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Abstract: The design of low-end, oil or natural gas-fired air furnaces is currently carried out using traditional methodolo-
gies. On the other hand, the use of modern computational tools can be promising also in this category of equipment, espe-
cially if assisted by modern, non-intrusive experimental techniques of low operational cost. In this paper, we report on the
use of commercial computational fluid dynamics (CFD) software, assisted by infrared thermography, to predict and im-
prove the flow and heat transfer in a 30,000 kcal/h air furnace. The infrared thermography was employed in the determi-
nation of temperature boundary conditions in the heat exchanger surfaces. The 3D flow and heat transfer in the main con-
trol volume of the air furnace, at steady state (nominal operation point) is computed and presented by means of 3D
streamlines and velocity and temperature fields at characteristic cross sections. The numerical results were checked by
means of energy balances in the inlet and outlet sections of the control volume enclosing the heated air stream. In this
way, the air furnace efficiency can be computationally predicted. Significant improvements in the traditional design proc-
ess are demonstrated by means of this procedure. Thus, a promising design methodology for air furnaces, which is as-

sisted by modern computational and experimental tools, can be formulated.

INTRODUCTION

The design of central heating boilers and furnaces was
traditionally based on a modular construction using standard-
ized cast-iron parts. In parallel, welded steel sheet boilers
have been popular after World War I1. This type of boiler
allowed a lower cost and more flexible design, at the penalty
of a reduced lifetime. Starting from the first energy crisis, the
specialized manufacturers started to produce optimized
boiler designs depending on the type of fuel (coal, wood or
biomass, light diesel, natural gas etc). The design changes
aimed at minimization of exhaust gas, radiation, shell and
intermittent operation losses [1].

The operation temperature of boilers has been progres-
sively decreasing, taking measures at the same time to avoid
condensation of water vapor in their flue gas pipe. Very im-
portant improvements have been achieved by means of the
so called “condensing boilers and furnaces” (up to 109%
efficiency, if one refers to the lower heating value of the
fuel). In parallel with the development of their individual
parts (boiler, burner, control equipment), the possibilities of
modern microprocessor control are exploited in modern
equipment. In the present work, we address the use of mod-
ern computational and other tools to the designing optimiza-
tion of air furnaces (Fig. 1).

Significant efforts for efficiency improvements in this
class of equipment are reported starting from the eighties’
employing conventional design methodologies [2, 3]. During
the last decade, the efforts are focused in improvements of
the combustion control system [4], reduction of emissions
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and increase of efficiency exploiting the condensation of
water vapor inside the furnace heat exchangers [5, 6].
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Fig. (1). Design variations of a European (left) and an American
(right) - type air furnace.

On the other hand, commercial CFD codes find a con-
tinuously increasing application in the design of industrial
equipment, following the significant improvements in pre-
processing and flexibility in addressing an increasing num-
ber of application cases. The applications in industrial boil-
ers have been considerably increasing during the last decade,
with the study of power station equipment (hundreds of
MW) addressing the highest interest [7-11]. Emphasis is
usually in the combustion process, the study of advanced
combustion chambers coal combustion in fluidized beds etc

However, the bibliographic research indicates that the
possibilities of the above-mentioned computational tools are
not yet widely exploited to support the design of smaller
units. This is understandable, since the required, significant
effort of specialized engineers is not yet affordable by small
and medium sized manufacturers that usually produce this

2008 Bentham Open



80 The Open Fuels & Energy Science Journal, 2008, Volume 1

type of equipment. On the other hand, an important effort
continues to be invested internationally in design improve-
ments and patents in this category, although the small boilers
continue to be manufactured and designed by the traditional
way, addressing the requirements of the pertaining technical
standards [12-15] by means of empirical design improve-
ments. This philosophy gives satisfactory results in the case
of hydraulic central heating boilers. However, it seems that
there exist certain margins for design improvement in the
case of air furnaces, where the air-side convection coeffi-
cients are generally low and can be considerably improved
by improvements in the flow field round the heat exchanger.

