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Fluid mechanics and heat transfer are studied in a double-tube heat exchanger that uses the combustion
gases from natural gas in a porous medium located in a cylindrical tube to warm up air that flows through
a cylindrical annular space. The mathematical model is constructed based on the equations of continuity,
linear momentum, energy and chemical species. Unsteady fluid mechanics and heat transfer by forced
gas convection in the porous media, with combustion in the inner tube, coupled to the forced convection
of air in the annular cylindrical space are predicted by use of finite volumes method. Numerical simula-
tions are made for four values of the annular air flow Reynolds number in the range 100 6 Re 6 2000,
keeping constant the excess air w = 4.88, the porosity e = 0.4, and the air–fuel mixture inlet speed
Uo = 0.43 m/s. The results obtained allow the characterization of the velocity and temperature distribu-
tions in the inner tube and in the annular space, and at the same time to describe the displacement of the
moving combustion zone and the annular porous media heat exchanger thermal efficiency. It is con-
cluded that the temperature increase is directly related to the outer Reynolds number.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The efficient energy use requires new ways to produce thermal
energy from low caloric power fuels, producing low pollutant
emissions and with increased heat transfer rates during combus-
tion, with the purpose of reducing energy consumption. The incor-
poration of porous media favours combustion because this kind of
solid material has a thermal conductivity about 100 times greater
than that of the gas, in addition to the large heat exchange surface
area that exists between solid and fluid. Another advantage of
combustion in porous media is the preheating of the gases before
arriving at the combustion zone due to radiation and conduction
in the solid, resulting in a much more complete combustion since
gases arrive at the combustion zone at a much higher temperature
than ambient temperature [1–4].

In this field, there are studies that have investigated numeri-
cally and experimentally the performance of porous media com-
bustors and the importance of the feedback through the heat
recirculation by means of heat transfer from the solid by conduc-
tion [5–7] and radiation [8–12]. Other studies have focused on
the implementation of a physical mathematical model that allows
the development and optimization of the design of burners with
porous media [13–20]. Many of these models use a single-step
reaction, such as those of Baek [12]; Sathe et al. [13]; Malico and
Pereira [14], and Foutko [19], which by means of finite differences
ll rights reserved.
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method predict the behaviour of the temperature of the solid and
the fluid in a porous matrix at 5-min intervals during 25 min using
a one-dimensional model. However, there are other models that
have used multistep reactions that allow a more accurate predic-
tion of product composition, the energy released, the temperature
of the flame, and the temperature profiles. Zhou et al. [21], pro-
posed a 2D combustion model, using a 32-steps chemical reaction
that allows for the temperature field prediction.

The use of 2D models for combustion is fundamental due to the
complexity of the commercial design of porous media burners,
with the purpose of stopping and stabilizing the combustion front.
Some of these inert porous media models for burners with inte-
grated cooling tubes are described in the studies of Mohamad
et al. [22], Hackert et al. [23] and Barra and Ellzey [24], including
a 2D model burner and comparisons with experimental results
for two geometries. Another practical example of porous combus-
tor appears in the work of Xuan and Viskanta [25], in which they
analyzed numerically a porous matrix burner and succeed in stop-
ping the combustion front by cooling it. In this work, the physical
phenomenon is predicted by two energy equations that are along
with continuity, two linear momentum equations, the equation
of state, and the equation of fuel mass fraction, considering a sin-
gle-step chemical reaction.

An alternative system for using inert porous media is in heat
exchangers with reciprocal flow, developed experimentally by Hoff-
mann et al. [26] and studied analytically by Sathe et al. [27], Hanam-
ura et al. [28], Park and Kaviany [29], Jughai and Sawananon [30] and
Shi et al. [9]. Contarin et al. [31,32] developed a 1D single-step
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Nomenclature

Cp specific heat (J/kg K)
DM diffusion coefficient (m2/s)
dp pore diameter (m)
Ea activation energy (J/mol)
h heat transfer coefficient (W/m2 K)
hRAD heat transfer coefficient by radiation (W/m2 K)
K frequency factor (1/s)
Le Lewis number
Nu Nusselt number
Pr Prandtl number
p pressure
Re Reynolds number
Ro universal gas constant (J/mol K)
r radial coordinate
T temperature (K)
t time (s)
uG gas speed (m/s)
uinst interstitial gas speed (m/s)
v velocity (m/s)
wf fuel mass fraction
z axial coordinate

Greek symbols
Dh combustion enthalpy (J/kg)
a superficial gas–solid heat exchange coefficient (W/

m3 K)
k thermal conductivity (W/m K)
e porosity
e porous media emissivity
l dynamic viscosity of gas (kg/m s)
q density (kg/m3)
r Stephan–Boltzmann constant (W/m2 K4)
s quartz transmissivity
w excess air

Subscripts
0 initial condition
eff effective
G gas
S solid
in inconel
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mathematical model for this system comparing the model results
with the experimental data.

