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Abstract Based on an effective energy conversion method between gas enthalpy and thermal
radiation, a multi-layered type of porous air heater has been proposed. In the five layered structure
which is analyzed in this work, there are five porous layers which are separated by four quartz glass
windows. The main layer operates as a porous radiant burner that products a large amount of thermal
radiative energy and in the other layers, the energy conversion process between gas enthalpy and
thermal radiation takes place. In order to obtain the thermal characteristics of the heater, the coupled
energy equations for the gas flows and porous layers are solved numerically by iterative method. The
two—flux radiation model is used for computing the radiative fluxes from a solid matrix.
Computational results show a very high efficiency for this type of porous air heater although it has a
very simple structure.
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1. INTRODUCTION

Many methods have been proposed for heat
augmentation in high temperature facilities by
utilizing thermal radiation. The effective energy
conversion method from flowing gas enthalpy to
thermal radiation from porous metal plates can be
given as one of the most promising methods [1-3].
Applying this conversion method, Tomimura et al.
[4] has proposed a new type of multi-layered gas-
to-gas heat exchanger equipped with circular
porous metal plates. From their theoretical studies
conducted on a high temperature combustion gas,
it was shown that this type of heat exchanger has
much higher overall heat transfer coefficient than
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the conventional heat exchangers. In succession
from their studies, for the purpose of improving the
heat exchanger efficiency, the author proposed a
self-insulated type of gas—to—gas heat exchanger
[5]. The heat exchanger has a three layered
structure, and consists of one high temperature
section which is located between two recovery
sections. In the high temperature section, the
enthalpy of high—temperature gas flow is effectively
converted into thermal radiation emitted from the
porous layer towards the two layers in the recovery
sections. The porous layers in these sections are
heated by absorbing the incident radiations, and the
low—temperature airflows through these layers are
effectively heated by reverse conversion from
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thermal radiation into gas enthalpy.

Porous radiant burners (PRBs) are one of the
other applications of porous materials in thermal
systems. In PRBs, the heat of combustion released
in the gas phase heats up the solid matrix, which in
turn emits energy in the form of thermal radiation
to a heat load. Numerical results which were
obtained by many investigators show that this type
of burner has many advantages over conventional
ones [6].

In the present work, PRB is used to develop an
efficient porous air heater (PAH) as a new type of
heat exchanger which has a five—layered structure
and operates as a self-dependent system. The
schematic outline of the system is shown in
Figure 1. The five sections of the heater are as
follows: porous radiant burner (PRB), first low
temperature section (LT1), second low temperature
section (LT2), high temperature section (HT) and
third low temperature section (LT3). The porous
layers in each section are separated from each
other by quartz glass windows. In PRB, the heat of
combustion is converted into thermal radiation
emitted towards LT1 and LT2. The porous layers
in these two low temperature sections are heated
by absorbing the emitted radiation from PRB and
consequently the low temperature airflows through
the porous layers are effectively heated by the
energy conversion process from thermal radiation
into gas enthalpy. Since, the temperature of
exhaust flow from PRB is still high, and in order to
improve the performance of the system, a high
temperature section (HT) is designed so that the
enthalpy of exhaust gas from PRB converts to
thermal radiation emitted towards LT2 and LT3
where the reverse conversion from thermal
radiation into gas enthalpy takes place.

As a result of high porosity of porous medium,
thermal conductivity in this media is low. Thereby,
in the numerical simulation of PAH, it is assumed
that convection and radiation take place in a porous
matrix. However, in the gas flow because of non-
radiating gas assumption, heat transfer occurs by
conduction and convection. The combustion
process in PRB is modeled as a especially
dependent heat generation zone and it is assumed
that the five porous layers in PAH are perfectly
similar to each other and have the same physical
properties.

In order to investigate the thermal characteristics
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Figure 1. Geometrical configuration of porous air heater.

of PAH, simultaneous solution of the governing
equations at each section are obtained by a
numerical method. These equations for each
section are the energy equations for the gas and
solid phases with two radiative transfer equations
which were written based on two-flux radiation
model.

