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Abstract

Technology for the reforming of heavy hydrocarbons, such as diesel, to supply hydrogen for fuel cell applications is very attractive and challenging
due to its delicate control requirements. The slow reforming kinetics of aromatics contained in diesel, sulfur poisoning, and severe carbon deposition
make it difficult to obtain long-term performance with high reforming efficiency. In addition, diesel has a critical mixing problem due to its high
boiling point, which results in a fluctuation of reforming efficiency. An ultrasonic injector (UI) have been devised for effective diesel delivery. The
UI can atomize diesel into droplets (~40 wm) by using a piezoelectric transducer and consumes much less power than a heating-type vapourizer.
In addition, reforming efficiencies increase by as much as 20% compared with a non-UI reformer under the same operation conditions. Therefore,
it appears that effective fuel delivery is linked to the reforming kinetics on the catalyst surface. A 100-W,, self-sustaining, diesel autothermal
reformer using the Ul is designed. In addition, the deactivation process of the catalyst, by carbon deposition, is investigated in detail.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel reforming is a practical method to produce hydrogen for
fuel cell applications. Numerous efforts to reform fossil fuels
such as natural gas, LPG, gasoline, and diesel have been tried.
Diesel reforming, as a fuel supply for fuel cells, has been consid-
ered to be the most challenging technology. It has a high potential
for application in a variety of industrial fields such as auto-
mobiles (propulsive or auxiliary power generation), distributed
power generation, and power generation for military purposes,
etc. In addition, there is a report of using an on-board diesel
reformer for internal combustion engines in low-emission vehi-
cles [1]. In spite of these possible applications, diesel reformers
are still not ready for commercialization. Most of all, it is diffi-
cult to inhibit carbon deposition [ 1-8]. Carbon deposition occurs
easily on the catalyst surface, even though operation is con-
ducted in the thermodynamically carbon-free zone [9]. Kinetic
factors, such as the relative reaction rates of the various com-
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ponents in the fuel and the nature of the catalyst, may influence
carbon deposition [8]. Sulfur poisoning has also been reported
[4,10-13] to prevent the development of a diesel reformer with
stable long-term performance.

In addition, technical issues such as effective diesel deliv-
ery should be considered. It is difficult to vapourize diesel due
to its wide range of high boiling points. Its high viscosity also
leads to flow pulsation when using a liquid pump. In diesel-
related fields, such as the internal combustion engine, diesel
is usually delivered into the combustion chamber by means of
a high pressure injector. Diesel injected by the high pressure
injector is atomized into micron-sized droplets in the form of
a spray. This helps to increase each of the following: the fuel-
free surface area, evaporation, mixing with air, and combustion
rates. Generation of the mixture constitutes a key factor in the
quality of the chemical reaction [14]. It is slightly difficult,
however, to adapt a high-pressure injector to diesel reform-
ing because injecting diesel at high pressure can cause poor
mixing of the fuel and oxidants (air and/or steam) as they
come into contact with the catalyst surface. This can result in
excessively high temperatures that can damage or destroy the
catalyst [8].
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This study reports the development of an ultrasonic injec-
tor (UI, U.S. patent pending: 11//549,359) for effective diesel
delivery. The UI uses mechanical force to atomize the diesel
by a piezoelectric transducer. On the basis of previous research
[9,15-18], a 100-W, self-sustaining diesel Ul reformer has been
designed.

2. Experimental

Two types of reactors were prepared for studying diesel
reforming. One is a micro-reactor controlled by an electrical
furnace to test the effect of the UI on reforming performance.
The other is a 100-W,-class engineering reactor insulated with
a ceramic material on the reactor wall instead of an electrical
furnace (a so-called self-sustaining reformer). To obtain high
efficiency, autothermal reforming (ATR) technology is used to
process diesel. This is a combination of steam reforming (SR)
and partial oxidation (POX) [15]. Therefore, three pipe lines
were prepared for the delivery of the fuel, water, and air. In
addition, a nitrogen line was also installed to carry the vapour-
ized water (steam). The fuel and water were delivered using an
HPLC pump (MOLEH Co. Ltd.). The fuel was atomized by the
UI at the top of the reactor and ultra pure water (>15 M) was
vapourized by an external heat exchanger. A picture of the injec-
tor and specifications of the Ul are shown in Fig. 1 and Table 1,
respectively. The flowrates of air and nitrogen were controlled
individually by mass flow controllers (MKS). The product gases
were analyzed by a GC-MS (TCD and FID installed, Agilent
6890N) after moisture removal. A TCD using argon as the car-
rier gas was used to analyze the relative amounts of Hp, CO,
CO3, O; and N3 and a FID using helium (He) as the carrier gas

Fig. 1. Diesel injection through injector nozzle.

