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The present paper describes the characterization of an autothermal reformer designed to generate hydro-
gen by autothermal reforming (ATR) from commercial diesel fuel (~10 ppm S) and jet fuel (~200 ppm S)
for a 5 kW, polymer electrolyte fuel cell (PEFC). Commercial noble metal-based catalysts supported on
900 cpsi cordierite monoliths substrates were used for ATR with reproducible results. Parameters inves-
tigated in this study were the variation of the fuel inlet temperature, fuel flow and the H,0/C and O,/C
ratios. Temperature profiles were studied both in the axial and radial directions of the reformer. Product
gas composition was analyzed using gas chromatography.

It was concluded from the experiments that an elevated fuel inlet temperature (>60°C) and a higher
degree of fuel dispersion, generated via a single-fluid pressurized-swirl nozzle at high fuel flow, signif-
icantly improved the performance of the reformer. Complete fuel conversion, a reforming efficiency of
81% and an H, selectivity of 96% were established for ATR of diesel at P=5kW,, H,0/C=2.5, 0,/C=0.49
and a fuel inlet temperature of 60 °C. No hot-spot formation and negligible coke formation were observed
in the reactor at these operating conditions. The reforming of jet fuel resulted in a reforming efficiency
of only 42%. A plausible cause is the coke deposition, originating from the aromatics present in the fuel,
and the adsorption of S-compounds on the active sites of the reforming catalyst.

Our results indicate possibilities for the developed catalytic reformer to be used in mobile fuel cell

applications for energy-efficient hydrogen production from diesel fuel.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Diesel and jet fuel are potential candidates as hydrogen carriers
for fuel cells in auxiliary power units (APUs) onboard heavy-duty
vehicles and aircrafts, respectively. The high energy density and
existing infrastructure of the fuels make them a viable energy
source for APUs. Catalytic onboard reforming technologies are con-
sidered feasible alternatives for supplying APUs with hydrogen.
Autothermal reforming (ATR) has received much attention lately as
one of the most promising methods for generating hydrogen from
heavy hydrocarbon fuels. ATR, a thermoneutral process (see Eq.
(1)), which uses air and water vapor as reactants, has several ben-
efits in onboard reforming for mobile fuel cell applications. This is
due to its high thermal efficiency (~60-75%) and dynamics during
transient operation as well as the low system complexity it offers;
e.g. after start-up no external heating or cooling is needed on the
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ATR reactor to sustain the thermoneutral process during operation
[1,2].
A general reaction formula for ATR, assuming that the products
(reformate) are only CO, and H,, can be expressed as follows:
Autothermal reforming (ATR)

CnHm + X(03 + 3.76N3) + (2n — 2x)H,0

— nCO, + (211 —2x+ %) H, +x3.76N; AH°~0KkJ/mol (1)
For ATR, the reforming reactor design and the reforming catalyst
employed are two significant factors that can determine the prod-
uct gas distribution [3]. This paper discusses the development of a
reactor design for ATR using diesel fuel or jet fuel. Optimal reactor
design is essential to ensure complete fuel conversion, maximum
hydrogen selectivity, and low amounts of carbon monoxide. Uncon-
verted hydrocarbons and high amounts of CO are generally not
desirable in APU systems as the molecules can contaminate gas
purification devices and also lead to performance losses on the
fuel cells, particularly for low-temperature polymer electrolyte fuel
cells (PEFCs) [4]. The US Department of Energy technical targets for
an onboard APU system require a durability of minimum 5000 h
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Fig. 1. Schematic drawing of the 2nd generation reformer reactor design and thermocouple set-up (T# thermocouple). FOAM = zirconia-treated alumina foam, ATR1 = first
monolith in line, ATR2 = second monolith in line. Thermocouples T7, T8, T11 and T12 are placed inside the monoliths.

[4]. Thus, an optimized reformer with the right reactor design can
be considered important in order to sustain the durability of the
APU system.

Lately, several papers have been published where challenges
concerning reactor design have been addressed. A recent paper by
Pors et al. [5] show testing of different mixing chamber designs for
ATR of diesel with the aim to optimize the reactant mixing and to
reduce coking. In addition, a new study conducted by Kolb et al. [6]
demonstrate a novel reactor concept for ATR of isooctane where
stacked Rh-coated metallic platelets can offer lower pressure drop,
improved heat and mass transfer and compactness of the reforming
system.

Previous work performed in our laboratory has demonstrated
the feasibility of reforming commercial transportation fuels (diesel,
gasoline and E85) into hydrogen-rich gases. The reformer tested,
herein referred to as REF1 (1st generation reformer), was capable
of providing high fuel conversion (96%), reforming efficiency (61%)
and H, selectivity (70%) during ATR of diesel [7]. Despite success-
ful operation, improved reactor design was needed concerning fuel
evaporation, reactant mixing and reforming temperature stability.
In this study, a new reformer, herein referred to as REF2 (2nd gen-
eration reformer), was developed and characterized during ATR of
commercial diesel fuel or jet fuel.

2. Reformer development

REF1 was designed to fulfill requirements placed on mobile fuel
cell applications regarding weight, volume, simplicity, efficiency,

robustness and cost. Mixture preparation is a crucial step in reform-
ing and combustion processes. The compactness of the reforming
system is also important in order to simplify heat management
and to obtain high thermal efficiency. The scheme of the reactor
design can be divided into two main zones: a mixing zone and a
catalytic zone [8]. A single-fluid pressurized-swirl nozzle is used to
inject liquid fuel as a fine spray into the mixing zone for evapora-
tion and blending with a mixture of superheated air and steam that
enters the reformer from perpendicularly arranged injection holes.
The mixture then enters the catalytic zone where the reforming
catalyst is located and hydrogen generation takes place. REF1 has
been evaluated both experimentally and using computational fluid
dynamics (CFDs) [8]. The studies showed the existence of stagnant
zones of recirculated reactants in the mixing zone that lead to local
hot-spot formation. These results indicated that improved turbu-
lence, fuel dispersion and reactant mixing were needed to enhance
and stabilize the reformer’s performance. Based on these results a
new catalytic reformer, REF2, was developed where adjustments
have been made on the reactor design with the aim to improve the
operating efficiency. Fig. 1 shows a schematic drawing of the new
reactor design, including the thermocouple set-up. Fig. 2 shows a
side view image of the new catalytic reformer used in this study.
In order to improve the fuel delivery and reactant mixing, a new
single-fluid pressurized-swirl nozzle as well as a new fuel-heating
device was installed. The new nozzle was expected to further
atomize and disperse the fuel into the fine micro-sized droplets
(<10 wm), which is predicted to increase the evaporation, mixing
and combustion rates in the mixing zone. Recent papers from Pors
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Fig. 2. Side view image of the 2nd generation reformer. The heated fuels enter from
the left, and the air/steam mixture from the top of the reformer.

et al. [5] and Kang et al. [9] show the importance of choosing the
right nozzle for diesel reforming in mobile fuel cell applications.
Pors et al. [5] state that pressurized-swirl nozzles are preferable
for diesel reforming as they exhibit less coking tendency than air-
assisted nozzles. Kang et al. [9] show that the use of an ultrasonic
nozzle can minimize coke formation and improve the reforming
efficiency for diesel reforming. The problem with nozzles is a dif-
ficulty often faced when operating at low volumetric flows. This
paper shows how the performance of the reformer is affected by
the variation of the fuel flow for ATR of diesel (operated at two fixed
fuel flows).

