Taking full benefit of oxygen sensors & automatic control

By:  Dr.-Ing. Peter Hemmann
STG-Software & Technologie Glas GmbH Cottbus (Germany)

Since more than 20 years STG has been active in production, instalation and services for oxygen
sensor applications to the glass industry. These sensors became a common standard with a service
lifetime of about 3 years, best results up to 8 years, applicable up to 1500 °C, applicable even under
highly reducing atmosphere, providing a signal good for reliable measurement and good for automatic
control. About 10...20% of the applications are really using them for automatic control.
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Picture |: Oxygen sensor in regenerator crown installation

We install them typically in the regenerator crown in vertical position — which gives better service life
and never gives any problems with measuring accuracy due to this position.

All thiswould not be areason to come over the ocean for giving this paper.

New developments are realy going on in the signa processing of these sensors, in the answer to the
guestion — which value can such sensor give you?

Oxygen sensors give you much more information than oxygen percentages only.
Combined with the information about fuel composition — may be gas or oil or both in a mix — the
system can make the full combustion calculation.
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Parameter Sheet Gas
| Analyse | | Combustion Calculation |
H2 [ 000 % | cave [ 101 % | omin  [HIGTO
o2 | 000 % | caHt0| 021 % | Lmin AT )
N2 | 1620 % | caHs | 024 % | Amin | 9.014 ymnie]
co [ 000 % | csHi2| 006 % | ominE | 0.201 ]
co2 [ 610 % | H20 | 000 % | LminE | 0.959 ]
cHa [ 7259 % | so2 [ 000 % | AMInE | 1.083 o)
coH6 | 340 % | H2s | 000 % |
coHs [ 000 % |
SUM: [ 100.00 % | ACCEPT |
| CV - Calorific Value |
Unit: [ BTUISCE | LAY HAY
Upper Limit 850.0 K [ 0917]
Active Value [Ee3E] | EERE]| | sicva
CV-Meter  AUTO | KAPPA
Manual Input MANU | [T [21803:9] S s
calc. vaue CALC | || 8039]|| 847.2|| nv
Lower Limit 750.0 RHO

Picturell: Natural gasanaysis as abasisfor PLC-integrated combustion calculation

Another point to be observed is the gas composition. With our experiences the gas composition is not
constant. If Calorific value varies — so stoichiometric air demand and dimensionless gas parameters K,
SIGMA, KAPPA etc. will bevary aswell.

If you have available an actua process value of natural gas caorific value, so the software block shown
in picture Il will adjust the key figures accordingly.

Based on the actua gas composition, the signa processing provides the amount and the composition of
flue gas.

Providing CO percentage requires some more comment.
We get from sensor voltage not only Oxygen percentage, but based on Boudouard chemical balance the

CO percentage corresponding to O,% - in chemical balance only. This is the basis to get the Lambda
excess air value



C L 0.2094%(x + @ +Ge)-0.7906%y [0, %] v
Using abbreviation as
(1+ Ge)* RaCO
(D_46) v =
2*(1+ RaCO)
notice: 20,94% is oxygen percentage in oxidant (air) Ox% in Vol.%

79,06% is nitrogen percentage in oxidant (air) N> in Vol.%

Oxygen sensor signal processing will not give you any CO temporarily exceeding the chemical balance
figures due to turbulent combustion — but it gives you reliable information how much excess air or how
much air is missing in the giving combustion.
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Picturelll: Oxygen, CO and Lambda as a function of sensor voltage for given temperature and for given natural
gas composition

Roughly to say: For sensor voltage U < 200mV sensor primarily indicates you Oxygen percentage,
COisquitelow —in chemica baance.
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Cfg Oxygen- Sensor Data
R Sensor Right (FL)
02 551 % 02 472 %
i 1.412 r | 1337
Cco 1 ppm co 1 ppm
coz2 905 % coz2 951 %
H20 1301 % H20 1367 %
S02 000 % 502 000 %
N2 | 7244 % N2| 7210 %
U 396 mv U 14 mv
Sigma | O’GSB Sigma ﬂ,'lﬂ?
Sens. T. | 1153.8 °C Sens. T. [ 1116.0 °C
actve T. | 11563 8 °C active T. [ 11188 °C
R 0.0 Ohm R 0.0 Ohm
Cycles & of 15 Cycles 12 of 15
Start R- Meas. Cycle Mode Cycle Mode

PicturelV: Indication of flue gas composition, Lambda value and Sigma turbulence indicator

But going further into reducing situation, we see sensor voltage increasing more and more up to
800 mV, where Oxygen is more or less no more measurable, but in thisareaU >200mV sensor voltage
primarily becomes an indicator for increasing percentage of CO.