2. THEORETICAL ANALYSIS

In all of the sections in PAH, there exists a gas
flow through a porous layer along with a
convective heat transfer process between solid and
gas phases. Thereby, the governing equations for
thermal analysis of PAH are the same for all five
sections, but in PRB where the combustion process
takes place, the heat of combustion as a source
term is added into the gas energy equation. To save
space, only the governing equations and the
method of solution for analyzing PRB are
presented here.

The situation considered is shown schematically
in Figure 2. A gaseous fuel-air mixture with slug
flow enters a cylindrical duct at x = 0. The heat
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generation zone representing the flame with a
thickness of O, is situated in the porous region.

The solid matrix is assumed to be gray which
absorbs, emits and scatters thermal radiation.
Radiant energy emitted is assumed to be primarily
due to continuum emission by the solid matrix.
Comparatively, gaseous radiation is not as
important as solid radiation and is neglected.
Since, the solid and gas are not in local thermal
equilibrium, separate energy equations are needed
to describe energy transfer in these two phases.
These energy equations along with the radiative
transfer equations can be written as follows [8]:

dT
2 _
gpg g d (TER )+h (27[R )(T T )
, d2 (1)
+h NGA (xR (2)(Te=Tp) =K 4 ( )( R,
dx
: 2
—QS(X)(T[RO )=0
dq
hsNgAg (Ty - Ty) + 240 _ (2)
sNgAg (Tp g) 1x
dq”L + + 4 - 3)
d—xz—zcaq —ZbGSq +2csacsTP +2bcssq
—d(;]; =-20,q” —2bo,q” -%—2csac5TP4 +2boq* (4)
X
+ —
dn =9 —q (5)

In Equation 1, which is the energy equation for the
gas flow, the first term is the variation of gas
convective energy while the second and third terms
are the convective heat transfer from the gas flow
to the surrounding and solid phase, respectively.
The next term is the conductive heat transfer
through the gas phase and finally the last term is
due to the heat generation inside the combustion
zone. In the porous energy equation, the first term
is the convective heat transfer between the solid
and gas phases and the last term is the variation of
radiative heat flux along the porous segment. The
radiative heat fluxes along the burner are computed
by Equations 3 and 4 which are written based on
the two flux radiation model. The readers are
referred to Ref. [9] for the computational details of
this model.
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Figure 2. Schematic diagram of the porous radiant burner.

For parametric studies, the governing equations
are non-dimensionalized by introducing the
following dimensionless parameters:

h = u c
P, =— Q=L potePe £
ugpgcg GTg(, 26T 2
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3Q €
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In the above parameters, Pe is the Peclet number,
R is the rate of solid—fluid convective heat transfer
to radiative heat transfer, R, and Q represent the
ratios of heat loss through the duct wall to the fluid
energy and solid—fluid convective heat transfer to
the fluid energy, respectively. Using these
dimensionless parameters, the non—dimensional
forms of the governing equations can be written as
follows:

dﬁ+2PW(¢9 —0,)+Q(0y -6 )—ﬁR——
dx g g "P P S
(6)
i d 99
Pe dx’
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R(0g —0p) =2(1-®)0p* ~(1-m)(QT +Q7) (7)

90 21-0)Q" - 200Q" +2(1-0)0,* +2b0Q"  (8)

99 20 0)Q 2600 < 2(1-0)0,* +200Q" )
Non-dimensional forms of the governing equations
are solved numerically to obtain the temperature
and radiative heat flux distributions along the
burner. Equations 6 to 9 are coupled and should be
solved simultaneously. For this purpose, the finite
difference form of the gas energy equation is
obtained using central differencing for derivative
terms where the error of discretization is the order
of (ax)? and the radiative transfer equations are
solved by forth order Runge—kutta method. The
sequence of calculations can be stated as follows:
1. A first approximation for temperature and
radiative flux distributions is assumed.
2. Using Thomas-Algorithm, the discretized
form of the gas energy equation is solved for
obtaining the value of 6’9 at each nodal point.

3. Using the values of Hg which were obtained

in step 2, the radiative transfer equations are
solved by Runge—Kutta method to calculate
the radiative flux distributions Q* and Q.

4. The algebraic Equation 7 is solved to
determine the temperature of solid matrix.

Steps 2 to 4 are repeated until convergence is
obtained. This condition was assumed to have been
achieved when the fractional changes in the
temperature and radiative flux between the two
consecutive iteration levels did not exceed 107 at
each grid point.

