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Abstract

Radiant tube burners (RTBs) are widely used inihgairocess of industrial production such as
batch annealing and heat treating process. MastedRTBs operate at high capacity that use a |fedf
and combustion air to yield high gas temperatuteer&fore, the air compressor is needed in order to
supply the sufficient air for completely combustidime objective of this research is to study tHeatfof
the tube length on combustion characteristics sél&aspirating radiant tube burner (SRTB) equipped
with an energy recirculation using a porous heaharger concept. Three different lengths of U-stape
tube of 10 cm in diameter were selected, i.e. 0.8, m and 1.25 m, respectively, which are cadled
tube S, M and L in the study. Because the combustiiois naturally entrained through the ventunirisu
by the momentum of fuel jet, therefore the air cosspor is not used in this method. Temperature
distribution along the SRTB and emission (N& CO) were measured. The results show that the
temperature distribution of the tube L is higheartithe other tubes at the same firing r&R)( The
flame can stabilize inside the SRTB for & in the range of 3.66-8.28 kW. The maximum tempeeat
inside SRTB is 1,48C. The NQ and CO emission are less than 336 ppm and 450 ngsmectively.
Keywords: Radiant tube burner; Self-aspirating; Heat recattah, Porous heat exchanger.

1. Introduction decrease of greenhouse gas .Cé@nd NQ

Radiant tube burners (RTBs) appear well emissions [2].
suited for the industrial processes that require a  Heat-recirculating combustion based on the
high and homogeneous temperature distribution porous medium technology has now been
within the furnace and the exhaust gas does notconsidered as the emerging furnace design
contact to the product. Increasing of energy methodology for the next generation of high
efficiency is the most important topics in order to performance combustion systems. Based on the
reduce fuel consumption and pollutant emissions. prominent feature of the porous medium in
Preheating of combustible mixture by recycled effectively converting energy between flowing
heat from exhaust gas has been considered as agas enthalpy and thermal radiation, the
effective method for fuel conservation. This type development of a high performance heat
of combustion has been called ‘“excess exchanger using a porous medium was proposed
enthalpies” or “super-adiabatic ~ flame by Echigo [3]. The basic concept consists of a
temperature” combustion in which the reactants pair of porous mediums separated by a solid wall
(or the combustion air alone) are preheated usingas shown in Fig. 1.
heat “borrowed” from beyond the flame zone,
without mixing the two streams [1]. The heat
recirculation systems have been extensively
applied for increasing the combustion air
temperature. Moreover, it expands the
combustion stability. The new type of glass
melting regenerative furnace at Nippon Furnace
Kogyo (NFK) makes it possible to preheat the
combustion air, typically above 1,0@ by re-
circulating the heat from the hot exhaust gas
resulting in fuel saving up to 50% over cold air of

the conventional systems, as well as a significant  Fig. 1. Energy conversion by porous medium.
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Enthalpy of the hot flowing gas (combustion order to save energy, the energy recirculation
products) is effectively converted to thermal principle using porous medium technology is
radiation emitted by the high temperature selected in this work. The SRTB is developed for
(heating) side porous medium designated as theusing in a small-scale drying process and heating
“emitter” and directed to the solid wall. In process at lower firing rate (lower than 10 kW),
thermal equilibrium, the reversed conversion which has never been studied before.
from the incident thermal radiation emitted from
the solid wall to the cool gas (or combustion air) 2. Experimental Set-up
enthalpy takes place in the low temperature Fig. 2 shows the schematic diagram of the
(cooling) side porous medium designated as the experimental set-up of the SRTB, whereas Fig.3
“absorber”, leading to an efficient method in shows its photograph. The flow rates of LPG (1)
preheating the combustion air. Jugjai and (40% vol. of propane and 60% of butane) with
Rungsimuntuchart [4] applied the heat low heating value of about 46 MJ/kg are
recirculation principle to a self-aspirating burner controlled by a pressure regulator (2). The flow
by employing a porous heat exchanger in meter (3) is installed downstream of the pressure
combination with the swirling central flow burner regulator in order to measure the firing raf&)
(SB). The preheating temperature of the mixture of the fuel. A mercury manometer (4) is used to
can be increased up to 3@without flashback. = measure the fuel inlet pressure. Then the fuel
The results showed that the thermal efficiency of emerges from an injector orifice (5). On leaving
the proposed burner is higher than that of a the injector, the fuel entrains the primary aireby
conventional radial flow burner (CB) by about 30 momentum-sharing  process between the
percentage points (50% relative). Scribano et al emerging fuel and the preheated primary air (blue
[5] have been introduced the heat recirculation arrow). The fuel/air mixture enters the venturi
system by using of exhaust gas recirculation burner (6) and entrains the secondary air (black
(EGR) techniques in order to enhance the arrow) followed by combustion (red arrow) in the
performance of the industrial radiant tube burner. U-shaped, stainless radiant tube (7) having 0.1 m
It was shown that the NOemissions at the inside diameter and 1 mm in thickness. In order
exhaust significant decrease up to 50% with to simulate and understand the heat recirculating
respect to the original burner without the EGR. combustion without thermal loading, the radiant
However, because almost all of the RTBs operatetube was covered by ceramic fiber insulator of 30