Dobrego et al. [33] studied theoretically, numerically and exper-
imentally the combustion wave inclination instability in a tubular
porous media burner. They found that the inclination amplitude
growth velocity on the linear stage depended on the combustion
wave velocity, the combustor diameter and of the porous media
particles diameter.

Moraga et al. [34] studied by using the finite volume method the
heat transfer and fluid mechanics in a cylindrical porous media bur-
ner, where a combustion process of methane/air mixture takes place,
in order to optimize the location of internal heat exchanger devices.
Fig. 1. Double-tube air/porous
The purpose of this work is to present results of the simula-
tion made with the method of finite volumes to characterize a
double-tube air/porous combustor heat exchanger which con-
tains a combustion zone with a porous medium, a heat transfer
zone, and an annular zone that receives the heat, where there is
a counterflow laminar air flow. The parameters used are
w = 4.88, e = 0.4, Uo = 0.43 m/s in the combustor and Re = 100,
Re = 500, Re = 1000, Re = 2000 in the annular air flow. The study
allows the fluid mechanics and convective heat transport predic-
tions inside the porous media inner combustor and in the annu-
lar air flow, determining the temperature increase of the heat
exchanger.
combustor heat exchanger.



Table 3
Diffusion coefficient and source terms for the cylindrical 2D model annular flow.
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Table 4
Diffusion coefficient and source terms for the 2D cylindrical combustor model.
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2. Physical layout and mathematical model

Fig. 1 shows the physical layout that describes the cylindrical
heat double-tube exchanger. The combustion of methane with air
in a porous alumina medium takes place inside the apparatus.
The heat generated in the combustion process is used to warm
up the counterflow air flow in the cylindrical ring. The mixture of
fuel and combustion air enters at room temperature and at a
known speed. Inlet temperature air annular flow is 283 K and the
inlet velocity varies according to the Reynolds number considered.
Combustion takes place in the ignition zone, and CO2, H2O, O2 and
N2 are generated as products. The boundary conditions at the out-
let consider that the flow is thermally and hydrodynamically
developed. The mixture is considered an ideal gas, and hence that
density varies according to the equation of state. In the combustor
the following conditions are considered fixed: excess air w = 4.88,
inlet speed Uo = 0.43 m/s, and porosity e = 0.4.

The mathematical model used for the outer flow includes the
equations of continuity, linear momentum and energy, for air with
constant properties (see Tables 1 and 2).

The mathematical model used for the combustor includes the
porosity terms in both the energy equations for the solid as well
as for the gas; similarly, also the continuity, linear momentum
and fuel mass fraction equations are included. All physical proper-
ties are variable with temperature, and it is postulated that density
varies according to the ideal gases state equation. The chemical
reaction is considered to be in a single-step, with excess air
included.

The additional simplifications consider that the fluids are
incompressible, the flows are laminar and the fluids are Newto-
nian. The equations used in the construction of the mathematical
model are given below.

2.1. Outer flow equations, for air

Continuity equation
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Table 1
Properties of inconel and alumina.

Inconel Alumina

kin ¼ 0:014 � T þ 16:16 W=m K ks ¼ 1:3 W=m K

Table 2
Properties of the mixture and of the air.

Mixture Air

qG = 1.13 m3/kg qa = 1.189 m3/kg
CpG = 1100 J/kg K Cpa = 1100 J/kg K
lG = 6E � 5 kg/m s la ¼ 1:71E� 5 kg=m s
Energy equation for air
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2.2. Inner porous media combustor equations

Single-step chemical reaction

CH4 þ 2ð1þ wÞðO2 þ 3:76N2Þ ! CO2 þ 2 �H2Oþ 2w � O2

þ 7:52ð1þ wÞN2 ð5Þ

Ideal gas state equation
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T
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Continuity equation
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Table 5
Time steps used in the simulation.