The present work was motivated by a small manufacturer
[16], active in design improvements of his low end air fur-
naces (Fig. 2).

Fig. (2). Exposed heat exchanger surfaces of the 30,000 kcal / h air
furnace, after the removal the front cover and the fan inlet grid.

We aim to improve the geometry of the combustion
chamber and the heat exchange surfaces between exhaust gas
and heated air. For example, it needs to be investigated if it
possible to improve efficiency by optimizing the position
and dimensions of the inlet section, that guides air from the
fan to the heat exchanger, the geometry of the heat ex-
changer itself etc.

As a rule, the application of CFD must be supported by
certain reference measurements, which require the equip-
ment of a prototype with sensors of temperature, pressure,
air velocity etc. In the present work, the measurement effort
is minimized by exploiting the capabilities of infrared ther-
mography. As it is analyzed in this work, the combination of
commercial CFD code [17] with the technique of infrared
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thermography in the specific design case, led to quite satis-
factory results that assisted optimization of the specific line
of air furnaces.

SOLUTION METHODOLOGY

The following methodology was adapted to the specific
problem’s nature. The methodology is based on the experi-
mentally confirmed assumption that the temperature field in
the shell of heat exchanger, is mainly determined by the in-
ternal gas flow — temperature field in the combustor — ex-
haust pipes, and is not considerably influenced by small
changes in the external flow field of the heated air. Based on
this assumption, we developed the methodology according to
the following steps:

. Conducting steady state efficiency and air-to-fuel
ratio measurements, at the nominal operation point
[20]

. Conducting temperature field measurements with
infrared thermography, (infrared camera Ther-
maCAM S 45)

. Conducting velocity field measurements with a hot
wire anemometer (TSI Velocicalc) across the outlet
vent

. Conducting velocity measurements with a hot wire
anemometer inside the control volume

. Production of a solid model of the heat exchange sur-
faces, based on existing plans in CAD software
(ProEngineer [18]), delivered by the manufacturer
[16] The solid model was produced with ANSYS
ICEM software.

. Generation of a suitable computational mesh covering
over all the control volumes in which the air flow
field is developed (software ANSYS ICEM).

. Production of flow and heat transfer boundary condi-
tions (software CFX Pre). A fixed temperature field
on the heat exchange surfaces is assumed as a bound-
ary condition. The temperatures are taken by the re-
sults of infrared thermography. The mass flowrate of
air entering the control volume is estimated based on
the fan’s characteristics [19] and corrected by an it-
erative procedure to achieve agreement between ex-
periment and calculation on the efficiency of the air

furnace.

. Solution of the 3D flow field equations in steady state
condition based on the k-¢ —turbulence model (CFX
Solver).

. Visualization — presentation of results in the form of

streamlines and temperature and velocity contours in
characteristic cross-sections (CFX Post).

. Exportation of the results as velocity and temperature
fields at the inlet and outlet cross-sections, to enable
carrying out mass and energy balances (CFX Post).

. After the above mentioned agreement between ex-
perimentally determined and computed efficiency of
the air furnace is confirmed the final value is set for
air mass flowrate and the computations can be re-
peated by changing the position and/ or dimensions of
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the air inlet vent etc, to obtain estimates of the ex-
pected efficiency improvements.

SOLUTION METHODOLOGY IMPLEMENTATION
Efficiency and Air-to-Fuel Ratio Measurements

In this phase, measurements of steady state efficiency,
temperature of exhaust gases, A/F ratio and emissions were
conducted at the nominal operation point of the furnace, by
use of the measuring device: MRU Vario Plus Industrial
[20]. Aim of these measurements was to secure an optimal
adjustment of boiler, thus maximizing efficiency with the
specific design. Details for this phase are given elsewhere
[21]. The maximum efficiency attained was 87.3%, for ex-
haust gas temperature of 261 °C and equivalence ratio
A=1.25.

