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Abstract

When using conventional fossil fuels, most fuel cell systems require sulfur removal as part of their fuel processing. A novel approach to
enable conventional sulfur removal in high-temperature fuel processing is presented. Using established principles from heat-recirculating
combustors, it is suggested that high-temperature syngas can be momentarily cooled to conditions that would permit conventional sulfur
removal to be carried out at relatively low temperatures. The recirculated heat is then used to heat the gas back to conditions that are
minimally less than the original temperature. A model for evaluating the performance of this concept is presented, and calculations suggest
that relative to fuel cell applications, reasonable physical dimensions can be expected in actual applications. For high-pressure syngas (i.e.,
coal gasification), the physical dimensions will rise with the operating pressure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel processing is an essential component of fuel cell sys-
tems that use conventional hydrocarbons. Compared to other
types of fuel cells, the higher operating temperature of solid
oxide fuel cells offers advantages for fuel processing. Early
generation tubular SOFCs operate near 1000◦C [1] while
advanced planar designs being developed in the Department
of Energy’s Solid State Energy Conversion Alliance (SECA)
may operate at 800◦C, or lower[2]. Within this temperature
range, heat from the fuel cell exhaust can be readily used to
reform hydrocarbons to syngas ideally containing hydrogen
and carbon monoxide. The carbon monoxide can be readily
used by the SOFC anode, and also in molten carbonate fuel
cells. This avoids complex CO shift reactors which are oth-
erwise needed, for example, in PEM fuel cell systems. How-
ever, none of the fuel cell systems can tolerate appreciable
quantities of sulfur in the fuel gas. In the future, it is antici-
pated that improved sulfur tolerance in SOFC anodes, along
with continued reduction in fuel sulfur content will allow
fuel cells to operate without any sulfur removal. However,
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at the present time, sulfur removal is required for cell opera-
tion, and will continue to be required where high-sulfur fuel
is available. There are two broad approaches to deal with
sulfur in the hydrocarbon fuel supply: remove it before re-
forming the fuel, or remove it from the syngas after reform-
ing. Both approaches have their limitations. If the sulfur is
removed before conversion to syngas, the sulfur removal
must be successful on any sulfur form that is present in the
feedstock. Given the variety of organic sulfur compounds
found, for example, in heavy distillate fuels, hydrotreatment
is proposed as a method to convert the sulfur species to H2S,
then remove the H2S prior to reforming. In contrast, if sulfur
is removed after reforming, the sulfur will already be found
as hydrogen sulfide. Techniques to remove hydrogen sulfide
are well-established for some temperature ranges. For ex-
ample, zinc-oxide absorbents are very effective at capturing
sulfur at temperature below 400◦C [3]. More recently Gard-
ner et al.[4] have shown that catalytic oxidation of H2S can
capture sulfur at temperatures below 200◦C. These temper-
atures are lower than the fuel cell or fuel processor operating
temperature, and thus present a dilemma for thermal integra-
tion: temperatures that are ideally suited for fuel processing
and fuel cell operation are higher than the temperatures
needed to utilize existing sulfur removal technologies. This
issue is shown schematically inFig. 1. A conceptual solid
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Fig. 1. Conceptual fuel cell system, using thermal integration and high temperature sulfur removal.

oxide fuel cell system is shown which uses the exhaust heat
from the solid oxide fuel cell at 800◦C to reform the fuel. By
integrating the heat with the fuel processor, total system effi-
ciencies including fuel processing from conventional hydro-
carbons have been calculated to approach 50%[5]. However,
the sulfur removal step shown in theFig. 1 is conceptual.
At these temperatures, there are currently no methods to
remove H2S from syngas to desired levels (<∼1 ppmv)
without rejecting appreciable quantities of thermal energy.
A simple method to lower the gas temperature to enable
conventional sulfur removal is needed, yet without rejecting
significant quantities of heat. In essence, the goal is to drop
the temperature, remove the sulfur, and then heat the gas
back up while losing as little thermal energy as possible.