3. RESULTS AND DISCUSSION

In order to validate the computational results, a
PRB is analyzed as a self~dependent system in a
test case and the numerical results are compared
with theoretical predictions in Ref. [6]. The gas
temperature distribution along the burner is shown
in Figure 3.

It is seen that the incoming fuel-air mixture is
heated by a radiative process as it passes through
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the porous media before the combustion zone. The
maximum gas temperature occurs inside the heat
generation zone to a point that the radiation serves
as a mechanism for heat removal from this region.
There is a decrease in gas temperature after the
combustion zone by converting gas enthalpy to
thermal radiation. However, Figure 3 shows good
consistency between the present results and those
obtained in Ref. [6].

Based on the theoretical studies of PRBs and
the principle of energy conversion between gas
enthalpy and thermal radiation, which was
discussed in the previous sections, the thermal
behavior of the new type of five layered PAH is
analyzed here. The situation considered is shown
schematically in Figure 1. All of the five layers in

PAH have a radius equal to R, and the spacing
between two adjacent layers is equated to R, /4,

which gave a configuration factor of 0.8.

In order to show the thermal behavior of PRB
which has the main role in the designed PAH, the
gas and porous temperature profiles ¢, and 6,
and also the variation of radiative fluxes Q* and
Q- along the burner are shown in Figure 4. The
position of the heat generation zone £ is equal to

0.5, (the flame was regarded as suited in the

__ Tong and Sathe [6]

,,,,, Present work

04

Figure 3. Gas temperature distribution along the burner:
0/Ry=0.2,1,=1,Q=1468, A =227, Pe =272
P,=0,&,=05, ®=0.5,b=0,0, =1,P,=0.0136.
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middle of porous segment). In the computations,
the ratio of &, /5 is equal to 0.1.

As it is seen in Figure 4—a, the gas and porous
temperatures increase along the flow direction at
the entrance of the burner. The effect of gas
preheating is clear in this figure such that for
locations upstream of the heat release zone, the
solid temperature is greater than the gas
temperature. Figure 4-b shows that the maximum
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Figure 4. Temperature (a) and radiative flux (b) distributions
along the PRB:

8/R,=0.1,7, =1,Q =200,% =9.71,Pe =153
P, =0.006,P, =0.1, &, =05, ©=0, 0, =1.
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values of Q* and Q- occur outside the combustion

zone. The values of the downstream radiative flux
Q" at r =7, and upstream radiative flux Q  at

7 =0 are the radiative outputs from PRB which are
the energy sources in PAH. These radiative
energies must be absorbed in the first and second
low temperature sections in order to increase the
air flow temperature via a convective heat transfer
process.

Figure 5 shows the air temperature distributions
in the three low temperature sections. It is seen that
the airflows are effectively heated as they pass
through the porous layers in these sections. The
temperature increase in LT1 and LT2 are much
higher than LT3, because the two low temperature
sections LT1 and LT2 are closed to PRB which has
the main energy source.

The gas and porous temperature distributions in
the HT section are shown in Figure 6-a. It is
mentioned that the exhaust gas from PRB is the
entering flow into HT section. Figure 6—a shows
that the gas temperature decreases as it passes
across the porous layer because of heat exchange
with the solid phase. By this convective heat
transfer, the solid temperature tends to rise too
close to the fluid temperature and there is a large
amount of radiative flux emitted from porous
media into the adjacent layers. The radiative heat
flux distribution along the porous layer in the HT
section is shown in Figure 6-b. The values of
Q'(z,) and Q (0) are the recaptured energy which
are emitted towards the LT2 and LT3 sections.

Figure 7 shows the effect of 7,, @ and P, on

the PAH efficiency which is defined generally by
the following equation:

Z 1’hacPa (Tao _Too)

_ LTI1,LT2,LT3 (10)

Q nRésf

Here, m, and c, are the mass flow rate and the

pa
specific heat at constant pressure of the air flow,
T,, is the air outlet temperature at each LT

ao

section and §, is the combustion zone thickness

with a value equated to 0.16 in the computations.
Using the non-dimensional parameters, the following
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Figure 5. Air temperature distributions in the porous layers of
LTI1,LT2 and LT3:

8/R,=0.1,1,=1,Q =200, =9.71,Pe =153
0,=1,0=0,&, =05, P,=0.006,P, =0.1.
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Figure 6. Temperature (a) and radiative heat flux (b)
distributions in HT section:

8/R, =0.1,t, =1,Q = 200, =9.71,Pe = 153
P, =0.006,P, =0.1, £, =0.5, ©=0, 0, =1.
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equation can be written for the computation of
PAH efficiency.