Measurements with Infrared Thermography

In this phase, infrared thermography was employed in
recording the temperature field at the part of the heat ex-
changer surface which becomes visible when the front cover
is removed (Fig. 2). The experimental setup is shown in Fig.

@3).

Fig. (3). Measurements with infrared thermography: air furnace in
operation, front panel removed. Thermocamera is shown to the left
and computer with processing software at the center of the figure.

Fig. (4) shows thermograph with the measured tempera-
ture distribution with the air furnace adjusted to its optimal
operation point.

Particular attention has been paid in the conduction of
thermography measurements at reduced lighting conditions,
to minimize any reflection effects on the heat exchanger sur-
faces. (Nevertheless, some reflections are apparent in Fig.
(4), mainly at the right cover of the air furnace). Based on
the processing of thermographs taken by various viewpoints,
with the aid of the ThermaCAM Researcher software [22],
ample information on the temperature field at the heat ex-
changer surface was collected. The maximum measured
temperature was 325 °C. In addition, it was experimentally
checked how much the absence of the front panel could pos-
sibly affect the temperature field on the surface. To this end,
after steady state air furnace’s operation at nominal point for
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30 minutes, we removed very rapidly (order of 1 s) the cover
and filmed the temperature field using the infrared camera
which was already set up and focused. The analysis of this
transient thermograph showed negligible change following
the removal of the front panel.

. 3atC

Fig. (4). Temperature distribution at the heat exchanger surfaces at
the optimal operation point, resulting from the analysis of the re-
lated thermograph. Entry of flamepipe at bottom-left, exhaust outlet
at top right. Path of exhaust gas moves from the red colored end of
combustion chamber, back to the left side of the exhaust gas tubes.

The constant temperature boundary conditions on the
heat exchanger surfaces were selected, based on the process-
ing of the respective thermographs, of the type of Fig. (4).

Measurements at the Vent with Hot Wire Anemometer

In this phase, measurements with a low cost hot wire
anemometer were carried out across the outlet vent, in order
to gain information on the air temperature and velocity field
at the outlet vent. The experimental procedure followed is
described analytically in [21].

Fig. (5). Scanning device with hot wire probe attached in front of
outlet vent for air velocity and temperature measurements.

For the automatic scanning of the vent outlet, a specially
designed test rig is employed, which is based on the suitable
transformation of a desktop plotter, which, instead of a pen,
now moves along preset paths, the probe of a hot wire ane-
mometer (TSI Velocicalc [23]). The scanning device is con-
trolled by HP — GL language. The anemometer exports the
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position and velocity measurements, via serial port commu-
nication in Labview software [24]. The probe [23], mounted
on the scanning device in front of the air furnace’s vent is

shown in Fig. (5).

The measurements are shown in Table 1.

Table 1.

Measurements in the Exit Air Duct’s Vent

Average
Velocity [m/s]

Maximum
Velocity [m/s]

Minimum
Velocity [m/s]

2.20 4.65 0.20
Average Maximum Minimum
Temperature Temperature [°C] Temperature [°C]
rCl
44.0 50.6 36.4

The maximum velocity and temperature are observed at
the same position.

Solid Modeling and Computational Grid

The solid model of the heat exchange surfaces was as-
sembled in this phase based on the ProE [18] drawings of the
manufacturer [16]. The 3D drawing is imported in ANSYS
ICEM software and the solid model is automatically pro-
duced. The solid model consists of a number of parts, which
are named by the user. The solid model parts are shown in

Fig. (6).

Fig. (6). Solid model of the control volume under study (heat ex-
change area and outlet plenum).

The next step is the creation of the computational grid.
The desirable mesh was created by means of ANSYS ICEM
software, as shown in Fig. (7).
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Fig. (7). Computational grid for the control volume.

