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a b s t r a c t

In this work the partial oxidation of hydrocarbons on a rhodium-based catalyst is studied

experimentally and numerically. A unidimensional heterogeneous mathematical model

for catalytic partial oxidation of hydrocarbons is applied to adiabatic and non-adiabatic

honeycomb monolith reactors. The model is validated for the non-adiabatic case with

good agreement against experimental measurements of temperature and species con-

centrations for three fuel compositions over a wide range of operating conditions.

The influence of radiative heat losses on the non-adiabatic reactor performance is

numerically investigated under varying operating conditions: fuel flow rate, air to fuel

equivalence ratio and fuel composition. The radiative heat losses change the heat release

relatively to the adiabatic configuration and a slightly more exothermic reaction pathway is

observed. This higher chemical heat release points out a lower importance of endothermic

reforming reactions in the overall chemical scheme justifying the lower outlet fuel con-

version registered. It is also observed during non-adiabatic operation that the H2 selectivity

can present higher values than in adiabatic conditions.

The potential of the non-adiabatic reactor configuration to improve catalyst thermal

stability is confirmed since a significant decrease of surface hot spots in relation to adia-

batic operation may occur.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction hydrocarbons (expression (1)) is globally exothermic ðDH+
R < 0Þ
Catalytic partial oxidation (CPOx) of hydrocarbons has

received growing attention during the last 20 years. A renewed

interest on this process arose after Schmidt and co-workers

[1e4] reported high values of methane conversion and syn-

thesis gas selectivity in autothermal and millisecond contact

time monolith reactors coated with noble metal catalysts

(Rh and Pt). The catalytic partial oxidation reaction of
.C. Pereira).
2013, Hydrogen Energy P
41
and its practical implementation reveals several advantages

over other well-established reforming technologies such as

the highly endothermic steam reforming technology since it

does not require external heat sources, it can be performed in

small, simple and compact reactors with low heat capacity

and good heat transfer properties, allowing a fast transient

response to changes in operating conditions and shorter start-

up times [5]. These features enable the catalytic partial
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

A area; total monolith frontal area (expression (21)),

m2

Ck molar concentration of species k, mol m�3

Cp specific heat capacity at constant pressure,

J kg�1 K�1

D diffusion coefficient, m2 s�1

Hk molar enthalpy of species k, J mol�1

KK total number of species

Kmat;k interphase mass transport coefficient, m s�1

L length, m

LHV low heating value, J mol�1

NR total number of reactions

Ns total number of surface zones

P total pressure, Pa

Pk partial pressure of species k, Pa

Pe Péclet number

R universal gas constant, J mol�1 K�1

SCO integral carbon monoxide selectivity

SH2 integral hydrogen selectivity

T temperature, K

W molecular weight, kg mol�1

XCH4 integral methane conversion

Yk mass fraction of species k
_Vfuel volumetric fuel flow rate, m3 s�1

_n molar flux, mol s�1

_qchem: chemical heat release, evaluated with the

denominator of expression (21), W m�2

_qnet net heat release, W m�2

_qradloss radiative heat loss, Wm�2

aV specific surface area, m�1

dh hydraulic diameter of monolith channels, m

h interphase heat transport coefficient, Wm�2 K�1

k thermal conductivity, Wm�1 K�1

q00Rad net radiative heat flux, Wm�2

qR rate-of-progress variable of reaction R,

mol kg�1
cat: s

�1

t time, s

u axial mean flow velocity, m s�1

x axial reactor coordinate, m

Greek letters

dcat: washcoat thickness, m

_u molecular production/consumption rate,

mol m�3
cat: s

�1

ε porosity

εi emissivity of surface zone i

href : integral reforming efficiency

hR generalized effectiveness factor of reaction R

l air to fuel equivalence ratio

nk;R stoichiometric coefficient of species k in reaction R

U relative radiative heat losses

4 generalized Thiele modulus

r density, kg m�3

s StefaneBoltzmann constant, Wm�2 K�4

x catalytic volumetric fraction

Subscripts

cat. catalyst

ef effective

g gas phase; gas species

in inlet

k species k

out outlet

s solid phase

si surface zone i

w wall species; washcoat

Superscirpts

eq chemical equilibrium conditions

S external washcoat surface conditions
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oxidation for small-scale stationary or on-board applications

namely to feed fuel cells for electric power generation pur-

poses [6,7].

CxHy þ x
2
O2/xCOþ y

2
H2 (1)

Noble metal catalysts, namely Rh and Pt, have shown great

activity for catalytic partial oxidation of hydrocarbons and low

tendency to deactivate due to coke deposition [8]. For these

reasons many of the mechanistic works available in the

literature about methane CPOx are devoted to noble metal

catalysts. Several reaction mechanisms were proposed in

literature for methane CPOx over Rh catalysts ranging from

detailed multi-step surface mechanisms [3,9e11] to global

surface mechanisms expressed by LangmuireHinshelwood

rate equations [12e14]. Recently, an interest on CPOx of higher

hydrocarbons (logistic fuels) has been also visible in literature

[15e18] mainly motivated by mobile applications [7]. Propane

CPOx on Rh-based catalyst has also received attention [19] as

well as butane [20,21].

The knowledge of the intrinsic kinetics is a key issue in

numerical modeling endeavors. With a reliable reaction
mechanism aswell as by accounting for proper heat andmass

transport mechanisms the numerical models can support

reactor improvements.

One dimensional mathematical models have been broadly

used in literature to capture the reactor performance in an

expedite way [13,22e30]. Dalle Nogare et al. [26] applied a plug

flow model and a heterogeneous model, both considering

detailed methane CPOx chemistry [9], and concluded that the

former was not adequate to accurately predict species profiles

in the first region of the catalyst while the heterogeneous

model gave satisfactory results in the whole range of the

catalyst. Maestri et al. [13] applied a heterogeneous dynamic

model, considering radiation in solid phase through an

effective conductivity and employing global methane CPOx

chemistry, to analyze the performance of spheres, in a packed

bed reactor, foam and honeycomb monoliths with emphasis

on the role of external transport properties on steady-state

and start-up regimes. Tavazzi et al. [25] concluded for a

packed bed reactor that high feed flow rates and low pre-

heating temperatures contribute to reduce the relative heat

losses from the reactor, improving its adiabaticity. For hon-

eycomb monoliths the influence of the flow rate on reactor
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performance was explored experimentally by Liu et al. [31]

and also numerically by Beretta et al. [28].

The influence of the fuel composition on methane CPOx,

namely through the addition of other chemical species (N2,

CO2 or H2O) to the inlet feed stream has also been analyzed

[22,30,32e34]. In particular, Donazzi et al. [34] demonstrated

experimentally and numerically that diluting methane/air

mixtures with a constant C/O ratio and total flow rate with N2

or CO2 the gas temperatures and fuel conversion decrease

whereas the integral H2=CO ratio increased for N2 and

decreased for CO2 dilution.

The application of a washcoat layer on the catalyst sub-

strate is a common practice in heterogeneous catalysis. Its

main purpose is to increase the catalytic surface area through

the deposition of catalyst metals onto surfaces of a highly

porousmaterial. However, mass and heat transfer resistances

along the washcoat thickness will always appear in some

extent but the washcoat application is largely accepted as

more profitable [35,36]. In modeling studies, the effect of

diffusional resistances along the washcoat layer has been

treated by a simplified approach, using isothermal effective-

ness factors neglecting the usually less important thermal

gradients [35].