Table 1
Specifications of ultrasonic injector

20-120kHz

22 W intermittent
15 W continuous
Average 40 pm

Range of frequency
Power consumption (maximum)

Droplet size

was used to analyze the relative amounts of CHy, CoHj, CoHy,
C,Hg, C3Hg, C3Hg, iso-C4Hj(, normal-C4H ¢, normal-CsH;»,
CeHi> (cyclo-hexane), CgHg (benzene), and iso-CgHjsg.

A catalyst of Pt on Gd-doped CeO; (CGO-Pt) was used
to reform the diesel. A fine powder of the catalyst was pre-
pared by the combustion spray method. The catalyst was pressed
into pellets that were then crushed into granules of regular size
(~500 pwm). The packed-bed reactors were made from stainless-
steel (STS) tubes. A k-type thermocouple was installed at the
top and at the bottom of the catalyst bed to monitor the reac-
tion temperatures. The self-sustaining reactor employed catalyst
granules with an average size of 855 wm. In addition, eight
thermocouples were used to monitor temperatures at multiple
positions inside the reactor.

Synthetic diesel (mixture of Cj2Hjg and Cy1Hjg) and com-
mercial diesel (GS-Caltex, Korea) were prepared for use as fuels
in the autothermal reforming experiments. Previous studies have
shown that the reforming performance of the synthetic diesel is
in good agreement with commercial diesel [16]. Using synthetic
diesel makes it easier to calculate the basic stoichiometries,
such as O,/C and H,O/C, and the fuel conversion. After the
experimental conditions were determined from synthetic diesel
reforming, commercial diesel reforming was sequentially per-
formed.

3. Results and discussion

A micro-reactor controlled by an electrical furnace was
installed to investigate the effect of the Ul on reforming per-
formance. The experimental set-up is shown in Fig. 2. The total
length and outer diameter of the reactor in the furnace are 50 cm
and 1.27 cm, respectively. The GHSV (gas hourly space velocity
at 25°C, 1atm) is 5000h~1.

Severe fluctuations of the inner temperatures and prod-
uct concentrations in diesel autothermal reforming have been
observed previously [15]. These may be caused by poor mixing
of the fuel and oxidants (air and/or steam). The experimental
set-up was modified to vapourize diesel efficiently at the reactor
entrance (not described here) in order to minimize the mix-
ing problem. Slightly improved concentration and temperature
fluctuations (Fig. 3) were obtained compared with the previous
performance [15].

Although slight improvements have been obtained, the issue
with the fuel delivery essentially has not been resolved. When
droplets of diesel of millimeter size were introduced into
the reactor, due to an unforeseen reason, there was a very
high probability of carbon formation as well as an unsta-
ble reforming reaction. This caused the performance of the
reformer to decrease rapidly. The diesel requires vapouriza-
tion or atomization, in order to solve the problem related
with the fuel delivery issue. The former is not recommended
due to large energy consumption, as well as increased sys-
tem complexity. The latter is more favourable. A high-pressure
nozzle injection was a representative-atomizing technique,
but diesel injected at high speeds may come into con-
tact with the catalyst surface or the reactor wall without
mixing with the oxidants. In addition, a high-pressure gen-
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Fig. 2. Experimental set-up using ultrasonic device (100-113: ultrasonic device,
113: ultrasonic nozzle, 200: electrical furnace, 201: catalyst bed).

erator for the high-pressure injection increases the bulk-size
of the reformer as well as the parasitic power consump-
tion.