A fuel-heating device was installed to allow preheating the fuels
prior to injection into the reformer. A benefit of fuel preheating is
that it accelerates evaporation of the fuel spray by minimizing the
droplet size.In addition, preheating lowers the viscosity and surface
tension of the liquid fuel making its transportation and injection
through the nozzle easier [10]. This paper demonstrates how the
performance of the reformer is affected by the variation of the fuel
inlet temperature.

The air-steam injection holes were repositioned further
upstream in the mizing zone to prevent local hot-spot formation,
i.e. to stabilize the system. Also, an alumina foam with high porosity
and temperature tolerance was placed prior to the catalyst (Fig. 1)
in order to further improve the reactant mixing and to prevent high
concentrations of hydrocarbon fuel to come into contact with the
catalyst.

The catalyst segment in the new reformer was extended by
including two reforming catalysts (Fig. 1), instead of a single one
in the previous reformer, with the aim of preventing fuel slip.
Commercial noble metal-based catalysts supported on monolithic
cordierite were chosen for testing. Noble metals are known to
be very active and selective for autothermal reforming of heavier
hydrocarbons [4].

This paper focuses on the characterization and optimization of
REF2.The variation of the fuel flow and the effects of fuel preheating
were studied in particular. Test fuels were commercial diesel and
jet fuel.

3. Experimental
3.1. The 2nd generation reformer

The 2nd generation reformer consists of a stainless steel
tubular reactor with 84 mm inner diameter and 400 mm length
(Figs. 1 and 2) horizontally mounted. The walls of the reactor
were insulated with alumina-silica blanket insulation to minimize
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Fig. 3. Experimental set-up for autothermal reforming of preheated liquid fuels.
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heat losses. Fig. 3 shows the experimental set-up for autothermal
reforming of preheated liquid fuels. The liquid fuel was delivered
to the reformer using an electronically controlled piston pump
(0-65 cm3/min, 6.9 bar maximum pressure, Fluid Metering Inc.). A
heating hose made of corrugated steel with 62 mm outer diame-
ter and 1500 mm length (0-600 °C, 450 W maximum power, H 900
series, Hillesheim) and a temperature controller (HT43, Hillesheim)
were used to regulate the fuel inlet temperature.

The preheated liquid fuel was injected through a stainless steel
spray nozzle (0.23 mm diameter, Mist]et®, STEINEN) generating a
hollow-cone spray of fuel with a spread angle of approximately
70°. Following injection, the fuel was vaporized in a mixture of
air and steam that had been superheated to a temperature of
300°C enabling fuel vaporization. The air-steam mixture is deliv-
ered through a mantle around the reactor, enabling indirect heat
exchange with the reformer; it enters the mixing zone through
injection holes positioned near the nozzle. The superheating was
performed in a separate unit by means of tubular heating ele-
ments. Gases were fed to the reformer using mass flow controllers
(Bronkhorst High-Tech EL-Flow model).

A zirconia-treated alumina foam with 80.3 mm diameter and
26.4mm length (RQ-3085, Selee Corp.) is placed prior the cata-
lyst to enhance the reactant mixing and to protect the catalysts.
The catalysts, herein referred to as ATR1 and ATR2, were commer-
cial noble metal supported on a 900 cpsi cordierite monolith with
80.3 mm diameter and 76.2 mm length. A heat-resistant packag-
ing mat (KZ Handels AB) covered the inside of the reactor to hold
the foam and the monoliths in place, also minimizing leakages
around the catalysts. Three high temperature-tolerant plug valves
(6 mm, Swagelok) are attached perpendicularly on the reformer
(not shown in Fig. 2). The valves are placed after the foam, ATR1
and ATR2, respectively, to collect gas samples for analysis.

3.2. ATR of diesel and jet fuel experiments

Experiments were performed in a reactor designed to gener-
ate hydrogen by autothermal reforming from commercial diesel
(~10ppm S) and jet fuel (~200 ppm S) for a 5 kW, PEFC. Table 1
shows the properties of the liquid fuels used in this study. Param-
eters investigated in this study were the variation of the fuel inlet
temperature (FIT), fuel flow, HO/C and O, /C ratios.

The experiments were essentially divided into three parts. The
first two parts concern autothermal reforming of diesel where two
different fuel flows, 13 and 18.5 g/min (electrical power output for
PEFC, P=3 and 5 kW,), and the effect of fuel preheating was tested
and studied. The final part concerns autothermal reforming of jet
fuel at a constant fuel flow, 18.5 g/min (P=5kW,), also including
fuel preheating testing. The operating conditions used in this study
are described in detail in Table 2.

3.3. Operational considerations

The first step in the evaluation of the reformer was to explore

Table 1
Comparison of properties for the fuels tested in the study [11-15].
Diesel Jet A-1

Chemical formula ~Ci4H26 ~Cq1H2;
Molecular weight (g mol~') ~194 ~153
Boiling point at 1 bar (°C) 180-290?2 166-266
Vapor pressure at 38 °C (bar) Negl. Negl.
Lig. density at 15°C (kgm~3) 800-820 775-840
Liq. viscosity at 25 °C (mPas) 2-4 ~3,5(-20°C)
Heat of vaporization (MJ/kg) 0.27 0.30
Lower heating value (M]/kg) 43 43
Autoignition temperature (°C) 206° 210-220
Flammability limits in air (vol%) 1-5 1-6
Sulfur content max (wt% ppm) 0-10 ~200
Aromatic content max (vol%) 5 19.5
3 T95.
b n-Cetane.

reforming process to obtain optimal efficiency. For ATR, the steam-
to-carbon (H,0/C) and oxygen-to carbon ratios (0,/C) are two of
the most significant operating parameters that are often initially
determined. A high H,O/C ratio is desirable as steam cleanses the
reactor’s inner walls, the foam surface and the catalyst active sites
from carbonaceous species. Generating a high H,O/C ratio can
be costly, as more time, energy and larger volumes of water are
required to generate sufficient steam. The O,/C ratio is also impor-
tant as oxygen improves the dynamic response of the reformer. The
0,/C ratio regulates the reforming temperature in the reactor. Too
high O,/C may lead to total oxidation of the fuels (Eq. (2)), resulting
in hydrogen loss.
Total oxidation

CxHy + (X + %y) (03 +3.76N;3) — xCO, + %yHZO

+ (x T %y) 3.76N; AH® < 0kJ/mol (2)

Thermodynamic equilibrium calculations, e.g. by using NASA CEA
software, show that maximum hydrogen productivity for ATR
of diesel and jet fuel is obtained in the temperature region of
700-750°C [8]. Although ATR is a thermally neutral process the
0,/C ratio is often kept slightly higher than the thermodynamic
equilibrium value in order to promote the oxidation reactions that
initiate the process and to compensate for heat losses. Several
studies have shown that the exothermic partial oxidation reaction
initiates autothermal reforming, see Eq. (3)[9,13]. This is due to the
faster kinetics of the partial oxidation reaction. Heat generated from
partial oxidation is consumed by subsequent endothermic steam
reforming, where most of the hydrogen is generated; see Eq. (4).
For this study H,0/C and O, /C ratios were initially determined for
all commercial fuels tested.
Partial oxidation (PO)

GeHy + %X(Oz +3.76N;) — xCO + %sz + %x3.76N2

and determine the operating parameters of the autothermal AH® < 0KkJ/mol 3)
Table 2
Operating parameters for the fuels used in this study.
Fuel FIT? (°C) Flow rate (g fuel min!) P® (kW,) 0,:C (mol/mol) AC H,0:C (mol/mol) GHSV (h1)
Dieseld 25-60-100-120-130 13.0 3 0.49 0.33 25 7,600
Dieseld 25-60-100-120 18.5 5 0.49 0.33 25 10,800
Jet fuel® 25-60 18.5 5 0.39 0.25 2.1 9,000

2 FIT =fuel inlet temperature.

b p=electric power output for a PEFC.

