





COMPRESSION RATIO.R 9.00 BURNING ANGLE .THETARB (deg) 60.00
BORE, B (cm) 8.00 START OF IGNITION, THETAS (deg) -12.00
STROKE. S (em) 7.00 MEAN EQUIVALENCE RATIO. PHI 1.00
HALF STROKE TO BORE RATIO. EPS 27 RESIDUAL MASS FRACTION. F 05
ENGINE SPEED. RPM (rev/min) 1500 INITIAL PRESSURE, PI (bur) .00
HEAT TRANSFER COEFFICIENT.H (J/im**2/K) 600 INITIAL TEMPERATURE., T1 (K} 350.00
BLOWRBY COEFFICIENT. C(l/S) 80 WALL TEMPERATURE. TW (K) HELARD

2. 2. Reformer Model - Chemical equilibrium

A simplified theoretical, chemical, thermodynamic model of the reformer has been built
on the assumption that all reactions reach equilibrium and that the process is steady (the warm
up and the starting up of the reactor was not taking into consideration). The possible reactions
occurring among CHy, CO;, CO, H,, H>0 are mentioned in the article of Xu and Froment [7].
In this model, five reactions were considered:

CH;+H,0O =3H,+ CO -AH59z = - 206.1 kJ/mol (1)
CO+H,0 = CO;+H> -AH»95 = + 41.15 kJ/mol (2)
CH, + 2H,0 = CO; + 4H, -AH398 = - 165.0 kJ/mol (3)
CH,+ C0O; = 2C0 +2H; -AH»98 = - 247.3 kd/mol (4)
CH; + 3CO, = 4C0O + 2H,0 -AH 95 = - 330.0 ki/mol (5)

One should take into consideration in order to decide which reactions should be put in
the model is whether this reaction is independent or not.

One of the major parameter characterising chemical environments is the number of
independent reactions [4]. An independent chemical reaction has a stoichiometric equation
which is not a linear combination of other stoichiometric equations of reactions taking place
in the given chemical environment. We can conclude that reaction (3) is a linear combination
of reactions (1) and (2). Addition of these two equations by sides gives reaction (3). In similar
way, the reaction (4) is a linear combination of reactions (1) and (2). Also reaction (5) is the
linear combination of the reactions (1) and (2). Taking in consideration the above, five
original equations (1-5) are reduced to just two independent reactions (1) and (2). Even if
other reactions take place, considering only independent reactions, one can obtain the same
results (the same products) like considering all reactions.

Since only two of the three reactions are linearly independent, we can describe this
problem with two conversion variables (6 and 7) which can be defined as:

£ cHan - F CH4

Fros = Feps
Kens = _ Medls co20 6-7)

Xepr =
FCH 4.0

F('H-'C.O
Where the F indicates molar flow rate. In terms of these two conversion variables, the molar
flow rates are defined. Molar flow rates and partial pressures of the species are given in [2].
Substituting these partial pressures into the rate equations would give us the reaction rates in
terms of two conversion variables. Reaction kinetics on the surface could be represented by

two reactions with Langmuir-Hinshelwood style rate expressions [7]:

p- RS (P'cr-.r4 Pu.o — K )
CH, + H0 <= 3H; + CO == — (8)
(DEN)"
k, Pn, Pco,
> (PcoPuo — K )
CO + H,0 <= CO»+ H, . ==t — (9)
. (DEN)"
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there 1s a significant synthesis of NO,. For this reason the realistic operational temperature
will by close to 1000 K. At this temperature the production of H; is about 0.28 of the molar
fraction. The synthesis of the CO is about 0.03 kmol/kmol. A very weak production of CO
can be caused by the fact that in the studied model CO is synthesised in the reaction no 1 and
is one of the substrates in the reaction no 2. So, there is a production and a conversion of CQ
at the some time. Another obvious tendency on the figure 2 is that the proportion of the CO,
decreases with temperature when CO increases. This is due to the reaction no I, which occurs
in high temperature 1000 K and to the reaction no 2 which is more likely to happen in the
temperature 750 K.

4. Numerical Results for Engine — Reformer Model

In order to initiate calculations by the code consisting of two blocks, ZINOX4 — engine
simulator and Equilibrium - reformer simulator one assumes that in the first iteration, the
cylinder of the engine is fulfilled with 0,105 moles of CH,. This is the quantity of fuel nceded
to burn { mole of air.