This paper explores the performance of a heat recirculat-
ing concept that can produce gas temperature reductions that
may enable sulfur removal at overall relatively high temper-
atures. The concept borrows from established technology in
heat-recirculating burners. In heat recirculating burners, the
goal is to increase the gas temperature, burn the reactants,
and then cool the gas with as little heat input as possible
to maintain combustion. As will be shown, the heat recircu-
lating burner is essentially the opposite thermal problem as
what is proposed here. For this reason, a brief review of the
concept of heat-recirculating combustion is presented next.

2. Review of heat recirculating combustion

The concept of using heat recirculation in combustion has
been used in various forms for many years. Lloyd and Wein-
berg[6,7] presented the first description of how heat recircu-
lation, without mixing products and reactants, could be used
to burn mixtures which have very low heating values. The
process is shown conceptually inFig. 2. The graph at the top
shows the temperature of the reactants as the gases move

Fig. 2. Temperature history of gas in a heat recirculating burner.

along the flow path of the reactor. Reactants at initial tem-
peratureTi enter at the left in a central tube which is heated
by combustion products exiting in a co-annular duct. These
gases are progressively heated until they enter the combus-
tion chamber at the right, where heat is released.1 The gas
temperature raises due to heat release to a maximum tem-
peratureTmax, and then exit the reactor flowing right to left.
The products are progressively cooled as they flow down the
annulus and provide the recirculated heatQ to the incoming
reactants. The gases exit at the final temperatureTf which
is determined entirely by the heat provided by combustion.

Lloyd and Weinberg[6,7] pointed out that the maxi-
mum temperatureTmax is determined by the amount of
heat recirculatedQ, producing temperatures which are
“super-adiabatic”, i.e., higher than would be achieved in
adiabatic combustion without heat recirculation. Ignoring

1 Fuel and oxidant may be kept separate until this point, but this is not
shown for simplicity.
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Fig. 3. Heat recirculation concept to produce low temperatures.

dissociation, and material limits, very high temperatures can
be achieved with very small heat input. This will allow com-
bustion to proceed in gases which might otherwise not pro-
duce enough temperature rise to sustain combustion. These
ideas were reviewed by Weinberg[8,9] and have spawned
various commercial applications, see for example the dis-
cussion of thermal oxidizers by Baukal[10]. Using heat
recirculation to produce super-adiabatic flame temperatures
has led to the development of the so-called high-temperature
air combustion. This technology has demonstrated remark-
able improvements in thermal efficiency of process heaters,
with surprisingly good emissions performance—see the
recent monogram by Tsuji et al.[11]. Drayton et al.[12]
used the super-adiabatic temperatures produced by heat
recirculation in a novel method to reform hydrocarbons to
syngas. This concept may be of interest as an alternative to
catalytic, partial oxidation, or steam fuel reforming.

Thus, there have been numerous technical applications
using heat recirculation to produce temperatures which are
higher than possible from direct heat addition (usually via
combustion). However, to the authors’ knowledge, there
have been no investigations of the reverse problem: using
heat recirculation to produce temperatures which are lower
than possible from direct heat rejection. The concept is
shown inFig. 3. Fluid at initial temperatureTi enters at the
left in a central tube which is cooled by the fluid exiting
right to left in the co-annular duct. Fluid in the central tube
is progressively cooled until it enters the chamber at the

Fig. 4. Nomenclature of heat recirculation cooler analysis.

right, where heat is rejected at rateqR. The temperature of
the fluid drops due to heat rejection to the atmosphere, using
cooling fins, etc. This produces the minimum temperature
Tmin in the flow path, and would be the point where, for ex-
ample, sulfur removal could be carried out. The cooled fluid
exits the reactor flowing right to left via the outer annulus.
The fluid is progressively heated as it flows down the annu-
lus and absorbs the recirculated heatQ from the incoming
fluid. The fluid exits at the final temperatureTf which is de-
termined entirely by the heat rejected.Fig. 3shows example
temperatures for the case where the heat recirculating cooler
is located downstream from a fuel reforming device. The
reformed fuel enters at 800◦C and is cooled to 400◦C as it
flows through the inner annulas. Heat is then rejected, which
further reduces the temperature to 350◦C. At this point, sul-
fur removal is preformed and as the fuel exits, it is reheated
from 350 to 750◦C.

