YSZ sensors[22]

Yttria ZrO2-phase composition (wt.%)

Manufacturer Type S o _ X
stabilization (wt.%) | Monoclinic | Tetragonal | Cubic

Bosch Thimble 9 25 <10 main

Bosch Planar 8 ~0 60 40

NTK Thimble 7 ~0 55 rest

Denso Thimble 10 23 <10 main
AC-Spark Plug/Delphi | Thimble 10 20 <10 main

3.1. Commercial available zirconia sensors for furnace applications

Potentiometric YSZ sensors are the most accurate and reliable solid-state sensor for high
temperature oxygen measurements. The main advantage is the availability (with the appro-
priate probe) of direct measurements at high temperature, without additional gas treatment,
in a wide range of oxygen sensors and with a good sensitivity. However these sensors have
the disadvantage that the measurement takes place in discrete points (so must be carefully
placed to be representative) and the trace levels sensitivity is not possible (maximum ppm
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over 0.1% volume fraction). In table 5 there is a summary of the 12 main worldwide manufac-
turers of zirconia sensors for furnace applications, the models available and a link to the de-
tailed information.

Table 5.- Commercial zirconia oxygen sensors providers for cracking furnace applications

Company Model Reference
Honeywell KGZ-10, KGZ-12, GMS- | http://sensing.honeywell.com/products/oxygen_sens
10, MF0O10 Series ors?Ne=2308&N=3476
ZR22G, ZRA02G, http://www.yokogawa.com/an/oxy-gas/an-oxy-gas-
Yokogawa AV550G, ZR22S, ZR202S, 001en.htm?nid=left
ZR202G, OX400
http://www?2.emersonprocess.com/en-
Emerson - US/brands/rosemountanalytical/GasAnalysisSolution
Rosemount |5081FG .
Analytics s/gas/combustlon—flue-gas—'
analyzers/opm3000/Pages/index.aspx
AZ20, AZ25, AZ30, AZ4O, http://new.abb.'com/pro'ducts/measurement—
ABB products/analytical/continuous-gas-

AZ100

analyzers/zirconia-in-situ-oxygen-and-combustion

http://www.first-sensor.com/en/products/other-

First Sensor | XYA
products/oxygen-sensors/xya/

GfG Europe |ZD21 http://www.gfg(?urope.com/products/ﬂxed—gas-
systems/transmitter/zd21.html

ADEV 6801, M7873 http://www.adev.it/prodotti/view/gas_e/17/0

Afriso Oxystem 250, Oxystem | http://www.afriso.de/sprache2/n2301168/i2452377.

600, Oxystem 1800 html

Hitech In- 71030, 71110, 2130, http://www.hitech-

struments | Z230 inst.co.uk/oxygen_gas_analyser.php

Econox 700 http://www.econox.ch/products/zro2-sensors-
senseurs-zro2
http://ww3.servomex.com/gas-analyzers/product-

Servomex FluegasExact 2700 ranges/servotough/fluegasexact-2700
http://www.toray-

Toray SE-740, SE-740D eng.com/measuring/oxygen/combustion-

lineup/se740.html

Fuji Electrics

ZFK8

http://www.fujielectric.com/products/instruments/li
brary/catalog/box/doc/21C1-E-0057.pdf

Figure 16a presents the point in which oxygen measurement are required in ethylene crack-
ing plant. Moreover, usually in the naphtha cracking section, there are 10 or 20 furnaces with
two exits in each furnace, all exits are connected in common flue line to the stack. Oxygen is
measured in each exit of each furnace and also in the stack. The disposition of oxygen sen-
sor in furnace is shown in Figure 16b. Finally, different configuration of sensor placement is
shown in Figure 16c.
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Figure 16: Oxygen sensors placement in the a) ethylene cracker, b) cracking furnace and c) detailed
placement [54], [57]
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4 TURNABLE DIODE LASER OXYGEN SENSORS

Nowadays, the diagnosis, monitoring and control of combustion process, in order to achieve
higher efficiencies and thus, possibly reduce pollutant emissions, is gaining importance [10],
[11], [39]. In that sense, Tunable diode laser absorption spectroscopy (TDLAS) has been
found a suitable technique to analyze the combustion species and particularly, the oxygen
molecule [38].