¢ )\ =actual-to-stoichiometric air/fuel ratio.
d Swedish Environmental Class 1 (MK1).

¢ Aviation fuel, jet A-1.
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Steam reforming (SR)
CyHy + xHy0 — xCO + (x + %y) H, AH® > 0 kj/mol (4)

The second phase of this study concerns evaluating the effect of
preheating the fuels on the performance of the reformer. The fuel
inlet temperature was varied at fixed stages to examine the overall
effect. Temperature monitoring and gas analysis of the reformate
was carried out after each stage, at steady-state conditions. Fuel
preheating is expected to have a beneficial impact on the combus-
tion and mixing reactions occurring in the mixing zone. Heat and
mass transfer correlations can be employed to explain the funda-
mentals for these types of reactions. The Chilton-Colburn analogy
can be used to predict the driving force for the evaporation rate
of liquid fuel. Assuming the injected droplets are in the shape of
spheres, the simplified Eq. (5) can be implemented to calculate the
evaporation rate (W) for aliquid (A)-gas (B) system. The equation
assumes quasi-steady state and constant surface temperature and
composition [10]:

Wio = km(mD?) A2 (5)

— XA0

where x40 and x4, are the initial and final vapor pressure con-
ditions in liquid surface film. The mean mass transfer coefficient
(kxm), which is the most influential factor in the evaporation rate,
is defined as follows [10]:

Kkxm = CD#Shm (Shy, = Sheerwood number) (6)

Heating on and increased velocity of the liquid droplet lead to
greater tension and friction on the periphery, which decreases the
droplet diameter (D) and consequently increases kyn. The mean
mass transfer coefficient is also affected by an increase of pressure
and temperature of the gas system. As a result, the concentration
of the gas (c) and the diffusion coefficient of the liquid in gas (Dg)
both increase, which accelerates the vaporization. In this study, the
reactor inlet pressure and the air-steam mixture temperature were
held at 1 bar and 300 °C, respectively, for all experiments. Studies
have shown that the variation of the pressure does not affect the
product gas composition for ATR of diesel [5]. Diesel is a liquid mix-
ture of different hydrocarbon groups, such as paraffins, olefins and
aromatics (see Table 1). The various compounds in the fuel make
it difficult to use heat and mass transfer correlations. In addition,
diesel, due to its many ingredients, has a wide boiling range with
an initial boiling point of ~180°C. In this study, the maximum fuel
inlet temperature for diesel was set to 130°C (see Table 2).

The third phase of this study concerns evaluating the effect
of fuel-flow variation on the performance of the reformer. Two
fixed fuel flows of diesel, 13 and 18.5 g/min (P=3 and 5 kW, ) were
tested and studied. A higher volumetric flow may generate smaller
droplets in the spray and consequently lead to faster fuel evapo-
ration (Egs. (5)-(6)). Also, a higher volumetric flow may improve
the fuel dispersion in the radial direction, which can enhance the
mixing of diesel with the air/steam mixture. On the other hand, an
increased fuel flow could also lead to excessively strong jet of fuel
which would wet and block the surface of the foam. The reformer
injection system was therefore calibrated prior to each experiment
to generate spray at desired operational conditions.

Finally, ATR of jet fuel was carried out at a fuel flow of 18.5 g/min,
corresponding to constant power output of 5kWe for a PEFC
(Table 2). Jet fuel, jet A-1, was chosen as test fuel since its over-
all physical properties are similar to those of diesel, see Table 1.
The similarities in viscosity, boiling point, lower heating value and
density meant the fuel delivery and mixture preparation of jet A-1
would be comparable to the experimental procedure employed for
diesel. Differences in results would mainly be attributable to the

chemical composition of the jet A-1, such as contents of sulfur and
aromatics.

The higher sulfur concentration in jet A-1, and its influence on
the autothermal reforming process was of interest to study. Typical
sulfur compounds in jet A-1 are benzothiophene, C1-C3 benzoth-
iophene and C2-C3 thiophene [16,17]. Sulfur is known to have a
poisoning effect on the catalyst performance due to adsorption
of S-compounds, such as H,S and SO, on the active sites of the
catalyst. Hydrogen sulfide is converted from hydrocarbons in a non-
oxidizing environment while sulfur dioxide products are generated
in an oxidizing environment [4]. Thus, in autothermal reforming
there is possibility of co-existence of both sulfur compounds in the
reformate. Cimino et al. [18] investigated the catalyst poisoning
effect using H,S and SO, as sulfur compounds for PO of CH4 over
noble metal-based catalyst and found that the catalyst were merely
affected by the total S concentration in the feed and not by the type
of sulfur precursor. Similar results were observed by Cheekatamarla
and Lane [19] where synthetic diesel, together with H,S and SO,
was tested for ATR using noble metal-based catalyst. Studies have
also shown that sulfur can have a detrimental effect, not only on the
catalyst employed, but also on the reformer fuel injection system
[20]. Sulfur can also affect the performance of the fuel cell. Hydro-
gen sulfide is reported to have a more severe poisoning on PEFC
compared to carbon monoxide; 1 ppm can decrease the efficiency
of the fuel cell by preferential adsorption on the electrodes [21].
Often a desulfurization step is carried out prior to the reforming
process. Also, a reaction temperature above 800°C can be imple-
mented to prevent sulfur adsorption on the reforming catalyst but
at the cost of hydrogen loss [22].

The higher aromatic content in jet fuel, compared to diesel,
impacts the reforming process; it was also expected to affect the
catalyst performance. Typical aromatic compounds in jet A-1 are
benzene, C1-C3 benzene, toluene and xylenes [23]. These products
have also been reported to be present in jet fuel reformates [20]
as well as in emissions from aircrafts [24]. In reforming, aromatics
are known to be less reactive, due to stable C-C and C-H bonds,
and to have higher coking tendency than paraffins [25]. Flytzani-
Stephanopoulos and Voecks [26] investigated the effect of coke
poisoning for ATR of benzene over Ni monolithic catalyst. Their
result showed that coke was present on the catalyst, low conver-
sion of benzene was achieved, and low amounts of olefins were
found in the bed. The main product was methane. They came to
the conclusion that the main coke precursor was not the olefins,
but the aromatic molecule itself. They suggest that benzene forms
carbon through dehydrogenation in the gas phase in the monolith
channels at high temperatures.

A synergistic effect between sulfur and aromatics has also been
studied for instance by McCoy et al. [27]. A fuel blend consisting
of toluene and 50 ppm thiophene was tested for ATR over Rh- and
Pd-based catalyst. Their results showed a steady decrease of the H;
yield for all catalysts over a duration of 24 h. In addition, Rh showed
higher activity and better resistance towards sulfur.