Lambda excess air figure is available over the full range of sensor voltage, indicating oxidizing and
reducing conditions as well. Please notice, that Lambda is a real process value, representing the status
of total air which was available for the combustion. To get it we need just only the sensor voltage,
temperature and fuel composition.

Picture IV: Indication of flue gas composition, Lambda value and Sigma turbulence indicator

Sigma here represents the standard deviation of sensor voltage — divided by the average of the
voltage — to be used as an indicator for the turbulence of combustion, which becomes interesting based
on the general knowledge, that the less turbulent the combustion is, the better will be efficiency and
low NOy results.

Now let us come to the most interesting point: sensor application for automatic control.

Lambda excess air value is much better qualified for automatic control function, than oxygen
percentageis. Thisis due to two reasons:

a) Lambda value covers whole scope of possible sensor voltage, oxidizing and reducing
combustion by same algorithms and same way of control

b) Lambda isin a linear relationship with combustion air — therefore any required difference in
Lambda may be directly converted into required modification of air flow, without waiting for
the response of the combustion system

Lambda process value PV_Lambda gives us the amount of uncontrolled air or ingressed air PV_XF as.

PV_XF=PV_Lambda* LMIN * PV_fuel - PV_comb.air

(LMIN = stoichiometric demand of air)



Uncontrolled air XF is the magjor concern of automatic control — we call it Lambda Control. Lambda
Control means:

- Monitor ingressed air

- Minimizeingressed air

- Indicateingressed air’s source

- Compensate ingressed air — whatever is not avoidable and whatever is acceptable to
compensation

Sources of air ingress

(5 air ingress
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PictureV: Sources of uncontrolled air XF

There are different sources of uncontrolled air — requiring different control strategies to compensate or
to deal with:

(1) General misreading of combustion air measurement “appears like” uncontrolled air — is not

critical, but better to find out by comparison of two or more operation points at different fuel
flow

(2) Drifting misreading of combustion air flow — comes with an increasing amount of “hidden air”
and thisisfully correct to be seen and compensated as air ingress

(3) Loss of combustion air — air flow short-circuit caused by incompletely closed reversal damper —
gives a negative air ingress and can be identified by typica trending behavior. Air loss is
typically increasing over the duration of firing period — so oxygen reading gives afalling trend



(4) Air ingress into regenerator bottom where the lowest pressures are on the combustion air side —
isatypical air ingress and can easily be compensated by modification of combustion air flow.

(5) air ingressinto furnace chamber not taking part in heat up in the regenerator or even

(6) air ingress into furnace chamber even not taking part in combustion

Any uncontrolled air of types (1), (2), (3) or (4) can be fully compensated by modification of
combustion air flow where the new setpoint is given by:

SP_Air = SP_Lambda* LMIN * MAX(PV_fuel, SP_fuel) - XFA

Where XFA isafigure for the ingressed air, but using not just the actual process value, better taking in
account the typical trending patterns of the last 5 reversal periods.

Compensating any ingressed air of types (5) and (6) — entering into furnace chamber — will risk to
disturb thermal balance of regenerators and can be donein close limits only.

Therefore it becomes an important point, how to make a difference between air ingress into bottom of
regenerator or hidden air from combustion air misreading on the one side — and air ingress into furnace
chamber on the other hand.

Answer is. we use the temperature footprint of ingressed air in the regenerators, to identify whether it
can be compensated by modification of ingressed air or not.

