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Abstract

The autothermal reforming of diesel fuel is a catalytic process that runs at temperatures of
700 °C to 900 °C. Long-chain hydrocarbon molecules react with steam and Oz, yielding a
product gas that mainly consists of CO, CO2, CH4 and Ha. Hz is essential for the operation of
fuel cell systems. The Forschungszentrum Jilich has been engaged in the cooperative
development of technical apparatus for this reaction to be applied in fuel cell systems over the
past 15 years, together with many other research groups worldwide, and this paper deals with
reactor ATR 14, which is considered the preliminary end-product of Jiilich’s research and
development in this field. This paper briefly summarizes Jiilich’s earlier reactor generations
and then describes the most recent improvements embodied in the ATR 14. Additionally, the
experimental evaluation of the ATR 14 is presented, which demonstrates that it can be

operated over a broad load range and with almost complete carbon conversion.

Introduction

The continuous increase in greenhouse gas emissions in the transport sector of the European
Union over the past 25 years is harmful to the climate in the long term and underlines the
necessity for new, environmentally-friendly technologies in the transport sector [1]. There are
many options in this respect such as, for instance, electric vehicles that utilize batteries

charged by renewable energy, power-to-fuel processes that produce carbon-neutral feedstocks



for conventional internal combustion engines, as well as vehicles that run on natural gas or on
the basis of fuel cell systems. Fuel cell systems operated on renewable Hz can be applied to
vehicle propulsion itself, whereas fuel cell systems using reforming processes for Ha
generation from liquid carbonaceous energy carriers are suitable for auxiliary power units
(APUs) for on-board power supply in aircraft or trucks (i.e., for air conditioning, heating,
cabin systems, etc.). Samsun et al. [2] explain that fuel cell-based APUs with diesel reforming
can achieve an efficiency of 40%, which is the efficiency target of the U.S. Department of
Energy [3, 4]. One of the most important and complex components of such an APU is the
reforming unit for generating Hz from liquid carbonaceous feedstocks, for which autothermal
reforming (ATR), heated steam reforming (HSR) and partial oxidation (POX) are the most
common processes. At Jiillich, ATR is preferred for reactor development, as it was shown
experimentally that it is the most dynamic, simple and robust design. During ATR, the liquid
hydrocarbon feedstock reacts with steam and Oz, generating a gas mixture (reformate) that
ideally consists of only Hz2, CO, CO2 and traces of CHa4. A large number of liquid feedstocks
for ATR have been investigated in the literature. These include jet fuels, diesel fuels (fossil
and synthetic) and different substitute materials that are similar to jet and diesel fuels but that
avoid aromatic substances and sulfur [5-21]. In addition, biogenic fuels for ATR have been
attracting ever more attention in recent years [22-29]. When running ATR with biogenic fuels,
it was found that coke formation at the catalytically-active sites was a major concern. This can
be suppressed by increasing the partial pressure of Oz in the ATR educt mixture. As with
almost all chemical processes, the choice of a suitable ATR catalyst is decisive for the
complete conversion of carbonaceous feedstocks and promising long-term stability. In the
relevant literature, Rh, Pt, Ru, Ir and Ni are deposited on different washcoats such as Al2O3,
Si02, CeO2, ZrO:2 or perovskites, and have been found to best fulfill the requirements of high
activity and stability [30-47]. High activity and stability, however, are threatened by the
above-mentioned coke deposits and, additionally, by adsorbing sulfur- and phosphorous-
containing components, which might block the catalytically-active sites on the catalyst
surface being no longer accessible for the reactants. There are numerous papers in the
literature regarding experimental investigations in this respect [48-60]. Although the
formation of coke deposits on the catalyst surface is known to be one of the most important
reasons for catalyst deactivation, only a few papers deal with a priori technical approaches to
suppress them [23, 61-64]. They describe technologies for diesel fuel injection into the ATR
reactor that aim to generate a spray of very fine hydrocarbon drops that can be more easily
evaporated by the enthalpy flow in the evaporation section of the ATR reactor and then
homogeneously blend with steam and Oz. It is explained in these papers that the formation of
especially ethylene as a precursor of coke formation on the catalyst surface can thereby be
significantly suppressed. Han et al. developed an ATR concept for submarine application
where there is only little Oz available. They simply substituted the above-mentioned reactants

of steam and O2 by liquid H202. However, their system turned out to be somewhat more



complicated, as they had to integrate an additional component into the system layout for the

decomposition of H202 prior to the reforming reactions [65-68].