at high capacity that use a lot of fuel and
combustion air to receive high temperature
(>1,200C), therefore, the air compressor is
needed in order to supply a sufficient air for
completely combustion. In recent years,
Chuenchit and Jugjai [6] applied the heat
recirculation principle to the a self-aspirating
radiant tube burner (SRTB) by employing a

mm in thickness to reduce heat lose. The oxygen
concentration in the mixture and the exhaust gas
compositions are measured by the sampling probe
(14) and (15), respectively, and then carried ¢o th
portable emission analyzer, Messtechnik Eheinm
model VisitO1L (16). The measuring range is 1-
10,000 ppm for CO and 0-4,000 ppm for NO
with a measuring accuracy of abais ppm and a

porous heat exchanger integrated with a self- resolution of 1 ppm for both CO and NQAIl
aspirating burner and radiant tube in one unit, measurement of emissions in the experiment is
leading to an innovation for a radiant tube burner. those corrected to 0% excess oxygen and dry
The results showed that the temperature profile basis. All data are recorded by computer (17).
along the tube is higher than that of conventional The temperature$ at different locations on
radiant tube burner without the heat recirculation. the axial axis of the SRTB are also recorded as

The main objective of this research is to study shown in Fig. 2. There are 9, 10, and 8 locations
the effect of tube length on combustion of thermocouples from the venturi burner outlet
characteristics of the SRTB equipped with the (x =0) to the radiant tube exit for three different
energy recirculation of a porous heat exchangertube length as specified by S, M and L, 0.8 m, 1.0
concept. The tube length significantly affects the m and 1.25 m respectively; — T; are measured
pressure drop of radiant tube and thus by B-type and the other locations are measured
optimization of the tube length is required. A by N-type thermocouples. End of the U-tube is
unique advantage of the self-aspirating burner is connected to the porous heat exchanger (13), the
that the combustion air is naturally entrained structure of which is composed of the stainless
through the venturi burner by the momentum of steel porous emitter (8) having a conical shape
fuel jet. Therefore, the air compressor is no with several holes of 2 mm in diameter drilled
longer desired by using this burner. Moreover, in
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1. Fuel (Liquefied Petroleum Gas, LPG) 7. Radiabe 13. Porous heat exchanger
2. Pressure regulator 8. Porous emitter 14tuvexsampling probe
3. Flow meter 9. Separating wall 15. Exha@ast sampling probe
4. Mercury manometer 10. Porous absorber 16 a@Galyzer
5. Injector orifice 11. Upper cover 17. Computer
6. Venturi burner 12. Lower cover
Fig. 2. Schematic diagram of the SRTB.
on its surface for converting a part of gas The upper cover (11) and the lower cover

enthalpy to thermal radiation to the separating (12) are made of steel sheath of 1 mm in
wall (9) and then reradiated to the porous thickness, which protect the heat loss from the
absorber (10) for preheating the primary air [3]. heat recirculation section. The porous heat
The porous absorber (10) was made of a layerexchanger (13) was constructed such that the
of stainless steel wire mesh with 34 meshes perambient air is induced from below to the inlet of
inch. It is cylindrical in shape with 17.7 cm in the venturi burner (in case of with heat
diameter and 24.7 cm in length. The energy thatrecirculation). In case of without heat
absorbs at the porous absorber is transferred torecirculation, the porous emitter (8) and the
the in-coming air (black arrowY, o Ta1, Ta2and porous absorber (10) are removed.
Texn are N-type thermocouple to measure the
ambient temperature, air temperature at the 3. Experimental Results
porous absorber outlet, the preheated primary air3.1 Temperature distributions
temperature, and the exhaust gas temperature, Fig. 4 shows effect of the tube length on
respectively. temperature distributions of the SRTB with
porous heat exchanger at typi¢aR = 7.52 kW.
Among the three tube lengths, tube L gives the
highest combustion temperature despite its lowest
preheated temperature. This may be attributed to
a near stoichiometric combustion for the tube L
as will be shown later. The longer the tube length,
the more heat loss to the environment, leading to
a low exit temperature of the exhaust gas with a
decrease in the preheat temperature for tube L.
The temperature drop of the last two temperatures