The plot shown on Fig. 3 was obtained by changing the stream of the exhaust gas put
into the reformer. The exhaust stream varied from 2% to 8% of global quantity of exhaust gas
produced by the engine (calculations were performed for 2%, 4%, 6% and 8%). The computer
code executes 3 iterations for every EGR percentage, so the 12 lines are drafted in the plot.
However, only 9 lines are visible. The reason for this is that for each EGR percentage. the
code starts with fulfilling the cylinder by CH, and air only. For the same conditions of engine
work, the lines for these loupes superpose. The supply with only CH, and air is represented by
the line situated on a top of the chart. It is easy to state that the pressure, and in consequence,
the work produced by the engine diminish for the application of reforming process. Higher
the EGR percentage, smatler the pressure generated by the engine, the lost for 2% of EGR
consists about [5% of the total pressure generated by the engine. For 8% of EGR it is 19%.
As we can see on the Fig. 4, higher is the EGR stream put into the reformer, lower is the
pressure in the cylinder. This phenomenon is connected to the fact that higher EGR to the
reformer causes lower combustion temperature. The temperatures of the combustion are lower
of about 160 — 200 K (it depends. of course, on EGR percentage). It results from the fact that
the exhaust gas contains a big quantity of inert gases such as N> and CO; which do not take
part in combustion and at the some time consist a considerable mass of gas mix put to the
engine.
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exhanst gays recirceulation to the reformer
The comparison between direct reforming was done (Fig. 5). As one can
exhaust gas recirculation to the engine easily notice on the Fig. 5, the production of
and application of the exhaust gas- steam NO, in the case of the reforming process
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application is much smaller that for the
process of the EGR to the engine. For the
taken engine set, the NO, production
(engine without reforming and without
direct EGR to the reforming) generated
by Zinox is 2192 ppm. Comparing it with
the NO, production obtains for engine
with exhaust gas recirculation (dashed
line on the fig. 6), one can see that this
process gives for EGR 2%, the NO,
production lower of about 30 %. For 4%
EGR, it is 60 %. For the system engine -
reformer, for 2% of EGR, the NO,
production 1s of 82% lower. So the
studied process gives more than 50% of
improvement in comparison (0 the EGR
recirculation to the engine. Of course, this
is accompanied by the fall of the in-
cylinder pressure, so the fall of the
produced work. For the reforming
process with the 2% EGR, the fall of the
pressure is of about 10 %.

In Fig.6, representing compaosition
of the reformed fuel, CH, is the sum of
the CH, from the reformer and the CH,
added to the engine. One can see that the
quantity of the N; in reforming products

rises, higher 1s the EGR. It is
understandable when we take in
constderation that the exhaust gas

contains a big quantity of N, from the air.
The molar fraction of H; decreases,
higher is EGR to the reformer. One could
explain it by the fast increase of the molar
flow of N, Another reason for this

4. 1. Changing steam stream

tendency is that f», is generated in reactions
of CH,with H>Q, so the augmentation of the
exhaust gas stream does not have a strong
influence on the H; production, even if the
exhaust gas contains a certain quantity of
0,
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Fig. 6. Reforming products in molar fraction for
different exhaust gas recirculation to the reformer.

Figures 7 and 8 show the molar composition of the reformed gas at the exit of the
reformer for varied steam stream. For 1% of CH, put to the reformer, there is a visible
tendency that the A> concentration almost does not rise, bigger is the stream of the steam (Fig.
7). This is not the case for 5% of CH, put to the reformer: H, production rises, bigger is the
quantity of steam. (Fig.8). The conclusion is that the quantity of steam and the quantity of the
CH, put to the reformer should be pretty much the same. As far as the pressure generated in
the cylinder 1s concerned, the fall of the pressure seems to be smatler for this proportion of

reagents.
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Raforming protucts - molar fractions.
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Fig. 7. Reforming products for different values of
steam stream put to the reformer. The quantity of
the CH4 put to the reformer is equal to 1% of the
guantity of CH4 put to the engine.

4. 2. Exhaust gas reforming (no steam)

The case of the reforming without steam
was studied. Fig. 9 shows that the loss of
the pressure in the case of the reforming
without steam is smaller than for the
reforming with steam. For 2% EGR for
the reforming using steam, the loss is 4,2
bars, for the reforming without steam 2
bars. The Fig. 10 represents the products
of the reforming process for different
values of the EGR. The maximal
production of hydrogen is smaller that for
exhaust-gas-steam reforming.  The
maximal one is obtained for 4% of the
EGR. The reduction of the emission is

52% for 8% of EGR. NO, reduction is
smaller than this obtained for exhaust-gas
steam reforming (Fig. 11).
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Fig. 9. In-cxlinder pressure for different values of
the exhaust pas recirculations to the reformer
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