5. Diffusion/Reaction Application

Diffusion of the reactants from the surface of tagalyst to the interior of its pores
constitutes one of the resistances in a reactistesy catalyzed by the solid surface. In
reactor modeling for the reactions with strongudifon limitations, simplified approaches
are selected as described in the Problem Statenidm. most frequently used

simplifications may be illustrated as the Figure for the endothermic reactions.
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Figure 5.1 lllustration of reactor modeling sinfigktions for endothermic reactions

as: (a) isothermal particle, and (b) uniform anehsetric distributions (re-produced from

Levenspiel, 1972).

Isothermal particle, where temperature is consthrdughout the particle, can be
illustrated as Figure 5.1(a). The uniform and symmimeéemperature and composition
distributions can be sketched as Figure 5.1(b).s&hgmplifications with the main
assumptions such as the usage of lumped transpampters would be preferable for the
high N tubes. However, for the low N tubes where phesence of tube wall has an effect
on the large proportion of the entire particlesgsth simplifications and assumptions
would be misleading regarding the strong tempeeaguadient due to the wall heat flux.

Therefore, the objective of this part was to imgrdkie understanding of intra-particle
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transport phenomena by explicitly including condutt species diffusion and reaction
with realistic 3D external flow and temperatureldge Regarding the different particle
activity levels, as described in Chapter 1, twofedédnt endothermic reactions were
considered: MSR and PDH.

5.1 Model development

Two types of WS models were selected for this stadfull cylinders packing was
used as the generic model, and a 4-hole cylindackipg to represent the commercial
interest. The models were re-meshed to implemeisipfayers on the external and
internal surfaces of the particles, including thbet wall. The fluid side prism structure
was the one used in Case-c, described in sectioh.2, and the solid side prism layers
covered at least 3% of the particle radius fromgudace. The mesh specifications for
full cylinders and 4-hole cylinders packing wereegi in Appendix 4.

The total model sizes were found to be 2.03xHs for the full cylinders model, and
3.46 x10 cells for the 4-hole cylinders. The grid structucg full cylinders and 4-hole

cylinders models are shown in Figures 5.2 andésBectively.
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Figure 5.2 Grid structure of full cylinders modahd enlarged view of an arbitrary

section.
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Figure 5.3 Grid structure of 4-hole cylinders modeld enlarged view of an arbitrary

section.

In Figure 5.2, the top plane view mesh structurshewn where the fluid cells were
colored by red and solid cells colored by black. &mitrary section was enlarged to
represent the prism structure in fluid and solidi@tail. In Figure 5.3, the middle plane
view mesh structure is shown. In the enlarged viee fluid cells were removed to make
the view clear.

In order to enable the intra-particle transportcpsses, the catalyst particles were
converted into th@orousstructure fronsolid, which was the default setting and used for
the particles in the previous part of this work \FHNT defines additionaturface walls
which covers theolid volumes. So, once the solid volumes were conventedorous
those surface wallshad to be converted intmterior surfaces This was a necessity,
because the solid walls are impermeable, so thayldvprevent the species transport
takes place between the pellet and the bulk flNioke that, in heterogeneous reactions,
the three main mechanisms may be described adfugpdion of the reactants from the
bulk fluid on the pellet, reaction, and desorptadrihe products to the bulk fluid.

FLUENT essentially considers the porous structsr@ 8uid zone. Porous media are
modeled by the addition of a momentum source tertheé standard fluid flow equations.

The porous model allows setting additional inpetsiodel porous region including the
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porosity value and velocity field information inetliegion. The porosity value was set to
0.44 as Hou and Hughes (2001) used for the steformieg catalyst. Additionally, the
velocity components were fixed and set to zero he porous media to create a
comparable pellet structure with the solid parscle

The simulations were first run to determine aniahisothermal constant-compaosition
flow solution in the segment with periodic top émtom conditions. This flow field was
used subsequently to perform the energy and spsaleson in the non-periodic domain.
It was observed that the changes in the flow firedd minor effects on the reaction rates
when the momentum and turbulence iterations weskidied to the energy and species
iterations (Dixon et al., 2007).

The RNGk-e turbulence scheme was selected with EWT, and W€ ISE pressure-
velocity coupling algorithm with the first order wmd scheme was utilized. The
convergence was monitored by the pressure dropealuthe flow runs, and checking
the energy balance and the reaction rates in thtep@rticle for energy and species
simulations in addition to the residuals. The cotapans were carried out on a Sun

Microsystems SunFire V440 with 4 x 1.06 GHz prooess

5.1.1 MSR operating conditions

The same reactor conditions and fluid propertiesewsed here as given in Table 3.1.
Since the patrticles were converted into porousttteemal conductivity of the pellets was
set as 1.717 w/m-K to obtain the effective theromadductivity as 1.0 w/m-K (as given in
Chapter 3 for alumina) accounting for the pelletgstty. The other pellet properties were
the same as given in Chapter 3.

Species transport in the porous pellets was faddgy effective binary diffusivities
calculated from straight-pore Knudsen and moledadiffusion coefficients, and corrected
using pellet porosity and tortuosity. The detaifstteese hand calculations are given in
Appendix 5(a). The dilute approximation method lbase the Fick’'s law was selected,

and diffusive flux values were calculated accordimgequation (1.25) by FLUENT. The
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hand-calculated effective diffusivity values forchaspecies, given in the Appendix 5(a),
are defined as [ values. Actually, the multi-component method wddionally tested

by defining the binary diffusivities, | and no significant difference was observed in the
results. Therefore, the results shown in the negtiens for MSR reaction were obtained

by the dilute approximation method.

5.1.2 PDH operating conditions

The reactor conditions and the fluid properties@wen in Table 5.1. The inlet mass
fractions were 0.90 for 4Elg, 0.05 for GHg, and 0.05 for Kl

The pellet properties were same as for the MSRigest The diffusivities were
calculated with the same procedure as the MSR ledilons, and the values are given in
the Appendix 5(b). For this reaction there werefedénces in the results for dilute
approximation and multi-component methods, ancdefloee both results were represented

in the relevant section.

Table 5.1: Reactor conditions and fluid propertegsPDH reaction

Tin Owall P r Co ks m
[K] [kW/m?] [kPa] [kg/nT]  [Ikg.K]  [W/m.K] [Pa.s]
874.15 2.0 0.101 1.8081 2180.25 0.0251  8.03.10

5.2 Introducing MSR diffusion/reaction

A used-defined code was created to describe tHes/smurce terms in the catalyst
particles. In the user-defined code, the speciescefsinks terms were defined as the
following:

S

Specieg ° rs(ai,lrl +ai,2r2 +ai,3r3)Mi ( 51 )
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where a;; represents the stoichiometric coefficient of comgtti in the reactior). For
example, for the reactions I, Il, and Ill as giverequations (1.72), (1.73), and (1.74), the
stoichiometric coefficients for Cthre:
achHa,=-1.0 acnan=0.0 acham=-1.0
Whereas the stoichiometric coefficients for dfe:
ame,=3.0  acnan=1.0 acham=4.0
The heat generation by the reactions was calculayatie same method as described
in equation (4.4). As in the previous user-deficede, the code must return back to the
main code the derivatives of the source terms vé@sipect to the dependent variables of
the transport equation, which are the mass frastidrthe species, and temperature in this

case. The algorithm of the species source/sinksilzions is shown in Figure 5.4.

reaction rate (k)

equilibrium (K;)
constants | - Heat of reactions ( H)

get;

cell temperature (cell_T)

cell pressure (cell_P)

mass fractions (y;)

cell centroid coordinates
i go to the next cell

calculate;
Mole fractions
Partial pressures

no application

calculate; calculate;
k(T), K(T), r(T) source derivative
Source (s) =r J*Sa;;'T; (ds/dy,)

Figure 5.4 The algorithm for the species sinks/seucalculations for diffusion

[/reaction application
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The steps of the algorithm shown in Figure 5.4 wamilar to the ones shown in
Figure 4.13. One of the major differences was tloderfractions were not constant here,
and they were calculated with the mass fractiorsg there obtained from the main
computational domain by the code. The code hasb5cedes corresponding to energy
term, and the terms for each species except thevithehe largest mass fraction. Since
the mass fraction of species must sum to unityNAenass fraction was determined by
N-1 solved mass fractions. When the species trahggoturned on in the main
computational domain of FLUENT, a list of the consnt species can be entered as
fluid mixture. One has to keep in mind that the esrdf the species in that list is
important. FLUENT considers the last species inligtdo be the bulk species. Therefore,
the most abundant species, that is the one withatigest mass fraction, must be set as
the last one in the list (Fluent, 2005). In the M&HRe this is water ¢d).

The heat generation algorithm was similar to thecss sinks/source one. The
differences were; the source calculation where tgua(5.1) was used instead of
equation (4.4), and the derivative terms which wersed on the temperature, not species

mass fractions. The code is given in Appendix 3(c).

5.3 MSR diffusion/reaction application results

The full cylinders and 4-hole cylinders WS modelsrevused for the MSR reaction

implementation.

5.3.1 Full cylinders model

First, the flow results were obtained and comparethose from the solid particle

model. Then, the reaction/diffusion application wase.
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5.3.1.1 Flow simulation

To solve the momentum and turbulence equatios,MR€’s at 0.05 less than the
default values were used. The flow pathlines,asde form the bottom surface for the
porous particle model is shown in Figure 5.5(a)e Pathlines are used to illustrate the
flow for tube inlet conditions, and show the defies of the flow around the porous
regions. Flow features, such as regions of backtow jet flow correspond to those in

solid particle model shown in Figure 5.5(b).
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Figure 5.5 The flow pathlines released from bottoamd colored by velocity

magnitude (m/s) for (a) porous particle model,qtl)d particle model.

Additionally, middle plane velocity magnitude coute are shown in Figure 5.6(a) and
5.6(b) for porous particle and solid particle maedetspectively. The porous particle
settings created very similar results to the spdidicle simulations.

A quantitative comparison may be carried out bysodering the radial profiles of
axial velocities for both porous and solid partiotedels, which is shown in Figure 5.7.
Note that, the velocity profiles for both casesavaimost same. These results confirmed
that the change in treatment of the particles didimduce any significant changes in the

simulations.
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Figure 5.6 The middle-plane view velocity magnitumntours (m/s) for (a) porous

particle model, (b) solid particle model.
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Figure 5.7 Radial profiles of axial velocities fuorous and solid particle models.
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5.3.1.2 Energy and species simulation

The energy and species balance equations weredsaitie URF’s of 0.05 less than
default values. For the converged solution, thédueds plot, the methane consumption
rate for particle 2, and the heat balance plotgamen in Appendix 6(a).

The diffusion/reaction implementation may be iriigeded by the variations of the
temperature and species on the test particle sudad inside of the particle, by the radial
profiles obtained for the entire model, and by tleaction engineering parameter
effectiveness factor.