Radiative heat transfer can play an important role on the

overall heat transfer phenomena due to the high temperature

gradients that arise in some sections of a catalytic monolith

reactor [37e40]. The main effect addressed to thermal radia-

tion is to smooth temperature gradients redistributing the

energy released by chemical reactions along the catalyst bed.

In the majority of 1D CPOx heterogeneous modeling studies,

radiative heat transfer in the solid phase has been accounted

for through an effective heat conductivity corrected with a

radiative contribution. For instance, concerning honeycomb

monoliths Lee and Aris radiative correlation [37] has been

extensively applied. In fact, the diffusion approximation of

radiative heat transfer significantly reduces the complexity of

the underlying heat transfer mechanism but it should be

noted that near the boundaries of a non-adiabatic reactor,

where radiative heat losses to surroundings are expected, this

approach is not well suitable [41].

Radiative heat losses from the interior of CPOx reactors, to

the authors knowledge, have received little attention in liter-

ature, mostly due to the axial radiative insulation provided by

the application of inert heat shields that surround the cata-

lytic structure. However, even with the application of heat

shields a perfect insulation is not guaranteed and most of

modeling studies only account for radiative losses on bound-

ary conditions [25,28,30].

The absence of appropriate catalyst axial insulation can be

a requirement for CPOx reactor integration on a specific

application. In this case, besides radiative heat losses from the

blank inlet monolith end (accounted for on boundary condi-

tions) radiant heat fluxes are also expected to occur from the

interior catalyst bed which should be taken into account

through a proper radiative method on the energy balances of

the mathematical model. The experimental work conducted

by Seyed-Reihani and Jackson [20] studied the influence of

operating conditions on n-butane partial oxidation over

Rh=g�Al2O3 washcoated a� Al2O3 foams in insulated and

non-insulated reactor configurations. In their work heat
losseswere attributed indistinctly to conduction and radiation

from the reactor and were calculated through an enthalpy

balance with measured inlet and outlet species and temper-

ature data. Significant differences on reactor performance

were concluded.

For other applications of catalytic combustion, using hon-

eycomb monoliths without heat shields, radiative heat losses

have been a topic of debate. For example, Boehman [38]

studied the role of radiative heat transfer in the thermal

behavior of a honeycomb monolith applied in catalytic com-

bustion of methane with the net radiation method and

concluded that radiation exerts an important function at the

ends of the monolith but the surface emissivity did not in-

fluence significantly the reactor behavior. Mazumder and

Grimm [42] concluded during methane combustion on Pt

catalysts that the surface emissivity has an important effect in

transient and steady-state regimes, in disagreement with

Boehman [38] and the gas phase mixture has a negligible

radiative role comparing to surface-to-surface radiant heat

exchange.

A well-known serious disadvantage during catalytic partial

oxidation operation is the occurrence of surface hot spots

which can lead to an unhealthy catalyst thermal behavior as

the time-on-stream increases since high catalyst tempera-

tures can trigger thermal deactivation mechanisms (sintering

of metal particles or phase transformations of the catalyst

carrier). To extend the catalyst life-time, severe operating

conditions (high fuel flow rates and high preheating temper-

atures) should be avoided [28]. An even worse performance

regarding hot spot formation is expected during CPOx of

higher hydrocarbons due to the higher reaction enthalpies

associated. Several strategies have been proposed to over-

come this limitation [22,30,43]. In particular, the non-adiabatic

reactor operation was recently analyzed as an effective way to

decrease hot spot formation since lower surface temperatures

are achieved due to the radiation dispersion from the catalyst

bed to the surroundings [44].

The objective of this paper is firstly to validate the nu-

merical model with experimental measurements of a non-

adiabatic reactor and secondly to investigate the influence of

radiative heat losses from the non-adiabatic reactor on its

performance, for several values of fuel flow rate and air to fuel

equivalence ratio, considering pure methane as the reference

fuel. The effect of fuel composition is also assessed under

comparable operating conditions for three fuel samples sur-

rogate of natural gas: puremethane (denoted as G20 fuel), 85%

CH4 þ 15% N2 (G231 fuel) and 87% CH4 þ 13% C3H8 (G21 fuel).

New experimental results for catalytic partial oxidation

within a non-adiabatic honeycomb monolith coated with a

Rh-based catalyst are presented for the three fuel samples.

Integral product distribution and temperature profiles

measured along the catalyst length allowed the validation of a

1D heterogeneous mathematical model. The model accounts

for proper surface chemistry, internal diffusional limitations

along the washcoat layer and for radiative heat transport

along the catalyst bed.

The next section describes the experimental setup and

method. Section 3 is concerned with a detailed description of

the models used. Section 4 starts with the validation of the

model predictions for the three fuel compositions against

http://dx.doi.org/10.1016/j.ijhydene.2013.02.141
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Fig. 1 e Flowsheet of the experimental setup.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 6 9 8 9e7 0 0 66992
experimental measurements. This is followed by the presen-

tation of the results concerning the influence of radiative heat

losses. The paper ends with summary conclusions.
2. Experimental

2.1. Experimental setup

A schematic image of the setup used for the conduction of

experimental investigations is shown in Fig. 1. The setup is

composed by the CPOx reactor and the control and measure-

ment instrumentation.

The reactor consists of a conical section, where the pre-

mixed fuel/air mixture enters the reformer and a cylindrical

part, where the catalyst is placed. The catalyst is fixed in the

cylindricalmetallic tube bywrapping it in a thinmat stripe. An

inert front heat shield was not applied upstream the catalytic

monolith and therefore a non-adiabatic reactor operation is

expected. The metallic housing of the reactor is made out of
Table 1 e Geometrical properties of the honeycomb
monolith catalyst after washcoat application.

Monolith diameter ½cm� 3.70

Monolith length ½cm� 2.00

Cell density ½cpsi� 600

Cell shape [�] Square

Bed porosity [%] 70.00

Specific surface area ½cm�1� 32.27

Cell hydraulic diameter ½cm� 0.087

Washcoat thickness ½mm� 40.00
high-temperature resistant stainless steel with a maximum

outer diameter of 48:2 mm and a total length of 170 mm. The

catalytic monolith herein employed is composed by a 600=3:5

cordierite honeycomb monolith (substrate) and on the walls a

washcoat layer was deposited. The catalyst composition was

assumed to be 4 wt.% Rh/a�Al2O3 during the numerical

analysis by employing a kinetic scheme developed for this

catalyst formulation without any kinetic scaling procedure.

Geometrical and thermo-physical properties of the catalytic

monolith are presented in Tables 1 and 2, respectively.

The two gas streams were supplied to the system

via thermal mass flow controllers. Pure methane 2.5

(G20,> 99:5%) and amixture of 87%methane and 13%propane

(G21, > 95%) from high pressure bottles were used as fuel. For

preparation of G231 (85% methane and 15% nitrogen) pure

nitrogen (99.8%) from high pressure bottles was supplied via

thermal mass flow controllers as well and was mixed with

methane to get the desired mixture.