Tunable diode laser absorption spectroscopy (TDLAS) is a non-intrusive optical technique,
for measuring different parameters of gases: temperature, velocity, pressure and concentra-
tion of molecules as O, CH,4, H,O, CO, CO,, NH3, HCl and HF. Low concentrations of gases
can be detected by in-situ measurements owing to its high sensitivity, even in harsh ambient
[38]-[40] .

Next figure presents an example of an in-situ TDLAS set-up [38], [58]:

Purge gas Purge gas
l
Transmitter Unit I Receiver Unit
[ Process I
|
Collimating Tocuslng
lens Window Window 'ens

Figure 17: TDLAS set-up presented in [58]

TDLAS is based on the widely used absorption spectroscopy. In this technique, a laser beam
generated by the light source crosses the sample. Opposite, a detector, aligned with the
emitter, records the transferred light [38]. Because of the absorbance of the medium, the
intensity of detected light is reduced, this effect is characterized by Beer-Lambert law [59]:

t() = I/l = exp(—k)L)

7(v) is the transmissivity at frequency v, I, is the measured monochromatic intensity by the
detector, I, is the emitted monochromatic intensity by the laser beam, L is the path length
and k(v) is the absorption coefficient which is defined as:

k() = PXS(T,v0)¢(v = vo)

P is the total pressure and X is the mole fraction of the absorbing gas. S(T) is the line
strength, which is a fundamental spectral property [60], and ¢ (v — v,) is the line shape func-
tion which takes into account the absorption spectrum of the corresponding species. De-
pending on the working pressure, this function can be adjusted to Gaussian, Voigt or Lo-
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rentzian profile [38]. Spectral information about gas species can be found in HITRAN and
GEISA database [61]-[63].

Normally, molecules do not absorb at a single frequency, the shape of the absorption spec-
trum depends on different parameters which are taken into account by means of line strength
and shape functions. Both of them depend on the temperature and the line shape function
also depends on pressure, gas composition and mechanism of line broadening [39], [59].
Lackner [38] points out two possible effects that can generate this latter mechanism: Doppler
and pressure broadening, the former generated by the proper molecules movement and the
latter produced by the intermolecular collisions.

Ebert and coworkers [64], [65] redefine the Beer-Lambert equation, adding the thermal
background radiation E(t), in order to include two disturbances in the detected intensity pro-
duced in combustion gas flow: (1) particle scattering and beam steering can produce varia-
tions in the background signal and (2) the radiation produced by the hot surroundings can
increase the final intensity registered by the detector.

4.1. Light source

The light source employed in TDLAS technique is a particular type of laser which provides
the possibility of tuning the output wavelength [66]. Among tunable lasers, the diode laser
has been widely studied since its beginnings [67] and extensively applied to the infra-red
spectroscopic technique due to its high resolution [68]. However, more recently, other types
of laser has been incorporated to TDLAS as a light source [69], which will be detailed in next
section.

Basically, in the diode laser, which is based on semiconductor laser [66], an electric current
through the p-n semiconductor generates a recombination of electrons and holes. This
mechanism is illustrated in Figure 18. The voltage, Vg, applied to the circuit modifies the en-
ergy levels and a p-n junction between n-type and p-type regions is formed, in such a way,
the electrons can circulate to p-region [67]. During this process electromagnetic radiation,
with an energy of Eg, is emitted at a given wavelength which depends on the semiconductor
material [68]. The laser signal is amplified within the optical resonator which is formed, basi-
cally, by two reflective surfaces faced. To generate the induced emission, driven current
needs to be increased above a specific value which also depends on the semiconductor ma-
terial [67], [68].