Particle surface variations: As a test particle, the particle number 2 surface
temperature contours with the real position of gheticle in the bed, and the open form
of the surface are shown in Figures 5.8(a) andop&spectively. The hotter spot on the
front section of the particle 2 can be noticed assalt of the wall heat transfer. The open
form of the particle 2 surface shows the signifaaof the wall heat transfer in a better
way. The back surface of the particle 2 was 50ekgcolder than the front surface. As a
result of the endothermic effects of the reactidhs,lower surface temperatures have to
be expected than the bulk fluid value (824.15 Kdwdver, the tube wall heat transfer
over-compensated for the endothermic effects ofrélaetions on the surfaces closest to
the tube wall, which resulted in the hotter sedion

The cooler sections of the back surface may alsela¢ed to the relatively increased
velocity field as shown in Figure 5.7 afr; 0.40. This particular radial position
corresponds to the back of particle 2, and the traasfer rate between the bulk phase
and the particles in that region may be interrufgthe high velocity flow convection.

The local deviations on the particle 2 side surfae further shown for CHand H
mass fractions in Figure 5.9. As can be noticed, dapletion in CHl results in the
production in H. The local circular region which showed methanesrfeaction minima,
and corresponding hydrogen mass fraction maxim#)ea5=0.03 m must be related to

the vertex type of flow feature which occurred battpart of the surface.
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Figure 5.8 The full cylinders particle 2 surfacenperature contours (K) for (a) the

position of the particle in the bed, (b) the opemf of the surface.
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Figure 5.9 The full cylinder particle 2 side sudaunass fraction contours for ¢lnd
Ha.

The intra-particle variations: To investigate the intra-particle variations, g@me

vertical planes as used in Chapter 4 were utille@, and shown in Figure 5.10(a).
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In the figure, the radial center of the planes wamr@ed as the origin, and the two ends
as r/p=-1.0 and rig=+1.0, where r is the radial position in the paeticand  is the
particle radius. In the axial direction, the onighas set to the lower corners, and the
particle relative height was scaled as j=#1.0 where L is the axial position in the

particle, and L is the particle length.

Plane 1 B Plane 2

u
LL,=1.0
\

e e
L/Lp=0.0 ! [ I

rr,=-1.0 00 r/r,=+1.0 rlry=-1.0 00 rry=+10
(@) (b)

Figure 5.10 (a) Visual planes to investigate theauparticle variations, and (b) the

temperature contours on those planes for full dgis model.

At the r/,=-1.0 of the plane 1, which is the closest sectibthe particle to the tube
wall, the temperature was very high. Note that thigh temperature region was not on
the axial center, L{=0.50, of the particle. This is because of theteatgosition of the
particle, and as a result of this rotation, thedownd of the particle was closest to the
tube wall. For the other positions on the plan¢h&,temperature did not vary so much.
For the entire plane 2, approximately 10 degredsraperature variation was observed.

Although we have shown the intra-particle temperat@riation with the reaction heat
effects approximation method (Figure 4.15), différentra-particle temperature fields
were observed in Figure 5.10(b). If we compareptla@e 1 contours, the hotter spots can
be seen in both figures with qualitative and quatitie differences. Although in Figure

4.15 the contours were given for different activdyels, which affected the magnitude of
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the temperature, the hotter spot was located orotlier corner for every activity level.
However, it was located at slightly higher positialong the particle length for the
contours obtained by the diffusion/reaction appiara approach. Additionally, on the
hotter spots relatively lower temperature value whserved by the diffusion/reaction
application method. These observations can beerklat the methodologies behind the
two approaches. The approximation method consitdiersuniform activity closer to the
surface of the particle, and intra-particle tempearafield is calculated with the constant
bulk fluid species concentration values. On the eotthand, the activity in
diffusion/reaction application is defined by theypits, and temperature and species
concentrations are calculated based on that. Obljiogonsidering the bulk species
concentrations in the pellet, and setting the @nsctivity in the approximation method,
creates a higher intra-particle temperature fieldthe reaction to proceed. However, if
the concentrations are calculated according to témeperature filed, reaction again
proceeds to reduce the reactants, and therefoueedtie intra-particle temperatures. In
the diffusion/reaction application method the hosjgot was seen only at the closer point
of the particle to the tube wall. However, in thgpeoximation method the hotter spot on
the lower corner of the particle was due to the luoed effect of activity set on the side
and on the bottom surfaces. The same effect wasa®st on the top corner as standing
relatively far from the tube wall.

As the benefit of diffusion/reaction applicatiommetintra-particle species variations
could also be investigated. Regarding the samealiglanes, the CiHand H mass
fraction contours are shown in Figure 5.11.

As a result of the high temperature and correspmnciaction rate, a strong depletion
of methane near the tube wall was observed in ptaneontours of Figure 5.11.
Accordingly, the increased hydrogen production wasced on the same region. More
uniform species distributions were observed in @larcontours as a consequence of very

reduced near wall effects.
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A more quantitative comparison can be obtained ftbenplots of ClJ consumption
rate, eqs4, Which is the sum of rates of reactions | anddiVien in equations (1.72) and
(1.74), as shown in Figure 5.12.
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Figure 5.11 CH and H mass fraction contours on Plane-1 and Plane-2fuibr

cylinders model.

The plots show the change of €ebnsumption rate along the length of the pellet fo
different radial positions. As can be seen frormpld plot, at the near wall region, the
reaction rate was very high as a result of highpemature. For the radial positions away
from the near wall region, the rates were reducednd After the second half of the
pellet, from r/p =0.0 to r/p =+1.0, the rates were almost the same.

Plane 2 reaction rates were almost the same foradlal positions with the same
magnitude as the results obtained in the secorfcbhplane 1. The main difference was
seen at rj=+0.97, where the CHconsumption rate was lower than the other radial
position results. The lower temperature at thattipos which is shown in Figure 5.9(b),

created the lower reaction rates.
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Figure 5.12 The ClHconsumption rate plots for planes 1 and 2.

All the observations on plane 1 and plane 2 dismulissere showed the strong
temperature dependence of the MSR reactions.

The radial profiles: The radial temperature profiles, obtained simyla$ described
in Chapter 3, are shown in Figure 5.13. Additiopnalémperature profiles for individual
phases are shown in the same figure. The S-shagalbgrofile exhibits the combined
effects of these phases along with the void fracpimfile which is shown in Figure 4.18

previously for the full cylinders model.
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Figure 5.13 Radial temperature profiles, MSR fylinders model.

The CH, and H mass fraction profiles were also obtained fordamme radial positions
for which the temperature profile was obtained, arelshown in Figure 5.14. The strong
S-shape overall CHprofile was observed which was again stronglyui@ficed by the
void profile. The bulk fluid values did not changeeich from the initial values. However,
the overall mass fractions inside the pellet warBuénced by the void fractions,
especially for the radial positions gf; 0.40 and/r; 1.00 where the maximum local
voidage values were observed. The mirror effecttmnoticed between the ¢ldnd H

profiles as a result of the nature of the reactiddbl, is consumed andHs produced.
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Figure 5.14 Radial CHand H profiles for full cylinders model.

The effectiveness factor:As described in Chapter 1 and defined in equatiob4),
the diffusion resistance on the reaction rate aaaxpressed with the effectiveness factor,
h. It has been known that there are strong diffuiimitations on the MSR reaction, and
most of the kinetic studies neglect them (Xu anoihkent, 1989a). In the context of the
requirements of quick analysis and process impr@vgnimplementations for todays
design engineering environment, the concept ofaiparticle gradients and effectiveness

factor is quite valuable in reasoning and decisi@king (Rase, 1990).
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To calculate the effectiveness factor, based ordéfmition, we needed the averaged
reaction rate in the catalyst particle, and thetiea rate on the particle surface. For the
reaction rate inside of the patrticle, the rateseweaiculated for each computational cell,
and the volume averages were taken. This was dgree user-defined code, and it is
given in Appendix 3(d) for the particle 2. The reac rates were then returned to
FLUENT and obtained from its user interface.

For the surface reaction rate calculation, theasarftemperatures, and species mole
fractions were exported in an ASCII file for eaalrface cell. Using this ASCII file, a
spreadsheet was prepared to calculate the reaeties for each cell, and then the area
averaged values were obtained.

These calculations were carried out for the threactions of interest, and the

effectiveness factors for particle 2 were obtaibgdhe equation (1.54) as:

-5 7
hreaction mo= w =0.0836 hreactionl = M =0.1622
121937 10 52016¢ 10

_ -7
hreaction I :| 147770 107 | =0.6072
| 243370 107 |

As can be noticed, the surface reaction rates Wwegleer than the particle reaction
rates, which results in the effectiveness factbitess than unity. It can also be noted that,
the reaction-lll is the dominant reaction as coredato the others, by an order of
magnitude of the reaction rates. So, the low dffeness factor for the dominant reaction
is in agreement with the industrial observationstitt(S 2005), and with the
pseudocontinuum modeling results (Pedernera e2G03).

The reaction-Il, which is known as the water-gai$tskaction (WGSR), is strongly
equilibrium limited due to the thermodynamic coasits at high temperatures.
Therefore, there is a strong tendency to proceetthenreverse direction. The negative
reaction rate obtained for WGSR in the particle was to this phenomenon. However,
the surface reaction rate was in the forward dwactwhich implied that the Cand B

diffused to the bulk fluid more easily, and sinke equilibrium level was not reached, the
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reaction proceeded in the forward direction whielulted in a positive reaction rate
value.

In order to calculate the effectiveness factorsafpellet that is not affected by the tube
wall, particle number 12 was additionally consideralthough it was not entirely in the

model. This particle is standing at the back oftipier 2 at the same axial position as

y

4

&

Particle 2 %\ Particle
bl

shown in Figure 5.15.

—

4

Figure 5.15 Particle 2 and 12 relative positiong8 model.

The reaction rates for particle 12 were calculagsd described above and the

effectiveness factors were found to be:

-5 -7
hreaction m o= w =0.1106 hreactionl = %g,log, =0.2399
1.2354%" 1C 3.8653¢" 1C
_ -7
Y _|- 178318 107 _ 07829

reaction Il _‘ 227753 107 ‘

When the effectiveness factors of particle 2 andigda 12 are compared, the higher
values for the particle away from the wall can b&aed, although this difference was not
too much.

The wall effect on the effectiveness factor, as ameraged reaction engineering

parameter, may be utilized to obtain the radiat@feness factor profiles for the entire
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model. Again, regarding the definition of the we needed the surface reaction rates for
each radial position. For this reason, particldesr planes were created in addition to
the available visual radial planes. In Figure 5a)@ke previously generated radial plane
is shown at/r; = 0.89 as an example case where the particles eadoeed by red, and
the fluid was colored by yellow. The particle sada plane, which is shown in Figure
5.16(b) for the same radial position, was createdsidering only the outer shell

intersections of the particles at the same radisitjon.

| O
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(@) (b)

Figure 5.16 (a) the particle and fluid regions, @mydthe particle surfaces for the radial

position ofr/r, = 0.89.