For practical application of the proposed concept to fuel
cell systems, the question is posed: for reasonable design
parameters, can a minimum temperatureTmin be achieved
that will permit conventional sulfur removal techniques to be
used? The analysis used to answer this question is presented
next. The design parameters include the physical size of the
heat recirculating system, and the permissible heat rejection
(i.e., the temperature dropTi − Tf , Fig. 3).

3. Analysis of the heat recirculating cooler

The nomenclature is shown inFig. 4. At the right side of
Fig. 4, a proposed arrangement using stacked heat transfer
elements is shown for later reference. At the left side, the
nomenclature for a single element is shown. Note that the
adiabatic walls of the single element are used as a conve-
nience; these would correspond to the centerline of the sym-
metric channel flow in the stacked arrangement. The end
stations of the flow channels are identified with the indices
1 and 2, and the lengthL of both flow channels. The sub-
scripts ‘c’ and ‘h’ are used to distinguish fluid in the “hot”
or “cold” channel. The input mass flowmh enters at temper-
atureTh1 and velocityVh1. The flow travels along a channel
having heightH as shown, with a widthW into the plane
of the figure. Heat is transferred from the hot channel flow
to the cold channel flow across a thin sheet. The external
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walls of both the hot and cold channels are treated as adi-
abatic surfaces. The flow enters a chamber situated at the
exit of the hot channel flow, where heat is rejected at rate
qR by a cooling fin, cooling system, etc. The flow then turns
backward and proceeds through the cold channel where heat
is absorbed from the hot channel flow. Flow exits the cold
channel at temperatureTc1. In the arrangement shown, no
mass is added or lost, so that the exit mass flow equals the
input mass flow,mc = mh. These equal quantities are distin-
guished for the purposes of a more general analysis where
mass may be added or subtracted.

The analysis is essentially the same as that found in stan-
dard textbooks treating counter flow heat exchangers; see for
example Incropera and DeWitt[13]. A notable issue for this
analysis is that the same fluid is circulated on both sides of
the heat transfer membrane. This introduces some changes
compared to what is often presented in heat exchanger de-
sign where the fluids are usually different.

For the purposes of analysis, a differential element from
the flow channels is considered inFig. 5. The heat transfer
sheet is sandwiched between coordinate systemsxh andxc
which are aligned with the flow in the hot and cold channels,
respectively. The differential element is length dxc, or dxh in
the respective coordinate systems. At steady state, the heat
flow per unit areaq′′ is the same on both sides of the sheet;
storage in the sheet is ignored. Performing a differential
energy balance on the fluid in both the hot and cold channels
leads to the following expressions:

mhCph dTh = −q′′W dxh (1)

mcCpc dTc = q′′W dxc (2)

These equations simply state that the enthalpy rise in the
cold channel is matched by the enthalpy reduction in the
hot channel. Note thatxc = L–xh so that dxc = −dxh and
consider the case where the mass flow and specific heat of
both the hot and cold fluids are the same, designated as

Fig. 5. Differential element for heat balance.

mCp. In this situation, the resulting temperature slopes are
as follows:

dTh

dxh
= −q′′W

mCp

(3)

dTc

dxh
= −q′′W

mCp

(4)

Thus, viewed in thexh coordinates, both temperatures have
the same slope. Taking the difference ofEqs. (3) and (4)
shows that the difference between the hot and cold temper-
ature must be constant along the length of the device:

d(Th − Tc)

dxh
= 0, Th − Tc = constant (5)

The heat transfer per unit areaq′′ is calculated from the
overall heat transfer coefficientU and the local temperature
difference:

q′′ = U(Th − Tc) (6)