g s L'El J—
f

Depletign Aclive lasing region |

region

Negenerate——s
la) fi-type

-—— Degenerate ,
p-lype L} |-—— p-lype

Figure 18: a) Semiconductor with open circuit; b) Semiconductor with closed circuit [67]
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As mentioned previously, the semiconductor material affects to the radiation wavelength
generated by diode lasers. In Figure 19, a summary of the laser wavelengths emitted by
different material is presented. The lead-salt laser can operate from 3 to 30 um and gallium
arsenide laser from 0.6 to 4 um [63], [70].

Antimonide Lo J
L [ InAsSb T
Indium-Phosphite |:| INASSOP |’ PbSnse | N
v 7] GalnAsSb .7 i
Gallium- o v | PbSnSele ;
Arsenide ; o !
g | PbSnTe |
. E :' N
7] AiGaks - : PbSSe vavi
W ! RN PN
. .-~ room- !
/ temperature | cryogenic Lead-Sails
I“_-I'— L 1 L L I L L L 1 L 1 L 1 l L L
0.5 1 2 5 10 20

LASER WAVELENGTH (um)

Figure 19: Radiation emitted by different semiconductor materials [70]

The former have been applied to atmospheric monitoring [63] although for industrial applica-
tions present two main disadvantages: (1) it operates at cryogenic conditions and (2) it gen-
erates a low optical power [70]. Besides, the detector requires to be cooled down to 77 K
(Liquid Nitrogen). However, the latter have been widely developed and applied to different
applications such as entertainment as telecommunications [60]. Next figure presents a
summary of commercial diode laser based on gallium and arsenide:

EDFA-Pump Insfrumeantation and Sensing
Enfertainment and InGats/Gats AlZaAsShiinEzassSh......
Dats S{m Ef;:.-"é ﬁf/ﬁf/ﬁﬂﬁ:ﬁ’ﬁ—h
AlGaAsGaks Telecommunicabions InGafsPiinGads onlndsP
o e
InGaAlPGads InzaAsP/InP
E ]

0.6 0.8 1.0 1.2 14 1.5 1.6 18 20 22
Wavelength (um)

Figure 20: Summary of commercial room-temperature diode laser [60]
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This GaAs diode laser presents the advantage of working at room temperature [63]. Thus, its
installation for gas analyzing in the industry can be achieved in easier manner. In contrast to
lead-salt lasers, its operation range matches with the main gas species of interest generated
by the combustion process [59].

On the other hand, as mentioned previously, lasers offers the capability to be tuned; and
thus, its wavelength can be selected according to the chosen absorbing line corresponding
to the target specie [38]. By modifying the temperature or the current applied to these type
of lasers, the refractive index and length of the cavities change, and thus, the wavelength of
the output laser signal can be tuned [63].

A widely used type of laser cavity used in TDLAS is the Fabry-Perot (FP) resonator [71], Fig-
ure 21 shows a diagram of a FP resonator which is mainly composed by two mirrors faced
[72] where the radiation is amplified before being emitted. Although an important advantage
of this element is its simplicity [71], a remarkable drawback of this type of laser is that can be
only tuned in a narrow range [39], [60], [64].

iy 2

A A 3 ‘L
(: —————— - — | — HiEe
= = = = —— — — :)I
A A o
E ——p | —t = = = = = — - —> HLbLEe Kt

- Figure 21: Diagram of a Fabry-Perot resonator [72]

An important effort has been made to improve the light source for TDLAS. According to [38],
[39], the most remarkable lasers used in TDLAS can be summarized in the next list:

o Distributed feedback (DFB) laser and Distributed Bragg reflector (DBR) laser. In order
to select the emitted wavelength, a diffraction grating has been integrated in the
proper resonator. The main difference between these types of laser is the resonator
structure, the grating in DFB laser is placed along the whole cavity, however in DBR,
grating and active region are placed in the same plane [72]. Figure 22 shows a
sketch of these structures:

F T T PP Tl Al r 7 F 7 Aa— poomactlayer — w7 S T 77777 P77 i FF il 7
— p-InP buffer layer —

VANV o nGaase wavoguise ayor
- InGaAsP active layer UUW)_J‘:QNW

— n-InP bufier layer —»

l4— n-InP subsirate —
Pl frr s — noomactlayer — W T A i T PP T P Pl |

(&) Uniform grating DFB laser (b) DBR laser

Figure 22: Sketch of the cavities of DFB and DBR laser [72]
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e Vertical-cavity surface-emitting laser (VCSEL). In this type of laser, the laser beam
leaves the cavity from the surface [38], [39]. The cavity is normally composed by two
DBRs placed on either side of the active zone. Although Lackner [38] points out that
the beam presents a low divergence, Bolshov [39] suggests that this behavior is lim-
ited to a surface zone. This fact leads to a low power emission [73].

o External cavity diode laser (ECL). In this case, the wavelength of the output signal is
tuned by a mechanism which allows the movement of an external grating [38], [63].
Single-mode operation, continuous tuning, emission line width reduced, high efficien-
cy and cooled by air are part of the advantages presented in [73]. However, Lackner
[38] states that ECL presents thermal and mechanical instabilities to be employed in
industrial applications.

e Quantum cascade laser (QCL). Previous mentioned lasers are diode type, however
QCL is another type of tunable semiconductor laser whose operation mechanism is
different. The emitted radiation is generated by means of quantum jumps [39], [66],
[69]. This type of laser can operate in the middle-Infrared range; Bolshov [39] gives a
range of 3-20 um but however Lackner [38] reduces this coverage to 4.5-17 um.

e Fourier domain mode locked (FDML) laser. This is a new type of laser which is based
on the generation of short pulses [39], [66]. Basically, it is composed by a semicon-
ductor optical amplifier (SOA) , a cavity formed by a long ring fiber and a Fabry-Perot
filter to tune the output wavelength within the range of Near-Infrared [39], [74].

4.2. Tunable absorption spectroscopy

As mentioned previously, TDLAS is a technique based on absorption spectroscopy which
can be applied in two main ways. In the direct absorption spectroscopy, the measurements
are carried out with the ‘raw’ light emitted by the laser; however, when low concentrations
are required to be measured, the light can be altered by modulation of the output [39].

For direct absorption, Bolshov et al. discuss two different methods: scanning and fixed wave-
length technique. In the wavelength scanning, the laser is tuned over an absorbing selected
feature, which depends on the gas species [39]. Thus, the detected signal in each line can
be integrated over that target range and related to different parameters [75]. However, in
fixed technique, the TDLAS system is locked at a selected line. Bolshov et al. point out that
two TDLAS systems are required to carry out this method [39].

In order to achieve a wider limit of detection and increase the signal-to-noise ratio (SNR) in
harsh environment, with high turbulence, particles, or high pressure conditions which disturb
the detected signal, Wavelength Modulation Spectroscopy (WMS) is a suitable technique to
be used due to its proven high sensibility [39], [75]-[77]. Essentially in WMS, the output
wavelength would be modulated in frequency applying a sinusoidal signal to the injection
current [75], [77], [78], in such a way a higher frequency can be reached, and then the noise
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is reduced [38]. However, in contrast to direct absorption, in WMS a calibration step is re-
quired; a detailed example can be found in [75].

Besides these mentioned techniques, Linnerud et al. point out that the incorporation of Her-
riot or White cells to the TDLAS system improves the sensitivity of the technique which is
reached increasing significantly the path length [58]. These elements are composed by an
optical system of mirrors which produces several reflections in order to reach this increase
[63], [65], [71].