The temperatures and the species mole fractiome witained from these surface
planes for each radial position, and reaction ratee calculated on a spreadsheet. The
obtained surface reaction rate radial profilessii@wvn in Figure 5.17 for reactions | and
lll. The increasing trend of the surface reactiates can be noticed for both of the
reactions towards the tube wall where the maximatnes were reached. Figure 5.17
also represents the near wall effects on the pagiafaces which directly reflected to the
surface reaction rates. Fluctuations were obseaveand the/r; = 0.40 position for both
of the reactions. The reason for these changesatsan be related to the local bed

voidages. The reaction rates had to be calculatiéding the temperature and species
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information for the less solid surface area in thlated radial positions. Therefore, the
area averaged values were more sensitive to th@maaxor minimum values as a result

of their contribution to the final averaged value.
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Figure 5.17 The surface reaction rate profilegéactions | and Ill.

To obtain the radial effectiveness factor profilasepresentation of the reaction rate
profile inside the pellets was necessary. Thelabiai pellet reaction rates for particles 2
and 12 were utilized for this purpose. If the peti2 reaction rate is considered as the

pellet reaction rate closest to the wall, and tigle 12 reaction rate is considered as the
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pellet reaction rate at the center of the tube réaetion rate profile may be obtained by
the following expression:

. I , r
rpellet(r) = rparticle_z r_ + rparticle_lZ (l_ r_) ( 5.2 )
t t

wherer is the radial position in the reactor tubeis the tube radius. According to this
expression the pellet reaction rate profiles wétaioed as linear curves.
Utilizing the pellet and surface reaction rate pesf the effectiveness factor profiles

were obtained as shown in Figure 5.18.
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Figure 5.18 The effectiveness factor profiles gaations | and lII.

The polynomial trend-lines were added to the ablayere with a yellow color for
reaction Ill, and a red color for reaction |. Todsithe near wall region, the effectiveness
factors decreased for both reactions as a comigffiect of surface reaction rate shown in

Figure 5.17, and pellet reaction rates calculateeédpuation (5.2). Higher effectiveness



Diffusion/Reaction Application 147

factors of reaction | than reaction Ill were obsetyvalthough they came closer in the near
wall region.

The other method of obtaining the pellet reactiate profile may be to consider the
step change in pellet reaction rates instead tihged linear change as described above.
This can be done by considering particle 12 reactete from 0.0£ r/r; < 0.5, and
particle 2 reaction rate for 05 r/r £ 1.0 as the pellet reaction rate profile. Then, the
effectiveness factor profiles can be obtained whiln same surface reaction rate values
used above. The comparison of the effectivenegsrfacofiles obtained by a linear and
by a step change in the pellet reaction ratesasvshn Figure 5.19 for only the dominant

reaction.

‘ —— linear change —&— step change

0.07

effectiveness factor

0.06

0.05 \ ‘

r/r

Figure 5.19 The effectiveness factor profiles feaation Il with linear and step

change in pellet reaction rates.
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As can be seen in Figure 5.19, the step changet éff@oticeable in the center of the
model, and there was not a smooth transition dkeninearly varied one. However, in
total, the trends were quite similar in both cases.

There is an order of magnitude difference obsemedfectiveness factors obtained by
us and Pedernera et al. (2003) where they havaddoon the axial middle location of the
reactor. The methodological difference was that,haee utilized the realistic 3D flow
field around the explicitly positioned realistic talgst particles, and considered the
interactions between the bulk fluid and the pelleteur modeling. However, Pedernera
et al. considered the pseudocontinuum approach akenone-dimensional particle
simulations, as summarized in Chapter 2.

We will make use of our effectiveness factor pefih Chapter 6 where we will
compare the results obtained in this chapter wighexplicitly created pseudocontinuum

model.

5.3.2 4-hole cylinder model

As in the full cylinders model simulations, firgtet flow solution was obtained, and

then the reaction/diffusion was applied.

5.3.2.1 Flow simulation
The flow simulation was carried out by solving theomentum and turbulence
equations as before. The URF's were selected &893 than the default values. The

flow pathlines, released from the bottom surfaeesfiown in Figure 5.20.
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Figure 5.20 The flow pathlines released from droit and colored by velocity
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magnitude (m/s) for 4-hole model.

5.3.2.2 Energy and species simulation

To reach the converged energy and species simujatgpations were started with the
URF values of 0.05 for 3000 iterations. After tlesiduals were flattened out, the factors
were increased to 0.20 for 500 iterations. Theey there raised to 0.50 for 500 iterations
more. Finally the simulations were completed whke URF’'s of 0.80, totally in 21000
iterations. The residuals plot, the methane consiempate for particle 2, and heat
balance change during the iterations are givenppefdix 6(b).

Particle surface variations: The surface temperature contour of particle Zhsas
in Figure 5.21(a) for the exact location of thetjgde in the bed, and in Figure 5.21(b) for

the open form of it.
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(a) (b)
Figure 5.21 The 4-holes particle-2 surface tempeeatontours (K) for (a) the

position of the particle in the bed, (b) the opemf of the surface.

The hotter section on the particle surface fordlesest point to the tube wall can be
noticed for this model in a slightly less pronowheey as compared to the full cylinders
model shown in Figure 5.8. The hotter section aaged from the lower corner of the
particle, and propagated upwards with the flow emtion. The related hotter region of
the particle bottom surface can be seen in the émen of the surface, and mostly the
closest internal hole to that section was influenlg the wall effect. This situation may
be clearly seen in Figure 5.22. The internal hbk tvas affected by the tube wall is

shown with a dashed line bordered rectangle.
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(a) (b)
Figure 5.22 The 4-hole cylinders model particleeaded view (a) bottom, (b) top.

Previously, the flow field comparison of the modeiish different sizes and numbers
of internal holes was investigated (Nijemeisland02), and it is not the scope of our
work. On the other hand, to emphasize the bendfimalti-hole catalyst particles
regarding the diffusion/reaction taking place irerth the above observation may be
coupled to the Figure 5.23 where the pathlinesipggbrough the holes of the particle 2
are shown. In Figure 5.23(a), the pathlines areredl by the velocity magnitude which
represents the different velocity fields inside tiwes, whereas in Figure 5.23(b), they
were colored by the static temperature which shtivestemperature difference of the
fluid passing through the holes. The hole withthbéer surface, shown in Figure 5.22, is
represented by the dashed lines in Figure 5.280akh the velocity passing through that
hole was higher than the other holes, the fluiddaap while passing through that hole.
This was achieved by conduction from the insidel wélthat hole to the fluid, and by
convection in the fluid. Ultimately, these phenomeme triggered by the tube wall heat
transfer. Increasing the particle fluid contactaarer GSA, with introducing multiple
holes, and effects of transport phenomena may tibefuinvestigated by intra-particle

temperature and species variations.
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(a) (b)
Figure 5.23 The pathlines of flow passing throuigh holes of particle 2, colored by
(a) the velocity magnitude (m/s), and (b) the stemperature (K).

The intra-particle variations: To investigate the intra-particle temperature and
species variations, the 45 degree rotated versibpkne 1 and plane 2 along the particle
axis were generated as plane 3 and plane 4 whietsatt the internal holes in the model.
The plane 1 and plane 2 temperature contours amersivith their original positions in
Figure 5.24(a), and with the transformed versionsigure 5.24(b).
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Figure 5.24 (a) Visual planes 1 and 2 to investighe intra-particle variations, and (b)

the temperature contours on those planes for 4dyditleders model.
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The maximum temperature was reached on the loviiecdener of plane 1, and the
particle gradually cooled down towards the insidet @ue to the reaction heat effects.
The relatively cooler and hotter longitudinal patgewere seen on the planes in Figure
5.24(b) as a result of the contribution of the aces of the inner holes located close by.
Additionally, the CH and H mass fraction contours on the same planes arershow
Figure 5.25. The strong methane depletion and lggr@roduction can be noticed on the
lower left corner of the plane 1 where the higlenperature region was seen in Figure
5.24(b). Right after that, at the position,r/r -0.5, the sudden increase in £tnd a
decrease in fHimass fractions were observed with a small spaherbottom of plane 1.
This position was very close to the nearest hald, glane 1 was almost intersected by
that hole. Therefore, the species mass fractions wdluenced by the bulk fluid values
in that point. Since the intra-particle temperatuaiie at that position was similar to the
fluid temperature, we have not seen a differendbertemperature contour.

The plane 2 Cill and H contours can be directly supported by the tempezat
contours. At the position of -1.0 <g/< 0.0, as a result of the lower temperatures, the
higher methane and lower hydrogen mass fractione ween. However, the effects of
increase in temperature at 0.0 5 Kr0.5 on the methane and hydrogen quantities were

noticeable.



Diffusion/Reaction Application 154

Plane-1 Plane-1
Plane-2 Plane-2
CH, mass fraction H, mass fraction

Figure 5.25 CH and B mass fraction contours on Plane-1 and Plane-2foole

cylinders model.

The plane 3 and plane 4 temperature contours angnshn Figure 5.26. These planes
were created at the positions where the holesnéeesected almost at their centers. The
temperature difference of different holes can lenseell here as a supporting argument
to the above. Fluid passing through the closesé holthe tube wall has the higher
temperature. The temperature of the catalyst reglosest to the tube wall was also
higher.

The species distributions on planes 3 and 4 asepted in Figure 5.27. Note that the
scales are different in plane 3 and 4 than plaaedl2 in order to capture the fluid values.
It was observed that, the fluid region mass fraxgtimostly stayed at the inlet conditions.
From the fluid to the pellet regions, a sharp titams was noticed due to the strong

diffusion limilations.
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Plane 3 Plane 4
LL,=1.0

L/L,=0.0 | |

rrg=-1.0 0.0 rhry=+1.0 rlr=-1.0 0.0 rfrg=+1.0

(a) (b)
Figure 5.26 (a) Visual planes 3 and 4 to investighé intra-particle variations, and (b)

the temperature contours on those planes for 4dyditleders model.
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Figure 5.27 CH and B mass fraction contours on Plane-3 and Plane-44oole

cylinders model.
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The radial profiles: As in the full cylinders case, similar radial ple$ were
obtained. In Figure 5.28 the overall (pseudohomegas), and fluid and solid region
temperature profiles were shown. Again, a simitanbined effect of the fluid and solid
regions was observed on the overall profile withe tltocal porosity influence.
Additionally, the overall temperature profile wasnver than in the full cylinders model,

as in the case of the reaction approximation dssisn Chapter 4.

1010

850 970
930
840 /
890 /@/@/‘{ ﬁs
830 850 1 : : : :
Q 0.99 0.992 0.994 0.996 0.998 1
|_
820 /Z/g/
800 \ \ \ \
0 0.2 04 rlr 0.6 0.8 1

—e— Overall -5 Fluid —A— Solid |

Figure 5.28 Radial temperature profiles, MSR 4-loglenders model.