This paper describes the most recent improvements to Jilich’s ATR reactor generation
ATR 14 with respect to its design, its commercially-relevant production techniques and its
experimental evaluation. Crucial process parameters to be investigated at the steady-state
operation of the reformer are the reformer load and the mass fraction of cold water to the
nozzle on the top side of the ATR 14. Corresponding experimental results (temperature trends
at different positions inside ATR 14, concentrations of main and by-products in the gas phase
and condensed excess water, respectively) are also given. In addition, a special pulse valve

was applied in order to be able to perform experiments over a broad load range.

Experimental

At maximum load, ATR 14 can generate a molar flow of Hz with a thermal power of 28 kW.
To lower the activation energy of the reactions occurring during autothermal reforming, a
proprietary RhPt catalyst on an Al203-CeOz support from Umicore AG & Co. KG (protonics
A Type) was applied. Catalyst and support were deposited on a cordierite monolith with a
mesh size of 600 cpsi. The gas hourly space velocity (GHSV) is approximately 30,000 h™! at
an O2/C molar ratio of 0.47 and an H20/C molar ratio of 1.9 at 100% load of ATR 14.
Ultimate diesel fuel, a commercially-available sulfur-free premium diesel fuel containing
approximately 15 wt% aromatics with a final boiling point of 360 °C, was used for all of the
experiments. It is made from crude oil in a refinery with a hydrocracking step lowering the
sulfur mass fraction to less than 1 ppm. Analyses by means of gas chromatography have
shown that the aliphatic mass fraction mainly consists of linear Cis-C24 alkanes and their
branched isomers. The aromatic mass fraction of Ultimate diesel fuel reveals alkylated (chains
with 3 and 4 carbon atoms, respectively) benzene and naphthalene molecules. The molecular
formula was found to be CioHss. The general technical set-up and analytical equipment to
qualitatively and quantitatively analyze the reformate leaving ATR 14 are also

comprehensively outlined in Pasel et al. [69].

In addition, MeiBner et al. [70] recently developed an improved methodology for the analysis
of very low amounts (in the sub-ppm range) of residual hydrocarbons in the product gas phase
of autothermal reforming. This is based on a coupling of gas-chromatography and mass
spectrometry. This methodology was applied to most of the experiments in this paper. All of

the experimental details in this respect can be found in Meifner et al. [70].

The pulse valve for the load change experiments was supplied by the German company, GSR
Ventiltechnik GmbH & Co. In the captions of figures 2-4 and 6-8, the temperatures of the air
to the annular air injector and of the steam from the catalytic burner are abbreviated with TAI

and TCB, respectively.



Reactor development

In earlier publications by the fuel processing group at IEK-14 [71-74], the fundamental layout
of Jiilich’s reactors for autothermal reforming and the progress achieved over the years during
the continual development based on this fundamental design are described in detail. The ATR
14, whose specific design is shown in Figure 1, is the preliminary outcome of this progressive
development. Briefly, as with all previous ATR generations from Jiilich, the chemical
reactions are supported by a bimetallic Rhodium/Platinum catalyst deposited on an
Al203/CeO2 washcoat, which in turn is applied to a monolithic cordierite substrate. A nozzle
at the bottom of ATR 14 injects cold diesel fuel into the fuel evaporation chamber, where the
diesel fuel is heated-up, evaporated and then blended with air and superheated steam, which
are the other two reactants of autothermal reforming. Superheated steam at temperatures
between 200 °C and 250 °C comes from the catalytic burner of the fuel processing system and
is additionally heated by the enthalpy flow (waste heat) of the autothermal reforming process
itself to 400-480 °C via the internal superheater, which is executed as concentric shells with
electric heating wire for start-up. This is one mass fraction of water fed to the ATR 14. The
other mass fraction is cold (20 °C) and injected, via a second nozzle, at the top of ATR 14
into the steam generation chamber. The percentage share of this cold water stream to the
second nozzle is an important reaction parameter to be investigated in this paper. Air is
injected into the reactor via the superheater and, additionally, through the annular air injector
of the autothermal reforming reactor [75]. As mentioned above, more information regarding
the general functioning and layout of Jiilich’s autothermal reformer generations are given by
Pasel et al. [71-73].