Fig. 3. Photogaph of the SRTB.
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Fig. 4. Temperature distribution. Fig. 5. Total equivalence ratio.

at the exit as shown in Fig. 4 for each tube length the total equivalence ratio is clearly lower than
means part of an enthalpy of the exhaust gas is rethose in case of with heat recirculation, leadimg t
circulated to the primary air by the porous heat lower combustion temperature of all tubes (lean
exchanger (13), resulting in an increase in the combustion).
inlet temperaturd,, , of the venturi burner.

3.3 Primary aeration PA
3.2 Total equivalenceratio ¢ The primary aeratioifPA is used to indicate

The total equivalence ratio is defined as the quantitatively whether a fuel-oxidizer mixture in
ratio of the fuel-to-oxidizer ratio to the the venturi burner of the SRTB is rich, lean, or

stoichiometric fuel-to-oxidizer ratio and can be Stoichiometric prior to combustion without taking

calculated from Eq. (1) the secondary air into consideration. It is defined

as the ratio of the oxidizer-to-fuel ratio to the
21— %0, stoichiometric oxidizer-to-fuel ratio, which could
p=——_-—2 (1)  be expressed in the form
21 P
: o %0,
where %Q is the oxygen concentration in the PA= NI 1 %0 x100 (2)
exhaust gas at the exit. The total equivalence rati ( )oi % (21 %0

¢, is used to indicate quantitatively whether a

fuel-oxidizer mixture in the combustion zone of Where %Q is the oxygen concentration of the
the SRTB is rich, lean, or stoichiometric with the Mixture in the venturi burne(A/F)s; is the air-
secondary air is taken into consideration. fuel ratio of LPG at stoichiometric condition.

Fig. 5 shows effect dfR on ¢ at the three Fig. 6 shows variation &A of SRTB in case
tube lengths and with or without heat Of with heat recirculation (solid line) and without
recirculation by the porous heat exchanger. heat recirculation (dash line). Within the range of
Increasing FR causes to the total equivalence FR studied,PA in all cases is almost linearly
ratio increased in every case, because the highefleécreased with increasingR, due to an
temperature causes thermal expansion of mixtureincreasing of air viscosity [7]. Therefore, the

and increase in its viscosity [7]. In case of with Primary air is difficult to be entrained into the
heat recirculation (solid line), the total venturi burner. In case of with heat recirculation,

equivalence ratio foFR of tube L varying from therefore, allPA values are even lower than that

3.66 to 7.52 KW is near stoichiometry £1) as of without heat recirculation, because the
compared to the other tubes. This is a desirablePreheating effect causes expansion of the mixture
condition for the design of the SRTB where a @nd an increase in its viscosity [7]. Among the
near stoichiometric combustion is achieved whilst three tubes, tube S gives the higheatbecause

an acceptable preheating effect is maintained. ©f good entrainment of the secondary air into the
According to this reason, the combustion relatively short radiant tube with relatively low
temperature of tube L is the highest despite its Pressure drop. On the other hand, tube L yields
relatively low preheat temperature (Fig. 4). In the lowestPA because of relatively high viscous

case of without heat recirculation (dash)line flow caused by relatively high combustion
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Fig. 6. Primary aeration. Fig. 7. CO emission.

temperature with a relatively high pressure drop percent. This statement is justifiable for the

of the relatively long tube length. present SRTB where the firing ratéR) and the
theoretical air percent (or total equivalence ratio
3.4 Emission characteristics ¢) are dependent on each other and are the

