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Entwicklung eines energieeffizienten Brenners fiir Wairmebehandlungsanlagen
mit oxidationstrager/reduzierender Schutzgasatmosphire

Abstract/Kurzfassung

One of the main reasons for metal loss of semi-finished metal
products during heating in reheating and heat treatment fur-
naces is scale formation. In the presented project a burner is
developed which produces a low oxidizing / reducing atmos-
phere in the furnace. The concept is realized by a recuperative
burner, which generates a reducing furnace atmosphere due to
fuel rich combustion of natural gas and air. The complete com-
bustion of the furnace atmosphere is ensured by the injection
of additional air and takes places in an open radiant tube re-
sulting in a high energy efficiency. In this paper numerical and
experimental results are presented and discussed. The numer-
ical results showed the huge impact of the secondary air swirl
on the post-combustion in the annular gap which is formed
between the open radiant tube and the burner. Mixing phe-
nomena in the annular gap results in a nearly complete
post-combustion at low and high swirl angles of the additional
combustion air (® = 0°, ® = 90°). Instead of that, at a swirl an-
gle of @ = 45° the entire reaction from CO to CO, was not en-
sured within the boundaries of the numerical model. The qual-
ity of the post-combustion was experimentally evaluated by
measuring the CO-emissions in the off-gas channel. These
were lower than 50 mg/m® in a wide range of operation. The
NO,-emissions are lower than 121 mg/m” at all tested cases. B
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Einer der Hauptgriinde fiir Metallverluste im Bereich der Erwér-
mung von Metall-Halbzeugen ist die Zunderbildung in Erwér-
mungs- und Wirmebehandlungsofen. Das vorgestellte Projekt
behandelt die Entwicklung eines Brenners, mit dem sich eine
schwach oxidierende bzw. reduzierende Ofenatmosphire einstel-
len ldsst. Realisiert wird das Konzept durch gasbeheizte Rekupe-
ratorbrenner, die durch die unterstochiometrische Verbrennung
von Erdgas und Luft eine reduzierende Atmosphire direkt im
Ofen erzeugen. Der vollstindige Ausbrand der noch brennbaren
Ofenatmosphire erfolgt mit zusétzlicher Verbrennungsluft in ei-
nem offenen Strahlheizrohr, wodurch hohe Wirkungsgrade er-
zielt werden. Die numerischen Voruntersuchungen beschreiben
den Einfluss des Eintrittswinkels der Sekundarluft auf die Nach-
verbrennung der Ofenatmosphidre im Ringspalt, der sich zwi-
schen dem Strahlrohr und dem Brenner befindet. Mischungs-
phdnomene im Ringspalt verursachen eine nahezu vollstindige
Nachverbrennung bei kleinen und groflen Drallwinkeln (® = 0°,
®=90°). Bei einem Drallwinkel von (® = 45°) kann der voll-
standige CO-Ausbrand in den Grenzen des numerischen Modells
nicht sichergestellt werden. Die Abgasemissionen wurden durch
Messungen im Abgaskanal experimentell untersucht. Die CO-
Emissionen liegen fiir einen weiten Bereich unter 50 mg/m’. Die
NO,-Emissionen betragen fiir alle untersuchten Parameterkons-
tellationen weniger als 121 mg/m”’. B

Schliisselworter: Zunderarme Wiedererwirmung, Nachverbrennung, Rekupe-
ratorbrenner, direkte Beheizung, unterstdchiometrische Verbrennung

1 Introduction

One application for direct fired reheating furnaces is the heating of
slabs or billets prior to the hot forming process. To ensure a high
thermal efficiency, these furnaces are usually direct fired with nat-

ural gas and air. A complete combustion and high energy efficien-
cy is realized by an operation with excess air [1]. Besides tempera-
ture, time and the chemical composition of the workpiece, the
furnace atmosphere has an important influence on the formation
of scale [2, 3]. Within the furnace atmosphere, free oxygen, carbon
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dioxide and vapor cause an oxidation of the surface of the product
[4, 5]. Prior to the hot working, the scale has to be removed from
the surface, resulting in a metal loss of up to 5 % [6].