However, there are two features of the ATR 14 that constitute its novelty and make it unique

in comparison to Jiilich’s earlier autothermal reformer generations.
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Figure 1 Design of Jiilich’s autothermal reformer, ATR 14

e Many parts of ATR 14 were commercially produced by means of sheet metal forming.
Thus far, in autothermal reformer generations, milling was applied to produce all

single parts. This change in the production technology makes the assembly of ATR 14



much more cost- and time-efficient and constitutes a major step towards the mass
production of ATR 14.

e Additionally, in the center of the fuel evaporation chamber, a drop-shaped vapor trap
was incorporated into the design of ATR 14 (cf. Figure 1). This device has the
function of protecting the Rh/Pt catalyst from being hit by fuel drops originating from
the nozzle for fuel injection, shown leftmost in Figure 1. Whenever a fuel drop hits
this vapor trap, it directly evaporates on the trap’s hot surface, which has temperatures
of 300-500 °C at steady-state operation depending on the reaction conditions, and
homogeneously blends with the stream of the other reactants (steam and air) due to the
high turbulence of the flow. This process is particularly important when fuel injection
into the fuel evaporation chamber of ATR 14 is performed in pulse mode via a special
pulse valve. As is mentioned above, applying such a valve is of special interest to
widen the load range of ATR 14 to values between, e.g., 20% to 100%, referring to the
design point of ATR 14. During each opening of the valve, the velocity of the fuel to
be pulsed is equal to zero at the outlet of the nozzle, i.e., the liquid fuel does not
possess any kinetic energy during the opening of the valve. According to the paper of
Lee et al. [76], as a consequence of lacking kinetic energy, there does not exist any air
core or fuel film on the inner surface of the nozzle’s bore. Both are necessary to form a
fuel lamella outside the nozzle, which finally decomposes into very fine fuel droplets.
As long as this lamella is not yet formed, comparatively large fuel drops are produced
at this point. This was experimentally-demonstrated in the paper by Peters et al. [77].
Thus, without the drop-shaped vapor trap, these large drops would then move in the
axial direction of the reformer towards the monolith and hit the catalyst particles, on
whose surface they would possibly decompose, forming carbonaceous deposits, which
in turn are known to deteriorate the catalytic activity for the autothermal reforming

reaction.

Results and discussion

On the left-hand side, Figure 2 displays the mass streams of water and diesel fuel and the
volumetric flow of air during a load change experiment using the above-mentioned pulse
valve for diesel fuel injection. According to the reformer design explained above, the mass
stream of water consisted of those to the superheater and nozzle, respectively, and the flow of
air was made up of the single flows to the annular air injector and superheater, respectively.
For reasons of simplicity, only the total amounts are displayed in this figure. It can be seen
that by operating the pulse valve, the reformer load could be varied between 20% and 100%.
Both the total mass streams and volumetric flow of air were stable at each load point. On the
right-hand side, the respective temperatures at the outlet of the monolith, in the fuel
evaporation chamber and the air mixing area are shown. In addition, the dry H2 concentrations

across the entire load change experiment are depicted. At all load points, the displayed



temperatures inside the ATR 14 were fairly stable, indicating that the ATR 14 can be
smoothly run using the pulse valve. This finding is underlined by the trend of the H:

concentrations. H2 concentrations were constant in the range between 37 vol% and 38 vol%.
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Figure 2 Left: Mass streams and volumetric flow of the educts during a load change

experiment using the pulse valve for diesel fuel injection, n(O2)/n(C) =0.47,
n(H20)/n(C) = 1.9, TAI =380 °C, TCB =230 °C, Ultimate diesel fuel, mass
fraction of cold water to the nozzle: 40%