Time (s) Time steps: Dt (s)

Time < 0.001 Dt = 0.00001
0.001 < time < 0.01 Dt = 0.0001
0.01 < time < 0.1 Dt = 0.001
Time > 0.1 Dt = 0.1
Time > 20 Dt = 1
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Fuel mass conservation equation
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Energy equation for gas in porous medium
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Energy equation for solid in porous medium
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Reaction speed

rf ¼ wi � qG � K � exp � Ea
Ro � T
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Effective conductivity of the solid

keff ¼ kS þ kRAD ð14Þ

Radiation between the solid particles of the porous medium is
included by means of the following expression, Foutko et al.
[19]
Fig. 2. Air average temperature in the annular flow. On the left, asymptotic case for a
combustor heat exhanger with w = 4.88, e = 0.4, Uo = 0.43 m/s in the combustor and Re

Fig. 3. Evolution of the temperature distribution. On the left, 1D results [19]. On the
kRAD ¼
32 � r � e � dp � T3

9 � ð1� eÞ ð15Þ

keff ¼ ð1� eÞkS þ
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S
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The coefficient of convective heat transfer between solid and gas is
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where the Nusselt number is obtained from the expression

Nu ¼ 2:0þ 1:1 � ðPr1=3 � Re0:6Þ ð20Þ

where Re ¼ e � u � dp � q
l
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Conjugate boundary conditions between the porous burner sec-
tion and the annular one are used in the internal and external areas
of the inner tube
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constant heat flow along the inner annular wall. On the right, double-tube porous
= 1000 in the annular flow.

right, present 2D results in the central axis for w = 4.88, e = 0.4, Uo = 0.43 m/s.
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Additional parameters used in the simulation were the Ste-
phan–Boltzmann constant (r), combustion enthalpy (DhCOMB), fre-
quency factor (K), activation energy (Ea), and the universal gas
Fig. 4. Axial velocity along the heat exchanger at distances of 0.04 m, 0.14 m and
0.32 m. w = 4.88, e = 0.4, Uo = 0.43 m/s in combustor, Re = 100 in the annulus.
constant (Ro), whose respective values are: r = 5.67 � 108 W/
m2 K4; DhCOMB = 50.15 � 106 J/kg; K = 2.6 � 108(1/s) and Ea/
Ro = 15643.8 K.
Fig. 5. Axial velocity along the heat exchanger at distances of 0.04 m, 0.14 m and
0.32 m. w = 4.88, e = 0.4, Uo = 0.43 m/s in combustor, Re = 500 in the annulus.
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The average temperature in the heat exchanger is calculated by
means of
Fig. 6. Axial velocity along the heat exchanger at distances of 0.04 m, 0.14 m and
0.32 m. w = 4.88, e = 0.4, Uo = 0.43 m/s in combustor, Re = 1000 in the annulus.
T ¼
R R

u � T � @r@zR R
u � @r@z

ð23Þ
Fig. 7. Axial velocity along the heat exchanger at distances of 0.04 m, 0.14 m and
0.32 m. w = 4.88, e = 0.4, Uo = 0.43 m/s in combustor and Re = 2000 in the annulus.
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The mass diffusion coefficient was found by assuming that the
Lewis number was equal to 1,

DM ¼ kG

ðq � CpÞG
; ðLe ¼ 1Þ; kG ¼

l � Cp
Pr

; DM ¼ l
q � Pr

ð24Þ

Inlet and outlet boundary conditions of the heat exchanger are:

Z ¼ 0:0; when
0 6 r 6 0:038 ) U0 ¼ 0:43 ^ T ¼ 300K
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@z ¼ @T

@z ¼ 0

(

Z ¼ 1:5; when
0 6 r 6 0:038 ) U0 ¼ 0:43 ^ T ¼ 300K

0:038 6 r 6 0:077 ) U0 ¼ Re�v
Dh
^ T ¼ 283K

(

ð25Þ
3. Solution procedure

The system of equations that governs this problem is solved
numerically using the finite volume method by means of the SIM-
PLE algorithm, Patankar [35].

Each one of the governing equations was written in the general
form of the transport equation, with unsteady, convective, diffu-
sion and linearized source terms:

@ðq � /Þ
@t

þ divðq �~v � /Þ ¼ divðC � grad/Þ þ Sc þ Sp � / ð26Þ
Fig. 8. Streamlines at different times for w = 4.88, e = 0.4, Uo = 0.
The diffusion coefficient (C) and the source terms (Sc, Sp) for
each dependent variable U are given in Tables 3 and 4.

The convergence criteria used for gas and solid temperature and
for fuel mass fraction are

j/k
i;j � /k�1

i;j j 6 10�3 ð27Þ

while for the two velocity components a more restrictive criterion
was imposed

j/k
i;j � /k�1

i;j j 6 10�4 ð28Þ

where U is the dependent variable and k is the level of iteration at a
given time. The staggered non uniform grid used has 652 � 26
nodes in the axial and radial directions, respectively. The subrelax-
ation coefficients used were equal to 0.1 for the u and v velocity
components, and 0.5 for the gas and solid temperature and for
the fuel fraction.