Protective gas furnaces avoid scale formation. These furnaces
are usually electrically heated or heated by gas fired radiant tubes.
Typically forming gas, exothermic or endothermic gases produced
by incomplete combustion of hydrocarbons, are used in these fur-
naces [7]. Schmidt et al. and Schwotzer et al. present a method to
decrease the formation of scale by fuel rich combustion [6, 8-10].
Fuel rich combustion of natural gas and air (A < 1) delivers atmos-
pheres containing carbon monoxide (CO), carbon dioxide (CO,),
hydrogen (H,), vapor (H,0,)) and nitrogen (N,) [11]. In this paper
the air ratio A is defined as the reciprocal value of the equivalence
ratio ¢, defined in Equation (1), whereas A < 1 is defined as fuel
rich and A > 1 is defined as fuel lean.

(1)

The results of Schmidt et al. [6] show the possibility to decrease the
metal loss in steel reheating up to 33 % by using fuel rich combus-
tion with an air ratio of A = 0.95. Schwotzer et al. [10] determined
that copper can be reheated without forming an oxide scale on the
surface in an atmosphere with an air ratio of A = 0.96.

The presence of CO as a toxic gas requires a post-combustion.
It is also necessary to ensure the complete usage of the fuel energy
content for the reheating process.

In this project a burner was developed producing a low oxi-
dizing/reducing atmosphere in the furnace with a thermal effi-
ciency comparable to modern recuperative burners. This was re-
alized by the combination of direct, fuel rich firing and indirect
heating with open radiant tubes. The concept is shown in Figure 1.

The primary combustion is fuel rich (A < 1) and flameless
(FLOX") to realize a low oxidizing/reducing atmosphere and a
uniform temperature distribution in the furnace. A concept-

recuperator

off-gas—a

Fig.1. Concept of fuel rich firing
and radiant tube heating
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burner and an experimental setup were built up. The concept-
burner has an open radiant tube (ORT) which creates an annular
gap between the burner and the tube. In this annular gap, the
post-combustion of the unburned species in the off-gas takes
place by the addition of secondary air. The heat of the combus-
tion is recuperated to heat up the primary and secondary com-
bustion air and transferred to the furnace by radiation of the
ORT. The concept-burner was used to determine experimental
operating conditions for the further development of a ceramic,
high temperature prototype.

Via CFD methods the post-combustion was investigated nu-
merically to quantify the influence of different parameters like the
width of the annular gap and the swirl angle of the secondary com-
bustion air. The numerical model was validated by temperature
and gas composition measurement in the annular gap of the con-
cept-burner at an experimental setup. Additionally, the operation
limits, the performance of heat recovery and the CO- and NOy-
emissions were studied experimentally. The concept-burner was
made of metallic components and the maximum operation temper-
ature is limited to 1050 °C. The prototype is ceramic and operates
at temperatures up to 1250 °C and therefore can also be used in
applications like the reheating of steel in forging furnaces.

2 Experimental setup

The experimental setup consists of a concept-burner and a com-
bustion chamber. The concept-burner is an extended recuperative
burner equipped with an open radiant tube (ORT), forming an
annular gap with a width of 15 mm between the burner and the
ORT. Figure 2 shows the cross section of the modified burner. A
picture of the operating burner in a furnace is shown in Figure 3.
The outer diameter of the ORT is 145 mm and the free length of
the ORT in the furnace is 425 mm. The recuperator is placed in the
furnace wall. Its length is 400 mm.

radiative heat transfer

to the furnace
flameless combustion
A<1

A>1

product low-oxidizing

furnace atmosphere
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primary combustion secondary secondary air
air combustion air open input
off-gas l ; radiant tube
natural gas 1 ; furnace wall

Fig.2. Cross section of the
concept-burner

Bild 2. Querschnitt durch das
Versuchsmodell des Brenners

annular gap for
post combustion

recuperator

For a high thermal efficiency, the air used for primary combus-
tion is preheated in the recuperator. The combustion efficiency 1,
is defined according to [1] in Equation (2).

_ Hoﬁ—gus =1- moﬁ—gus 'Cp,uvg,oﬁ—gus '(Toﬂ'—gas B Tambient)

H Vﬁwl -H i, fuel

n.=1 2)

fuel

The fuel enthalpy Hy,, was estimated by multiplying the standard
volume flow V,, with the net calorific value H; fyar- The off-gas en-
thalpy Hoﬂ_gas was calculated by the off-gas mass flow m,g.,,, the
averaged specific heat capacity ¢, g ofr.gos a0d the temperature dif-
ference between the off-gas temperature T4, and the ambient
temperature T, ;- AS @ result, lower off-gas temperatures result
in a higher combustion efficiency and therefore in a higher ther-
mal efficiency of the furnace.