Right: Temperatures inside the ATR and dry H: concentrations in the
reformate during a load change experiment using the pulse valve for diesel
fuel injection, n(O2)/n(C) = 0.47, n(H20)/n(C) = 1.9, TAI=380 °C
TCB =230 °C, Ultimate diesel fuel, mass fraction of cold water to the

nozzle: 40%

The following figures and explanations deal with experiments with ATR 14 at steady-state
operation for which the pulse valve was not applied. Therefore, the reformer load range was
limited to values of between 50% and 100%. Figure 3 shows the temperatures at three
different characteristic positions inside the autothermal reformer ATR 14 as a function of the
reformer load and mass fraction of cold water to the nozzle. During these experiments, the
02/C molar ratio was set to 0.47, while the H2O/C molar ratio had a value of 1.9. Air was fed
at 380 °C into the air mixing area through the annular injector, while steam (together with
30% of the total flow of air as carrier gas) from the catalytic burner of the fuel processing unit
had a temperature of 230 °C. Ultimate diesel fuel was used. In the left-hand part of Figure 3,
when the mass fraction of cold water to the nozzle amounted to 30%, temperatures at the
outlet of the catalytically-coated monolith were close to 700 °C and almost independent of the
reformer load. At reformer loads of between 50% and 90%, the temperature level in the air
mixing area and fuel evaporation chamber showed a slightly decreasing trend from 580 °C to
560 °C (air mixing area) and from 450 °C to 410 °C (fuel evaporation chamber), respectively.
This temperature level is much higher than can be expected based on the temperature level of
the educts (380 °C for air and 230 °C for steam/air) and can only be explained by a
homogeneous pre-reaction of some light hydrocarbons contained in Ultimate diesel fuel and

O2 in the fuel evaporation chamber, and especially in the air mixing area. As the reformer

H, concentration [vol%]



load increased, the hydrodynamic residence time of the reactants to establish this pre-reaction
decreased and thus the pre-reaction slowly began to extinguish. When changing from 90%
load to 100% load, the temperature decrease at these positions was most pronounced as the
residence time and thus the reaction time available for the hydrocarbon and oxygen molecules

to react further decreased.
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Figure 3 Temperatures inside the autothermal reformer ATR 14 as a function of the

reformer load, n(O2)/n(C)=0.47, n(H20)n(C)=1.9, TAI=380°C,
TCB =230 °C, Fuel: Ultimate diesel, mass fraction of cold water to the nozzle
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On the right-hand side, very similar trends can be found, when 40% of the mass stream of
water were fed, cold, into the steam generation chamber. In general, due to the lower enthalpy
flow into ATR 14 under these reaction conditions, all temperature levels were slightly lower
in comparison to the figure on the left and the distinct drop in temperatures in the air mixing
area and fuel evaporation chamber already occurred at the step from 70% to 80% reformer
load. However, both figures show that under all reaction conditions, temperatures in the air
mixing area and fuel evaporation chamber were high enough to guarantee complete
evaporation of Ultimate diesel fuel as a decisive precondition for autothermal reforming with
a high carbon conversion of close to 100%. At mass fractions of cold water to the nozzle of
50% and 60% (not shown in Figure 3), only at low reformer loads of 50% and 60% the
respective temperature levels were high enough to ensure complete Ultimate diesel fuel
evaporation. At higher reformer loads, temperatures in the air mixing area and the fuel
evaporation chamber sharply dropped (the pre-reaction almost extinguished) due to the lower
enthalpy flow and shorter residence times. Thus, it can be concluded that ATR 14 can be
properly operated at reformer loads of between 50% and 100%, when the mass stream of cold

water does not exceed 40%.