The CH, and H mass fraction profiles are presented in Figur®.53milar features
are observed in the species profiles with the filinders, except the noticeable
difference in the overall profiles in the regio® & r/r; <0.9. The bed porosity profiles of
full and 4-hole cylinders were shown in Figure 4.Ehd there was a significant
difference in that region: the 4-hole cylinders mlodad a higher voidage than the full
cylinders. As a result of that, the fluid regiomygmositions influenced the overall species

profiles to create higher GHand lower H contents in 0.6 «/r; <0.9.
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Figure 5.29 Radial CHand H profiles for 4-hole cylinders model.

The effectiveness factor:For the 4-hole cylinders model particles 2 and th2
effectiveness factors were obtained with the sammeegulure described for the full

cylinders model. For reactions | and I, the valaee found to be:

Particle 2
-5 -6
hreaction m o= %5:104 =0.21875 reaction 1 — %6:106 =0.41250
1.1477C 10 450827 10
Particle 12
_5 - 6
h 213930 10 — 019005 ~ 160310 10 _ 032430

reaction Il — m reaction | m



Diffusion/Reaction Application 158

At a first glance, we have obtained higher effemmiess factors for the front particle
than for the back particle, contrary to the findingf the full cylinders model. Probably
for 4-hole cylinders model, particle 12 is not thest choice to consider as a
representative back particle. Since particle 12 m@sentirely in the model, the section
where inner holes were located stayed outsideeofrtbdel, and we did not see the effect
of the inner holes on the surface reaction rates utimately on the effectiveness factors.

When we compare the effectiveness factors of mactil for 4-holes and full
cylinders models, we see a 260% increase due t66#e GSA improvement with inner

holes inclusion.

5.4 Introducing PDH diffusion/reaction application and results

The PDH diffusion/reaction implementation was agglionly to the full cylinders
model by the same procedure utilized in the MSRtirea application. The user-defined
code created for this purpose is given in Apper3ge).

The flow solution was obtained for 4000 $as Hourly Space Velocity (GHSV)
(Jackson and Stitt, 2004) at steady-state conditthith corresponds to the Reynolds
number of 350 based on superficial velocity and pheticle diameter of a sphere of
equivalent volume to the cylindrical particle. Adiigh, in general, this value is quite low
to be considered as in the turbulent region, thaptex flow field in fixed bed reactors
has been modeled with different turbulent schenmeméany researchers for even lesser
Reynolds number values (Romkes et al., 2003; Guetrdd 2004). We have selected the
RNG k-e turbulence scheme with EWT approach for this study

The flow solution was obtained by URF’s of 0.05slésan default values and the flow
pathlines are shown in Figure 5.30. Relatively stindtow features were observed as a

result of the lower superficial velocity setting.



Diffusion/Reaction Application 159

Figure 5.30 Flow pathlines released from bottond eolored by velocity magnitude

(m/s) for PDH reaction.

The PDH diffusion/reaction implementation was aariout with two different
diffusion coefficient settings as described befdter the dilute approximation method,
the pre-calculated [ values were defined, whereas for the M-C methbd, linary
diffusivities, D;, were set into the materials menu of FLUENT, ang, Balues were
calculated by FLUENT with equation (1.26). The médifference in these two methods
was that the pre-calculated fvalues were obtained by us from molecular and ksead
diffusivities for dilute approximation method, wiess, the B, values were calculated by
FLUENT from the mass fractions and binary diffuses only for M-C method. As
mentioned before, these values are given in Appen(h).

The diffusion/reaction application results are caneg for particle surface variations,
intra-particle variations, and effectiveness fagtor

Particle surface variations: The test particle surface temperature contourslaoen
in Figure 5.31. Thirty to forty degrees higher sgg temperatures were obtained by the
dilute approximation method. Significantly hottexcBons along the particle axis were
noticed on the front of the test particle as opdasethe hotter spots seen at the lower

corner of the test particle in the MSR reactionligpgions.
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@ (b)

Figure 5.31 Surface temperature contours (K) obthiwith the simulations by (a)

dilute approximation method, and (b) M-C method.

The intra-particle variations: Figure 5.32 shows the intra-particle temperature
variation on planes 1 and 2 for both cases.

Plane 1 Plane 2

@)

(b)

Figure 5.32 Intra-particle temperature contours (i) the planes 1 and 2 for the

simulations of (a) dilute approximation method, &npM-C method.
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Plane 1 temperature contours of the dilute appration, as shown in Figure 5.32(a),
presented a uniform axial transition throughoutpheticle. On the other hand, the intra-
particle temperature transition was different ie M-C method; the corners stayed at
higher temperature, but the central location inakial direction was cooled down more.
The plane 2 contours were similar, and the leftise®f the particle was hotter than the
right section in that plane for both cases. Theetwall heat transfer effect was not
expected there; however, due to the lower veladiiyerved in the fluid near to that part
of the surface which did not create a strong resc between fluid and solid, the
temperature stayed relatively closer to the bulkea

The surface and intra-particle temperatures weseddor the results obtained by the

M-S method where 80% more heat uptake was observed.

Plane 1 Plane 2

(@)

(b)

Figure 5.33 Intra-particle £l mass fraction contours on the planes 1 and 2hfer t

simulations of (a) dilute approximation method, &npM-C method.
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The propane (§Hg) mass fraction contours are shown in Figure 5a3fanes 1 and

2 for both cases. As in the temperature contotiexetwere significant differences for
CsHg mass fraction qualities and quantities for botsesa As a result of high intra-
particle temperatures observed for dilute approkona simulations, the £Hs
consumption rate was high, and lower mass fractwasee observed in most of the
particle. The reaction mostly took place in theeoukgion of the particle; therefore a
sudden change was seen in that region. The neaefiatt was noticed in the particle
close to the tube wall along the particle axis lanp 1. The M-C method simulation
results, on the other hand, were quite different bbwer GHg consumption rate was
observed which resulted in highegHg mass fraction contours on both planes. The
reaction took place inside of the particle notha buter shell, which presented the higher
activity level of the particle with M-C method. Aiidnally, a more uniform gHg

distribution was seen with the simulations caroet with M-C diffusion method.

Plane 1 Plane 2

(@)

(b)

Figure 5.34 Intra-particle Hmass fraction contours on the planes 1 and 2Her t

simulations of (a) dilute approximation method, #bdM-C method.
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The hydrogen production rate may be compared wighH, contours on the same
planes for both cases. As expected, more hydrogefuption was observed mostly in the
outer shell with the dilute approximation methodh&keas the hydrogen mass fractions
were low, and the particle was mostly active thioitg center with the M-C method.

However, the Hdistribution was not as uniform as thgHg distribution.
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Figure 5.35 Radial temperature profiles for PDHhw{@) the dilute approximation,

and (b) M-C method simulations.

The radial profiles: As shown in Figure 5.35(a) and (b), the dilute ragpmation

method temperature profiles were higher than th€ vhethod results as a supporting
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observations of temperature contours. For the dsmetess radial position 0.0% <0.9,
there were no differences in solid and fluid phpsefiles, and in overall profile as a
consequence, with the dilute approximation metidwre was some difference seen in
M-C method results. However, the main discrepanayg noticed in the near wall region
between the solid phase and the fluid and ovehalkp results for both methods. The heat
is transferred from the tube wall, and is not eatrup as efficiently with the flow
convection due to the low velocity flow field. Tieéore fluid temperatures stayed high,
and as a result of the heat sinks in the solidorediue to the endothermic nature of the
reaction, solid temperatures kept low in the neall wegion. The overall temperatures
were almost the same as the fluid phase valudwmirrégion, because of having very high

local bed voidages explicitly in that area.
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Figure 5.36 Radial §1s mass fraction profiles for PDH with (a) the dilute

approximation, and (b) M-C method simulations.



Diffusion/Reaction Application 165

The propane mass fraction radial profiles are shmwRigure 5.36. At a first glance,
strong “S” shape overall and solid region profiesre seen for the dilute approximation
results as well as a strong difference betweenflthé and solid profiles. Local high
voidages at/r; =0.44 and/r; =0.98 affected the solid phase and overall profitecreate
local maxima. The solid and fluid phase profilegavelose to each other in M-C method
application. These profiles can be coupled to thataur graphs shown in Figure 5.33.
The sudden change in thgHg mass fractions contour graph was noticeable inabel
profiles presented in the Figure 5.36(a) for thkitdi approximation method, and the
moderate change in the M-C method contour graph pvedictable from the radial

profiles shown in Figure 5.36(b).
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Figure 5.37 Radial H mass fraction profiles for PDH with (a) the dilute

approximation, and (b) M-C method simulations.
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The hydrogen mass fraction profiles are presemtdedgure 5.37. Similar observations
were made as for the propane mass fraction prpfiled closer fluid and solid region
profiles were seen in the M-C method results. Ageeted, there was a relation between
the hydrogen contour graph and mass fraction go8hown in Figures 5.34 and 5.37(b).

The effectiveness factor: For dilute approximation method and M-C methaglittes,
the effectiveness factors were calculated for frpdrticle 2) and back (particle 12)
particles.

The dilute approximation

-3 -3
particle- 2 = %4,,103 =0.2410 hrparticle— 12 = %9’,103 =0.2900
4.8643¢" 1C 4.2317¢ 1C
M-C method
-3 -3
particle- 2 = %,7:103 = 06910 hrparticle— 12 = %6:103 = 07885
2.7444: 10 2.6687¢ 1C

The higher effectiveness factors were obtained WiehM-C method results than the
dilute approximation method by almost a factor @&. Z'he effectiveness factor values
can be coupled to the intra-particle contours aalhi profile observations.

To understand the reason of having different effeoess factors with dilute
approximation and M-C method, the relative sizethef molecules must be considered.
The GHg and GHg molecules are alike each other, and much biggen tine H
molecule (almost 9 times in molecular volumes). réfme, the GHg/H, and GHe/H»
binary diffusivity values are much bigger than tGeHs/C3Hs one. Note that, for the
dilute approximation, the effective diffusivitiesrea calculated by considering the
molecular and Knudsen diffusivities. So, in dilafgproximation case, Knudsen diffusion
dominates the effective diffusivity calculationsowkever, for the M-C method, the
effective diffusivities are calculated utilizing ethbinary diffusivities where molecular
difference plays an important role. Therefore, tadculated effective diffusivities for

dilute approximation method are order of magnitadwller than the ones calculated by
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FLUENT with only binary diffusivities as given inable 5.2. As a result of this

difference, higher particle effectiveness for M-@thod was obtained.