5
”:Plg;[“%o‘ew)LT1+(9ad‘ew)LTz+(9ad‘ew)LTﬂ

(11)

It is seen from Figure 7 that the PAH efficiency
increases by increasing the optical thickness of
porous layers to a point that the optical thickness
about 3 seems enough to obtain maximum
efficiency. The effect of non-dimensional
parameter P, on the efficiency of PAH is also

shown in Figure 7. One of the main factors in the
computation of this parameter is the heat
generation rate in the combustion process, the large

values of Q causes a small values for P. Figure 7

shows that increasing in the value of the heat
generation rate in the combustion zone of PRB,
causes a decrease in PAH efficiency. This is due to
the fact that a PAH with a high heat generation rate
in the combustion zone has a hot exhaust which is
the wasted energy.

The effect of radiative scattering on the PAH
efficiency is also shown in Figure 7. It is seen that
radiative scattering causes a decrease in efficiency
of PAH especially for small optical thicknesses.
However, it is seen from Figure 7 that this type of
air heater has a very high efficiency which is
higher than the conventional ones with a maximum
efficiency about 25% [7].

In the present study, a three-layered PAH is also
analyzed in order to make a comparison between
its efficiency with a five-layered one. It must be
noted that in a three-layered PAH, there only exists
LT1, LT2 and PRB sections.

It is seen from Figure 8 that there is a
considerable difference between the efficiencies of
these two types of PAH especially in the condition
of large optical thicknesses for porous layers.

4. CONCLUSIONS

A new type of porous air heater is developed in the
present study. The system has five distinct porous
layers which are separated from each other by four
quartz glass walls. The heat of combustion is
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Figure 8. Comparison between three and five-layered PAH
efficiencies:

8/R,=0.1,Q=200,L =9.71,Pe =153
0,=1, &,=05, P, =0.1.

converted into thermal radiation in a porous radiant
burner and the energy conversion process form
thermal radiation into gas enthalpy is occurred in
low temperature sections. In order to improve the
thermal performance of the system, a high
temperature section is also considered to recover
the enthalpy of exhaust gas from PRB which
otherwise will be wasted. Heat transfer
characteristics of the newly proposed porous air
heater is investigated by solving the governing
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equations for the gas and solid phases and the two-
flux model is used to describe the radiative flux
from the solid matrix. Numerical results show a
very high efficiency for this type of porous air
heater.

5. NOMENCLATURE

A Surface area, (m”)

B Back—scattered fraction factor

B Incoming radiation (W /m?)

¢ Specific heat (J/kg°C)

h Heat transfer coefficient (W /m?°C)

K Thermal conductivity (W/m°C)

m Mass flow rate (Kg/s)

q” Radiative heat fluxes in downstream and
upstream directions (W /m?)

R, Radius of duct (m)

T Temperature (°C)

T,o Temperature of air at the outlet of LT
section (°C)

T, Gas temperature at duct's inlet (°C)

0

u Velocity(m/s)

X Coordinate along the flow direction (m )

Xg Location of flame center (m )

S Thickness of porous layer (m )

0 Non—dimensional temperature, T/Tg,
Non—dimensional temperature, (T-T)/T

O; Thickness of flame zone (M)

Eqr Dimensionless flame zone location,

(X —x) /(X5 —%1)

Greek Letters

P Density (kg/m®)

o Stefan—boltzmann constant (W/m*K*)
os Scattering coefficient (m™)

Oa Absorbing coefficient (m™)

Oe Extinction coefficient (m™)

T Optical depth, ce(x—x))

To Optical thickness, 68
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Subscripts

2, p gas and porous, respectively

w wall

1,2 inlet and exit of porous layer

n algebraic summation

a air

0 outlet

s ambient
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