In addition to Figure 3, Figure 4 displays the dry concentrations of the main products of ATR,
1.e., Hz, CO, CO2 and CHa4, as a function of the reformer load and mass fraction of cold water
to the nozzle detected during the same series of experiments shown in Figure 3. During the

autothermal reforming of liquid hydrocarbon feedstocks, H2, CO, CO2 and CH4 are formed in



accordance with the reactions (1) to (4) outlined below. In both figures, when the mass
fractions of cold water to the nozzle amounted to 30% and 40%, respectively, H:
concentrations were very stable and almost independent of the reformer load, showing values
between approximately 37 vol% and 39 vol%. The same is true for the concentrations of CO
and CO2. While the concentrations of CO2 amounted to values of between approximately
12.0 vol% and 12.5 vol%, those of CO were between roughly 10 vol% and 11 vol%.
Describing the temperatures at the outlet of the monolith in Figure 3, it is stated that due to the
lower enthalpy flow in the case of the mass fraction of cold water to the nozzle of 40% in
comparison to 30%, the temperatures at the outlet of the monolith were slightly lower in
comparison to the 30% case. This temperature difference can be retrieved in the CHa
concentrations in the reformate. While the CHa concentrations varied between approximately
800 ppmv and 1100 ppmv, when 30% of the water mass stream was coldly injected into the
steam generation chamber of ATR 14, they were significantly higher, at between 1500 ppmv
and 1700 ppmv in the 40% case. As the methanation reaction in equation (4) is exothermic,
comparatively lower temperatures shift the equilibrium of this reaction to the right-hand side,
thus producing comparatively higher amounts of CHa. It can be concluded from the results in
this figure that ATR 14 runs in a stable manner at reformer loads of between 50% and 100%

when the mass streams of cold water to the nozzle were set to values of 30% and 40%,

respectively.
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CH, +nHO0 <« > nCO+(m/2+n)H, endothermic (1)
CH +n20, < > nCO+m/2H, exothermic  (2)
CO + H0 < > CO2+H:2 exothermic  (3)
CO+3 Hz < > CHs+H20 exothermic  (4)

The following figures deal with the experimental determination of carbon conversion for each
experiment of this study. Pasel et al. [78] note that in their paper about a long-term
autothermal reforming experiment for 10,000 hours on stream that carbon conversion is
complete if no products other than Haz, CO, CO2 and CH4 are formed. The undesiredcarbon-
containing by-products of autothermal reforming can be experimentally measured (i) in the
dry reformate; (ii) in the mass stream of residual water being condensed at the outlet of
ATR 14; and (iii) as a liquid oily residue floating on the residual condensed water stream
leaving ATR 14. As the latter was not observed in any of the experiments, carbon conversion

can be calculated according to equation (5):
aq
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In this equation, Ve, H,are the molar fractions of the different undesired hydrocarbons in the
reformate, np,, is the dry molar reformate outlet flow, TOC is the measured amount of total
organic carbon in the residual condensed water stream, m,‘jjo is the mass stream of condensed
water, ¢, g is the mass inlet stream of Ultimate diesel fuel, ngo is the density of water and

My, and M are the molar masses of Ultimate diesel fuel and carbon, respectively.