Table 5.2 Effective diffusivities used in differerdses (ifis)

Dilute approximation M-C

Dy o 4.2x10° 8.2x10°
Deyr o 3.7x10° 5.0x10°
D, . 1.9x10° 2.9x10*

Since the species molecular sizes are comparab&adh other for MSR reaction
compounds, there were no differences observed betwbe results of different
diffusivity settings, and therefore only dilute appimation results were shown in the
previous section.

As expressed in the PDH reaction introduction give@hapter 1, and in the literature
overview in Chapter 2, this reaction has been mastestigated with the coke formation
in modeling studies regarding different reactoreyghan the one used here to increase
the yield and conversion. On the other hand, tstion has been known with the high
effectiveness factor, or with the high particleinatt (Jackson and Stitt, 2004), and this
was the main reason that we have considered thddioa in our study to implement our
diffusion/reaction application to a different adtyv level reaction than the MSR.
Although we have not considered different featwkthis reaction as described above,
based on our observations the M-C method may bsidered as more suitable selection

for diffusive flux modeling in the PDH reaction.
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5.5 Conclusions

The diffusion/reaction implementation method hafrbepplied to two different
reactions, MSR and PDH, and two different geomalrinodels with full and 4-hole
cylinders packings.

The MSR reaction application results showed stroegpperature gradients and
induced species fields within the wall particles:o8g diffusion limitations affected the
temperature and species parameters to create numetyic and non-uniform fields. All
these observations were contrary to the converti@saumptions used in reactor
modeling. Based on our observations the usage mfetgional modeling methods may
result in mis-evaluations of reaction rates, artanately the design considerations may
be affected such as the mis-prediction of the tivies.

The PDH reaction was considered to study the ticraowith lower diffusion
limitations. Based on the different diffusion coefnt settings, different particle activity
levels, or effectiveness factors were obtained.aR#gg the larger molecular sizes of
propane and propene as compared to hydrogen, dhsticediffusion modeling would be
achieved by the multi-component method where theceée diffusivities calculated by

the binary diffusion coefficients.



6. Pseudo-continuum Modeling

The representative reactor models with valid patarsecan be invaluable tools for the
decision making processes during the design ancatpe. In real world problems, on
the other hand, the time constraints and econoagts fforce some compromise with
ideal models to establish the suitable procedureesign and operation. Therefore up to
the present, several types of models have beenlapeek to satisfy the operating
conditions as summarized in Chapter 1.

In reality the fixed bed reactor character is hmeneous, regarding the fluid flow
between the catalysts, the transport processesébetthe fluid and catalyst, and reaction
taking place on the catalyst pores. The major fisun the axial direction, and energy
flow can be in both axial and radial directionstwihe influence of wall heat transfer
(Rase, 1990). However, due to the mentioned canttrao minimize these complexities,
simplified models such as pseudo-continuum (P-Cdetsohave been used. Basic reactor
simplifications, besides the presented pellet behaa Figure 5.1, may be additionally

illustrated in Figure 6.1 for endothermic condison

product

reactant

Figure 6.1 Basic reactor simplifications for thedethermic conditions (Re-produced
from Rase, 1990).
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As presented in the sketch, endothermic reacti@t iseremoved at the center of the
tube, which means that the radial gradient of teatpee mostly exists on the tube wall.
Because of this gradient, concentration gradietitsaiso occur.

The fluid behavior is usually considered with a ft@nt superficial velocity, or with
some general smooth shape radial velocity prothesugh the packed bed. For large N
(tube-to-particle diameter ratio) tubes, the deerafrom a constant velocity is confined
to only a small fraction of the cross-section adpcto the tube wall. Whereas, for the
low N tubes, a substantial portion of the crossigecis affected by the wall. A
representative plot is shown in Figure 6.2 regaydire flat, correlation based, and DPM

results based radial profiles of axial velocities.
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Figure 6.2 Radial profiles of dimensionless axieloeities for flat, correlation based,

and DPM results based settings.

The correlation-based smooth curve was obtained ffeotsas and Schlunder (1988)
for which the details are given in Appendix 7(a)deDPM results were from our CFD

simulation of full cylinders packing WS model. Atugh the flat and the smooth curve
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velocity profiles cannot exist with the presenceedlistic packing, especially for the low
N tubes, the influence of the wall region is thauth be lumped into the parameters
applicable for heat and mass transfer as a comraitapproach. Therefore with these
lumped parameters, the near-wall effects are aitmewt to be ignored by the selection
of either flat or smooth curve profiles.

Our aim here was to create a best P-C model wihaibpropriate parameters or
correlations to obtain the profiles of the paramsgtand compare the energy and species
simulation results with previously obtained 3D DF&&ults by CFD as given in Chapter
5.

6.1 Model development

The P-C models are basically represented by 2Diapatifferential equations as
summarized in Chapter 1, and numerical methodsusexl to reach the solution.
Therefore, researchers mostly create codes inreiffgorogramming languages to solve
these 2D equations.

Since our aim was to establish a comparative sttty 3D DPM simulation results,
we did not want to introduce scaling problems witle utilization of 2D P-C model.
Therefore we have generated a 3D model by GAMBI$hasvn in Figure 6.3(a) as a P-C
model with just fluid phase as in the conventioapproach. The 10 layers of prism
structure were implemented on the tube wall with same features as applied in WS
models. The outside of the prism region was mestitdtetrahedral UNS grid elements
of 0.000762 m size. Total model size was 350,008.c€he mesh structure is shown
with an enlarged view of an arbitrary section igufe 6.3(b) for the top surface.

The *“velocity inlet” boundary condition was selettéor the bottom surface, and
“outflow” condition was applied for the top to emeumass conservation without any
additional operating condition setting (i.e. tengtere and composition) for the outlet. As

in the WS models, the side walls were set as synunet
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The energy and species simulations were perforngdeLENT 6.2.16 with the pre-
defined velocity profile. For a flat profile, as iigure 6.2, the constant superficial
velocity was defined for all the computational selFor the radial position dependent
curves, shown in Figure 6.2 as smooth curve and DPier-defined code was prepared
to express the correlation or radial-position-dejgen velocity function, and defined
within each computational cell by just one momentitenation. The reason for that
iteration was not to solve the flow, but to propaghe radial position dependence of the

local superficial velocities on each cell.

“Fluid”

T

Flow direction

@) (b)
Figure 6.3 3D P-C model (a) general view, and (b¥mstructure.

Except for the thermal conductivity, the same flpidperties and reactor operating
conditions were used as given in Table 3.1. Forthleemal conductivity we have either

used a constant effective valug)kor a radial k profile.

6.2 Thermal conductivity determination

In order to obtain the most appropriate P-C madiéfierent correlations were selected

from literature to calculate and define differentemating conditions and effective
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transport parameters. For thg #etermination, a separate study was carried oerevh
only wall heat transfer was considered, and thainbt radial temperature profiles with
different velocity settings were compared to thevDiesults

Case-1: The first case was to consider the constapv&ue for entire domain. To
calculate alternative ck values, the prediction methods defined by Dixomx¢pb and
Cresswell, 1979; Dixon, 1988), and Bauer and Sadur§1978a, 1978b) were utilized.
The details of correlations are given in Append(k)7 Similar values were calculated
with the both methods as 87.4 w/m-K from Dixon, é8®0 w/m-K from Bauer and
Schlunder.

The temperature profile was obtained utilizing fte velocity profile as shown in
Figure 6.2, and Dixon’s correlation result for tae Figure 6.4 represents the comparison
of this temperature profile with the DPM result. éan be seen, the Case-1 temperatures
in the core of the bed were in quite good agreenvein¢reas at the near wall region, the
DPM predictions were not captured by the constansdtting. Obviously, the near wall
heat transfer phenomenon was not defined in therRe@el with the constant velocity

and thermal conductivity settings.
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Figure 6.4 Radial temperature profiles based on DEadse-1, and Case-2 results.
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Case-2:To be able to capture the near wall heat traqgienomenon, a smooth curve
velocity profile, shown in Figure 6.2, was utilizetstead of using flat velocity profile.
This application was carried out by a user-definede, as given in Appendix 7(a). The
resulting temperature profile was also shown irufegs.4, and apparently no significant
improvement was observed. From Case-1 and Cassdflsiealthough the smooth curve
velocity profile provided a viscous damping neaeg tisall, the limiting factor seemed to
be the k; setting.

Case-3:Instead of using the constani; kalue, the Winterberg and Tsotsas (2000)
correlation was utilized to obtain the effectiverttmal conductivity curve. The details of
the correlation and the prepared user-defined tmdefine the correlation into FLUENT
are given in Appendix 7(b). Authors considered pawameters, the slope parameter K
and the damping parametep,Kn their expressions which are not a priori fixdot
subject to determination by comparison of the tssabtained by this correlation and
available experimental data. It was additionallyedothat, different pairs of Kand K
may be almost equally successful in describingstimae experimental data. Therefore we
have considered three different pairs afadd K, and the results are shown in Figure 6.5
along with the DPM results. The results obtainethwhe pair (b) captured the fluid
temperature adjacent to the tube wall, howeveag wot successful at the dimensionless
radial position of 0.900 «/r; < 0.998. The pair (c) and DPM results were mostly
agreement, however, near wall effects could notphleticted in spite of the slight
improvement as compared to Case-1 and Case-2 rahregion results. The results
obtained by pair (a) were in between the otherspair

Generally, the benefit of the effective thermal aoctivity correlation was seen with
this application. We have better results than tbestant k setting, at the near wall
region, and the core of the tube modeled well, xaeeted and observed in the other

cases.
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The sudden temperature increase in the near vwatiref DPM must be related to the
boundary layer resolution, which must be coupledh® sudden damping in the DPM
velocity profile at that region as shown in Fig@é.2. Therefore, the next step would be

the consideration of DPM velocity profile.
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Figure 6.5 Radial temperature profiles based on D&M Case-3 results.

Case-4:The DPM velocity profile was exactly reproduced gntynomial functions,
and set into FLUENT by a user-defined code whicgiven in Appendix 7(a). Similarly,
three different pairs of Kand K, were considered, and the obtained temperaturdgsof
are shown in Figure 6.6.

The results obtained by the pair (b) captured lind temperature adjacent to the tube
wall, and better temperature values were seem@00sr/r; < 0.998, as compared to the
Case-3. The maximum deviation was less than 40edsgatr/r; = 0.997. On the other
hand, pair (c) captured the near wall temperatueeg well up tor/r; = 0.997. However,

atr/r = 0.999, 80 degrees difference was observed Ww&DiPM results. Pair (a) can be
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considered as one of the optimum profiles to coregenfor the deviations mentioned for
pairs (b) and (c).

Additionally, atr/r; = 0.9, a slight disagreement was noticed betweerbPM and all
the pair results. In spite of that, the most repméstive temperature profiles were

obtained utilizing the DPM-fitted velocity profilend the k; profile.
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Figure 6.6 Radial temperature profiles based on D&M Case-4 results.