There is a software block to check on-line energy balance of the regenerators:

N1=TE]
Regenerator Nord Regenerator Siid
Luft Luft
s = SOTR | g 2.0 A
34151 MWh 3,367 1MWh
_ Abgas
0.5557 M = 0,9781MWh
i | 00,0970 MWWh 02732 MWh
0, 12711 MwWh 0,2289 MWh . .
Wirkungsarad 0,6885 Wirkungsgrad 0,7021
Bilanzdifferenz -0,0028 Bilanzdifferenz -00,1510

PictureVI: On-line energy baance of regenerators

The different types of ingressed air have different impact on the energy balance of regenerators:




Type (1) and (2) affect both firing sides in the same way and can be compensated by modification of
combustion air without any affect to the energy balance of the regenerators.

Type (3) and (4) of uncontrolled air — air loss or air ingress into regenerator bottom — will have an
effect different between the firing sides — and compensating them by modification of combustion air
will just improve thermal baance of regenerators — providing finaly same temperatures at both
regenerator crowns.

Worst cases are type (5) and (6) of air ingress— stealing energy from the furnace and disturbing thermal
balance of regenerators. Any effort to compensate direct air ingress into furnace will result in a further
disturbance of thermal balance of left and right regenerator and is very likely to increase regenerator
temperatures, which is again not a welcome resullt.

Theonly way out is: seal the furnace and increase furnace pressure.

So conclusion is: Identify ingressed air, make it a “normal” process val ue.

Compensating it by modification of combustion air flow works perfectly as long as the reason of air
ingress is anywhere in regenerator bottom or upstreams of regenerator. In these cases compensation
even will improve thermal balance of regenerators.

Compensating of ingressed air entering directly into furnace chamber disturbs the thermal baance of
regenerators and cannot be done by modification of combustion air — or at least only in very close
limits — increase of furnace pressure is the more reasonable way.

Thisiswhat we call “the temperature footprint of ingressed air”

Compensation of ingressed air by modified combustion air works perfect in most of the situations. But
we have to accept, that there are situations, where it cannot work — just when it would be disturbing
thermal balances and increase regenerator temperatures.

Practicaly we use an automatic control of thermal balance of regenerators, playing actively — but in
limits — with a shifting time between left hand side and right hand side firing period to transport heat
from the hotter to the colder regenerator in order to get same temperatures or better — in order to get
same amount of preheated air energy flow into furnace from both regenerator sides.

All these are slow control processes. Balancing the regenerators may take days, even a week when
starting from an unbalanced situation. Later on shifting time comes down to nearly zero — which
indicates that compensation of ingressed air is correct without disturbing the therma balance of
regenerators.

Or: Over days and weeks it will be found that balance controller requires a more or less stable
difference between left side and right side period — indicating that there is a continuous reason for
thermal unbalance of regenerators, resulting eventually from ingressed air into furnace compensation.
In such situation, an increase of furnace pressure should help to reduce ingressed air and to improve
thermal balance of regenerators.



Showing how awell functioning Lambda Control should be working:
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(red = ingressed air, yellow XFA to compensate, dark blue is oxygen 02%
black and clear blue Lambda PV and SP, green isratio dlightly different |eft and right)
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Picture VIII: Lambda Control at a crossfired furnace having 2 air flow control groups
(red = ingressed air, yellow XFA to compensate, dark & light blueis oxygen O2%
black and clear blue Lambda PV and SP, green1& green2 isratio slightly different |eft and right)



Picture VIII is showing Lambda Control for a cross-fired furnace, having 5 ports and only 2 oxygen
sensors and 2 groups of air flow control.

Lambda Control has to take care for the neighboring ports also, with no oxygen sensors, calculating
limits to consider the eventually hidden risk of too low Lambda value on one of the neighboring ports.

The diagram shows decreasing trend patterns of ingressed air and oxygen — resulting in increasing
trend patterns of ratio, especially for l€eft fire (see fire side indication on bottom line) which indicates a
possible air leakage of reversal dampers for |€ft fire.

Conclusion:

Lambda Control has become atool worth to be used for efficient furnace operation. We have learned to
“read” indications of misreading and air losses, we have learned carefully to see not only oxygen
sensor results but also the temperature footprint of ingressed air. And we know that there are limits also
for the compensation of ingressed air by modified combustion air — limits set by the requirements of
thermal balance of regenerators and furnace pressure.
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