The advanced analysis of the composition of the dry reformate of ATR 14 by means of gas-
chromatography and mass spectrometry corresponding to the method of Meifiner et al. [70]
showed that apart from the above shown main products of H2, CO, CO2 and methane, as well
ethene, ethane, propene, propane, iso-butene, 1-butene, 1,3-butadiene, n-butane, 2-butene, 1-
pentene, 1-hexene, benzene, cyclohexane and toluene, which are formed in undesired side
reactions and at different amounts depending on the reaction conditions. These components
jointly made up the molar fraction of unconverted carbon y. in the dry reformate being

calculated according to equation (6):

12
Ye = Z q - Ycqh,
q=1

(6)



Figure 5 shows an exemplary gas-chromatogram from this paper’s series of experiments with
the signals of the above-mentioned substances, including their retention times. It can be seen
that the retention times became longer with increasing number of carbon atoms in the
substance. In particular, the substances with four carbon atoms (butane group) had very
similar retention times at around 20 min. However, by carefully setting the bounds of
integration for each single peak, an exact quantitative analysis was possible.
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Figure 5 Exemplary gas-chromatogram showing peaks for the undesired side products

of autothermal reforming using ATR 14

As a result of these analyses of the reformate of ATR 14 through gas-chromatography and
mass spectrometry, Figure 6 displays the molar fractions of unconverted carbon yc as a
function of the reformer load at different mass fractions of cold water to the nozzle. For each
experiment, the O2/C molar ratio was 0.47, while the H2O/C molar ratio amounted to 1.9. The
temperature of the air to the annular injector was set at 380 °C. Steam from the catalytic
burner had a temperature of 230 °C, with Ultimate diesel used as the fuel. When only 30% of
the total mass stream of the water were injected cold, the values for y. were low, in the range
of approximately 40 ppm. They only slightly depended on the reformer load, which was
varied between 50% and 100%. The minima at 60% and 70% load can be explained by
comparatively long residence times of the reactants in the catalytic zone, while in parallel the
pressures at the nozzle for fuel injection of ATR 14 (11.0 and 16.3 bar, respectively) were
already high enough to generate a spray of fine fuel droplets to be more easily evaporated in
the fuel evaporation chamber. However, when a mass fraction of 40% cold water was fed into
the steam generation chamber of ATR 14, the values for y. significantly and almost linearly
increased from approximately 40 ppm at 50% of the reformer load to 280 ppm at 100%
reformer load. Here, this clear trend is due to the halved residence time of the reactants at

100% reformer load in comparison to the 50% reformer load. The available time span of the



molecules for interacting with the catalytic active sites was decisively shorter. This trend is
also observed at higher mass fractions of cold water to the nozzle of 50% and 60%. As was
mentioned previously, for experimental reasons, during these series of experiments the
reformer load could only be increased to 70% and 60%, respectively. The maximum value for
yc was observed at 60% reformer load and a mass fraction of cold water to the nozzle of 60%,
amounting to approximately 570 ppm. It is also obvious from this figure that the higher the
molar fraction of cold water to the nozzle the higher the values for y.. As is shown in Figure
3, the temperatures at all measuring points inside ATR 14 were clearly lower, when the
amount of cold water injected was increased. These lower temperature levels slowed the
kinetics of autothermal reforming and thus led to the increased values for the molar fractions

of unconverted carbon.
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Figure 6 Molar fraction of unconverted carbon y. in the dry reformate as a function of
the reformer load at different mass fractions of cold water to the nozzle,
n(02)/n(C) = 0.47, n(H20)/n(C) = 1.9, TAI =380 °C, TCB =230°C, fuel:
Ultimate diesel

Figure 7 sheds light on how the second pathway for reducing carbon conversion according to
equation (5), i.e., the dissolution of unreacted organic carbon in the condensed water at the
outlet of ATR 14, developed during the series of experiments reported in this paper. It shows
the measured total organic carbon (TOC) as a function of the reformer load at different mass
fractions of cold water to the nozzle under the same reaction conditions as are given for
Figure 6. As in the case of the molar fractions of unconverted carbon in the dry reformate, the
TOC values were also the lowest when only 30% of the total water mass stream was fed
(cold) to the reformer. TOC values varied between 25 ppm and 35 ppm, with a minimum at
100% reformer load. When a mass fraction of 40% cold water was fed into the steam
generation chamber of ATR 14, the TOC values were slightly higher, with values between 40
ppm and 50 ppm. They further increased to between 60 ppm and 100 ppm when the mass