Although Eq. (5) shows that the temperature difference is
constant along the flow axis, the overall heat transfer co-
efficient U changes with the gas temperatures so that the
heat transfer varies modestly along the flow axis. Thus, a
plot of the temperature profile is shown inFig. 6. The slope
of both temperature curves is determined entirely from the
heat transfer term on the right side ofEq. (3) or (4), but the
difference in temperature remains constant along the axis of
the device. The difference in temperature between the hot
and cold streams is found from an overall energy balance:

Th1 − Tc1 = qR

mCp

, Th2 − Tc2 = qR

mCp

(7)

CombiningEq. (6) with the slopes of the temperature gra-
dients calculated fromEq. (3) or (4)results in:

dTh

dxh
= dTc

dxh
= −U�TW

mCp

(8)

It is more convenient to express the mass flow in terms of a
bulk velocityV in the channel. The velocity will be greatest
at the entrance to the hot channel, so that the velocity used
for reference will refer to the hot channel, station 1 (subscript

Fig. 6. Sketch of temperature profiles along the axis of the device.
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h1). Expressing the mass flow as the product of densityρh1,
velocity Vh1 and channel area (WH= channel area):

dTh

dxh
= dTc

dxh
= −U�T

ρh1Vh1HCp

(9)

Thus, the slope of the temperature can be calculated for the
parameters on the right side ofEq. (9). To achieve the short-
est practical design for a temperature reduction, it is desir-
able to maximize the magnitude of the slope. The slope is
largest for low velocities and high heat transfer coefficient
U. To consider specific examples, it is necessary to calcu-
late the overall heat transfer coefficientU. From standard
textbooks on heat transfer[13], this is:

U = 1

1/hc + ts/ks + t/hh
(10)

The subscript ‘s’ denotes the steel separating sheet between
the hot and cold channels,ts is the thickness,ks is the ther-
mal conductivity of the steel, and thehc andhh are the re-
spective cold and hot convection coefficients. Because the
temperature difference across the sheet is (by intent) rela-
tively small, the transport properties can be calculated from
either the hot or cold side conditions at any stationx with
little error; the hot temperature is used in calculations below.
For turbulent flow, the convection coefficients will rise with
the Reynolds number to a fractional power, so increasing the
flow velocity will increase the heat transfer coefficient until
the conduction across the sheet becomes a limiting factor.
In contrast, for laminar flow in the channels, the convection
coefficients are independent of the flow rate. Noting the ve-
locity in Eq. (9), the implication is that the greatest slopes
can be achieved by using the smallest practical velocity in
Eq. (9). For this reason, calculations are carried out for rela-
tively small flow velocities, typical of the range of velocities
found in fuel cell flow passages.

The convection coefficient is calculated from the standard
Nusselt number for laminar flow inside a channel with con-
stant heat flux (see[13]). Gaseous mixtures are of most in-
terest, requiring calculation of the mixture properties, rather
than just single species. Thermodynamic and transport prop-
erties of species in the mixture were taken from[13–15].
Mixture thermodynamic properties (ρ andCp) were calcu-
lated from ideal gas mixing. This mixture thermal conduc-
tivity is calculated using the approach found in[16]. The
metal sheet which divides the flow channel was assumed to
be a 0.79 mm thick sheet of type 304 stainless. For the con-
ditions studied here, the resistance to heat transfer across the
flow channels was dominated by the convection coefficients,
not the dividing metal sheet. It is important to note that
a practical embodiment of this concept may include chan-
nels stacked one on top of another, as shown inFig. 4. In
this situation, the adiabatic boundary shown inFig. 4would
correspond to the mid-plan of a channel. In other words,
the physical distance to the next metal sheet would be 2H,
not H.

Eq. (9) must be integrated over a desired temperature
range to determine the needed length of a heat-exchanger.
It is significant to recognize that the transport and thermo-
dynamic properties of the gases of interest vary appreciably
with temperature. Gas and stainless steel properties were
calculated over the range of temperatures, and used to in-
tegrate (9) to determine the heat exchanger length needed
to produce a desired minimum temperature. The results are
described next.