Electrical preheating was used to increase the temperature

of the fuel/air mixture at the inlet of the reformer up to 400 �C.
A K-type thermocouple (with Inconel protection sheath of

1:5 mm in diameter) was used for monitoring and controlling
Table 2 e Thermo-physical properties of the honeycomb
monolith catalyst.

Solid conductivity ½Wm�1 K�1� 3.00

Washcoat density ½g cm�3� 1.50

Surface emissivities [�]

Inlet/outlet manifold surfaces 0.15

Washcoat surfaces 0.45

Blank monolith ends 0.50
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at the same time the temperature of the fuel/air mixture up-

stream the reforming section. Another thermocouple (N-type,

with Inconel protection sheath of 1.5 mm in diameter) was

placed just upstream the catalytic monolith inlet section.

The axial temperature distribution within the catalytic

monolith was measured with K-type thermocouples (with

Inconel protection sheath of 0:5 mm in diameter). Each of the

five thermocouples was placed inside different channels of

the monolith 1, 3, 5, 10 and 15 mm in axial direction. An

N-type thermocouple (with Inconel protection sheath of

1:5 mm in diameter) was placed 5 mm downstream the cata-

lyst with the tip reaching the center axis of the reactor to

measure the outlet temperature of the produced reformate.

All the thermocouples were connected to the data acquisition

system through a data acquisition board and the obtained

values were recorded with a sampling frequency of 1 Hz.

Exhaust samples were collected via a stainless-steel, air-

cooled probe. The probed sample was sent to calibrated gas

analyzers (Table 3) and was on-line analyzed for H2, CO, CO2

and CH4. Condensed phases were removed upstream the gas

analyzers via a teflon filter and a condensate trap. Therefore,

the amount of H2O in the reformate was recalculated from

measurements of the rest of the major species and the mass

balance of the process. The uncertainties on the measure-

ments of the species in dry condition were estimated on the

basis of the accuracy and repeatability characteristics of the

gas analyzers and are shown in Table 3. The remaining major

part of the explosive and toxic product gas was incinerated in

a post-combustor to primarily decrease the carbon monoxide

content.

2.2. Experimental method

The same experimental procedure was followed for operating

the reformer with the three different fuels. During the start-

up, an air stream of 30 NL=min was electrically preheated so

as to warm-up the reactor and to reach a temperature of

minimum 270 �C within the monolith. After reaching this

temperature a fuel flow of 2 NL=min and an air to fuel equiv-

alence ratio of 0.34 were applied to ignite the reformer.

Afterward, the operating conditions, in terms of fuel flow rate

and air to fuel equivalence ratio were set to the test points,

keeping stable the preheating temperature of the unreacted

gas mixture. During transition from one test point to another,

the reformer would run until completely stationary operation

could be assured (ca. 15 min), before any measurement was

taken for evaluation.

The air to fuel equivalence ratio (l) is defined as the ratio

between the actual and the stoichiometric air to fuel ratios.
Table 3 e Gas analyzers system with uncertainties in measure

Species Detector

H2 Thermal Conductivity Detector (TCD)

CO2 Infrared

CO Spectroscopy

CH4 (NDIR)
For a methane/air mixture the stoichiometric air to fuel ratio

is based on the stoichiometry of methane total oxidation re-

action. In terms of inlet O2 and CH4 molar fluxes the air to fuel

equivalence ratio is given as expression (2) shows.

l ¼ _nO2

2 _nCH4

(2)

The operating behavior of the reformer was scanned vary-

ing the air to fuel equivalence ratio from l ¼ 0:29 up to l ¼ 0:33

in steps of 0.02 and the fuel flow in the range of 2 NL=min up to

8 NL=min. An important consideration during testing has

been the stability of the catalyst and consequently the highest

temperatures occurring within the monolith during opera-

tion. In the case of the utilized catalysts, limit temperatures

for long-term operation are considered to be at around

1000 �C. Thus, the investigations have been focused at iden-

tifying operating conditions which will ensure such temper-

ature levels and efficient syngas production at the same time.

To assure a stable operating regime without loss of catalyst

activity due to thermal deactivation mechanisms, during all

experimental characterization, a standard experimental run

was initially performed with pure methane and using a fresh

catalyst. The same experiment was performed periodically in

order to detect discrepancies between measured data and the

reference one. During the collection of all experimental data

herein presented no signs of catalyst deactivation were

observed.

For all the tested points and the three different fuels tem-

perature profiles within the reaction zone and exhaust gas

compositions were recorded. The uncertainty of the air to fuel

equivalence ratio has been estimated on the basis of the mass

flow controllers’ accuracy which is �1% of the full scale flow

for all applied streams. The resulting error on l depends on the

fuel flow and is Dl < �0:016 for all applied conditions.
3. Modeling

3.1. Governing equations

Numerical results herein presented were performed with a 1D

heterogeneousmathematical model using the so-called single

channel approach. Being heterogeneous the model is able to

predict thermal and species profiles for gas and solid phases

along the axial dimension of the reactor.

3.1.1. Gas phase balance equations
The species mass and energy balance equations of gas phase

read as:
ment of species.

Measurement
range [Vol.-%]

Uncertainty (combination
of linearity deviation and
repeatability) [�, Vol.-%]

0e25 0.156

0e20 0.025

0e20 0.025

0e25 0.039
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Table 4 e Kinetic scheme for catalytic partial oxidation of
G20 and G231 fuels (R1 to R6) and for G21 fuel (R1 to R8).

CH4 þ 2O2 / CO2 þ 2H2O (R1)

CH4 þH2O%3H2 þ CO (R2)

COþH2O/CO2 þH2 (R3)

CO2 þH2/COþH2O (R4)

H2 þ 1
2
O2/H2O (R5)

COþ 1
2
O2/CO2 (R6)

C3H8 þ 5O2/3CO2 þ 4H2O (R7)

C3H8 þ 3H2O%7H2 þ 3CO (R8)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 6 9 8 9e7 0 0 66994
Mass balance equation

εrg
vYk;g

vt
þ εrgu

vYk;g

vx
� v

vx

�
εrgDk;g

vYk;g

vx

�

þ aVrgKmat;k

�
Yk;g � Yk;w

� ¼ 0 ð3Þ

Energy balance equation

εrgCp;g
vTg

vt
þ εrguCp;g

vTg

vx
� v

vx

�
εkg

vTg

vx

�
� εrg

XKKg

k¼1

Dk;gCp;k
vYk;g

vx

vTg

vx

þ aVh
�
Tg � Ts

� ¼ 0 ð4Þ

Thermal diffusion (Soret effect) is also included on molec-

ular diffusion. The overall mass conservation is assured

through the correction velocity formalism due to the non-

conservative mixture-averaged formalism employed to eval-

uate the ordinary molecular diffusion coefficients [45,46].

Momentum balance was not considered in the model scheme

since the pressure drop along the monolith length is typically

negligible [5,28]. Following literature knowledge homoge-

neous gas phase reactions were also neglected, even for

G21 fuel case due to the small propane content [9,43,47].