6.3 P-C modeling for MSR reaction

The MSR reaction was introduced in P-C modelindnwaisimilar user-defined code as
was utilized in DPM simulations with source/sinkeymis to express the effects of
reaction on temperature and species quantitiesinipertant difference in P-C modeling
was that these source/sinks terms were considerethé entire fluid domain and the
calculations incorporated the pseudo-solid phasthéyed voidage term,{4r)], in the

source/sinks terms as expressed below for the gaedyspecies balance equations:
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The right hand side of the equations (6.1) and) (6.the source/sinks term which was
defined by a user-defined code. Additionally we éawtroduced another term,
effectiveness factorfs, in our P-C model to express the diffusion limdas. As a
reminder, from DPM simulations we have obtaineded#nt effectiveness factor values
for front (humber 2) and back (number 12) partickes well as the effectiveness factor
profile as shown in Figure 5.18. We have usedha#id of them separately in this part of
the work to make a comparison.

The effective diffusivity Der) values were calculated form correlations providgd
Specchia et al. (1980), Bauer and Schlunder (198&3b), and Rase (1990), and found
to be 0.002150, 0.005659, and 0.00748%smespectively. Details of these correlations
are provided in Appendix 7(c). The results were sighificantly affected when these
different values were used as effective diffusestin P-C modeling.

In general, the main modeling parameters can baidered as velocity, effective
thermal conductivity, effective diffusivity, bed Mage, and effectiveness factor. Either
constant values or spatial functional terms arbzatl for these parameters. Since we
have previously investigated the velocity andparameters, a further consideration was
carried out for the effectiveness factor and bedlage in this section. The energy and
species solutions were reached with the residualthé order of 18 within a few
iterations (~20).

The effectiveness factor investigationAlthough the most suitable velocity ang k
settings were already seen in the previous secésrthe basic application in the P-C
modeling, a flat velocity profile, constant effe®ti parameters and bed voidage were
utilized in this investigation. Foregk the value obtained from Dixon correlation, foe th

bed voidage the value of WS model with full cylingl@packing, and for the the one
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obtained by Bauer and Schlunder correlation wetzed. As a result of the energy and
species simulations, the obtained overall heatkeptalues (Q), tube wall temperatures
(TWT) and methane conversionsda%) are given in Table 6.1 with the DPM results to
make a comparison. Equation (2.2) was used foXtha calculations. The temperature

and, methane and hydrogen mass fraction profiep@sented in Figure 6.7.

Table 6.1 P-C modeling results for different effeebess factors, and DPM results.

h-front particle h-back particle h-profile DPM
Q [w] 214.5 288.5 215.0 253.2
TWT [K] 836.2 835.6 836.4 1004.8
Xcha [%0] 0.356 0.488 0.354 0.530

The DPM TWT value was not reached by any P-C madeh consequence of flat
effective thermal conductivity and axial velocityofiles. Although the overall heat
uptake value of DPM was not reproduced, comparaalees of Q were obtained with
different effectiveness factor settings. If we camgthe front and back particle results,
we see a reduced heat uptake as a result of levfrent particle. This can be explained
with the influence of the reduced effectivenessdiaon the RHS of the equation (6.1).
The higher diffusion barrier due to the lowerreduces the reaction heat effect, and
therefore less heat is transferred into the psguditioned particles to establish the
energy balance. The-profile heat uptake value was quite similar to lh&ont particle
value, although the profile was obtained considgtioth the front and back particle
reaction rates. Figure 5.18 shows the possibleoredsr this observation. At the
dimensionless radial position of 0.&b5r/r; £ 1.00, the local effectiveness factors were
lower than the front particle values, as noted entisn 5.3.1.2. Because of this, the
reaction heat effects were reduced as compardtetortes obtained by the constant front
and back particle effectiveness factor settingthat particular position. Therefore, as a

result of the contribution of the reduced heatatffen that region to the total heat uptake,
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the higher heat effects due to thdack particle were lost with the utilization ofeth-
profile, which resulted in very similar heat uptakalues with theh-front particle
simulation.

The DPM heat uptake value, which was found to bbeitween the front and back
particle results, could not be obtained by therofile setting, although the near wall
particle effectiveness was defined by that profileis situation might be understood well
when the tube wall temperatures were compared. dDbly, the near wall temperature
field of DPM was not reproduced by any effectivenéactor setting as a result of not
using the suitable effective thermal conductivitjhe temperature profiles shown in
Figure 6.7(a) represent this situation. Actuallyithwthe parameters used in this
investigation, the entire DPM radial temperaturefipg was not obtained. We have
selected the basic, and frequently addressed P-d&ling parameters, and it was clear
that, the DPM and P-C predictions were not in aged.

Although the reactor models that we have been derisig in our studies are too short
in length to obtain a comparable conversion valuth \&ny experimental or industrial
data, we have utilized the methane conversion ashan control parameter for P-C
model testing. It was observed that the conversibtained with theh-back particle
simulation was the closest one to the DPM resuilis 8% deviation.

Figures 6.7(b) and (c) represent the P-C modedésglts of CH and H mass fractions
respectively. The DPM profiles shown in the figusere only the bulk fluid mass
fractions, as previously shown in Figure 5.14 watverall and porous pellet profiles.
Since the P-C model essentially considers onlyflilnd region, the overall or porous
pellet profiles were not the appropriate parametersiake a suitable comparison. The
mass fraction profiles obtained from the P-C modéth different effectiveness factors
were not in agreement with the DPM profiles, anglyttvere almost constant. The lower
CH,4 and higher H mass fractions were noticed for theback particle simulations as
compared to thenh-front particle andh-profile results, as a consequence of higher

effectiveness value.
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Figure 6.7 The radial profiles of (a) static tengtere, (b) CH mass fraction, and (c)

H, mass fraction obtained by the P-C model with défifie effectiveness factor settings.
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By this investigation, different effectiveness farst were compared to each other and
to DPM results while considering constant effectpagameters. As a next step, the bed
voidage correlations were considered to createargufiles instead of using constant
values.

The bed voidage parameter investigationThe same velocity, thermal conductivity
and effective diffusivity values were utilized asfdwre. Theh-profile was applied to
define the diffusion limitations. The bed voidagerelations provided by Winterberg and
Tsotsas (2000) and Bey and Eigenberger (2001) wensidered. In addition to these
correlations, the DPM bed voidage profile was redpced by fitted polynomial
functions and applied by a user-define code in® FRC model. The details of the
correlations and the code are given in Appendi®.7[tie obtained voidage profiles are
shown in Figure 6.8. The DPM profile presentedhie figure is the one obtained from

WS model, and the reproduced one by the polynoimieitions was exactly the same.

N |
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Figure 6.8 Radial bed voidage profiles obtainedheycorrelations, and from DPM.

As can be seen from the above figure, none of theelations created a representative
bed voidage profile. Both of them created flat pesfat the core and, an increasing trend

at the wall region. The Winterberg and Tsotsas (W&drrelation estimated very low
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maxima near the wall as compared to the DPM bedaga. The Bey and Eigenberger
(B-E) correlation captured the full void region nehe wall, but a steep decrease was
observed for the latter part. Actually, the B-E retation consists of two different
expressions for the wall and the core regions. Gdgk voidage value at the center of the
model can be set to a higher value than the minipwinich occurs radially almost at the
half of the bed. By doing that, a sinusoidal cumaild be obtained in the core of the bed,
However, as can be seen in Figure 6.8, the minimaccars at the core of the bed, not at
r/ry 0.65 in DPM. Therefore, the core and the halfhef bed voidage values were kept
the same, which created a flat profile in the core.

The P-C model results with these three differemt b@dage settings were compared
to the DPM results in Table 6.2 for Q, TWT, anghXvalues, and in Figure 6.9 for radial

temperature and species profiles.

Table 6.2 P-C modeling results for different bedages, and DPM results.

Winterberg & Bey & DPM-fitted DPM
Tsotsas Eigenberger
Q [w] 274.0 329.7 221.9 253.2
TWT [K] 835.9 835.8 836.4 1004.8
Xcha [%0] 0.450 0.523 0.360 0.530

The heat uptake result obtained by the P-C mod#d WI-T correlation was lower
than the one obtained by B-E correlation. The higlmdage profile obtained by W-T
correlation in the core of the bed had an inducgffect on the right hand side of the
equation (6.1), which reduced the magnitude ofsihierce term. As a result of that, the
reaction heat effects were reduced, and lower Qevals reached by W-T correlation.

W-T and B-E correlation models predicted 8% an%h30ore heat uptake values than

the DPM result respectively, whereas the value iobth by the DPM-fitted voidage
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profile was lower than the DPM value by 12%. On titeer hand, B-E correlation

predicted the closest methane conversion valuest®PM result.
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Figure 6.9 The radial profiles of (a) static tengtere, (b) CH mass fraction, and (c)
H, mass fraction obtained by the P-C model with d#fifé bed voidage settings.
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The TWT values and temperature profiles were difierfrom the DPM results, as
observed before.

There were slight effects of the B-E correlationtbe methane and hydrogen mass
fraction profiles as shown in Figure 6.9 (b) andgspecially at the near wall region as a
result of the sharp damping created there. Sineengmar wall bed voidage was not
pronounced that much with W-T correlation, no digant variation was observed on the
related profiles. Although the strong S-shape pesfiwere not captured, the more
variation in the mass fraction profiles was searttie DPM-fitted model predictions.

At the end of the bed voidage parameter investigatthe DPM-fitted profile was
selected for the next stage where the most repisen P-C model was aimed to be
produced by considering the appropriate effecthverrhal conductivity and the DPM-
fitted parameters.

The P-C model with DPM-fitted parameters: To reproduce the averaged results of
the DPM, the DPM-fitted profiles were utilized fure parameters. Axial velocity and
bed voidage radial profiles were already obtaingalva from the DPM-fitted polynomial
functions. Additionally, the effective diffusivitprofile was created from the DPM as
shown in Figure 6.10 by taking the mass fractiomgived average of each species. The
blue line presented in Figure 6.10 was reprodugegaobynomial functions, and set to the
P-C model with a user-defined code, which is giveAppendix 7(c).

Previously obtained effectiveness factor profilg;profile, and the thermal
conductivity profile (Winterberg and Tsotsas, 200@®re utilized. Based on the three
different K; and K pairs, the obtained Q, TWT and:p4 values are given in Table 6.3
and, the temperature and methane and hydrogeregsrafie shown in Figure 6.11 with
the DPM results for comparison.

The heat uptake values of the P-C models were d¢toske DPM value with 7.5%
maximum deviation. The averaged TWT was exactlproguced by P-C (1) model

where the Q value was 5.3% lower than the DPM tesulorder to obtain a close Q
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value to the DPM result, the P-C (2) model was teckavith different K and K pairs,
which increased the TWT by 100 degrees. One cadwda that, when the DPM Q value
was asymptotically reached in the P-C model wiffetent K; and K values, the TWT
would exceed the DPM predictions by hundreds of@esgy Another parameter pair was
utilized to create the P-C (3) model, which preslitte lower TWT. Although the TWT
predictions were strongly affected by different &d K pairs, the least influence was

seen on the methane conversion predictions, andnde@mum deviation form DPM
prediction was found as 0.082%.
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Figure 6.10 The species and effective diffusivityfpes obtained from the DPM.