4.3. 0O, measurements

Multiple works have reported the feasibility of TDLAS technique to be applied in oxygen con-
centration measurements [60]. The representative absorbing line for oxygen molecule is pre-
sented around 760 nm [38], [39]. Although from its beginnings, studies focused to prove the
feasibility of TDLAS for measuring trace oxygen concentrations [71], [76], [79], during its
evolution it has been demonstrated its suitability to be implemented in harsh environments
[64] and also, detecting different gas species simultaneously [80].

4.4. Commercial TDLAS sensors for furnace applications

Developed commercial TDLAS systems to be implemented in industrial applications, particu-
larly to measure the concentration of oxygen, can be found in the market. Below a list of
those devices can be found:

e Yokogawa Electric Corporation (http://www.yokogawa.com/an/laser-gas/an-tdls-
00l1en.htm) presents two models based on TDLAS technique to measure the concen-
tration of oxygen, among other gas species, at high temperature: TDLS8000 and
TDLS200. Both can perform in-situ measurements, although the latter can be also
mounted in bypass and extractive configuration (Figure 7). Figure 23 shows several
configurations for a TDLS8000 equipment:

Standard System configuration
HART communication available

Multi Analyzer configuration with Remote HMI
Up to 4 units connection available

Fleld (=

Fres _Pogee
‘j | | ¢<{]=e
Kol o

System configuration with HMI

Figure 23: TDLS8000 equipment. http://www.yokogawa.com/an/laser-gas/an-tdls8000-
00len.htm
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Table 6 collects the main parameters corresponding to both models, TDLS8000
and TDLS200:

Table 6: Summary of operating parameters in Yokogawa TDLAS sensors

TDLS8000 TDLS200
Method of | In-situ configuration In-situ/bypass/extractive
measurement configuration
Gas species 03, CO (+CHy), 0,,C0O, CHg4, gas tempera-
H,0,NHa(+H,0) ture, trace of H,O
Optical 0.5-6 m 5-30 m. Extractive method
path length (Possibility of dif- 1 m recommended
ferent distances)
Maximum 1500 °C 1500 °C
temperature
Maximum 10 bar 10 bar
pressure

e Zolo Technologies (http://zolotech.com/) can provide TDLAS systems which offer
the possibility to be installed directly in the gas ducts or furnace.. Two models
based on TDLAS technique are presented: ZoloSCAN and ZoloBOSS. With both
models it is possible to determine temperature and the concentrations of O,, CO
and H,0 in a very harsh environment. ZoloBOSS is recommended to be imple-
mented in power generation process, such as for example fossil-fired steam boiler
and combustion turbines. In Figure 24, a battery of ZoloBOSS devices along the
side wall of a coal-plant furnace can be observed.
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Figure 24: ZoloBOSS equipment placed on the furnace in a coal plant.
http://zolotech.com/power-generation/coal-power-plant-efficiency/

On the other hand, ZoloSCAN presents different subcategories depending on the
particular industrial environment to be installed: ZoloSCAN-RHT (Steel Reheat
Furnace), ZoloSCAN-EAF (Electrical Arc Furnace), ZoloSCAN-GLS (Glass fur-
nace), ZoloSCAN-SMR (Steam Methane Reformer) and ZoloSCAN-ETH (Eth-
ylene Cracking Furnace). ZoloSCAN offers the possibility of multi-pass measure-
ments with a single Zolo system which provides a map of the different parameters
over the field of interest.

L LA

T T

Single path TDLAS Multi-path TDLAS
Avg =3.8% Avg=4.2%
Actual = 4.5% Actual = 4.5%
Better representative measurement Best representative measurement
Poor profiling Good profiling

Figure 25: Multi-pass Zolo system. http://zolotech.com/chemical-and-refining/

Figure 26 illustrates an example of multi-pass configuration to obtain a map of the dif-
ferent measured parameters. In this case, a ZoloSCAN-ETH system is distributed in-
side an ethylene cracking furnace.
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Figure 26: Possible ZoloSCAN-ETH configuration to map the oxygen profile inside an
ethylene cracking furnace. http://zolotech.com/chemical-and-refining/ethylene-cracking-
furnace-efficiency/

o ABB Group offers, among other types of analyzers, an in-situ O, analyzer based
on TDLAS technique. This device is suitable to be mounted in a pipe in a harsh
environment with a maximum working temperature of 1500 °C and up to 20 bar of
pressure.