Fig. 7 shows the effect &R on CO emission ~ dominating parameters controlling  the
for the three tube lengths and for the cases with combustion characteristics.
and without heat recirculation. In any cases and At relatively low FR, relatively low NQ
tube lengths, increasin§R increases the CO emission is observed due probably to relatively
emission due probably to a decreasePi that low thermal NQ and prompt NQcaused by
results in incomplete combustion (Fig. 6). It is relatively low combustion temperature at
clear, however, that the CO emissions for the caserelatively lean mixture. On the other hand, a
with heat recirculation are higher than that relatively high NQ emission appears at a
without heat recirculation, because of relatively relatively high FR, due probably to relatively
low PA for the cases with heat recirculation. At high thermal NQ and prompt NQcaused by
any particularFR, the CO emission for the case relatively high combustion temperature at relative
without heat recirculation shows insensitive to the rich mixture.
tube length, whereas an opposite result occurs for It is also observed that N@mission for the
the case with heat recirculation. Among the three case with heat recirculation is higher than that
tubes, it is interesting to note that for the case without the heat recirculation particularly at the
with heat recirculation andR of lower than relatively high FR, the same reason as stated
7.5kW, tube L yields the lowest CO emission above. Among the three tubes, it is interesting to
despite its relatively lowPA, because of a long note that, for the case with the heat recirculation
residual time with relatively high temperature for andFR of lower than 7.5 kW, tube L yields the
complete combustion. FR s larger than 7.5kw, lowest NQ emission, the value of which is
CO abruptly increases. This may be attributed to comparable to that of the cases without the heat
a significant decrease A as explained before. recirculation. This may be attributed to the

Fig. 8 shows the corresponding Némission significant reduction in the thermal N@aused
of the SRTB. In any cases and tube lengths, by less N available at a relatively rich mixture
increasing~R yields an increase in N@mission for a relatively large tube length despite its
due probably an increase in the combustion relatively high combustion temperature.
temperature and the reduction in the combustion
air. It is considered that, NCemission in the 3.5 Carnot efficiency
present SRTB may arise from the combination of Carnot efficiency is the highest efficiency a
thermal NQ and prompt NQ which are heat engine operating between the two thermal
expected to be a major contribution of the energy reservoirs at temperatufgsand Ty can
measured value according to Sullivan and have, which could be expressed in the form
Kendall [8]. They reported that the thermal NO
is sensitive to the firing rate whereas the prompt T
NO, is much more sensitive to the theoretical air M = 1_-|-_ ©)

H



The'8TSME International Conference on Mechanical Enginee

AEC 1019 24-27 October2012,Chiang Rai
400 g AT lOO/-.----|----.----.----.----.----_
: —e— L recir : | —— Lrecir
I | —A— Mrecir [ | —— Mrecir ]
} | —=— Srecir 80H ™ S recir 4
300F O+ L no recir - © o L no recir
I F 4 M no recir °© &+ M no recir
a o S no recir 3 [| o Snorecir
Q S 60t 4
o‘l L g L —o o 4
ES - 4 = =y ]
é 200- #LE : o o o o :
o>< ﬁ—ﬁ/; g 40 __ [=3 a3 3 8 s 4 5 ] __
=z o 8 . S-- % § o o0 o 8 [ o
100 - L
20 - B
o;/xl 1 1 il 1 Ll O‘//I 1 1 L 1 1
0 3 4 5 6 7 8 9 0 3 4 5 6 7 8 9
FR, kW FR, kW
Fig. 8. NQ emission. Fig. 9. Carnot efficiency.

where T, and Ty, respectively, are absolute temperature distribution along the centerline of
temperatures of exhaust gas temperature (lowthe SRTB and the emissions at the exit pipeline.
temperature reservoir) and log-mean temperatureThe following conclusions can be drawn from the
of gas temperature at the positions that transferexperimental results;

heat from radiant tube (high temperature 1. An innovative SRTB equipped with the
reservoir) to the surrounding. The log-mean energy recirculation of a porous heat exchanger is

temperature could be expressed in the form successfully developed. It can operate VARin
range of 3.66 to 8.28 kW and without flame
Toax— Tex flashback into the venturi burner.
T, = T (4) 2. According to the results of temperature
In| —max distribution, the N@ and CO emission and the
(Tex J Carnot efficiency, it can be concluded that the

tube L is the most suitable length to apply and use

where Tmax IS the maximum gas temperature in practical applications.
inside the SRTB andl., is the exhaust gas 3. The SRTB with the energy recirculation
temperature (for the case without heat in case of having external thermal load is the
recirculation) or the gas temperature at the radian topic of the study in the near future.
tube exit before the gas enters the porous emitter
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