The primary off-gas contains unburnt species like CO and H,.
These species are post-combusted in the annular gap by the addition of
secondary air. The additional combustion air is directed in the annular
gap at a defined angle, causing a turbulent swirl in the gap which strong-
ly affects the quality of the post-combustion. The burned off-gas leaves
the furnace throughout the recuperator and the off-gas channel.

The sensible enthalpy of the fully combusted off-gas is trans-  Bild 3. Versuchsmodell des Brenners im Betrieb
ferred to the furnace by convection and radiation over the surface

Fig. 3. Concept-burner operating at the experimental setup

cooling tubes

(air cooling)
gas analyzers
primary off-gas
primary combustion measurement
chamber Fig. 4. Experimental setup
window

Bild 4. Versuchsstand

. concept-burner
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(acc. to DIN EN 742-2) off-gas measurement

for post-combustion
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of the ORT or to the primary combustion air in the recuperator.
Thus, the heat of the post-combustion is partially used directly in
the furnace before the off-gas passes the recuperator. This results
in a decrease in off-gas temperature before the recuperator and
consequently, a combustion efficiency that is comparable to state-
of-the-art recuperative burners.

The experimental setup is shown in Figure 4. The height of the
primary combustion chamber is 950 mm and the inner diameter
is 600 mm. The combustion chamber is equipped with an indirect
air cooling system. The inner wall temperature of the furnace is
measured at several positions, using type K thermocouples. The
concept-burner is installed at the bottom of the chamber and sup-
plied with natural gas (acc. to DIN EN 746-2) and air. Due to sev-
eral modifications an off-gas sample probe and a suction pyrome-
ter are installed to measure the off-gas composition and
temperature in the reaction zone of the annular gap.

To control the furnace atmosphere, the mass flow of natural gas
and primary combustion air are measured and controlled continuous-
ly. In addition, the primary off-gas composition is measured in the
combustion chamber. Samples are taken with a heated sample pro-
be and continuously transported to the gas analyzer after gas con-
ditioning. The species CO, CO,, CH,, H, and O, are detected in the
dry off-gas by infrared and paramagnetic analyzers.

To control temperature and emissions of the post-combustion
the off-gas temperature and the gas-composition are measured ad-
ditionally behind the recuperator. Thereby CO, NO and NO,, but
also 0, and CO, are detected.

3 Numerical calculations of post-combustion

For the CFD-calculations the commercial solver ANSYS® Fluent
16.2 was used. Due to the axial symmetry of the burner only 1/16

of the annual gap between the ORT and the burner were modeled.
The modeled area is shown in Figure 5. The computational domain
was reduced to the gas volume between the primary off-gas inlet
and the recuperator inlet, which is also the outlet of the ORT, be-
cause this is the part of the burner where the combustion takes
place. To describe swirl effects, a periodic boundary condition was
used at the interfaces 1 and 2. All calculations were done at a steady
state because the time averaged performance of the post-combus-
tion system was described. Prior to the final calculations, a grid
study delivered an unstructured grid composed of about 2.6 mil-
lion hexahedral and tetrahedral cells.

A Shear-Stress-Transport-Model (kw-SST) by Menter [12] was
chosen for turbulence modeling. As not only the fluid flow but also
the combustion and heat transfer is described by the model, the
chemical reactions were calculated with the eddy-dissipation-con-
cept model by Magnussen with the DRM19 reaction set! [13]. Due
to the high temperatures radiation has to be taken into account.
Therefore, the Discrete Ordinates Model was chosen and absorp-
tion coefficients of the off-gas were calculated by the weighted-
sum-of-grey-gases model.

4 Results
4.1 Impact of swirl on the post-combustion

A numerical investigation on the impact of swirl on the post-com-
bustion was carried out prior to the manufacturing of the concept-
burner. Methane with a constant volume flow of 4.01 m*/h was
used as fuel in the CFD calculations, leading to a burner capacity
of 40 kW. The primary air ratio was A,y = 0.80, the total air ra-
tio was A, = 1.05. The input of secondary air was realized with
small tubes as inlets, causing the formation of a free turbulent jet

outlet

I —————
- computational domain- |- -

Fig. 5. Grid of the modeled
section of the annular gap

Bild 5. Numerisches Gitter interface 1

des Ringspaltausschnitts

interface 2

secondary air inlet

off-gas Y

! Kazakov, A.; Fenklach, M.: DRM 19 -Mechanism, URL: http://www.me.berkeley.edu/drm/
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primary off-gas secondary air composition in vol.-%
mass flow in kg/s temperature in °C mass flow in kg/s temperature in °C Cco Co, H, H,0 N,
7.36098e-04 1100 2.144140e-04 800 4.0 7.0 4.8 17.3 bal.