Determination of Boundary Conditions

The determination of boundary conditions is realized by
means of the CFX - Pre software. The procedure followed is
described below: The geometry and the computational mesh
are imported and the respective boundary conditions are set
in the different parts, one by one:

Inlet: Static Temperature: T=20 °C

Mass Flow Rate=0.8 kg/s (is explained below)

Outlet: Gauge Pressure: P=60 Pa

Heat exchanger wall: Fixed Temperature: T=140°C
Upstream collector wall: Fixed Temperature: T=160 °C
Downstream collector wall: Fixed Temperature: T=100°C

Plenum wall: Heat Transfer Coefficient: U=6 W/m’K (esti-
mated by means of composite resistance)

Outside Temperature: T=20 °C
Cover wall: Heat Transfer: Adiabatic

Combustion Chamber: In order to better describe the sur-
face temperature field, the combustion chamber surface was
separated in parts which are assumed to have fixed tempera-
ture boundary conditions. The average temperature in each
part is calculated based on the results of the processing of
thermographs [22].

An ideal gas assumption is made for air properties (refer-
ence pressure is 1 atm).

A fixed mass flowrate inlet boundary condition is set,
based on the fan’s characteristic curve, based on the proce-
dure reported above. The 250 W fan is constructed by Tecni-
fan. Its characteristics were taken from the web site of the
manufacturer [19].
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Solution of the Flow Field Equations

The solution of the steady state flow field equations is
carried out in CFX solver, based on the k - epsilon (k-¢) tur-
bulence model (5% turbulence intensity in the inlet boundary
condition).

The CFD simulation was performed with an AMD Ath-
lon Dual Core Processor 2.80 GHz with 2.00 GB RAM.

Fig. (7) shows the air furnace geometry and the computa-
tional grid which has approximately 100,000 control vol-
umes (tetrahedral).

A maximum of 60 iterations is allowed. Aim was to re-
duce below 1.0 e-004 all residuals of the continuity, momen-
tum and energy equations.

The CPU time was approximately 20 minutes.

The CFX-Post commercial software was used for the
numerical study of the problem. The results, which contain
all the essential information on the air flow around the heat
exchange surface, can be presented with various ways in any
part, surface, of our control volume.

Presentation of Results

Characteristic figures from the visualization of results, in
the form of streamlines and temperature and velocity con-
tours across planes are presented as follows:

Fig. (8) shows the temperature field at the exit of the ple-
num.
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Fig. (9) presents typical streamlines and temperatures of
the air flowing around the heat exchanger surfaces.

Fig. (10) shows the velocity field between the heat ex-
changer surface and the covers.

Mass Balances- Iterative Computation of Mass Flowrate

CFX Post provides the possibility of exporting text files
that contain the values of any thermodynamic variables tak-
ing place in the computation. These files are employed in
carrying out mass and energy balances. This is a very impor-
tant part of any study with commercial computational fluid
dynamics codes.

Mass balances are computed based on the values of air
mass flow rate variation across the inlet and outlet section
elements. The cross sections of the respective elements are
taken into account for this computation. After following the
iterative procedure described above, we found convergence
between inlet and outlet mass flowrate in the values of
m =m =0.8kg/s
in out
Energy Balances - Comparison Between Measurements
and Calculations

The air velocity profile at the entry of the pyramidal out-
let plenum (upwards of the heat exchanger see upper part of
Fig. (10)), was also measured by the low cost hot wire ane-
mometer, confirming the general form of the computed flow
field. Checking of the validity of the CFD computations is

Fig. (8). Computed temperature field at the exit of plenum and at the streamlines inside the control volume.
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Fig. (9). Flow field and temperature distribution around the heat exchanger surfaces.
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Fig. (10). Heated air velocity field between heat exchanger surfaces and covers. Streamlines become denser as we move to the right of the
heat exchanger, at the exhaust gas exit side, due to the position of the fan outlet.
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made by means of conducting energy balances between inlet
and outlet cross sections. To this end, the necessary files are
exported by CFX Post, containing the values of air mass
flow rate variation across the inlet and outlet section ele-
ments, as well as the respective values of temperatures. The
energy balance result in a net thermal power gain of the
heated air of the order of 28.977 kW. This is in accordance
with the measured furnace’s efficiency of 0.873.