To solve the fuel delivery issue, we have devised an ultrasonic
injector using a material with piezoelectricity. The diesel flowing
through the ultrasonic nozzle is vibrated by the piezoelectric
transducer at a high frequency (~60 kHz). Then, the bulk diesel
is atomized into droplets of ~40 pwm. The size distribution of the
droplets was well-centralized around the average droplet size.
The product compositions obtained from diesel reforming using
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Fig. 3. Product distributions obtained from non-UI reformer (synthetic diesel,
H,0/C=1.25, 0,/C=0.5, 5000h~!, CGO-Pt, furnace temperature =800 °C,
average fuel conversion=82.3%).
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Fig. 4. Product compositions according to time (synthetic diesel, HyO/C =1.25,
0,/C=0.5, 5000 h~!,CGO-Pt, furnace temperature = 800 °C, average fuel con-
version =~100%).

the UT are given in Fig. 4. Although data fluctuations still exist,
the reforming performance is surprisingly enhanced.

A comparison between the product distributions obtained
from synthetic diesel reforming when the ultrasonic device was
or was not being used is presented in Fig. 5. The solid line with
symbols and the dotted line with symbols represent the relative
amounts (mol% in H,O and N;-free basis) from the Ul reformer
and the non-UI reformer, respectively. The amounts of Hy and
CO produced were much greater with the UI reformer than with
the non-Ul reformer. Methane almost disappears at temperatures
greater than 850 °C with the UI reformer. The lighter hydrocar-
bons are negligible at much less than 1 mol%. Almost 100% fuel
conversion can be achieved at 800 °C, as seen in Fig. 6. The fuel
conversion with the Ul-reformer is 20% greater than that with
the non-UI reformer under the same conditions (Fig. 7).

With respect to the reforming efficiency (RE), the results are
very remarkable. The REs using CigH34 (hexadecane) as a sur-
rogate fuel (left bar) and as a synthetic diesel (middle bar) in
the non-UI reformer are 83% and 67%, respectively. The lower
RE of synthetic diesel is due to the addition of aromatic com-
pounds. Aromatic compounds cause the reforming kinetics to
slow down, which has been well-reported [1,8,12]. On the other
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Fig. 5. Product distributions after reforming according to UI usage (synthetic
diesel, 0,/C=0.5, H,O/C=1.25, GHSV =5000h~!).
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Fig. 6. Fuel conversion of UI and non-UI reformer according to furnace tem-
perature.

hand, the RE of synthetic diesel using the Ul is 87%. It is greater
than the RE of C¢H34 non-Ul reforming and the RE of synthetic
diesel non-UI reforming.

For the Ul and the non-UI reformer, we have compared refor-
mate gas compositions (Fig. 8) and upper temperatures of the
catalyst bed (Fig. 9) to demonstrate the effect of the UI on
reforming performance. Hydrocarbons are almost negligible in
the UI reformer, as indicated in Fig. 8.

The upper temperatures of the catalyst bed in each case are
given in Fig. 9. Lower temperatures, as much as 20°C less,
are obtained when the Ul is used to reform the synthetic diesel
compared with the non-UI reformer. Comparing the tempera-
ture difference and reforming efficiencies, it can be deduced
why the ultrasonic device enhances the reforming efficiency.
One reason is the reduced energy needed for diesel vapouriza-
tion. The atomization of diesel can lower the amount of latent
heat by widening the actual open surface where the heat trans-
fer occurs [14]. This promotes the evaporation of diesel and the
formation of a mixture with the oxidants. The temperature at
the front of the catalyst bed decreases with the effective vapour-
ization of diesel. As a result, well-mixed reactants enhance the
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Fig.7. Reforming efficiency (%) (HyO/C =1.25,0,/C=0.5, GHSV =5000h ',
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Fig. 8. Product distributions obtained from synthetic diesel reforming accord-
ing to UI usage (synthetic diesel, HyO/C = 1.25, 0,/C=0.5, GHSV =5000h~",
CGO-Pt, 850°C).