Calculations were accomplished in a 2.4 GHz Intel Xeon� per-
sonal computer with 2.0 GB of RAM.

A strategy based on the use of dynamic time steps was imple-
mented. The different values of the time steps used in the unsteady
calculations are given in Table 5.

4. Results and discussion

The numerical simulation main objective was the prediction of
the unsteady velocity and temperature profiles in the heat exchanger.
43 m/s in the combustor and Re = 2000 in the annular flow.
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The effect of the outer Reynolds number on the temperature increase
of the air in the annular flow was also investigated. Porous media
combustion investigated originated a combustion wave that moved
towards the tube exit, in a super-adiabatic regime [28]. Air moving
in a counterflow inside the annular cylindrical domain (external con-
centric tube) contributed to stop the wave propagation due to heat
removal. The unsteady state influences the heat transfer characteris-
tics in the double-tube heat exchanger proposed in four main ways:
(a) fuel–air mixture pre-heating at the tube inlet caused by heat
propagation to the inlet by conduction through the solid particles
(allumina spheres) of the porous media [36]; (b) pollutants reduction
in the high temperature porous media, due to post-combustion of the
gases, by radiation, conduction and forced convection, in the space
between the moving ignition region and the tube exit [30]; (c) air
heating rate in the external tube; and (d) to understand the main
characteristics of this type of combustors: flame stability (shape,
inclination and structure), combustion wave displacement velocity
and initial and final accelerations [32,37–41].
Fig. 9. Effect of the outer Reynolds number on the heat exchanger temperature fi
Figs. 2 and 3 show results for asymptotic cases of the heat ex-
changer. Fig. 2 shows air flow in the annular flow when the pipe
is heated from the bottom. Predicted results are compared with
the results obtained in the heat exchanger at a time of 1500 s,
showing a 0.06% deviation for the average temperature of the outer
flow at the heat exchanger outlet. In Fig. 3, predicted unsteady
temperature profiles in the combustor calculated in this work
using the 2D model, are compared to the results obtained by the
1D model used by Foutko [19]. The average deviation of the max-
imum temperature along the central axis of the combustor with re-
spect to that calculated by Foutko [19] is 7% for the gas
temperature and of 7.7% for the solid temperature. Present calcula-
tions shows that combustion front is located at an axial position of
0.115 m from the inlet, at time t = 1500 s, while a position of 0.3 m
was predicted by Foutko [19] with the 1D model.

Fig. 4 shows that the axial component of the velocity at the
beginning of the combustion zone, located at a distance of
0.04 m from the inlet of the heat exchanger, has values near 1 m/
eld, with w = 4.88, e = 0.4, Uo = 0.43 m/s in the combustor, Re = 100 and 500.
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s in a time of 100 s. As time goes by, the speed decreases because
the combustion zone is displaced toward the combustor outlet,
reaching a value of 0.65 m/s at a time of 1500 s. In the axial posi-
tion, at 0.14 m of the inlet, the velocity remains close to 2 m/s, in-
side the combustion zone, where temperature is highest. But at a
distance of 0.32 m from the inlet the axial velocity starts increasing
with time due to the combustion front displacement. On the other
hand, the velocity in the annular flow remains constant throughout
the whole heat exchanger with a value near to 0.03 m/s. Figs. 5–7
show similar trends when the annular Reynolds number increase
from 500 to 2000 with higher velocities of 0.15 m/s, 0.31 m/s and
0.59 m/s, respectively.

Fig. 8 shows the flow lines of the heat exchanger at times of
t ¼ 100 s, t ¼ 200 s, t ¼ 400 s and t ¼ 800 s. The zone where the
secondary flows appear, causing the recirculation of flows in the
combustor at a distance of 0.175 m from the combustor inlet is
Fig. 10. Effect of the outer Reynolds number on the heat exchanger temperature fie
seen. The secondary flows are attenuated as time goes by and at
time t ¼ 800 s they have already disappeared.

Figs. 9 and 10 show the effect of the Reynolds number on the
temperature fields in the heat exchanger. The displacement of
the combustion front is shown at times t ¼ 100 s, t ¼ 600 s,
t ¼ 900 s, t ¼ 1200 s and t ¼ 1500 s. The results show that the
combustion front displacement is independent of the Reynolds
number. Isotherm 1 (T ¼ 300 K) in the annular air flow changes
with time when Re = 100, and the displacement of the isotherm
T = 300 K becomes almost imperceptible at Re = 2000. Fig. 11 illus-
trates the variation with time of the annular air mean temperature
for Reynolds numbers of Re = 100, Re = 500, Re = 1000 and
Re = 2000. In all cases the mean temperature increases as time goes
by.