EXAMINATION OF POSSIBLE DESIGN IMPROVE-
MENTS

Computational Study of the Effect of Shifting the Fan
Outlet

In this phase, we repeat the computation, assuming a
small change in the geometry of the air furnace. That is, we
examine the effect of shifting the position of the air inlet
vent by 10 cm to the left, as we are looking at the furnace
from the front (see Fig. (2)).

Due to the fact that we do not know in advance the air
furnaces’ efficiency in this new design version, we can only
assume that the inlet mass flowrate remains the same as in
the reference design version.

The results of the new computation are shown in Figs.
(11) and (12).

The comparative optical examination of Figs. (8) and
(12) (top left and right) shows significant differences at the
temperature distributions at the streamlines and at the outlet
planes. The files” processing showed an important expected
improvement of the useful power as it appears in the top of
Fig. (12) (from 28.977 to 31.537 k W). Also the furnace’s

Temperature
(temperaturd)
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efficiency is expected to be considerably improved (from
0.869 to 0.946) with the proposed design modification. This
is an indication that the position of inlet section to the heat
exchanger volume has not been sufficiently optimized by the
manufacturer. However, it is necessary to validate experi-
mentally the expected increase of efficiency. In this context,
we should keep in mind that the efficiency of modern design
non-condensing light diesel fuelled furnaces, can reach 95%
[25].

Experimental Validation

We have to verify the results of this new design version,
so we shifted the fan by 10 cm to the left, as it appears in
Fig. (13).

In this phase, measurements of steady state efficiency,
temperature of exhaust gases, A/F ratio and emissions were
conducted at the nominal operation point of the furnace, by
use of the measuring device: MRU Vario Plus Industrial
[20]. The maximum efficiency attained was 88.1%, for ex-
haust gas temperature of 245 °C and equivalence ratio
A=1.25.

Also, infrared thermography was employed in recording
the temperature field at the part of the heat exchanger surface
which becomes visible when the front cover is removed.

Fig. (14) shows thermograph with the measured tempera-
ture distribution with the air furnace adjusted to its optimal
operation point.

Fig. (15) presents following thermograph’s processing.
According to this, the combustion chamber has comparted
aiming at the better modeling of heat transfer.

Fig. (11). Temperature distribution at the exit of the control volume under study.
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Fig. (12). Comparison of enthalpy flow fields at the outlet cross section. Reference case (left) versus the shifted inlet case, based on the as-
sumption that the heat exchanger surface temperature field is not affected (right). At the bottom, the result of the computation of the im-
proved- shifted inlet case, based on the real heat exchange surface temperature field, as measured by infrared thermography.
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Fig. (14). Temperature distribution at the heat exchanger surfaces at
the optimal operation point, resulting from the analysis of the re-
lated thermograph.

Characteristic figures from the control volume and the
computational grid are presented as follows:

Fig. (13). Exposed heat exchanger surfaces of the 30,000 kcal / h
air furnace after the new position of the fan and the removal the
front cover and the fan inlet grid.

Fig. (16) shows solid model of the air furnace and the
control volume.
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Fig. (15). Regions of combustion chamber.

Fig. (17). presents computational grid for the control vol-
ume.

Fig. (16). Solid model of the air furnace and the control volume.

Determination of Boundary Conditions

The boundary conditions for the improved design version
are set following the methodology of the reference case, with
the necessary modification of the wall temperatures (accord-
ing to the new thermographs — see Fig. (15)). In addition, it
was necessary to correct the air mass flowrate.

The reason for this modification is that the processing of
enthalpy balances (see Fig. 12) indicated incompatible val-
ues between computed and measured furnace efficiency.