The reactive flow behaves as an ideal gas mixture and

consequently it obeys to the ideal gas equation given by

expression (5).

rg ¼
PWg

RTg
(5)

3.1.2. Solid phase balance equations
The speciesmass and energy balance equations of solid phase

read as:

Mass balance equation
Table 5 e Rate expressions for each reaction.

Rate equation

qCxHy ;tot:ox: ¼
kCxHy ;tot:ox:PCxHy

1þ kads;H2OPH2O
sO2

qCxHy ;steamref : ¼
kCxHy;streamref :

PCxHy ð1ehCxHy;streamref :
Þ

1þ kads;COPCO þ kads;O2
PO2

sH2O

qDWGS ¼ kDWGSPH2Oð1ehDWGSÞ
ð1þ kads;H2OPH2OÞ2

sCO

qRWGS ¼ kRWGSPCO2 ð1ehRWGSÞsH2

qH2ðCOÞtot:ox: ¼ kH2ðCOÞtot:ox:PH2ðCOÞsO2
εwxrg
dYk;w

dt
� aVrgKmat;k

�
Yk;g � Yk;w

�� x _uk;wWk ¼ 0 (6)

Energy balance equation

ð1� εÞrsCp;s
vTs

vt
� v

vx

�
ks;ef

vTs

vx

�
� aVh

�
Tg � Ts

�

þ x
XKKw

k¼1

_uk;wHk þ aVq
00
Rad ¼ 0 ð7Þ

Solid and gas phases are coupled in terms of mass and

energy balances through interphase transport of mass

and heat accounted for the second term of equation (6)

and third term of equation (7), respectively. Species

production/depletion rate appearing in both balance

equations is given by expression (8) which already includes

the importance of internal diffusive limitations along the

washcoat layer.

_uk;w ¼
XNR

R¼1

nk;R:qR:hR:rcat: (8)

3.2. Chemical kinetics

The adopted surface chemistry scheme for catalytic partial

oxidation of methane and propane fuels follows the indirect

kinetic mechanism of syngas production [8,31]. Table 4 pre-

sents the kinetic model [14,19] which is composed by total

oxidation (R1 and R7) and steam reforming (R2 and R8) re-

actions ofmethane and propane respectively, directwater-gas

shift (R3), its reverse (R4) and consecutive H2 and CO total

oxidation reactions (R5 and R6). Reactions R7 and R8 are only

considered for fuel mixtures containing propane (G21 fuel).

Rate expressions for each reaction follow the Lang-

muireHinshelwood type (Table 5). The sk term (expression (9))

is included in each rate expression to account for the deple-

tion of the co-reactant species in each reaction.

sk ¼ Pk

Pk þ 10�6
(9)

Kinetic parameters for Arrhenius and Van’t Hoff expres-

sions are listed in Tables 6 and 7, respectively.

Surface chemistry was evaluated with surface

temperature ðTsÞ and mixture composition at the external

interface between the washcoat and the bulk gas flow

ð½Yk;w�Þ.
Reaction

R1 and R7

R2 and R8

R3

R4

R5 and R6
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Table 6 e Kinetic parameters applied on Arrhenius
expressions for each rate equation.

Reaction ARi ½mol g�1
cat: s

�1 atm�1� Eact; Ri ½kJ mol�1�
R1 3.2889 � 104 92

R2 3.2794 � 104 92

R3 1.9536 � 100 25

R4 6.5345 � 101 62

R5 1.3509 � 107 62

R6 6.8284 � 105 76

R7 1.5283 � 104 80

R8 3.0263 � 104 85
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3.3. Transport phenomena

Heat and mass external transport coefficients (h and Kmat;k)

appearing in balance equations are evaluated through Nusselt

and Sherwood correlations, respectively. Since the honey-

comb monolith has square shaped channels, Nusselt corre-

lation given by expression (10) has been widely applied in

literature [48]. In this correlation X� denotes a dimensionless

distance evaluated through expression (11).

Nu ¼ 2:977þ
h
8:827ð1000X�Þ�0:545

i
Expð�48:2X�Þ (10)

X� ¼ x� xin

dhPe
(11)

Sherwood number is simply given by applying the Chilton-

Colburn analogy to the Nusselt correlation.

Diffusional limitations along the porous washcoat layer

were considered through isothermal generalized effective-

ness factors (expression (12)) computed with the generalized

Thiele moduli given by expression (13), where the limiting

species is denoted by k.

hR ¼ tanh
�
4k;R

�
4k;R

(12)

4k;R ¼ dcat:qR

�
CS
k

�
rcat:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
ZCS

k

Ceq
k

Def ;kqRðCkÞrcat:dC

vuuuut
(13)

Random poremodel [49] was employed to evaluate effective

diffusivities considering a typical bimodal pore structure [14]

with both molecular and Knudsen diffusion contributions

through the Bosanquet formula. Molecular diffusion co-

efficients, for each diffusive limiting species, were evaluated

using the Fuller-Schettler-Giddings correlation [50].

Radiative heat transfer in solid phase (fifth term of equa-

tion (7)), which also accounts for radiative heat losses near the
Table 7 e Kinetic parameters applied on Van’t Hoff
expressions for each inhibiting species.

Species k Aads;k ½atme1� DHads;k ½kJ mole1�
O2 2.3431 � 10�4 �73

H2O 4.3045 � 101 �16

CO 1.2926 � 100 �37
boundaries of the catalytic monolith, was modeled through

the Zone method [41] considering the gaseous mixture radi-

atively non-participating due to the weak radiative contribu-

tion of combustion gases [42].

In the present study, the radiative enclosure is approxi-

mated by a cylindrical channel and then surface zones are

treated either as disk or ring shaped surfaces characterized

by the channel hydraulic diameter. Expressions to compute

shape factors between all types of surfaces were derived

based on the analytical solution of two parallel and coaxial

disks [51]. The inlet and outlet disk shaped surfaces repre-

sent both inlet and outlet manifolds and once the available

space upstream and downstream the monolith section is

relatively small a behavior different than black body

is preferable for these surfaces [52,53]. Moreover, the

exchange temperatures for inlet and outlet disks were kept

equal to the inlet feed mixture temperature and outlet gas

temperature, respectively.

After computing the direct exchange areas ðsisjÞ between

all pairs of surface zones (using shape factor expressions) a

simple matrix manipulation [54] was then applied to obtain

the total exchange areas ðSiSjÞ which, in a non-participating

media, account for both direct radiation between surfaces as

well as multiple reflections on surface zones. Finally, having

already computed total exchange areas, the net radiative heat

flux for each surface zone, which appears in the energy bal-

ance of solid phase, is given by expression (14).

q00
si
¼ εisT

4
si
� 1
Asi

s
XNs

j¼1

SjSiT
4
sj

(14)

Table 2 hits the emissivity values applied on the Zone

method of radiative analysis.

3.4. Geometry and boundary conditions

Two computational domains are considered since the hon-

eycomb monolith reactor can be taken as adiabatic or non-

adiabatic in the axial direction. Fig. 2a and b show the

computational domains regarded. For the adiabatic reactor

configuration a perfect continuity between the uncoated and

catalytic monoliths is considered as well as a stepwise

appearance of the washcoat layer at x ¼ 0:0 cm.