Thus, taking the aromatic and sulfur poisoning effect into
account, it is vital to establish the right reaction conditions for ATR
of jet A-1, e.g. to establish a high H,O/C to suppress coke forma-
tion and a high reaction temperature to prevent sulfur adsorption.
In this study, the operating parameters for autothermal reform-
ing of jet A-1 were collected from literature data [28-30]. It can
be emphasized that limited information can be found in the open
literature where non-desulfurized treated commercial jet fuel has
been tested for autothermal reforming.

All experiments were run until stable and reproducible results
were obtained. Typical time on stream ranged from 2 to 7 h. Steady-
state conditions were reached approximately 30 min after start-up
of the reformer. During shutdown of the reformer, the air was shut
off first, followed by fuel and steam. Air was then flushed through
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the reformer to burn off potential coke and sulfur on the catalyst
surface. Coke and sulfur compounds, e.g. H,S and SO,, could then
be detected by increases in temperature after the monolith, see
Egs. (7)-(9). An ocular inspection of the nozzle interior, alumina
foam, reforming catalyst and the inside of the reactor walls was
also performed after each experiment.

Oxidation of coke

C+ 0,— CO, AH® < 0kj/mol (7)
Oxidation of H,S

H3S + 3/20; - Hy0 + SO, AH® < —518.2Kk]/mol (8)
Oxidation of SO,

SO, +1/20, - SO3 AH® < —99k]/mol (9)

3.4. Collection of data

Temperature profiles were studied using K-type thermocouples
placed in the mixing zone (T1-T4 in Fig. 1), after the alumina foam
(T5 in Fig. 1), inside the monolithic channel (T7-T8 for ATR1 and
T11-T12 for ATR2 in Fig. 1) and after the catalysts (for ATR1 T6, T9
and for ATR2 T10, T13 in Fig. 1). The thermocouples T7, T8, T11 and
T12 (ID=0.5 mm) were placed inside the monolith channels’ front
part to measure the temperature of the reformate and to register
temperature rises caused by the exothermic PO. In addition a ther-
mocouple (not shown in Fig. 1) was placed prior to the reformer to
measure the fuel inlet temperature.

The reactor effluent product compositions were studied by
gas chromatography (GC), using a Varian CP-3800 and a Varian
3400CX. The CP-3800 is equipped with a thermal conductivity
detector (TCD)and a flame ionization detector (FID) and two packed
columns, a Porapak Q and a MS 5A where CHy, CO, CO,, Hy, N, and
0O, can be quantitatively analyzed. The 3400CX is equipped with
two capillary columns, a VF-1ms and a GS-Q and two FIDs. This GC
was used for detection of the higher molecular weight hydrocar-
bons present in the wet reformate (see Fig. 3).

3.5. Analysis of results

The following equations were used for evaluation of the data,
with F corresponding to molar flows (mol/min):

Fu, co

H, selectivity (%) = x 100 (10)

Hp,max

Feyny.in — Feghyout

Fuel conversion (%) = x 100 (11)
Feny.in
Fo, in — F
0, conversion (%) = —o2:in — "02:0ut 45 (12)
Oz,in
- o Fco,
CO, selectivity parameter (%) = ——=2— x 100 (13)
Fco, + Fco

The hydrogen selectivity (Eq. (10)) was defined as the molar flows
of hydrogen plus carbon monoxide in the product gas obtained per
mole of fuel divided by the theoretical maximum hydrogen flow,
per mole of the fuel, at the specific condition (assuming all car-
bon reacts to CO,). The hydrogen selectivity equation is defined
and written from an APU system point of view where CO can be
converted in the fuel processor to H, and CO; [4].

The fuel conversion was estimated by means of atomic carbon
balances (Eq. (11)) where diesel fuel is assumed to consist solely
of C14Hy6 and jet A-1 of C;1Hyq (see Table 1). The CO,/(CO, +CO)
product ratio (Eq. (13)) was used as a parameter to evalu-
ate the selectivity to CO, relative to CO, not including other
carbon-containing components such as CH4 and unconverted
hydrocarbons.

The reforming efficiency (1) was calculated according to the fol-
lowing equation (lower heating values of the fuels, LHV, are shown
in Table 1):

_ (FHZ +Fco)LHVH2

x 100 LHVy, = 242 kJ/mol 14
FfuelLvauel H2 J/ ( )
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Table 3
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Fuel and oxygen conversions (mol%) after monoliths ATR1 and ATR2, diesel flows 13 g/min and 18.5 g/min. H,0/C=2.5, 0,/C=0.49. FIT = fuel inlet temperature.

Diesel 13 g/min

Diesel 18.5 g/min

ATR1 ATR2 ATR1 ATR2
FIT (°C)  Fuel conversion O, conversion Fuel conversion O, conversion FIT (°C)  Fuel conversion O, conversion Fuel conversion O, conversion
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
25 56 64 99 89 25 94 87 100 92
60 86 79 100 93 60 100 93 100 95
100 100 94 100 94 100 100 95 100 95
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Fig. 5. Autothermal reforming of commercial diesel, ATR1 (first monolith in line in the reactor). Comparison of different fuel flows and fuel inlet temperatures on the

reforming efficiency (1) and CO, selectivity at H,0/C=2.5, 0,/C=0.49.
4. Results and discussion

4.1. Diesel reforming, fuel flow 13 g/min

400 to 460°C. Increasing the fuel inlet temperature (FIT) from 25
to 130°Cresulted in a small temperature increase of ~15 °C for the
thermocouple located nearest to the nozzle (T1 in Fig. 1). The foam

Fig. 4 shows the reactor temperature profiles obtained from
operation at a fuel flow of 13 g diesel/min at steady-state condi-
tions. The temperatures registered in the mixing zone range from

placed prior to the catalyst enhances the mass and heat transfer

Diesel - ATR2

between the reactants, which results in a temperature increase of
the mixture up to ~500 °C. Furthermore, the temperature rise could
also be due to heat radiation from the front part of the first mono-

Fuel inlet temperature (°C)
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Fig. 6. Autothermal reforming of commercial diesel, ATR2 (second monolith in line in the reactor). Comparison of different fuel flows and fuel inlet temperatures on the
reforming efficiency (1) and CO, selectivity at H0/C=2.5, 0,/C=0.49.
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Diesel 13 g/min Diesel 18.5 g/min
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Fig.7. Product gas concentrations of H,, CO,, CO, and CH4 (dry reformate) measured
after both monoliths, ATR1 and ATR2, at two diesel flows and various fuel inlet
temperatures. HO/C=2.5, 0,/C=0.49.

lith emanating from exothermic reactions. For instance, Liu et al.
[31] have made a similar observation.

The two thermocouples located inside the front part of the first
monolith (T7, T8, ATR1) registered a significant temperature rise
up to 750°C. The temperature rise may be the result of catalytic
exothermic partial oxidation (PO). All experiments using diesel at a
flow of 13 g/min showed the same temperature trend. The thermo-
couples inside ATR1 were thermally destroyed after approximately
30 h reforming. As a result, no temperature data could be obtained
for FIT 60 and 130 °C. The thermocouples were replaced before the
tests using jet A-1. The temperature after ATR1 was 705-730°C,
which lies in the thermodynamically favored region for maxi-
mum hydrogen productivity [8]. For the second monolith (ATR2),
the two thermocouples located inside the monolithic channels
(T11-T12) registered considerably different gas phase tempera-
tures (663-773°C). The temperature after ATR2 was 650-680°C.
The decrease in the temperature is most likely the result of heat
consumption due to endothermic steam-reforming (SR) activity.
This declining temperature trend was also recently reported by Liu
et al. [21] for autothermal reforming for reactors containing series
of monolithic catalysts. Also, Flytzani-Stephanopoulos and Voecks
[26] have reported similar temperature trend results.