For this reason, the possibility of increased air flowrate
was investigated. According to the fan manufacturer’s data
higher flowrates, reaching 1 kg/s could be attained if the
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pressure losses in the heat exchanger are reduced with the
new design version both in the inlet and outlet section. In-
deed, an examination of the geometry in the new design ver-
sion supports this assumption. Testing of this assumption
was carried out based on enthalpy balances with the new
computational results and the measured efficiency results.

Fig. (17). Computational grid for the control volume.
Presentation of Results

The visualization — presentation of results is carried out
in this phase, in the form of streamlines and temperature and
velocity contours across planes by use of the CFX Post soft-
ware. Examples of the results are presented in the figures
below.

Fig. (18) shows the temperature field at the exit of the
plenum, with the improved design, based on the experimen-
tally determined heat exchanger surface temperature field.

Fig. (19) presents typical streamlines and temperatures of
the air flowing around the heat exchanger surfaces. The im-
provement is apparent in the more homogeneous streamline
density.

Fig. (20) shows the velocity field between the heat ex-
changer surface and the covers, which results in better ex-
ploitation of the heat exchanger.

Finally, Fig. (12) presents the comparison of the enthalpy
flow fields at the outlet cross section. If we compare the es-
timated improvement of the enthalpy field at top right with
the experimentally verified enthalpy field at the bottom of
this figure, we conclude that the field becomes more ho-
mogenized, however, the overall enthalpy increase of the
heated air is not as high as originally estimated.

Discussion of Results

According to the results shown in the above figures, it
can be concluded that the temperature and enthalpy flow
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Fig. (19). Flow field and temperature distribution around the heat exchanger surfaces: improved design.
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Fig. (20). Air velocity field between heat exchanger surfaces and covers with the improved design. The improvements in the better homog-

enization of the streamline density is apparent.

distribution at the outlet cross section has now become more
homogeneous (see Figs. (12) and (18)). The large tempera-
ture gradients that were apparent in the results of the original
design (see Figs. (8) and (11) are now relaxed. The results
from the processing of the output files by means of energy
balances, indicate an improvement of the useful power trans-
ferred to the heated air, from 28.977 to 29.562 kW. The
measured furnace’s efficiency is improved accordingly (from
0.869 to 0.89), with the proposed design modification. In the
reference case, the streamlines were seen to come in good
thermal contact only with a limited part of the heat exchange
surfaces. In the improved design, on the other hand, the
combustion chamber and the heat exchanger are flown
around in a more homogeneous way by the streamlines. This
explains the measured efficiency improvements.

CONCLUSIONS

. The combination of a commercial CFD code with the
technique of infrared thermography was successfully
demonstrated in the study of the 3D flow field and
heat transfer in the heat exchanger surface of an air
furnace.

. Infrared thermography was employed in the determi-
nation of temperature boundary conditions in the heat
exchanger surfaces that interact thermally with the
heated air.

The 3D flow and heat transfer in the control volume
of the air furnace was computed by CFD at steady
state, at its nominal operation point.

The flow field is visualized by means of 3D stream-
lines and velocity and temperature fields at character-
istic cross sections. Additional checks are made by
means of a hot wire probe.

The numerical results were checked by means of en-
ergy balances in the inlet and outlet sections of the
control volume enclosing the heated air stream. In
this way, the air furnace efficiency can be computa-
tionally predicted.

Computed efficiency improvement from the baseline
86.9% to 89% was predicted by a modified position-
ing of the inlet section from the air supply fan to the
main control volume that was suggested by the study
of the flow field.

By means of the measurements the exhaust gas tem-
perature was reduced about 16 °C (from 261 °C to 245
°C) and the furnace’s efficiency was improved (from
87.3% to 88.1%).

The methodology developed looks promising in the
support of design improvements in air furnaces of this

type.
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NOMENCLATURE

AlF = Air-to-fuel ration

A = Equivalence ratio

T = Temperature [°C]

m = Mass flowrate [kg/s]

P = Gauge pressure [Pa]

U = heat transfer coefficient [W/m?K]
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