4. Results

To make the calculations relevant to reforming of heavy
hydrocarbons, an input fuel is approximated as CH1.75. Gas
compositions of ideal steam reforming and ideal partial ox-
idation (POX) with air are considered with the following
stoichiometries:

• Ideal steam reforming: CH1.75+H2O → 1.875H2+CO2.
• Ideal POX with air: CH1.75 + (1/2)(O2 + 3.76N2) →

0.88H2 + CO+ 1.88N2.

In addition to the gas compositions produced by the re-
forming processes above, calculations have been carried
out for pure hydrogen, pure steam, and air. Comparing re-
sults for these various gas compositions will demonstrate
the range of behaviors that are expected in different appli-
cations. The various gas compositions and other parameters
are summarized inTable 1. As noted above, the flow veloc-
ity at the hot entrance is chosen to yield a reasonable device
length.

Using the above parameters, the temperature slope was
calculated over a range of temperatures from 300 to 1200◦C.
The results are shown inFig. 7. These temperature slopes
can be used to quickly compare the lengthL that is needed
for heat exchange among the various gases simply by ap-
proximating dT/dx ∼ (Th1 − Th2)/L. Because of the very
large thermal conductivity of hydrogen, and low density,
the temperature slope is very large. The implication is that
a very compact heat exchanger (small value ofL) can be
used where the fuel is largely composed of hydrogen. At
the other extreme, the modest thermal conductivity of air or

Table 1
List of gas compositions and other parameters

H2 CO H2O N2 CO2 Air

Ideal steam reforming 0.65 0 0 0 0.35 0
Ideal POX reforming with air 0.23 0.27 0 0.5 0 0
Pure hydrogen 1 0 0 0 0 0
Air 0 0 0 0 0 1
Steam 0 0 1 0 0 0

Reforming cases correspond to CH1.75—hot inlet velocity, Vh1: 2.5 m/s
(range from 2.0 to 22.4 m/s); operating pressure: 101 kPa; channel height,
H: 1 mm (note comments on stacked geometry); sheet thickness,ts:
0.79 mm, 304 stainless steel; temperature drop: 25–50◦C (�T2).
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Fig. 7. Temperature slopes for various gases over a range of temperatures.
Input parameters are listed inTable 1.

steam produces a relatively smaller temperature slope, indi-
cating that fuels diluted with air and steam would require a
longer heat exchanger. It is also instructive to note that the
slope drops with temperature due to the declining thermal
conductivity of all the gases with temperature, as well as the
increasing density in the denominator ofEq. (9).

This equation can be directly integrated to report the
lengthL needed for a given temperature reduction. And the
inverse can also be done; if the length is chosen, then the
amount of heat rejected can be determined for a given set of
conditions. Again using the parameters inTable 1, the heat
exchanger length for a temperature reduction down to 600,
400 and 200◦C were calculated for the various gas mixtures.
The results are shown inFig. 8. For the choice of param-
eters given here, the lengthsL are reasonable, and would
compare to the dimensions of fuel cell systems that are cur-
rently being developed. Comparing the lengths required for
the three different temperature drop cases, the relationship

Fig. 8. Calculated heat exchanger length for different gases, and temperature drops.�T2 = 50◦C, Vh1 = 2.5 m/s.

between the lengthL and the temperature drop is almost
linear.

To investigate the choice of different operating parame-
ters, a heat exchange length of 0.154 m (6 in.) was selected
as a reasonable length for the device. The inlet velocityVh1
required to produce the desired minimum temperature was
calculated (velocity changes along the length due to temper-
ature variation were incorporated in the calculations). The
velocity to achieve temperature change in the hot stream of
800–400◦C was determined for different gas compositions.
In Fig. 9, results are shown for�T2 = 50◦C and a more
efficient case of�T2 = 25◦C; i.e., with less heat rejection.
The highest throughput is possible with hydrogen, using the
greater value of heat rejection,�T2 = 50◦C. At this condi-
tion, the viscous pressure drop for the hydrogen flow in the
passages was calculated at 290 Pa, which is very small, and
could be supplied by a simple fan. If even lower pressure
drop were desired to drive the flow, reduced throughput, with
corresponding less heat rejection could be used. As shown
in the figure, rejecting half as much heat (�T2 = 25◦C ver-
sus 50◦C), requires reducing the throughput by a factor of 2.
Thus, for a given gas composition, design parameters such
as throughput and heat rejection can be traded to meet the
requirements of pressure drop and device size.