Danckwerts type of boundary conditions applied at the

inlet section for gas phase equations (expressions (15) and

(16)) should be always preferable, instead of the Dirichelt

boundary conditions, in all kinds of situations (with or

without a front heat shield) regarding the adopted dispersion

mathematical model [55]. For the energy balance of solid

phase a radiative boundary condition is always considered

(expression (17)).

At the catalyst exit section zero-Neumann type of bound-

ary conditions (expressions (18), (19) and (20)) are applied to all

steady-state differential equations since all gradients become

insignificant.

Inlet section

u
�
Yk;g � Yk;in

� � Dk;g
vYk;g

vx
¼ 0 (15)

rgCp;gu
�
Tg � Tg;in

� � kg
vTg

vx
¼ 0 (16)
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Fig. 2 e Schematic representation of the computational

domains: a) non-adiabatic monolith reactor configuration;

b) adiabatic monolith reactor configuration.

LFHS [ Lcat: [ 2:0 cm
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ks
vTs

vx
� sεs

�
T4
s � T4

g;in

�
¼ 0 (17)

Outlet section

vYk;g

vx
¼ 0 (18)

vTg

vx
¼ 0 (19)

vTs

vx
¼ 0 (20)

3.5. Numerical model

The present mathematical model was implemented in an in-

house version of PREMIX code [56] from CHEMKIN family

combustion codes. To reduce the boundary value problem to a

system of non-linear algebraic equations finite difference

approximations are employed. Then on a uniform coarse

initial mesh the program attempts to solve the problem

through a damped Newton’s method. An adaptive mesh pro-

cedure based on gradient and curvature resolutions between

gridpoints is always applied to reach finner meshes after a

converged solution on a previous mesh is attained. If the so-

lution lies out of the steady-state domain of convergence a
time-stepping procedure is also applied to bring the

solution into steady-state domain of convergence of Newton’s

method.

All thermodynamic and transport data were evaluated

using CHEMKIN correlations [45,57] with thermodynamic and

transport coefficients given by GRI-Mech 3.0 database [58].
4. Results

4.1. Model validation

The catalytic reactor was investigated experimentally

at atmospheric pressure and steady-state conditions for

pure methane (G20) and two different fuel mixtures:

85% CH4 þ 15% N2 (G231) and 87% CH4 þ 13% C3H8 (G21). The

experimental species concentration and temperature data

for each specific operating condition is hereafter employed

to validate model predictions.

4.1.1. G20: pure methane
Four different volumetric fuel flow rates ð2; 4; 6 and 8 NL=minÞ
were experimentally investigated with a constant air to fuel

equivalence ratio ðl ¼ 0:31Þ and for two inlet reformer tem-

peratures (350 �C and 300 �C), being the lowest temperature

applied to the two higher values of fuel flow rate (6 and

8 NL=min) to shift the thermal behavior of the reactor away

from the thermal deactivation regime.

Fig. 3a and b show the comparison between numerical and

experimental thermal profiles along the catalyst bed for inlet

temperatures of 350 �C and 300 �C, respectively. A good

matching between experimental and numerical results is well

visible.

The solid and gas temperatures increase with the fuel flow

rate, almost uniformly along the catalyst axial length, due to

an increase in the chemical net heat release. Furthermore,

both temperatures increase with fuel flow rate particularly for

lower ranges of fuel rates (Fig. 3a) because the relative heat

losses (by radiation) are higher for low fuel flow rates than for

high fuel flow rates. An increase in the fuel flow rate also

promotes a decoupling between both thermal profiles at the

inlet region of the catalyst bed, which in turn influences the

axial location where the maximum gas temperature is regis-

tered and the length required to attain thermal equilibrium

between phases. However, since the washcoat layer was

assumed to start at the reactor inlet ðx ¼ 0:0 cmÞ, the

maximum catalyst surface temperature is always located very

near this section.

The integral product distribution is listed in Table 8

denoting a good agreement between all the measured and

predicted species for all the fuel flow rates investigated.

4.1.2. G231: 85% methane þ 15% nitrogen
The measured and predicted solid and gas temperatures

along the monolith are compared in Fig. 4a and b. Fig. 4a

shows that the gas and solid temperatures increase with the

air to fuel equivalence ratio. Moreover the mixture compo-

sition, calculated and measured, at the exit section (Table 9)

denotes a decreasing trend toward synthesis gas selectivity

whereas higher values of fuel conversion are noticed when
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a

b

Fig. 3 e Numerical and experimental temperature profiles

for different fuel flow rates considering an air to fuel

equivalence ratio of 0.31 and two inlet reformer

temperatures: a) Tmix[350 �C; b) Tmix[300 �C.

Table 8 e Numerical and experimental integral species
molar fractions (on a dry basis) for all operating
conditions assessed with G20 fuel.

Tmix ½�C� _Vfuel ½NL=min� l ½�� X ½%�
H2 CO CO2 CH4 N2

350 2 0.31 Num. 35.4 17.3 1.8 0.2 45.3

Exp. 33.2 15.6 3.3 0.7 47.2

4 0.31 Num. 35.5 17.8 1.6 0.1 45.0

Exp. 35.1 17.1 2.4 0.2 45.2

300 6 0.31 Num. 35.5 17.6 1.7 0.1 45.2

Exp. 35.7 17.4 2.1 0.2 44.6

8 0.31 Num. 35.5 17.8 1.6 0.1 45.1

Exp. 35.9 17.5 2.0 0.1 44.5
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increasing the air to fuel equivalence ratio. These trends are

justified with an increasing shift on the global reaction stoi-

chiometry from partial to total oxidation when the air to fuel

equivalence ratio is increased [8]. In addition, the thermal

equilibrium length increases with a decrease on air to fuel

equivalence ratio. Regarding fuel flow rate influence on

reactor behavior, Fig. 4b depicts similar conclusions of the

previous G20 fuel, namely the increase of temperature with

fuel rate and the axial location of the thermal equilibrium

regime between phases which occurs further downstream

the reactor.
4.1.3. G21: 87% methane þ 13% propane
Fig. 5a and b compare the measured and predicted solid

temperatures for inlet gas temperatures of 300 �C and 350 �C,
respectively, but only the temperature measured by the

thermocouple placed at x ¼ 1:5 cm is available for validation

purposes. An increase on air to fuel equivalence ratio in-

creases the temperature at x ¼ 1:5 cm as well as the methane

conversion at the catalyst exit section (Table 10) while the

molar fraction of partial oxidation species has a decreasing

trend. No traces of propane were found at the outlet section.

The trends on temperature and integral product distribution

herein observed with an air to fuel equivalence ratio variation

are in agreement with the previous findings for G231 fuel.

From the comparison between numerical and experi-

mental data for the three fuel mixtures shown above, one can

conclude that the present model is able to predict the main

features of methane and propane CPOx to investigate non-

adiabatic honeycomb monolith configurations.
4.2. Radiative heat losses

The influence of fuel flow rate and air to fuel equivalence ratio

on the role of radiative heat transfer in the non-adiabatic

reactor performance is investigated with G20 as the refer-

ence fuel.