Table 1. Boundary conditions for the numerical simulations

Tabelle 1. Randbedingungen der numerischen Simulation

to ensure intensive mixing. The furnace temperature was constant
1100 °C. Table 1 shows the primary off-gas composition, mass
flows and temperatures which describe the boundary conditions
for all cases.

The influence of a variation of the swirl angle @ on the velocity
in the annular gap is shown in Figure 6. The streamlines are col-
ored by the velocity magnitude for five different swirl angles. The
secondary air inlet is positioned slightly behind the off-gas inlet.
The off-gas entering the computational domain has an average ve-

w =80°
w=67.5°
w =45.0°

locity of 5.8 m/s, the secondary air enters the model at the inlets
with a velocity 70 m/s. Because of the high momentum of the sec-
ondary air, the flow in the annular gap is strongly affected by the
inlet angle and there is an increase of the average velocity with an
increasing swirl angle.

The results for the average temperature distribution in the an-
nular gap are shown in Figure 7. The inlet temperature is a con-
stant boundary condition and therefore similar for each case. The
outlet temperatures are in a range between 1333 °C and 1343 °C.

velocity in m/s
70

63

56

49

42

Fig. 6. Velocity in the annular gap
35 for different swirl angles ®
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Drallwinkel
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Without any swirl (o = 0°) there is a sharp increase in tempera-
ture in the annular gap up to a position of about 75 mm, where the
annular gap gets narrow by construction, see Figure 2. The maxi-
mum temperature of 1414 °C is reached at about 120 mm from the
primary off-gas inlet. Higher swirl angles lead to a backward shift
of the position of the maximum temperature. The lowest maxi-
mum temperature is reached at a swirl angle of o = 45°.

Another focus of interest was the post-combustion of the off-
gas, especially the CO emission, because the emissions are strongly
regulated by law, i. e. in [14]. The CO concentration along the annu-
lar gap for different swirl angels is shown in Figure 8. Without
swirl, a fast post-combustion reaction is realized, resulting in a CO
concentration of 200 ppm at the outlet of the annular gap. A high
swirl angle of ® = 80° also causes a fast reaction of carbon monox-
ide and a CO concentration of only 109 ppm at the outlet. At a swirl
angle of ® = 45° the CO concentration at the end of the annular gap
has the highest value with a concentration of about 700 ppm.

For a better understanding of the post-combustion phenomena
in the annular gap the distribution of the CO concentration in the
cross sections of the annular gap were plotted at the different swirl
angles. The corresponding contour plots are shown in Figure 9. At
the primary off-gas inlet the CO concentration is 4.0 vol.-%. Due to
the addition of secondary air the post-combustion started.

At a swirl angle of @ > 0°, the swirl leads to a drift of the second-
ary air to the outer boundary of the annular gap towards the ORT.
Therefore, there is a separation between air and off-gas, especially at

30000

a swirl angle of ® = 45° and the mixing is less intensive compared to
a swirl angle of @ = 0°. This results in a high CO concentration at the
outlet of the annular gap. With an increasing swirl angle of @ > 45°,
the radial velocity of the secondary air flow increases, resulting in an
even stronger separation between off-gas and air. In combination
with the reduction of the cross section of the annular gap, there is
more turbulence at the beginning of the annular gap and therefore a
better mixing of off-gas and air. Figure 10 shows the CO concentra-
tion at the outlet of the annular gap for different swirl angles.

The differences in the mixing performance correspond to the
temperature distribution and the profiles of the CO concentration.
With a swirl angle of more than 45° the velocities increase, causing
an increase in turbulence and a better mixing performance. This
has a positive effect on the post-combustion.

4.2 Experimental measured off-gas emissions

In the first experimental trials a swirl angle of = 45° was chosen.
All cases were carried out at a nominal volume flow of natural gas
of 4.00 m*/h according to the numerical investigations and the
nominal burner capacity after post-combustion was 40 kW.

For different primary air ratios, the primary off-gas composi-
tion depends on temperature and pressure in the furnace. There-
fore, the experiments were done at a constant pressure and temper-
ature in the furnace. Figure 11 shows the experimental results for
afurnace temperature of 1000 °C and a pressure of about 1013 hPa.