Table 3 shows the fuel and oxygen conversion measured after
each monolith. The difference in the fuel and oxygen conversions
may be the cause of the difference in temperature inside the mono-
lith channels, previously mentioned. A possible explanation is that
unconverted oxygen and hydrocarbons after ATR1 react inside
ATR2 thus giving rise to the temperature gradient. Table 3 also
shows that an increase in the fuel inlet temperature improves the
fuel and oxygen conversions, particularly over ATR1. It is also inter-
esting to note that despite not having achieved full conversion of O,,
a fuel conversion of 100% is obtained after ATR1. Liu et al. [31] pre-
sented similar results where a series of four monolithic catalysts
were tested for diesel reforming. Results from their study show
full conversion of oxygen was not achieved after the first mono-
lith and still very high H; production close to 30 vol% was reached.
Also, Flytzani-Stephanopoulos and Voecks [26] reported in their
ATR experiments with n-tetradecane that not all oxygen was con-
sumed in their first catalyst in a series of Ni supported monolithic
catalyst.

Figs. 5 and 6 show the reforming efficiency (1) and CO, selectiv-
ity and Fig. 7 displays the product gas distributions (dry reformate)
measured after both monoliths.

After ATR1, a reforming efficiency of only 40% is obtained at the
initial fuel inlet temperature (FIT=25°C, see Fig. 5) as a result of
the incomplete conversion of diesel and oxygen (see Table 3). By
increasing the fuel inlet temperature to 60 °C the reforming effi-
ciency is significantly improved (62%), as a result of generating
more H, and CO (see Fig. 7). As more CO is formed the CO, selectiv-
ity decreases steadily (see Fig. 5). Also, the CH4 formation decreases
(see Fig. 7). Complete fuel conversion (see Table 3) and a reforming
efficiency of 75% (see Fig. 5) are achieved at a fuel inlet temperature
of 100°C. The Hy, CO, CO, and CH4 production at this operational
condition was as follows (Fig. 7): 27.5, 15,9 vol% and 430 ppm (vol).
The remainder of the analyzed dry gas composition is nitrogen. In
addition, very small stable quantities of C2- and C4-compounds
(<50 ppm) without an increase over time on stream, were detected
in the wet reformate. Further fuel preheating had minor impact on
performance of ATR1.

For ATR2, very high fuel conversion (~99%) (see Table 3), a
reforming efficiency ~74% (see Fig. 6) and the H, concentration
28vol% (see Fig. 7) are achieved already at the fuel inlet temper-
ature 25°C. No higher hydrocarbon molecules, such as C2- and
C4-compunds, were detected in the analyzed gas composition of
the wet reformate. Further fuel preheating slightly improved the
oxygen conversion, as seen in Table 3.

Coke formation was detected in ATR1 during shutdown while
pulsing oxygen through the reformer. The highly exothermic reac-
tions noted during coke removal destroyed thermocouples T7-T8
as the maximum operating temperature of the materials (1200 °C)
was exceeded. It is possible that coke may have been originated
from the unconverted hydrocarbons and C2- and C4-compounds
present in the wet reformate from ATR1, as previously discussed.
Efforts were made to identify the byproducts formed during diesel
reforming. Acetaldehyde, ethylene, ethane, acetic acid and propane
were injected into the GC, but could not be separated adequately to
enable identification of the samples from the experiments. Traces
of carbonaceous material were also found in the condensate. In
addition, fuel inlet temperatures above 120°C resulted in minor
coke deposition inside the filter in the nozzle. The coke was scraped
from the nozzle and the weight of the sample was measured using a
scale. The coke weight was 0.130 g which corresponded to 0.5 wt%
increase of the total weight of the nozzle. Pors et al. [5] report that
high wall temperatures inside the nozzle can lead to coke deposi-
tion. In this study, it seems that heat transfer from preheated fuels
raises the inner wall temperatures of the nozzle, which accelerate
carbon formation. Continuous external cooling of the nozzle system
can be a possible method to circumvent this problem.

Fig. 8 shows the front part of the alumina foam after the final
experiment using a diesel flow of 13 g/min. The center of the surface
of the foam is slightly darkened. This indicates that the spread-
ing angle of the diesel spray was not fully achieved. Instead, the
spray may be centered, due to accumulated droplets, and not prop-
erly mixed with air/steam and consequently exposed to the center
of the foam, as seen in Fig. 8. The insufficient mixture prepara-
tion is believed to cause the low fuel and oxygen conversions
over ATR1, as previously discussed. Based on this observation an
increase of the volumetric flow of diesel was required to improve
the dispersion of the fuel. Hence, a diesel flow of 18.5 g/min was
tested using the same steam-to-carbon (H,0/C=2.5) and oxygen-
to-carbon (0,/C=0.49) ratios. The higher fuel flow decreases the
residence time of the heated liquid diesel in the nozzle which is
expected to lower the tendency for carbon formation [5].

Based on the results from ATR of diesel 13 g/min, the fuel deliv-
ery can be considered a significant factor for diesel reforming. For
the first monolith (ATR1), the incomplete reactant mixing, due
to poor fuel dispersion, is believed to cause low fuel conversion,
reforming efficiency and hydrogen production. Results show that
an increase in the fuel inlet temperature significantly improves the
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Fig. 8. Zirconia-treated alumina foam from autothermal reforming of diesel,
13 g/min at H,0/C=2.5, 0,/C=0.49 after final experiment.

fuel and oxygen conversion over ATR1. Fuel preheating is believed
to improve the fuel dispersion and evaporation and thus the reac-
tant mixing is improved. For the second monolith (ATR2), maximal
operating efficiency is obtained at the initial fuel inlet temperature
(FIT=25°C). Fuel preheating had a slightly positive impact on the
oxygen conversion.

4.2. Diesel reforming, fuel flow 18.5 g/min

Fig. 9 shows the temperature profile from operation of diesel
at 18.5 g/min at steady-state conditions. The temperature gradient
in the axial direction in the mixing zone was only 25 °C compared
to 50°C at a fuel flow of 13 g/min. This regardless of the fuel inlet
temperature employed. The lower temperature gradient may be
attributed to an improved dispersion and smaller droplets of the
diesel at the higher flow rate which result in enhanced fuel evap-
oration and mixing. In addition, the higher diesel and oxygen load
assists and accelerates the heat and mass transfer that takes place

[Diesel 18.5 g/min]
FOAM

ATR1

in the mixing zone. The temperature after the foam was constant
at ~590°C, this regardless of the fuel inlet temperature employed.
Compared to the ATR of diesel at fuel flow 13 g/min, the thermo-
couples located inside the monolith channels in ATR2 (T11-T12)
showed a significantly lower temperature gradient (753-808 °C).
This is believed to be due to the improved fuel and oxygen conver-
sions in ATR1, which can be seen in Table 3. The temperature of
the gas after ATR2 was 705-715°C. The decrease in temperature is
likely the result of steam-reforming activity.