Table 6.3 P-C modeling results with DPM-fitted paeders, and DPM results.

P-C (1) P-C (2) P-C(3) | DPM
Q [w] 239.8 245.0 2341 | 253.2
TWT [K] 1004.3 1104.1 876.4 | 1004.8

Xcra [%0] 0.600 0.596 0612 0.530
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The temperature profiles, shown in Figure 6.11{are almost the same for all P-C
models, and were in good agreement with the DPMilprdhe near-wall deviation was
enlarged, and the well-established TWT result waditnally seen for P-C (1) in the
figure. The local deviation between the P-C (1) eiqatediction and the DPM profile at
0.996£ r/ri £ 0.999, was around 20 to 30 degrees, and this heabdst agreement for
near-wall performance among the all P-C modelsidensd so far. The over prediction
of the P-C (2) model, and the under predictionhef P-C (3) model was observed at the
near wall region which can be incorporated to tiéTTvalues.

Although the increase in TWT is related to theltbeat uptake, as creating a driving
force between the bulk fluid and the wall tempemduo increase the heat transfer rate
which ultimately increases the heat uptake as treduthe endothermicity, the higher
TWT values were not reflected by the heat uptakateé same order of magnitude. This
is because the local temperature deviation betweeiR-C models appears only at 0.996
£r/ri £ 1.000, and the same temperature field is preserhé rest.

The P-C model methane and hydrogen mass fractiofigx were no different than
each other, and in good agreement with the DPMilpso&s shown in Figure 6.11(b) and
(c). When the profiles obtained here were compaoethe other profiles presented in
Figures 6.7 and 6.9, a drastic difference can ke&eth The reason for capturing the
DPM prediction was because of considering the DRtdef effective diffusivity profile
instead of the flat profiles. The strong S-shap€ Rrodel mass fraction profiles were
departing from the DPM results at the core of tlkd.bAfter careful investigation, this
situation was understood as an artifact createtthdyower velocity field at the center of
the tube regarding the applied DPM-fitted axialoegy profile. In the DPM model, the
velocity profile was obtained considering the entiadial surface with both fluid and
solid regions, and lower bed voidage values weraiobd in the core of the bed as
presented in Figure 4.16(b) for the full cylind®*S model. Therefore, the contribution
of zero velocities from the solid region reduceé #weraged velocity value. In P-C

modeling when the DPM-fitted axial profile was apgl| the reduced velocity value at
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that radial position was literally considered awedocity field. So this results in the

reduced effect of the first term given in the leéind side of the equation (6.2), on the
species balance. Thus, the diffusive flux was thig effective term to balance the source
term. The lower bed voidage and higher effectiverfestors at the core of the bed
created a higher source term, and as a resulghehcomposition difference. For this
reason, the higher methane consumption, and higyenogen production were seen at
that radial position. Although the effective difiusy value at the core was an order of
magnitude higher than the one of the near walloregit was not enough to compensate

for the increase in the source term to keep thepositions unaffected.

6.4 Conclusions

The comparative study was carried out regardingpéeudo-continuum (P-C) and
discrete packing models (DPM). Different correlaiovere utilized in order to express
the velocity, thermal conductivity, bed voidagedadiffusion coefficients in the P-C
models either in the form of flat profiles (condtaalues) or in the form of expressions to
define the radial position dependence.

It was observed that the flat or correlation-bastective parameter profiles were not
enough to express the features of the DPM in teaihdeat uptakes, tube wall
temperatures, species conversions, and radial tamope and species profiles.

To create the most representative P-C model, tHd-Bfed parameters were utilized,
and comparable results were obtained to the DPMligirens. It was seen that the
temperature profiles were very much affected bywualecity and thermal conductivity
definitions. On the other hand, species profilesenggnificantly influenced by properly
defined effective diffusivity profiles.

The final conclusion would be that the pseudo-canim models cannot fully
reproduce the DPM results due to the complex madelcture which cannot be

represented by the correlations or DPM-fitted eggi@ns in a simplified model.



7. Conclusions and Recommendations

7.1 Conclusions

At the end of this written document, we can evauadr observations based on the
different phases of the research regarding the mpa@h that we had in our minds at the
beginning. Therefore, the interim conclusions reacht the end of the chapters will not
be repeated here, and the observations will beesgpd with a global point of view of
the research.

Our objective was to investigate the interactiotwleen the chemistry taking place in
the particle, and the transport processes surragniifor the low-N fixed bed tubes
utilizing the CFD. Regarding the consequences df neat transfer in low-N tubes that
have been expressed in the problem statement, ajgrgethe proper 3D geometry was
the first cornerstone of our work. For this reasem have validated our smaller size
geometry, which was selected due to the computatmmstraints.

The pseudo-continuum type of packed bed models a@toancount for the actual
environment for the reacting particles, and theesfalmost always symmetric and
sometimes uniform temperature and species disipibis assumed inside of the pellets.
In our work, utilizing the benefits of the CFD, th#fusion/reaction has been introduced
into the pellets within the realistic 3D reactonddions, and contrary to the conventional
approach, the non-symmetric and non-uniform inagiple temperature and species
variations have been obtained for the near waliges, and extensively investigated in
detail for the first time.

Furthermore, it has been shown that, the strong wedl gradients as observed by
discrete packing models, either approximating #ection heat effects or implementing
the diffusion/reaction into the catalyst particlesnnot be captured by the simplified

pseudo-continuum models.

189



Conclusions and Recommendations 190

The significance of our observations is that wifian of the conventional simplified
methodology will definitely lead to an incorrectadwation of the reaction rates, and
consequently the design considerations such as wabetemperature and pellet and
reactor dimensions.

The strong impact of our findings must be expected fundamental reaction
engineering by moving away from empiricism towaadsore rigorous treatment of the
pellet, and on the industry by preventing the tisbleire and obtaining improved reaction
conversion, thus having positive consequenceshfoptant safety and efficiency, and for
pollution prevention and sustainable engineerirgaréing the particular importance of

methane steam reforming on the hydrogen economy.

7.2 Recommendations

In this section, we will describe some of the resleareas either we have touched but
not completed, and thus have not discussed in @ia body of the text, or came to our
attention but they were either not part of the mdotus of this work or

time/computational resources were not availablpend more effort on them.

7.2.1 Particle orientation

Diffusion/reaction implementation was done on thecsfic WS model where the test
particle was located in 45 degree rotated form ecltus the tube wall. To answer the
guestion if the orientation of the test particleulb be important for the near wall
transport processes, we re-considered the preyimushted WS models with different
test particle orientations (Nijemeisland, 2002)hwinproved mesh structure on the wall-
fluid contact areas by prism layers. Additional&nother WS model was generated to
consider, in general all the possible basic patpthcements as presented in Figure 7.1.
The model numeration was started from two, regarttie model with 45 degree rotated

test particle as WS-1.
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Figure 7.1 Different WS models

We have obtained the preliminary results for WS-ddel, and surface and intra-

particle temperature variation is shown in Figui 7

Figure 7.2 The preliminary temperature contourtesf particle, model WS-4.
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We have observed similar hotter sections as sea®11 model test particle surface
at the closest section to the tube wall. Obviousig, flow convection, which takes place
between the pellet surface and the tube wall, eftethe particle surface temperature, and
this hotter section has occurred on the uppergidhe pellet.

The effectiveness factors were calculated for frant back particles, and less
effective particles were found than the WS-1 model:

h =0.06746 h =0.07560

front particle back particle
Keep in mind that the back particle orientationd\$-1 and WS-4 models were also
different. So, these preliminary results showed, ttiee particle orientation is important
for both front and back particles. Therefore, itvsrth to continue with WS-2 and WS-3
models to investigate up to what extent the modetarameters such as the tube wall

temperature and the particle effectiveness carifeeted.

7.2.2 Wall to wall contact points

As stated in the main body of this document befare have intentionally kept a gap
between the particle to particle, and the partioléube wall contacts, so as not to face
convergence problems due to skewed elements tloat @dth grid generation on these
contacts.

Previously, N = 2.43 tube with 10 spherical paesclvas modeled with contact points
(Logtenberg et al., 1999), and agreement betwesptipirical correlations was observed
in thermal conductivity predictions for high Reuils. In the later work (Nijemeisland and
Dixon, 2001), for N = 2 tube with 44 spheres, tpbesical particle contact points were
modeled with a “near-miss” approach where as adtep, touching particles were placed
and then the model was finalized by reducing td@imeters 99-99.5% while keeping the
same particle central coordinates to allow a gdpdsen them. Based on the experiences

of that work, the spherical packing WS model wasated with 99.5% reduction.
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Recently, the 0.5% overlapping spherical partidergetry was introduced (Guardo et al.,
2006) without any meshing detail to prevent thevengence problems.

As a preliminary study, 99.8% reduced and 0.5% lapping particles were created
for spherical packing WS model with GAMBIT 2.2.3fhd many skewed cells obtained
especially for the overlapping case with UNS tetdrhal elements. Figure 7.3 presents the

mid point-view of the models where particles arécwored. The 99.5% reduced particle

case is also shown for comparison.

Figure 7.3 The mid-plane views of spherical packil® models with 99.5% and

99.8% reduced, and 0.05% increased size.

The overall bed voidages of these models are 0.frAK'S-995, 0.4062 for WS-998,
and 0.3915 for WS+005. Based on our previous egpees, the momentum convergence
can be achieved with very low URF’s for the modeith highly skewed cells. Thus, we
have obtained the pressure drop values of WS-988/48+005 models with the same
operating conditions as stated before, and noredlmmsed on WS-995 model value:

DP/Lys o5 =1.160 (Pa/m)/(Pa/m) DP/Lyg, =1.740 (Pa/m)/(Pa/m)
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As can be noticed there was a dramatic differencehie overlapping model pressure
drop value. Therefore, further investigation wothlave been performed to include the
heat and mass transfer. However, the unreasonatvipetrature or species values that
were calculated and stored for the skewed celks tduheir skewness of course, created a
disastrous convergence problem.

We have not gone through these problems in the maaly of the text, because our
main interest was on the cylindrical packings, #mete was not a convergence problem
since cylindrical particles were not touching eatther or the tube wall.

To solve the touching particle problem a better hmissnecessary, with suitable cell
structure, and significant time has to be spentréate the model. Recently FLUENT
announced that the version 6.3 has an additioaslife that polyhedral cell elements can
be used, which may reduce the skewness problemotitatrs by tetrahedral cells. The
utilization of version 6.3 would be a reasonabbatstg point to approach the problem,
and the latest version of FLUENT became availableur institution couple of months
ago.