stream of cold water to the reformer inlet was further enhanced, to 50% and 60%,



respectively. On average, there was a slight trend of increasing TOC values with increasing
reformer loads. However, this was not as pronounced as in the case of the molar fractions of
unconverted carbon in the dry reformate (cf. Figure 6). Nevertheless, also in Figure 7 there is
a clear tendency of rising TOC values when the amount of water being coldly injected
increased. Again, the resulting lower temperature level at all measuring points inside ATR 14
(cf. Figure 3) was responsible for the experimental finding that undesired side reactions

producing unconverted organic compounds dissolved in the condensed water were favored.
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Figure 7 Total organic carbon (TOC) in the condensed water as a function of the

reformer load at different mass fractions of cold water to the nozzle,
n(02)/n(C)=0.47, n(H20)/n(C)=1.9, TAI=380°C, TCB =230 °C, fuel:
Ultimate diesel

Based on the experimental data shown in Figure 6 and Figure 7, carbon conversions for each
experiment were calculated according to equation (5). These are displayed in Figure 8. The
trends of carbon conversion as a function of the reformer load at different mass fractions of
cold water to the nozzle at the top of the ATR 14 are, of course, inverse compared to those of
the TOC and molar fraction of unconverted carbon y.. Carbon conversions were highest
when only 30% of the total mass stream of water was injected (cold) through the nozzle at the
top of ATR 14, and showed values in the range of approximately 99.98%. It is noteworthy
that even under the most inconvenient reaction conditions noted in this paper, i.e., 60%
reformer load and a mass fraction of cold water to the nozzle of 60%, carbon conversion was
still more than 99.7%. This finding supports the conclusion derived previously, that ATR 14

can be properly operated across the entire tested parameter field.
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Figure 8 Carbon conversion as a function of the reformer load at different mass

fractions of cold water to the nozzle, n(O2)/n(C)=0.47, n(H20)/n(C) = 1.9,
TAI =380 °C, TCB =230 °C, fuel: Ultimate diesel

Conclusions

The reactor for autothermal reforming in a fuel cell system to be used as, e.g., an auxiliary
power unit, is confronted with many requirements from the chemistry, process engineering
and design and construction points of view. The most important of these are the complete
evaporation of diesel fuel, the homogeneous mixing of all three educts of air, water and diesel
fuel, the choice of suitable reaction conditions with a focus on stoichiometrics, internal heat
recovery, low pressure drop, fast start-up and suitable placing of the catalytically-coated
monolith, guaranteeing plug flow inside of it, a compact and lightweight pressure vessel for
the reactor withstanding temperatures up to 600 °C, operation across a broad load range, and
finally the transition to commercially-relevant production technologies. As already stated in
the section, “Reactor development”, ATR 14 can be considered the preliminary conclusion of
an autothermal reformer development at Jillich for 15 years, spanning several reactor
generations. While the first requirements were worked out and fulfilled in former reactor
generations, the focus for the development and experimental evaluation is on the last two
points, i.e., operation in a broad load range and the transition to commercially-relevant
production technologies. It was demonstrated in this paper that the usage of a pulse valve for
injecting diesel fuel in pulse mode widened the load range to values of between 20% and
100% with stable trends of reformer temperatures and Hz concentrations. Furthermore, during
the experimental evaluation of ATR 14, H2 concentrations in the dry reformate of between
37 vol% and 39 vol% and carbon conversions from 99.70% to 99.98%, depending on the
process conditions, were obtained. ATR 14 can be properly run at mass fractions of cold
water to the nozzle in the steam generation chamber of 30% and 40%, ensuring suitable

temperature levels in all relevant parts of the reformer for complete diesel evaporation. Many



parts of ATR 14 were commercially-produced by sheet metal forming. Thus far, for former

autothermal reformer generations, milling was applied to produce all single parts. This change

in the production technology makes the assembly of ATR 14 much more cost- and time-

efficient. This constitutes a major step towards the mass production of ATR 14.
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