In one final analysis, the amount of rejected heat (indi-
cated by�T2) was calculated for various cases where the
heat exchange length and gas velocity were held constant.
Results are shown inFig. 10where the hot gas initial tem-
perature isTh1 = 800◦C. For gases composed primarily of
air or steam, achieving a minimum temperature of 200◦C
requires�T2 = 55◦C. This temperature drop represents ap-
proximately 4.6% of the enthalpy in the initial hot stream.
As already noted, this amount of heat rejection can be re-
duced by choosing a lower value ofVh1, or by making the
device longer. Because of the thermal properties of hydro-
gen, the heat rejection for the same operating conditions is
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Fig. 9. Calculated inlet gas velocity for different gases and rejected temperature drops. The heat exchanger length is constant at 0.154 m (6 in.) and the
hot stream conditions areTh1 = 800◦C, Th2 = 400◦C.

Fig. 10. Required temperature drop for different gases and temperature drop. A 0.154 m (6 in.) heat exchange length is used in all the cases. The inlet
gas velocity,Vh1, is constant at 2.5 m/s and the inlet gas temperature isTh1 = 800◦C.

50–80% less compared to the other gases. Under the least
severe condition ofTh2 = 600◦C, there only needs to be
2.5◦C of temperature difference between the streams. In
practice, this small temperature difference would be difficult
to control, and the heat rejection could be increased while
allowing a higher throughput.

It is useful to consider if or how this concept could be
used in larger systems such as coal gasifiers, which may
operate at high gas pressures in excess of 30 atm. While
there is nothing preventing such an application, it should
be noted that higher operating pressure increases the gas
density. Referring toEq. (9), the higher gas density produces
a corresponding reduction in temperature slope, meaning
that device will be longer for the same operating conditions,

i.e., scaling approximately with the gas pressure. Given the
lengths calculated for atmospheric pressure (Fig. 8), even a
30-fold increase would be a reasonable size heat exchanger
for large gasifier applications. The specific tradeoffs are the
subject of ongoing evaluation.

5. Summary and conclusions

Because most fuel cell systems cannot tolerate sulfur, it is
necessary to remove the sulfur from syngas generated from
reforming or gasifying heavy fuels. Existing techniques to
remove sulfur are not thermally matched to the fuel pro-
cessor or fuel cell system temperatures, and would require
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significant heat rejection and loss of efficiency to remove
the sulfur. The results presented above demonstrate that it is
possible to use heat recirculation as a method to lower the
temperature of syngas, reject a small amount of heat, and
then raise the temperature to a value slightly lower than the
original flow. This is essentially the inverse of the principle
that is used in low-heat content fuel burners. In these burn-
ers, recirculated heat is used to increase the reactant temper-
ature, release a small amount of chemical energy, and then
lower the temperature of the combustion products to a value
slightly higher than the original flow.

Calculations presented here are used to evaluate the phys-
ical dimensions of a heat-recirculating device needed to pro-
duce temperatures suitable for sulfur removal (200–400◦C).
Using flow velocities typical of the channels of fuel cell pas-
sages, and accepting a heat loss of 50◦C (or less) from an
initial temperature of 800◦C, the required physical length
of the heat exchanger passage to produce a 400◦C condi-
tion ranges from 2 to 20 cm, depending on the composition
of the gases involved. It should be noted thatEq. (9) can
be used to estimate the effect of choosing different param-
eters. Choosing to reject less energy (�T2) or increase the
inlet velocityVh1 would decrease the temperature slope and
lengthen the device.
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