4.2.1. Effect of fuel flow rate
The influence of the fuel flow rate on radiative heat losses was

investigated in the range of 2e6 NL=min for an air to fuel

equivalence ratio of 0.31 and for an inlet gas temperature of

300 �C.
Fig. 6a shows that under adiabatic conditions an increase

in fuel flow rate decreases the importance of solid conduction

along the front heat shield due to an enhancement of

convective heat transfer [31]. Moreover, when increasing the

fuel flow rate the maximum surface and gas temperatures,

which are achieved near the inlet section of the catalytic re-

gion, increase andmove downwards (specially remarkable for

the gas temperature profile).

Even being denoted as the “adiabatic reactor configura-

tion”, the adiabaticity of this reactor arrangement also pre-

sents a slight dependence on the fuel flow rate, specially for

the lowest fuel flow rate considered ð2 NL=minÞ. Under these
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Table 9 e Numerical and experimental integral species
molar fractions (on a dry basis) for all operating
conditions assessed with G231 fuel.

_Vfuel ½NL=min� Tmix ½�C� l ½�� X ½%�
H2 CO CO2 CH4 N2

0.29 Num. 35.3 17.4 1.3 0.3 45.7

Exp. 34.9 16.9 2.4 0.3 45.5

3 400 0.31 Num. 33.9 17.1 1.6 0.0 47.4

Exp. 33.9 16.7 2.6 0.1 46.7

0.33 Num. 32.1 16.5 1.7 0.0 49.7

Exp. 32.0 16.0 3.0 0.0 49.0

6 400 0.31 Num. 34.4 17.3 1.3 0.0 47.0

Exp. 34.6 17.3 2.1 0.1 45.9

8 400 0.31 Num. 34.3 17.3 1.3 0.0 47.1

Exp. 34.8 17.4 1.9 0.1 45.8

a

b

Fig. 4 e Numerical and experimental temperature profiles:

a) for different air to fuel equivalence ratio values with

Tmix[400 �C and _Vfuel[3 NL=min; b) for different fuel flow

rate values with Tmix[400 �C and l[0:31.
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circumstances, the solid conduction along the front heat

shield is responsible for a small radiative heat loss from the

inlet section of the monolith reactor (Fig. 6a). Ultimately, this

non-perfect adiabatic behavior will lead to a slightly lower

outlet gas temperature comparing to the adiabatic tempera-

ture rise attained for higher fuel flow rates. For low fuel flow

rates an improvement of the reactor adiabaticity can be

somewhat achieved increasing the heat shield length or

decreasing its thermal conductivity. However a decrease in

the thermal conductivity of the front heat shield expectably

increases the maximum solid temperature (see [30]).
The thermal profiles for the non-adiabatic monolith

reactor, presented in Fig. 6b, show that an increase in fuel flow

rate results in higher temperatures, not only in the beginning

of the catalyst bed but also along the whole catalyst length.

Therefore, the outlet gas temperatures achieved at non-

adiabatic conditions are highly dependent on the applied

fuel rate and they tend to approach the adiabatic temperature

for high fuel flow rates.

For both adiabatic and non-adiabatic cases the maximum

values of surface temperature increase with fuel flow rate.

However, this increase is not linear because the heat release

from surface reactions also increases but the heat conduction,

convection and radiation are no longer able to remove effi-

ciently the heat generated. Moreover, the approach to the

thermodynamic equilibrium, which was verified for all fuel

rates in Fig. 6a and b, is favored by low fuel flow rates, since

increasing the fuel flow rate a longer catalyst is required to

achieve thermodynamic equilibrium conditions.

For direct comparison between maximum surfaces tem-

peratures, achieved under adiabatic and non-adiabatic oper-

ation, the maximum surface temperatures of the adiabatic

case are also presented in Fig. 6b. The non-adiabatic reactor

configuration has the potential to decrease maximum surface

temperatures for low fuel flow rates in relation to the adia-

batic operation, as recently corroborated by experimental

findings [44]. For higher fuel flow rates the maximum surface

temperature differences decrease and in particular for

6 NL=min themaximum surface temperature observed for the

non-adiabatic case is even higher than the respective adia-

batic value. This is largely due to the fact that increasing the

input power the heat transfermechanisms available to scatter

the heat release are less efficient in the non-adiabatic case

than in the adiabatic reactor configuration. However, it is

worth noting that a better non-adiabatic thermal performance

can be accomplished by proper choosing several geometrical

properties (hydraulic diameter and cell density) and thermo-

physical properties (solid conductivity and surface

emissivities).

Fig. 7a and b show the net radiative heat fluxes along the

channel for the adiabatic and non-adiabatic reactors. Due to

the high surface temperature and thermal gradients estab-

lished in the first fewmillimiters of the catalyst region (Fig. 6),

the radiant heat exchange becomes extremely important in
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Table 10 e Numerical and experimental integral species
molar fractions (on a dry basis) for all operating
conditions assessed with G21 fuel.

_Vfuel ½NL=min� Tmix ½�C� l ½�� X ½%�
H2 CO CO2 CH4 N2

3 0.29 Num. 34.9 19.2 1.2 0.8 43.9

Exp. 34.4 19.0 2.0 0.7 43.9

300 0.31 Num. 34.2 19.0 1.3 0.1 45.4

Exp. 33.7 18.8 2.3 0.2 45.0

0.33 Num. 32.6 18.5 1.6 0.0 47.3

Exp. 32.3 18.1 2.7 0.0 46.9

0.29 Num. 35.3 19.5 1.0 0.5 43.7

Exp. 34.4 18.8 2.0 0.7 44.1

350 0.31 Num. 34.3 19.2 1.3 0.1 45.1

Exp. 33.6 18.4 2.3 0.2 45.5

0.33 Num. 32.6 18.5 1.6 0.0 47.3

Exp. 32.1 17.9 2.8 0.0 47.2

a

b

Fig. 5 e Numerical and experimental temperatures at

x[1:5 cm for different air to fuel equivalence ratio values

considering a fuel flow rate of 3 NL=min and two inlet

reformer temperatures: a) Tmix[300 �C; b) Tmix[350 �C.
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this region. Furthermore, as the fuel flow rate increases also

the importance of radiative heat transport increases which

means that for the non-adiabatic case (Fig. 7b) higher heat

fluxes are lost from the inner channel walls to the inlet sur-

roundings. However, for the adiabatic configuration near the

inlet section of the front heat shield ðx ¼ �2:0 cmÞ the radia-

tive heat transport becomes negligible and then the heat los-

ses from the channel walls are not important (Fig. 7a).

We define a parameter U, see expression (21), as the ratio

between the overall radiative heat losses from the reactor and

the chemical heat release and we call it relative radiative heat

losses.
U ¼ A _qradloss

A
Z

Lcat:

x
XKKw

k¼1

_uk;wHkðxÞdx
(21)

Fig. 8 shows that the relative radiative heat losses from the

non-adiabatic monolith decrease with increasing values of

fuel flow rate because the chemical heat release dominates

over radiative energy losses.