reforming efficiency. Another reason is the inhibition of unde-
sired non-catalytic reactions at the front of the catalyst bed of
the Ul-reformer. As previously reported [15], the reforming pro-
cess progresses not only on the catalyst surface but also in a
non-catalytic zone, due to high reforming temperatures (about
850 °C). At these high temperatures, most of the paraffinic heav-
ier hydrocarbons are converted into light hydrocarbons with
a variety of hydrocarbon structures by oxidation and thermal
pyrolysis, before reaching the catalyst surface. Inhomogeneous
mixing can lead to unwanted fuel consumption due to unsta-
ble combustion in a specific fuel-rich area. This will cause a
decrease in the reforming efficiency. In addition, olefinic and
aromatic compounds, which have low reforming reaction rates,
usually form during the decomposition of heavier hydrocarbons.
The reforming efficiency decreases because of the undesirable
delivery process of the fuel. The UI allows for the formation of
a homogeneous mixture, which inhibits the fuel consumption
and its transformation into undesired species. Therefore, it is
believed that the reforming efficiency and fuel conversion are
both greatly influenced by the fuel delivery methods.
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Fig. 9. Upper temperature vs. time with and without Ul (H,O/C=1.25,
0,/C=0.5, GHSV =5000h~!, 850°C).
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After the operating conditions were determined by using syn-
thetic diesel, commercial diesel reforming was performed. The
amount of Hj obtained in the UI reformer is much greater than
that in the non-UI reformer, as shown in Fig. 10. The H; yield is
even close to the thermodynamic equilibrium state (TES) with
respect to C1gH3a.

On the basis of these results, a 100-W,-class, self-sustaining,
diesel reformer was developed, as shown schematically in
Fig. 11. The Ul is located at the top of the reactor to deliver the
diesel. A water line for vapourization is in contact with the reac-
tor wall like a coiled spring. Air is injected through an ultrasonic
device (separate from the fuel line). The air is not only an oxidant
but also acts as a shield, which can prevent atomized diesel from
attaching to the reactor wall. In addition, it cools down the piezo-

Diesel carried by ultrasonic device

Air
Liquid
Water ey, Gas
=== \Nater
Zirconia Ball
CGO-Pt Heating Coil

Sl

electric transducer. The inside of the reactor consists of a mixing
bed using zirconia balls (diameter: 3.08 mm) and a catalytic bed
using CGO-Pt, as depicted in Fig. 11. An electrical heating coil
powered by a small battery (12V, 9 Ah) was installed between
the catalyst bed and mixing bed, for start-up of the reformer.
Ceramic wool was used to insulate the reactor. Fourteen ther-
mocouples were used to monitor the reforming reaction (8 inner,
6 outer). The design of the self-sustaining diesel UI reformer is
shown in Fig. 12.

In the start-up process of the reformer, low power consump-
tion and minimal time are required. The start-up conditions
inevitably pass through the thermodynamic coke formation zone
[15]. Therefore, rapid start-up should be attained to avoid severe
carbon deposition. Diesel autothermal reforming is started by
lighting off the fuel and air mixture. The mixing ratio is a domi-
nant factor which governs both the start-up time and the amount
of carbon deposition during the oxidation reaction [9]. Once the
reaction temperature is reached, it is controlled by the mixing
ratio and flowrates of the reactants fuel, air, and water. It requires,
however, a delicate control strategy due to the high possibility
of severe carbon deposition, even in the thermodynamic carbon-
free zone. The process of decreasing the reaction temperature
(e.g., low O2/C) must be much more elaborate than the process
of increasing the reaction temperature (e.g., high O,/C). In addi-
tion, the control of the mixing ratio directly affects the reforming
efficiency by changing the amount of H» in the reformate gas
[15,19]. This feature is not discussed here.

In the present reactor, HyO/C, O,/C, and GHSV are 1.25,
0.56 and 12,500h~!, respectively. Start-up of the reformer is
initiated by an electrical heating coil which supplies heat energy
until the light-off temperature (~250 °C) of the fuel and air mix-
ture is reached. The temperature then increases to about 400 °C
(Fig. 13). Several seconds later, all the reactants are supplied
for ATR operation. Finally, steady-state ATR operation can be
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Fig. 11. Schematic diagram and positions of thermocouples.
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Fig. 12. Actual experimental set-up.

achieved, as described in Fig. 14. External energy consumption
for start-up of the reformer is about 100-W, for about 10 min.
If more power is supplied to the heating coil, the start-up time
will decrease.