(https://library.e.abb.com/public/881f4d024fbe2942c1257b7a00493002/Laser _an
alyzer LS4000 3BDD017198EN finalx.pdf)

Figure 27: Emitting and detecting units in LS4000 model by ABB Group.
http://new.abb.com/products/measurement-products/analytical/continuous-gas-analyzers/in-
situ-laser-analyzers/Is4000
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e Mettler Toledo (http://us.mt.com/us/en/home/products/Process-Analytics/gas-
analyzer/Tunable-Diode-Laser-TDL.html) has available the GPro 500 series gas
sensor based on TDLAS to analyze in-situ different configurations of gas species.
In particular, the oxygen analyzer offers a work range for pressure between 0.8-5
bar and 0-250 °C of temperature. It is worthy to be mentioned that it provides the
possibility of being located in the pipe using only one single flange. In this case,
the emitter and the detector are placed inside the sensor head. An optical system
reflects back the laser beam from the end of the praobe to the sensor.

Figure 28: Oxygen gas sensor. http://us.mt.com/us/en/home/products/Process-
Analytics/gas-analyzer/Tunable-Diode-Laser-TDL/oxygen-sensor-GPro-500.html
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5 CONCLUSIONS

A review of modern commercial technologies for oxygen sensing has been carried out (at
high and low temperature and with non-optical and optical techniques). Two technologies
have been selected for their use in cracking furnace: zirconia potentiometric and tunable
diode laser sensors. These technologies have been studied in detail and a research of man-
ufacturers and available models have been carried out.

On the one hand, zirconia sensors are extensively used due to their low cost and the possi-
bility of being used in direct contact with flue gases. It is nor a very sensitive sensor, but for
control combustion purposes is accurate enough, if flammable gases concentration is negli-
gible. On the other hand, TDLAS is very sensitive, robust and can be used in all industrial
conditions and atmospheres. Moreover present the advantage of simultaneous multi-specie
detection. The main drawbacks are the difficult installation in very large gas ducts and enclo-
sures and a sensible higher cost compared with zirconia sensors.

In any case, the main advantage of TDLAS compared to Zr sensor is the higher representa-
tive of the measurements. At least an averaged value of oxygen concentration in a section is
obtained instead of a point. Thus the instabilities in the process can be measured with optical
sensor, meanwhile this measures cannot be representative with probe sensors.

A summary of advantages and disadvantages of all the oxygen sensors evaluated is pre-
sented in Table 7.

Table 7.- Summary of pros and cons of different oxygen sensing techonologies

Measurement Available
technology Advantages Drawbacks for DISIRE
Direct measurement Not use in inflammable gas
Potentiometric Fast response Logarithmic response detector YES
Relative low cost
Hash ambient
Direct measurement High cost
TDLAS All atmosphere and conditions | Installation difficult YES
Multiple gas sensor
Trace measurements Only in clean ambient
Amperometric Wide range Not use in inflammable gas NO
Easy calibration Gas sampling and conditioning
Low cost Low robustness
Resistive Miniaturized Short use life NO
Easy manufacture
Resonant High sensitivity No still commercial NO
Low cost
Very sensitive Gas sampling and conditioning
Paramagnetic Trace measurements High cost NO
Wide range Consumable reference cell
Easy calibration
Low cost Gas sampling and conditioning
Electrochemical Portable Low sensitivity
; . NO
cell Occasional measurements Degradation of membrane
Consumable reference cell
Low cost Dissolved oxygen
Optical sensors High sensitivity Low temperature NO
Trace measurements
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