25000
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Fig. 8. Average CO concentration g_
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Fig. 9. Contour plots of the CO concentration in the annular gap for different swirl angles ®

Bild 9. CO-Konzentration iiber den Querschnitt des Ringspalts fiir verschiedene Drallwinkel @
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The primary air ratio was varied from A ;,r, = 0.7 t0 Ay = 0.9,
while the total air ratio after post-combustion was varied in a range
from A, = 1.10 to A, = 1.20. Due to non-ideal mixing in the
primary combustion chamber, the natural gas had not fully react-
ed to CO and H, and small amounts of CH, were detected.

The CO concentration of the off-gas after post-combustion was
measured for a primary air ratio of A,;,,,,, = 0.7 and different fur-
nace temperatures Tg,,.... The results are shown in Figure 12. The
values were normalized on a basis of 3 vol.-% O, in the dry off-gas
and shown in mg/m® according to [14]. At a total air ratio of

Aota = 1.10, the CO concentration of the off-gas varies between

800

[op}
o
o

N
o
o

CO at outlet
(of annular gap) in ppm
S
o

0

0.0 225 450 675

swirlangle in °

90.0

Fig.10. Calculated CO concentration at the outlet of the annular gap

Bild 10. Berechnete CO-Konzentration am Ende des Ringspalts
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Fig.11. Dry off-gas composition for different air ratios

Bild 11. Trockene Abgaszusammensetzung fiir verschiedene Luftzahlen

230 and 308 mg/m®. Higher total air ratios lead to values lower
than 50 mg/m>.

In addition, the nitrous oxide emissions are determined via a
NO and NO, measurement. The measured NO, concentration for
different air ratios and furnace temperatures is shown in Figure 13.

350
—o— T =950°C
300 —e— T=1000°C
250 —o— T =1050°C
= =07
> 200 Aorimary
=
£
S 150
O
100
50
0
1 1.1 1.2 13

total air ratio A

Fig. 12. Measured CO concentration after post-combustion for for different
furnace temperatures Ty, .ce
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There was a low dependence of the furnace temperature and the
total air ratio on the NO,-emissions. Furthermore, the primary air
ratio Ayyipary has a large impact on the NO,-emissions. For a pri-
mary air ratio of A,y = 0.7 the NO,-emissions were in the range
of 101 to 121 mg/m>. A higher primary air ratio means that less
enthalpy is transformed into heat in the annular gap leading to
lower maximum temperatures. This causes lower NO,-emissions
for Apvimary = 0.8 and A, = 0.9 which were in the ranges of

67-87 mg/m’ and 47-57 mg/m?, respectively.

5 Discussion and summary

A common approach for the reheating of semi-finished metal prod-
ucts is direct heating with an oxidizing atmosphere by to the combus-
tion of natural gas and air. In this study the development of a burner
that combines a low oxidizing / reducing atmosphere due to fuel rich
combustion, post-combustion in an open radiant tube (ORT) and a
high recuperation of the off-gas for air preheating was presented.

A concept-burner was developed and first tested in numerical
studies. The numerical model was capable to describe the flow
field, the post-combustion and heat transfer. The computational
domain included 1/16 of the annular gap formed between the ORT
and the burner which started at the primary off-gas inlet and end-
ed at the inlet of the recuperator. After a mandatory grid study, the
swirl angle of the secondary air inlet was varied to determine the
impact on the flow field and the post-combustion. Because of the
high inlet velocities of the secondary air, the fluid flow in the annu-
lar gap was highly affected by the swirl angle. The swirl led to an
outside drift of the air. This had an impact on the mixing perfor-
mance of primary off-gas and secondary air and resulted in a low
CO concentration at the outlet of the annular gap for a swirl angle
of ®=0° and ® = 80°. Instead the maximum CO concentration
was observed at a swirl angle of @ = 45°.

In experimental tests, the concept-burner showed a solid per-
formance especially concerning CO- and NO,-emissions after the
post-combustion. At a total air ratio of A, > 1.1, the CO-concen-
tration in the off-gas was lower than 50 mg/m? for all cases. Unlike
carbon monoxide, the nitrous oxide emissions were strongly af-
fected the primary air ratio A,;,,,, and a lower primary air ratio
resulted in increasing NO,-emissions. Nevertheless, the total
emission was lower than 121 mg/m?’ for all cases.

In the next steps, the temperature and off-gas composition
profile in the annular gap will be measured for the validation of the
numerical model. After that, the numerical model will be used to
design a ceramic prototype of the burner for high temperature
processes. Further experimental investigations will be done to in-
vestigate the performance of the whole system, especially the com-
bustion efficiency.
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