Table 3 and Figs. 5 and 7 show that most of the reforming reac-
tions occur in the first monolith. Most of the fuel and oxygen are
converted (Table 3), and also the expected end products are formed
in the reformate (Fig. 7), after the first monolith at FIT = 25 °C. These
fuel, oxygen and product gas composition trends are in good agree-
ment with what has been reported by Flytzani-Stephanopoulos and
Voecks [26] and Liu et al. [31]. Also, the higher GHSV for diesel at
18.5 g/min, which means lower residence time for gaseous reac-
tants to adsorb, react and desorb in the monolith channels, does
not seem to affect the product gas composition in the reformate.

For ATR1, complete fuel conversion (see Table 3), a reforming
efficiency of ~76% (see Fig. 5) and an H, concentration of 28 vol%
(see Fig. 7) are achieved at fuel inlet temperature of 60 °C. Similar
results are observed after ATR2. For ATR2, the highest reform-
ing efficiency (81%) is achieved at fuel inlet temperatures of 25
and 60°C (see Fig. 6). Also, for both monoliths the CH4 formation
decreases with an increase of the fuel inlet temperature (see Fig. 7).
No higher hydrocarbon molecules, such as C2- and C4-compounds,
were detected in the analyzed gas composition of the wet reformate
from both monoliths.

Interestingly, for both ATR1 and ATR2, the concentrations of
H, and CO in the dry reformate increase and decrease slightly,
respectively, as the fuel inlet temperature increases (see Fig. 7).
In addition, the CO, selectivity increases (see Figs. 5 and 6). These
trends could be an indication of water-gas shift (WGS) activity (see
Eq. (15). This activity has been reported in the literature by Kaila et
al. [22] and Abu-Jrai et al. [32] for autothermal reforming of diesel
in the reforming temperature region of 700-800°C:

Water-gas shift (WGS)

CO+Hy0 < CO, + Hy AH® = —42Kk]/mol (15)
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Fig. 9. Temperatures in the reactor during autothermal reforming of commercial diesel at different fuel inlet temperatures. Fuel flow =18.5 g/min, H,0/C=2.5, 0,/C=0.49,
GHSV=10,800 h~"! (positions of the thermocouples are shown in Fig. 1). FOAM = zirconia-treated alumina foam, ATR1 = first monolith in line, ATR2 = second monolith in line.
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Fig. 10. Temperatures in the reactor vs. time on stream at fuel inlet temperature
25°C. Diesel flow 18.5 g/min. H,0/C=2.5, 0,/C=0.49, GHSV =7600 h~! (positions of
the thermocouples are shown in Fig. 1).

Fig. 10 displays the temperatures during operation at a diesel
flow of 18.5 g/min at steady-state conditions. A homogeneous igni-
tion of the reactant mixture, aka light off temperature, occurs
initially for autothermal reforming of diesel [4]. The ignition
increases the temperature in the mixing zone from 300 to 400°C
before reaching equilibrium. These temperature trend results are
in good agreement with what has been reported by Kang et al. [9]
and by Borup et al. [33]. Kang et al. [9] reports a light off tempera-
ture of 250 °C while Borup et al. [33] report a light off temperature
of 270°C for diesel. It can also be noted that steady-state condi-
tions, displayed as stable and flat temperature curves in Fig. 10,
were reached approximately 30 min after start-up of the reformer.
Also, the repositioning of the air/steam injection holes in the mix-
ing zone seems to have a beneficial effect as no local hot spot or
temperature rises were detected in the system.

As steady state was achieved in the reactor system at a fuel flow
of 18.5¢g diesel/min; the remainder of the operating parameters
FIT, H,0/C and O,/C were evaluated in order to find the opti-
mal reaction conditions for ATR of diesel. The parameter fuel inlet
temperature was evaluated first. Results from Table 3 shows that
the FIT has a positive effect on the fuel and oxygen conversion.
Also, the FIT promotes the WGS reaction as previously discussed.
Therefore, it is interesting to calculate the hydrogen selectivity
as a function of FIT to determine at what point the FIT has the
highest impact. Fig. 11 shows the influence of varying fuel inlet
temperature on the H, selectivity (measured after ATR2) at con-
stant fuel flow (18.5 g/min), oxygen-to-carbon ratio (O,/C=0.49)
and steam-to-carbon ratio (H,O/C=2.5). As seen in the figure, max-
imum H; selectivity (96%) is reached at a fuel inlet temperature
of 60°C. It is unclear why the results point to this trend. No C2-
and C4-compounds were noted in the wet reformate after ATR2 at
FIT 60 and 100°C. However, a small amount of coke (coke weight
~0.030 g) was present in the nozzle at fuel inlet temperature 100 °C.
Also, it is possible that preheating using high FIT may promote
pre-reforming reactions, which can affect the catalyst activity neg-
atively [34]. Nevertheless, the results from Fig. 11 show that the
optimum FIT is 60 °C.

As the optimum FIT was determined, the parameter oxygen-
to-carbon ratio was next in line to be evaluated. Fig. 12 shows the
influence of varying the O, /Cratio and fuel inlet temperature on the
reforming efficiency. As seen in the figure, increasing the fuel inlet
temperature has a minor effect on the reforming efficiency, as com-
pared to the O, /C ratio. A possible explanation to this trend is that
the O,/C ratio has a higher impact on the reforming temperature.

Diesel 18.5 g/min

100

98

H, selectivity (%)

25 60 100

Fuel inlet temperature (°C)

Fig. 11. Effect of the fuel inlet temperature on hydrogen selectivity for
autothermal reforming of diesel. Fuel flow=18.5g/min, H,0/C=2.5, 0,/C=0.49,
GHSV=10,800h~". The analyzed dry gas samples were collected after ATR2.

Fig. 13 shows the reforming temperatures measured in the center
of the reactor after the foam, ATR1 and ATR2, respectively, varying
0,/C ratios, at constant diesel flow (18.5 g/min), fuel inlet tem-
perature (FIT=60°C), and steam-to-carbon ratio (H,0/C=2.5). As
seen in the figure, the oxygen concentration has a high impact and
governs the reforming temperature during autothermal reforming.
Similar results have been reported by Liu et al. [31]. Furthermore,
an O,/C ratio of 0.52 results in reforming temperatures around
800°C, which, according to thermodynamic equilibrium calcula-
tions, reported in a previous study [8], is unfavorable as it can cause
a decrease of predicted hydrogen production and selectivity. Thus,
the results from Figs. 12 and 13 show that the optimum O, /C ratio
is 0.49.