The temperatures at each position (described in Fig. 11) for
21h are shown in Fig. 14. Although transient behaviour is seen
initially, most of the temperatures are steady, except for a slight
decrease in the temperatures of T/C 1 and T/C 2, which are
located at the front of the catalyst bed.
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Fig. 13. Catalyst temperature during start-up (start-up conditions: synthetic
diesel =0.2 ml min~! (1), air= 1990 ml min~! (g)).
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Fig. 14. Temperatures at each point for 24h operation (synthetic diesel,
H,0/C = 1.25, 02/C=0.56, GHSV = ~12,500h~!, CGO-Pt).

The average inner and wall temperatures along the reactor
are given in Fig. 15. As the length of the catalyst bed increases,
the inner temperature also increases until x=0.51in. and then
the temperature continuously decreases with increased catalyst
bed length. It is well-known that the heat energy from the ini-
tial oxidation leads to sequential endothermic steam reforming,
which results in the temperature profile shown in Fig. 15 [15].
The fuel conversion and reformate gas composition for 21 h are
given in Fig. 16. Average fuel conversion is 85%. The H; yield
decreases slightly with increasing operation time because of car-
bon deposition. As seenin Fig. 17, the amount of C;H4 increases,
which indicates an increase in carbon deposition because it is
representative of a carbon precursor [4].

Using the self-sustaining reactor, commercial diesel reform-
ing was performed. The product compositions with increasing
operation time are given in Fig. 18. The results are very simi-
lar to those obtained from synthetic diesel reforming (Fig. 17).
After 26 h of operation, the reforming performance, especially
the relative amount of Hj, decreases suddenly due to severe
carbon deposition. As presented in Fig. 18, the initial reform-
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Fig. 15. Average temperatures at each point (lower figure describes T/C
positions) (synthetic diesel, HoO/C =1.25, O/C =0.56, GHSV =~12,500 hl,
CGO-Py).
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ing temperatures at all positions increase with the progression of
carbon deposition. The increase in temperature can be explained
by the decrease in steam reforming, which has a relatively low
reaction rate compared with the oxidation reaction with decreas-
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Fig. 18. Product distribution obtained by commercial diesel reforming vs. time
(diesel, CGO-Pt, HO/1.25, 0,/C=0.5, GHSV =12,500h~! calculated on a
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ing active surface of the catalyst. All the temperatures increase
continuously until 113 min (see Fig. 19) and then the temper-
atures (1, 2, 3 and 4) at the front half of catalyst bed decrease
rapidly. On the other hand, the temperatures (5, 6 and 7) at the
rear half of the catalyst bed increase. The deactivation of the
catalyst by carbon deposition during autothermal reforming, is
indicated by the data in Fig. 20. If zero minutes is defined as the
starting point of rapid degradation of performance due to car-
bon deposition, it takes about 15 min to deactivate the reforming.
The initial temperature profiles at 0, 4, and 9 min increase with
the progression of carbon deposition. As solid carbon deposits
on the catalyst surface, the chemical function of the catalyst
decreases sharply from the front to the rear of the catalyst bed.
This causes the rear temperatures of the catalyst bed at 9 and
13 min to increase. Finally, all temperatures decrease due to
deactivation of the catalyst.

4. Conclusions

An effective fuel-delivery system for heavier hydrocarbons
such as kerosene, diesel and JP-8 is required. Fuel delivery is
not merely an engineering issue, but is a fundamental issue that
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affects the reforming chemistry on the catalyst surface. There-
fore, the method of fuel delivery is deeply associated with the
reforming efficiency. An ultrasonic injector is one option to sup-
ply the fuels for the reforming system. The reforming efficiency
increased by about 20% in the micro-reactor when the UI was
used. This improvement may be caused by inhibition of the reac-
tions that occur at high temperatures in the non-catalytic mixing
zone that is located before the catalyst bed. Poorly mixed fuel
and oxidant lead to gas phase reactions, such as combustion
at high fuel/air ratios in the non-catalytic mixing zone. During
oxygen rich or lean combustion (or partial oxidation), the aro-
matic and olefin components may cause the reforming kinetics
to slow down. It is very difficult to explain the effects of the Ul
on the reforming efficiency. More detailed experiments, inves-
tigating the effects of the mixture on the reforming chemistry,
will be performed. By using the U, a 100-W, self-sustaining
reactor has been designed for diesel autothermal reforming.
Start-up and steady-state operation of the reactor is performed.
It is found that carbon deposition progresses very quickly
in the reformer and deactivates the reforming catalyst after
15 min.
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