The chemical heat release ð _qchem:Þ evaluated with the de-

nominator of expression (21) is also plotted in Fig. 8 as a

function of the fuel flow rate. A higher chemical heat release

presented for the non-adiabatic configuration suggests that

the global reaction pathway for the non-adiabatic cases pro-

ceeds preferentially through exothermic reactions. However,

the net heat release ð _qnet ¼ _qchem: � _qradloss Þ noticed for the

non-adiabatic case is always lower than the adiabatic net heat

release ð _qnet ¼ _qchem:Þ which justifies the general lower tem-

peratures observed at non-adiabatic conditions (Fig. 6).

Furthermore, the net heat release of the non-adiabatic

monolith increases with fuel flow rate and tends to

approach the adiabatic chemical heat release for the same

values of fuel rate that assure a non-adiabatic outlet temper-

ature closer to the adiabatic temperature (see Fig. 6b).

Besides the thermal evolution along the reactor, the

reforming performance is commonly assessed through

several key parameters such as fuel conversion ðXCH4 Þ, syngas
selectivities (SH2 and SCO) and total reforming efficiency ðhref :Þ.
These parameters are evaluated through the following ex-

pressions at the outlet catalyst section:

XCH4 ¼
ð _nCH4

Þin � ð _nCH4
Þout

ð _nCH4
Þin

� 100% (22)

SCO ¼ _nCO

_nCO þ _nCO2

� 100% (23)

SH2
¼ _nH2

_nH2
þ _nH2O

� 100% (24)

href : ¼
_nH2

LHVH2
þ _nCOLHVCO

_nfuelLHVfuel
� 100% (25)
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a

b

Fig. 7 e Net radiative heat fluxes along channel walls for

different fuel flow rates: a) adiabatic monolith; b) non-

adiabatic monolith.

a

b

Fig. 6 e Thermal profiles of adiabatic (a) and non-adiabatic

(b) reactor configurations for different fuel flow rates.
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Fig. 9a shows that for the adiabatic reactor configuration the

performance parameters are nearly independent of the fuel

flow rate, since the heat losses are not meaningful and ther-

modynamic equilibrium is reached before the outlet section.

Regarding the non-adiabatic cases, the parameters increase

with fuel flow rate, except the hydrogen selectivity which

presents a nearly constant value for the fuel flow rates

considered. The H2=CO molar ratio is also plotted in Fig. 9a

showing, for the non-adiabatic case, a decreasing tendency

with fuel flow rate. The adiabatic values of fuel conversion,

reforming efficiency and CO selectivity are higher than those

achieved through non-adiabatic reactor operation but the

H2=CO ratio obtained in non-adiabatic operation is slightly

higher than that accomplished by an adiabatic operation.
The non-adiabatic H2 selectivity trend observed in Fig. 9a

requires an inspection for other air to fuel equivalence ratio

values. Fig. 9b presents the evolution of SH2 for three

different air to fuel equivalence ratio values. The non-

adiabatic H2 selectivity increases for low air to fuel equiva-

lence ratios ðl ¼ 0:29Þ with fuel flow rate but never exceeds

the values achieved for the adiabatic cases. However, a

completely different trend is visible for higher air to fuel

equivalence ratios ðl ¼ 0:33Þ since the SH2 decreases with

fuel flow rate but with higher values than the adiabatic

cases. Thus, regarding hydrogen selectivity as the fuel flow

rate increases the non-adiabatic reactor performance ap-

proaches the adiabatic from lower values of SH2 for low air to
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Fig. 8 e Importance of overall radiative heat losses for

different fuel flow rates.

a

b

Fig. 9 e Performance parameters achieved for both reactor

operation modes with fuel flow rate: a) fuel conversion, CO

and H2 selectivities, reformer total efficiency and H2=CO

molar ratio; b) H2 selectivities for three different air to fuel

equivalence ratios.
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fuel equivalence ratios and from higher values for high air to

fuel equivalence ratios.

For an air to fuel equivalence ratio of 0.33 the higher H2

selectivity observed at non-adiabatic conditions is mainly

motivated by a different overall behavior of the water-gas

shift (WGS) reaction. Under non-adiabatic conditions the

equilibrium of the WGS reaction is shifted toward the pro-

duction of H2 which simultaneously contributes to lower the

H2O integral production in such away that the H2 selectivity is

increased.

4.2.2. Effect of air to fuel equivalence ratio
To further analyze the role of radiative heat losses in the non-

adiabatic reactor behavior an air to fuel equivalence ratio

ranging from 0.29 to 0.33 was herein employed togetherwith a

constant fuel flow rate ð4 NL=minÞ and inlet gas temperature

ð300 �CÞ.
Fig. 10a and b show that increasing the air to fuel equiva-

lence ratio the temperature along the catalyst increases,

mainly due to a progressive shift from partial (slightly

exothermic) to total oxidation (strongly exothermic reaction)

[8]. The thermodynamic equilibrium, as the air to fuel equiv-

alence ratio increases, is reached earlier for both reactor

configurations. The differences in the outlet temperatures

observed for the adiabatic monolith (Fig. 10a) are due to the

mixture composition that varies with the air to fuel equiva-

lence ratio. The temperature at the exit section achieved in

the adiabatic configuration approaches the adiabatic value for

each air to fuel equivalence ratio considered which points out

negligible heat losses. For the non-adiabatic reactor configu-

ration as the air to fuel equivalence ratio increases the outlet

temperature deviates from the adiabatic value. Fig. 10b also

shows, in the air to fuel equivalence ratio range considered,

that themaximum surface temperatures achieved in the non-

adiabatic reactor configuration are in general lower than those
observed in the adiabatic cases. Moreover as the air to fuel

equivalence ratio increases the non-adiabatic operation be-

comes more profitable to reduce hot spot formation.

At the catalytic inlet section of both reactor configurations

the solid temperatures increase with air to fuel equivalence

ratio leading to a higher importance of radiative heat transfer

in this region which in the non-adiabatic case will be

responsible for high heat fluxes lost from the reactor walls.

Fig. 11 shows that upon increasing the air to fuel equivalence

ratio the relative radiative heat losses ðUÞ slightly decrease but

the net heat release achieved during non-adiabatic operation
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Fig. 11 e Importance of overall radiative heat losses for

different air to fuel equivalence ratios.

Fig. 12 e Fuel conversion, CO and H2 selectivities, reformer

total efficiency and H2=CO molar ratio for both reactor

operation modes under different air to fuel equivalence

ratio values.

a

b

Fig. 10 e Thermal profiles of adiabatic (a) and non-adiabatic

(b) reactor configurations for different air to fuel

equivalence ratios.
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deviates from the adiabatic chemical heat release. Therefore,

as the air to fuel equivalence ratio increases the outlet gas

temperature obtained at non-adiabatic conditions increas-

ingly deviates from the adiabatic temperature rise (see

Fig. 10b).

Fig. 12 shows the trends of performance parameters as a

function of the air to fuel equivalence ratio for the adiabatic

and non-adiabatic reactor configurations. A similar evolution

with air to fuel equivalence ratio for fuel conversion, syngas

selectivity and H2=CO ratio is observed. The adiabatic case

presents always more favorable values for the evaluated

performance parameters with the exception for H2=CO ratio

and H2 selectivity at higher air to fuel equivalence ratios.
4.2.3. Effect of fuel composition
A constant inlet reactor temperature of 300 �C and a C=O

ratio of 0.8 were considered. The performance of the reactor

fueled with G20 is taken as reference for comparison

purposes.