Air heating in the annular space of the exchanger is shown in
Table 6. There is a dramatic decrease in the air heating when the
ld, with w = 4.88, e = 0.4, Uo = 0.43 m/s in the combustor, Re = 1000 and 2000.



Fig. 11. Effect of the outer Reynolds number on the outer flow average temperature, with w = 4.88, e = 0.4, Uo = 0.43 m/s in the combustor.

Table 6
Temperature difference of the external fluid between the inlet and outlet.

Time (s) DT (K)

Re = 100 Re = 500 Re = 1000 Re = 2000

100 37.1 8.1 4.1 2.1
600 40.5 8.9 4.6 2.3
900 43 9.5 4.9 2.5

1200 45.5 10.1 5.2 2.7
1500 48 10.7 5.5 2.8
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outer Reynolds number increases. Significant temperature differ-
ences were found between the maximum (Re = 2000) and mini-
mum (Re = 100) outer Reynolds numbers, which increased the
average outer temperature of the air flow by 37 K when Re = 100
and 2 K when Re = 2000, at a time of 100 s, keeping this proportion
at later times.

Heat performance was studied in terms of the heat exchanger
effectiveness, defined as the ratio between air heating rate and
the thermal energy provided by methane combustion,
8.03 � 105 kJ/kmol [42]. The double-tube heat exchanger effective-
ness g, calculated for the base case defined in Fig. 1, with
Uo = 0.43 m/s, Re = 2000, e = 0.4, W = 4.88, was 13.8%. In addition,
the effectiveness for three alternative designs was determined:
air internal re-circulation in an inner tube (diameter equal to
0.0152 m), with g = 28.1%; simultaneous external and internal air
flows, with g = 19.3% and inner air flow with porous media in the
annular external region, with g = 36.7%. Effectiveness experimental
values reported by Xuan and Viskanta [25], for a porous matrix
methane combustor with embedded coolant tubes, were found to
decrease from 70% to 30% when the firing rate increased from 10
to 60 kW. Finite volume calculations, with the SIMPLER algorithm
and a mathematical model developed by Mohamad et al. [22], for
the same combustor–heater system with coolant tubes, shows that
thermal efficiency can change from 55% to 22%, due to variations in
the particle diameter ratio. Thermal efficiencies in the range of 45–
80% have been reported by Contarin et al. [31] for a reciprocal flow
filtration methane combustor with embedded heat exchangers,
depending on the equivalence ratio and filtration velocity. The heat
recirculation efficiency, defined as the ratio between solid-to-gas
convection in preheat zone and the firing rate, has been examined
by Barra and Ellzey [24], for a porous methane burner with par-
tially stabilized zirconia, with efficiencies between 6 and 25%,
depending on the flame speed and the equivalence ratio. Thermal
efficiency for a cyclic flow reversal porous media combustor has
been found to be almost twice higher than conventional one-way
flow combustors, Jugjai and Sawananon [30]. Even though the
thermal efficiency calculated for the proposed double-tube air-por-
ous medium combustor heat exchangers was in the range between
14% and 37%, further improvements can be expected by using fins.

5. Conclusions

Numerical simulations were made for four values of the annular
flow Reynolds number, for Re = 100, 500, 1000 and 2000, keeping
constant the excess air w = 4.88, porosity e = 0.4 and inlet speed
Uo = 0.43 m/s in the porous media combustor. The results obtained
with the 2D model presented here, differs greatly from those ob-
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tained with the 1D previous model. Temperature differences calcu-
lated with the present 2D model are 7% larger for both the gas and
the solid, than those results obtained with 1D models. The instan-
taneous position calculated with the 1D models shows that the
combustion front moves 2.6 times faster than in the 2D model.

The axial velocity of the combustor is not affected by the Rey-
nolds number of the air flow in the external annular space. How-
ever in this annular region the axial velocity of the air flow
increases 20 times when the Reynolds number increases from
Re = 100 to Re = 2000.

The 2D model presented here allows the secondary flows to be
captured in the porous media combustor. The secondary flows ap-
pear at the beginning of the combustion because of the formation
of the combustion front, but as time goes by they tend to
disappear.

In the annular air flow the average temperature increment is di-
rectly related to the decrease of the calculated Reynolds numbers.
As the Reynolds number increases from Re = 100 to Re = 2000, the
mean temperature increases at the outlet of the heat exchanger by
40 K on the average for the calculated times.
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