As the optimum FIT and O,/C ratio were determined; the
parameter H,O/C was also evaluated. Fig. 14 shows the influ-
ence of varying steam-to-carbon and oxygen-to-carbon ratios on

Diesel 18.5 g/min
H,0/C 2.5

Reforming efficiency (%)

Fig. 12. Comparison of the fuel inlet temperature and O, /C ratio on the reforming
efficiency measured after monolith ATR2 at a constant diesel flow 18.5 g/min and
steam-to-carbon ratio H,O/C=2.5. GHSV =9900-10,800 h-'.
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Fig. 13. Temperatures measured after the alumina foam (T5), monoliths ATR1 (T6)
and ATR2 (T10) at different O,/C at constant diesel flow 18.5g/min, fuel inlet
temperature 60°C and steam-to-carbon ratio H,0/C=2.5. GHSV =9900-10,800 h~!
(positions of the thermocouples are shown in Fig. 1).

the H, selectivity at constant fuel inlet temperature (FIT=60°C).
Maximum H; selectivity (~96%) is achieved at H,0/C=2.5 and
0,/C=0.49. Further increase of the O,/C ratio is believed to cause
total oxidation of the fuel and as a result the hydrogen selectiv-
ity is decreased (Eq. (2)). The H,O/C ratio has a minor impact on
the hydrogen selectivity. In ATR, it is known that the H,O/C ratio
has a minor impact on the reforming temperature compared to
the O,/C ratio. In fact, Liu et al. [31] have shown that a decline in
the reforming temperature is noted as the H,O/C ratio increases.
Water is a much weaker oxidant compared to oxygen. Thus, an
increase in O,/C enhances the initial oxidation reactions in ATR,
which increases the reforming temperature and furthermore, as
seen in Fig. 14, improves the hydrogen selectivity. The results from
Fig. 14 show the optimum H,O/C ratio is 2.5.

Diesel 18.5 g/min
FIT 60 °C

Hydrogen selectivity (%)

26 044

Fig. 14. Comparison of the operating parameters steam-to-carbon ratio (H,0O/C)
and oxygen-to-carbon ratio (02/C) on the hydrogen selectivity after monolith
ATR2, at constant diesel flow 18.5g/min and fuel inlet temperature (FIT) 60°C.
GHSV =9900-10,800h".

It was concluded from the experiments running at diesel flow
of 18.5g/min that elevated fuel inlet temperatures (>60°C) and
a higher degree of fuel dispersion significantly improves the per-
formance of the reformer. Complete fuel conversion, a reforming
efficiency of 81% and a H, selectivity of 96%, were established at
P=5kW,, H,0/C=2.5,0,/C=0.49 (A =0.33) and at a fuel inlet tem-
perature of 60 °C. These operating parameters were found to offer
optimal reaction conditions for ATR of diesel.

4.3. Jet A-1 reforming

Fig. 15 shows the temperature profile in the reformer dur-
ing operation of jet A-1 at 18.5 g/min at steady-state conditions.
The temperatures in the mixing zone and after the foam are not
different from those obtained operating with diesel fuel. The tem-
perature inside the channels of ATR1 was ~880 °C, which is higher
than for the diesel reforming experiments. A high temperature
is beneficial during jet fuel reforming because the risk for strong
sulfur adsorption on the active sites of the catalyst decreases at tem-
peratures above 800°C [22]. The oxygen conversion in ATR1 was
97%, regardless of the fuel inlet temperature employed. The tem-
perature inside the channels of ATR2 was 778-806 °C. The oxygen
conversion after ATR2 was still 97%, regardless of the fuel inlet tem-
perature employed. For ATR2, the temperature of the effluent was
727-736°C. As previously discussed, the decrease in temperature
can be the result of steam-reforming activity.

The results from jet A-1 reforming again confirm the typical
appearance of the autothermal reforming (ATR) temperature pro-
file. Exothermic partial oxidation initiates the ATR, followed by
endothermic steam reforming. This temperature trend can be seen
in Fig. 15, expressed as the ATR curve. The light off temperature of
jet A-1 was approximately 300°C (not shown in any figure), thus
similar to diesel.

Fig. 16 shows results for autothermal reforming of jet A-1 fuel
measured after ATR2. It can be seen that an increase of the 0,/C
and the fuel inlet temperature improves the fuel conversion and
reforming efficiency. A fuel conversion of 76% and a reforming
efficiency of 42% are achieved at a fuel inlet temperature of 60°C
(H,0/C=2.1, 0,/C=0.39). A supplementary test was conducted to
confirm the initial results and to find the optimal point of the
operating parameters. A spontaneous homogeneous autoignition
of the reactant mixture ended this experiment after 2 h and 20 min
operation. The temperature in the mixing zone first rose slowly
from 450 to 500°C, and then rose instantly from 500 to 1000°C.
Thus, it seems the limiting upper temperature for ignition of jet
A-1 is around 500°C. The autoignition of the fuel can be an indi-
cation that too high values of the stochiometric air/fuel ratio (A)
were implemented [4,34]. Prior to the autoignition, the GC analy-
sis showed a steady decrease in the H, production (measured after
ATR2) from 19 to 12 vol%, regardless of the operating parameters
employed. Similar results have been presented by McCoy et al. [27]
were SR of kerosene as jet fuel surrogate, were tested over noble
metal-based catalyst and a steady decrease of H, yield from 30 to
less than 10% was noted with time on stream. In this study, car-
bonaceous substances were detected in the condensate from the
reactor effluent. Furthermore, extra long periods of oxygen purging

was necessary during shutdown for coke and possibly also sulfur
removal, see Egs. (7)-(9). The observations suggest that catalyst
deactivation occurs due to coke deposition and by sulfur poison-
ing. Coke deposition may have originated from the benzene and
toluene, typically present in the fuel [23] and in the reformate
[20]. For instance, benzene can form carbon through dehydro-
genation [26]. Also, high amounts of C2-compounds (~250 ppm)
with an increase over time on stream, were detected in the wet
reformate from both monoliths. It is possible that olefins, such
as ethylene, are present in the reformate. It has been shown by
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Fig. 15. Temperatures in the reactor during autothermal reforming of commercial jet A-1 at different fuel inlet temperature. Fuel flow = 18.5 g/min, H,0/C=2.1, 0,/C=0.39,
GHSV=9000h-" (positions of the thermocouples are shown in Fig. 1). FOAM = zirconia-treated alumina foam, ATR1 = first monolith in line, ATR2 = second monolith in line.
The ATR curve shows the thermodynamic trend where the exothermic partial oxidation occurs initially followed by endothermic steam reforming.

Rostrup-Nielsen et al. [35] that olefins, such as ethylene, have
higher coking tendency compared to aromatics and paraffin. Olefins
can form carbon deposits at temperatures higher than 700°C [4].
In this study, efforts were made to identify possible C2-compounds
formed during jet A-1 reforming. For instance, ethylene, ethane
and acetaldehyde were injected into the GC, but could not be sep-
arated adequately to enable identification of the samples from the
experiments.

Either than coke deposition, the catalyst deactivation can also
have occurred by adsorption of S-compounds, such as H,S and
SO,. As previously discussed, both these sulfur products can be
formed in the reformate during autothermal reforming [4]. The

Jet A-1 18.5 g/min

H,0/C~2.1
0,/C-0.37

FIT25°C

FIT25°C

H,0/C~2.1
0/C~0.39

presence of H,S and SO, has been reported to cause deacti-
vation of noble metal-based catalyst in autothermal reforming
[18-19,22]. In this study, the steady decline of H, production; the
autoignition of the fuel; the strong exothermic reactions noted;
and the extra long period of oxygen purging during shutdown
of the reactor; suggest the presence of both coke and sulfur
adsorbates.