Concerning the adiabatic case, Fig. 13a shows lower tem-

peratures achieved with G231 fuel independently of the

employed fuel rate. The addition of an inert species, such as
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Fig. 13 e Thermal profiles of adiabatic (a) and non-adiabatic

(b) reactor configurations for different fuel mixtures.

Table 11 e Importance of radiative heat losses for each
fuel considering different fuel flow rates.

Fuel G20 G231 G21

Case study A/B A B A B

_Vfuel ½NL=min� 3.36 3.95 3.36 2.67 3.36

ð _qchem:Þadia:½kJ=NLfuel� 3.88 3.31 5.70

ð _qnetÞnon�adia:½kJ=NLfuel� 3.60 3.09 3.06 5.13 5.23

U ½%� 10.68 10.37 11.51 11.13 9.60

ðTsol:;MaxÞadia: � ðTsol:;MaxÞnon�adia:½K� 15.87 11.48 19.34 44.41 28.13

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 6 9 8 9e7 0 0 6 7003
N2 to methane, increases the specific heat of the mixture for

the same amount of heat release. Donazzi et al. [34] explored

the addition of N2 on methane CPOx with a constant C/O ratio

ðz0:9Þ and total flow rate ð10 NL=minÞ through axial detailed

measurements of gas temperature and a significant decrease

of gas temperatures were evidenced by increasing methane

dilution. Higher temperatures are noticed for G21 fuel due to

the higher exothermicity of the global G21 CPOx reaction

(ðDH+
RÞG21 ¼ �61 kJ mol�1 vs. ðDH+

RÞG20 ¼ �36 kJ mol�1).

For G20 a fuel flow rate of 3:36 NL=min was chosen corre-

sponding to a carbonmolar flow rate ð _nCÞ of 0:15 mol=min and

for the remaining fuels two flow rates were investigated: the

achieved with the same _nC applied on G20 case (case A) and
_Vfuel ¼ 3:36 NL=min (case B). Table 11 presents the fuel flow

rate values for each fuel and case study.

For the adiabatic monolith (Fig. 13a) the differences be-

tween case A and case B are mainly observable near the cat-

alytic inlet section and along the front heat shield due to the

different importance of thermal conduction as previously

concluded.

For the non-adiabatic reactor with G231 fuel and regarding

case A the methane molar flux that is present in the fuel feed

stream is equal to the G20 case and as one can see in Fig. 13b

lower temperatures for G231 with case A are highlighted. For

G231 fuel with case B even lower temperatures are observed

due to a decrease of the fuel flow rate which points out a

higher importance of radiative heat losses in case B than case

A (see U in Table 11). Regarding G21 fuel, higher temperatures

are noticed for both cases in relation to G20 fuel. Table 11

shows for the non-adiabatic monolith, with G231 and G21

fuels, a decreasing tendency of relative radiative heat losses

ðUÞ with an increase on fuel flow rate. This is in full agree-

ment with the previous section about the influence of the

fuel flow rate on the adiabaticity of the reactor for G20

fuel. Therefore, as the U decreases the net heat release

ðð _qnetÞnon�adia:Þ increases toward the chemical heat release

obtained at adiabatic conditions ðð _qchem:Þadia:Þ and the non-

adiabatic thermal behavior approaches that achieved at

adiabatic conditions, in particular near the outlet catalyst

section (see Fig. 13b). It is also observed in Table 11 that fuels

with higher power density display during non-adiabatic

operation a lower relative radiative heat loss for a constant

fuel flow rate.

Table 11 also shows that, among the fuel samples consid-

ered, G21 fuel allows the most significant decrease in the

maximum surface temperature during the non-adiabatic

operation (last row of Table 11). The role of the fuel flow rate

to maximize the temperature difference is similar for all fuels

analyzed - as the fuel flow rate increases the non-adiabatic

behavior becomes less favorable to decrease hot spot

formation.

Fig. 14a presents for all the fuels under consideration a

higher H2 selectivity for the non-adiabatic reactor than for

the adiabatic case (more striking for G21 fuel). An opposite

trend is observed for the CO selectivity. G21 fuel shows,

independently of the reactor insulation, the lowest SH2 and

the highest SCO and consequently is the fuel with the lowest

H2=CO ratio. The H2=CO ratio observed for G231 fuel is

slightly higher than for G20 which is also in agreement with

Donazzi et al. [34].
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Fig. 14 e Integral adiabatic and non-adiabatic reactor

performances: a) H2 and CO selectivities and H2=CO molar

ratio; b) CH4 conversion and total reforming efficiency.
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Fig. 14b shows that for the three fuelmixtures the adiabatic

monolith assures higher values of methane conversion and

reforming efficiency than the non-adiabatic configuration.
5. Conclusions

An experimental and numerical investigation of catalytic

partial oxidation of hydrocarbons was performed for three

different fuel compositions representative of natural gas (pure

methane - G20 fuel, 85% CH4 þ 15% N2 - G231 fuel and

87% CH4 þ 13% C3H8 - G21 fuel) in a non-adiabatic honeycomb

monolith reactor. A heterogeneous mathematical 1D model

taking into account the coupling between heat and mass
transport and surface chemistry was successfully validated

against temperature and concentration measurements.

The model was applied to explore the effect of fuel flow

rate, air to fuel equivalence ratio and fuel composition on the

radiative heat losses through comparisons of the non-

adiabatic and adiabatic reactor configurations. On the range

of operating conditions considered, the results show that:

� radiative heat losses promoted a significant decrease of the

maximum surface temperature relatively to the adiabatic

case, namely for low fuel flow rates, high air to fuel equiv-

alence ratios and for fuels with high power densities

ðLHVG21 > LHVG20 > LHVG231Þ. Opposite trends on oper-

ating conditions may lead to a higher surface maximum

temperature in the non-adiabatic case compared to the

adiabatic reactor configuration;

� the trends on operating conditions that support a decrease

on the maximum surface temperature in the non-adiabatic

reactor were also responsible for a continuous deviation of

the monolith outlet temperature from the adiabatic value;

� radiative heat losseswere responsible for a slightly selective

exothermic reaction pathway verified for all fuels. As a

consequence, a lower importance of endothermic reforming

reactions was observed contributing to a low integral fuel

conversion;

� integral fuel conversion, CO selectivity and reforming effi-

ciency in the non-adiabatic reactor were always lower than

in the adiabatic reactor configuration;

� H2 selectivity attained in the non-adiabatic reactor for pure

methanewas lower for low air to fuel equivalence ratios and

higher for high air to fuel equivalence ratios than that ach-

ieved in adiabatic conditions;

� H2=CO ratiowas always higher for non-adiabatic conditions;

� the qualitative response of temperature profiles, relative

radiative heat losses and chemical heat release to variations

on fuel flow rate were similar for the three fuel mixtures.

The non-adiabatic reactor configuration under certain

operating conditions (low fuel flow rates, high air to fuel

equivalence ratios and supplied by fuels of high power den-

sity) proved to allow a significant decrease of the maximum

catalyst temperature comparing to the adiabatic reactor

configuration. This is of particular importance to prevent

catalyst deactivation in order to guarantee a catalyst long

term operation.
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