Ocular inspection of the alumina foam (see Fig. 17) and the
front part of ATR1 showed physical deformation and extensive coke
deposits. The coke formation may be an indication of pre-reforming
reactions where higher hydrocarbons are converted into a mixture
of lighter hydrocarbons. Hartmann et al. [34] have shown cases of
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Fig. 16. Jet A-1 autothermal reforming. Results show fuel conversion, reforming efficiency, and H, and CO; selectivities vs. time on stream at different O,/C and fuel inlet
temperatures. Fuel flow=18.5 g/min and H,O/C=2.1. The analyzed gas samples were taken after ATR2.
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Fig. 17. Zirconia-treated alumina foam from autothermal reforming of jet A-1,
18.5 g/min, after final experiment.

pre-reforming where if the reactant mixture is not homogeneously
blended; if wrong operating parameters are employed; the ten-
dency of coke formation is high. In this study, no local hot spots
were detected in the mixing zone that indicated poor reactant
mixing. Furthermore, the coke noted suggests that a higher H,O
ratio than 2.1 should be employed in order to suppress the carbon
formation.

Coke deposits were also spotted inside the nozzle filter system
and swirl channel. The measured coke weight was ~0.400 g. Similar
damage on the reactor system has been reported by Pasel et al.
[20].

A summary of the results from jet A-1 reforming is to be found
in Fig. 18. Despite the comparatively high aromatic and sulfur con-
tent in the jet fuel, a fuel conversion of 76%, a reforming efficiency
of 42%, and an H, selectivity of 52% were achieved after ATR2. The
low CO, selectivity 18% is due to low amount of CO, present in
the analyzed dry reformate sample (~4 vol% not shown in any fig-
ure), which indicates incomplete combustion of the jet fuel. A CH,
concentration of 4.8 vol% is obtained, which is quite high for jet
A-1 reforming in comparison what has been reported earlier in
the open literature for ATR of sulfur free jet fuel surrogates [20].
However, McCoy et al. [27] reports for SR of sulfur and aromatic
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doped kerosene as jet fuel surrogate that a high level of methane
was obtained. The total amount of methane was not specified. They
suggest a synergistic effect between the sulfur and aromatics in
the fuel may have promoted the high production of CH,. Similar
observations were made by Kaila et al. [22]. They report that the
presence of H,S during reforming of surrogate diesel could have
promoted the decomposition of aromatics, e.g. toluene by cleav-
age of methyl groups leading to higher production of CH4 [16]. The
high methane formation noted for ATR of jet A-1 in this study,
should also be an indication that too low H,0 and O,/C ratios
were implemented. In general, methane formation decreases with
higher H,0 and O,/C ratios [4]. Nevertheless, the poisoning effect
of CH,4 for PEFC is very small as the fuel cell can tolerate up to
5vol% methane without any detrimental effect on the performance
[4].

The oxygen conversion is not affected in the presence of sul-
fur. Similar results have been reported by Kaila et al. [16]. Finally,
despite a reforming temperature of above 800 °C inside the chan-
nels of ATR1 the catalyst appeared to have been deactivated by
sulfur.

It was concluded from the experiments on jet A-1 reforming
that the high aromatic and sulfur load in the fuel should have
had a detrimental effect on the reformer performance and dura-
bility. A steady decline of the hydrogen production was noted
with time on stream. Furthermore, an autoignition of the fuel
occurred. Coke deposits were also spotted on the nozzle, alu-
mina foam and catalyst. All these results suggest that it is highly
recommended to employ a pretreatment of the jet fuel, e.g. desul-
furization step, prior to the reformer. Also, a higher H,O ratio than
2.1 should be employed in order to reduce the coke and methane
formation.

4.4. Overall results: REF1 and REF2

Fig. 18 shows the overall results for REF1 (the 1st generation
reformer) running on diesel in comparison to REF2 (the 2nd gener-
ation reformer) running on diesel and jet fuel. The results show that
REF2 for diesel reforming at 18.5 g fuel/min exhibited the best per-
formance in terms of fuel conversion, reforming efficiency and H;
selectivity. The graph also shows that the in-house prepared 1 wt%
Rh monolithic catalyst tested in REF1 resulted in 2 vol% higher H,
production in comparison with the commercial noble metal cata-
lyst tested in REF2. Catalyst development for REF2 will be discussed
in a future paper.
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Fig. 18. Overall results for the 1st generation reformer (REF1) in comparison to the 2nd generation reformer (REF2). FIT =fuel inlet temperature. Operational conditions
for REF1 diesel: fuel flow =13 g/min, FIT=25°C, P=3kW,, H,0/C=2.0, 0,/C=0.40, GHSV=8700h~" [6]. Operational conditions for REF2 diesel: fuel flow=18.5g/min,
FIT=60°C, P=5kWe,, H,0/C=2.5,0,/C=0.49, GHSV = 10,800 h~'. Operational conditions for REF2 jet A-1: fuel flow = 18.5 g/min, FIT=60°C, P=5kW,, H,0/C=2.1, 0,/C=0.39,

GHSV=9000h-"'.
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5. Summary and conclusions

The objective of this study was to characterize and optimize an
autothermal reformer for operation with commercial diesel fuel or
jet fuel. The parameters investigated were variation of the fuel inlet
temperature, fuel flow and H,O/C and O,/C ratios. Two commer-
cial noble metal-based catalysts supported on monolithic cordierite
(900 cpsi) were tested. Steady-state conditions and reproducible
results were obtained throughout the experiments. Results from
this study show that:

¢ The 2nd generation reformer had a significantly higher operating
efficiency and system stability during diesel autothermal reform-
ing compared to the 1st generation reformer.

It is difficult to find single-fluid pressurized-swirl nozzles for
diesel reforming that can guarantee good spray quality over the
entire flow range. At low fuel flows, bigger fuel droplets are gen-
erated, which has a negative impact on the reactant mixing and
the catalyst performance. This problem needs to be addressed
and solved in order for mobile fuel cell applications to reach
commercialization.

Complete fuel conversion was achieved using two noble metal-
based monolithic catalysts for all diesel fuel loads tested.
Elevated fuel inlet temperature improved the performance of the
reformer significantly in terms of fuel and oxygen conversions at
low diesel fuel loads, 13 g/min (3 kW), particularly after the first
reforming catalyst.

Optimal operating parameters for autothermal reforming of
commercial diesel at a fuel flow of 18.5 g/min (5 kW, ) were deter-
mined. They are as follows: fuel inlet temperature FIT=60°C,
steam-to-carbon ratio H,0/C=2.5 and oxygen-to-carbon ratio
0,/C=0.49.

High aromatic and sulfur concentrations present in the jet fuel
had a detrimental effect on the reformer’s performance and dura-
bility.

In conclusion, our results indicate possibilities for the developed
catalytic reformer to be used in onboard fuel cell applications for
energy-efficient hydrogen production from diesel fuel.
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Nomenclature

ATR autothermal reforming

ATR1 commercial monolithic noble metal catalyst, first in line

ATR2 commercial monolithic noble metal catalyst, second in
line

CFD computational fluid dynamics

F molar flow (mol/min)

FIT fuel inlet temperature (°C)

FID flame ionization detector

GC gas chromatography

GHSV  gas hourly space velocity (h=1)

H,0/C  steam-to-carbon ratio

LHV lower heating value (M]/kg)

0,/C oxygen-to-carbon ratio

P electric power output for a polymer electrolyte fuel cell
(kWe)

PEFC polymer electrolyte fuel cell

PO partial oxidation

REF1 1st generation catalytic autothermal reformer

REF2 2nd generation catalytic autothermal reformer
SR steam reforming
T# thermocouple number

TCD thermal conductivity detector

WGS water-gas shift reaction
n reformer efficiency (%)
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