Once the touching/overlapping particle models areated with spherical and
cylindrical packings, the diffusion/reaction modejican be performed to investigate the
near wall gradients for the situation where theilelve no gap between the tube wall and

the particles.

7.2.3 Catalyst deactivation modeling

One of the important phenomena in catalytic reastics the catalyst deactivation
which occurs on all catalysts either gradually astf Among the deactivation processes,
carbon formation, or fouling, is the frequentlyddcproblem in many reactions including
methane steam reforming and propane dehydrogenakonling is the physically
covering of active sites and/or the entire surfateghe support, by carbonaceous or
inorganic deposits. Severe fouling can lead to pmugging which cuts off access to

active regions and causes loss in activity. Mo@efatiling causes a steady but slower
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decline in activity that can reach a rather steady acceptable level for long-term
operation (Rase, 1990).

For propane dehydrogenation, carbon formation aceary fast, and therefore it has
been considered with the main reaction all the tifrechnically, a carbon formation is
another reaction or reactions which can be expdessth separate reaction rates. The
following reaction is known as the main carbon fatibn reaction in the propane
dehydrogenation:

C,H; ® 3C+4H, (7.1)

The rate equation for the carbon formation mayXmessed as:

dC.

_dt = ré)F c ( 7.2 )

where ris the initial coking rate (fresh catalyst), afd. is an activity factor as most

frequently expressed:
F . =exptaxC.) (7.3)

wherea is the deactivation parameter which was founddaakfunction of temperature
(Jackson and Stitt, 2004).

To model the deactivation, the catalyst activity stnbbe related to the coke
accumulation which may be obtained by integrating e€quation (7.2) with a suitable
initial coking rate expression. The deactivationdelacan be coupled to the main reaction
model and implemented into the pellet by a useinddf code. By this way, the overall
reaction conversion and selectivity, and tempeeati&pendence of the carbon deposition

could be investigated in detail regarding the biesmef CFD.



Nomenclature

pellet surface area per reactor volume
concentration

fluid heat capacity

pellet diameter

particle diameter equivalent to sphere volume
tube diameter

effective diffusivity of species A in mixture

effective diffusivity

molecular diffusivity

Knudsen diffusivity

energy

gravitational acceleration

mass flow rate of the fluid

heat transfer coefficient

mass transfer coefficient

reaction rate constant of reaction i
adsorption coefficient of species A
equilibrium constant of component |
particle length

molecular weight of A

tube to particle diameter ratio
static pressure

partial pressure of component |
wall heat flux

heat
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gl
[kmol/r
[J/kg-K]
[m]
[m]
[m]

fifs]

[nf/s]
[M/s]
[rfs]
[J]

[nls
[kg/fms]
[W/m-K]

[m/s]

[kmol/kg s&Pd]

[kBa
[Kipa

[m]
[kg/kmol]

[-]
[kPa]
[kPa]

[W/nd]
[W]
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I cut-off ratio

o particle radius

I reaction rate (i=1,2,...), MSR

ri reaction rate (i=1,2,...), PDH

It tube radius

R gas constant

S arc length

Sm source term

T temperature

u,v,w velocity components

U overall heat transfer coefficient
u* dimensionless velocity, wall function unit
V, axial velocity

Vo superficial velocity

X, Y, Z cartesian coordinates

Xa conversion of component A

y' dimensionless distance, wall function unit
Yi mass fraction of i

Z height

Greek symbols

a under relaxation factor

ajj stoichiometric coefficient
bed voidage

e turbulence dissipation

& porosity of the particle

[-]
[m]
[kmol/kg cat-s]
[kmolfns]
[m]
8.314 [J/mol-K]
[m]
[.../7h
[K]
[m/s]
[W/m-K]
[-]

[m/s]

[]
[]
[-]
[J/s]
[]
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turbulent kinetic energy
effectiveness factor

viscosity

3. 3 > X

turbulent viscosity

=

density

tortuosity factor

viscous stress tensor

under relaxation factor

X radial coordinate in the catalyst (r/rp)
H enthalpy of the reaction

P/L pressure gradient

Tw temperature drop across the wall

Dimensionless numbers

hd

Nusselt Number Nu=—2"

f

chdp
Peclet Number Pe=

f

cn
Prandtl Number Pr= kp
f

rvd

p
m

Reynolds NumberRe =

Abbreviations

[J]
[]
[Pas]
[Pa]
[kg/m?]
[-]

[N
[-]

[-]
[kd/mol]
[Pa/m]

[K]
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B-E
CFD
CwW
DPM
EWT
FD
FE
FV
GHSV
GSA
M-C
MRI
MSR
P-C
PDH
RNG
UDMI
UNS
URF
TWT
WGSR
W-T

Bey and Eigenberger
Computational Fluid Dynamics
Complete Wall

Discrete Packing Model
Enhanced Wall Treatment
Finite Difference

Finite Element

Finite Volume

Gas Hourly Space Velocity
Geometric Surface Area
Multicomponent

Magnetic Resonance Imaging
Methane Steam Reforming
Pseudo-continuum
Propane Dehydrogenation
Renormalization Group
User-defined Memory Index
Unstructured

Under Relaxation Factor
Tube Wall Temperature
Water Gas Shift Reaction

Winterberg and Tsotsas
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Appendix 1: Particle placements of WS model

Table A.1 Placement of the particles in WS models

Particle Placement ste|
1 R +45 +X
T -1.45 +X
R +40 +z
2 R -45 +X
T -1.45 +X
T +1 +z
R +20 +z
3 Cl1
T +2 +z
4 R +5 +X
T -1.48 +X
R -9 +z
5 C4
T +2 +z
6 R +90 +y
T -1.42 +y
R +5 +z
7 C6
T +2 +z
8 R +90 +X
T -1.42 +y
T +1 +z
R -17.5 +z
9 R +45 +X
T -1.45 +X
T -1 +z
R -40 +z
10 R -45 +y
T -0.25 +X
11 c10
T +2 +z
12 R +90 +X
T +1 +z
T -0.35 +y
T +0.2 +X

R=rotate, T=translate, C=copy

Rotations are in degrees, translations in inchased on a 1 inch diameter, 1 inch height particle.
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Appendix 2: Particle placements of CW model

Table A.2 Placement of the particles in the CW nhadaddition to 11 WS particles.

Particle Placement ste
12’ c12
T +0.19 +y
13 c2
R +105 +z
T -0.005 +z
14 R +29.8 +X
T +1.45 +X
R 31 +z
15 c14
T +2 +z
16 cs
R +106.8 +z
R +10 +y
T 0.3 +X
T +0.26 +z
T -0.05 +y
17 Cc16
R +10 +z
T -0.09 +X
T +0.21 +y
T -1.01 +z
18 c17
T +2 +z
19 R +30 +X
T +1.45 +X
R +44.7 +z
T +1.02 +z
20 cs
R +199 +z
T +0.03 +X
T -0.25 +y
T +0.05 +z
R +5 +X
21 R -44,999 +X
T -1.45 +X
R 58 +z
22 c21
T +2 +z
23 R +99.6 +z
T +0.055 +z
R +2 +X
24 c23
T +2 +z
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Appendix 3: User-defined codes

(a) for the verification of the active region seldgton

Particle 2 of 4-hole cylinders model with 3% attfivas an example:

#include "udf.h"

DEFINE_ON_DEMAND(verif_2)
{
Domain *d;
int ID = 10;
real cyl_rad, midpellet_dist, p_dist, axis_dist;
real rc, xc, yc, zc, de, a, b, cc, den, xt, {ftxPND_ND], delta, rh, rhc;
real xc_hl, yc_hl, zc_h1, xc_h2,yc _h2, zc_h2hgyc h3, zc_h3;
real xt_hl, yt hl, zt hl, xt h2, yt h2, zt h2h8, yt h3, zt h3;
reala hl,b hl,c hl,a h2,b h2,c h2,a &,k h3;
real p_dist_h1, p_dist_h2, p_dist_h3, axis_dikt axis_dist_h2, axis_dist_h3;
real xt_h4, yt h4, zt hd, xc_h4,yc_h4, zc hhdab h4, c_h4, p_dist_h4, axis_dist_h4;

Thread *t;
cell tc;

d = Get_Domain(1);
t = Lookup_Thread(d, ID);

begin_c_loop(c,t)

{
C_CENTROID(x,c,t);

xc = -1.36*0.0254,
yc = -0.496*0.0254;
zc = 1.04*0.0254;

xt = -1.484*0.0254;
yt =-0.163*0.0254;
zt = 1.394*0.0254,

a = Xt-xc;
b = yt-yc;
cc = zt-zc;

xc_h1l =-1.118*0.0254;
yc_h1 = -0.407*0.0254;
zc_hl = 1.04*0.0254;

xt_h1l =-1.239*0.0254;
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yt_h1l =-0.075*0.0254;
zt_hl =1.394*0.0254;

a _hl=xt hl-xc_hi;
b_hl=yt hl-yc hi;
c_hl =1zt hl-zc hi;

xc_h2 =-1.425*0.0254;
yc_h2 =-0.323*0.0254;
zc_h2 = 0.856*0.0254;

xt_h2 =-1.546*0.0254;
yt_h2 = 0.009*0.0254;
zt_h2 =1.21*0.0254;

a _h2 =xt h2-xc_h2;
b_h2 =yt h2-yc h2;
c_h2 =zt h2-zc_h2;

xc_h3 =-1.607*0.0254;
yc_h3 = -0.585*0.0254;
zc_h3 = 1.04*0.0254;

xt_h3 =-1.728*0.0254;
yt_h3 =-0.253*0.0254;
zt_h3 =1.394*0.0254;

a_h3 =xt h3-xc_h3;
b_h3 =yt h3-yc h3;
c_h3 =zt h3-zc_h3;

xc_h4 = -1.3*0.0254;
yc_h4 = -0.669*0.0254;
zc_h4 = 1.224*0.0254;

xt_h4 =-1.421*0.0254;
yt_h4 =-0.336*0.0254;
zt_h4 =-1.497*0.0254;

a_h4 =xt_h4-xc_h4;
b_h4 =yt h4-yc _h4;
c_h4 =zt h4-zc_h4;

cyl_rad = 0.5*0.0254;
rc = cut*cyl_rad,;
rh = 0.1434*0.0254;

delta = (1-cut)*cyl_rad;
rhc = rh+delta;

den = a*a+b*b+cc*cc;
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de = -a*xc-b*yc-cc*zc;
midpellet_dist = fabs((a*x[0]+b*x[1]+cc*x[2Jde)/sqrt(den));

p_dist = sqrt((x[0]-xc)*(x[0]-xc)+(x[1]-yc)*X[1]-yc) +(x[2]-zc)*(x[2]-zc));
axis_dist = sqrt((p_dist*p_dist)-(midpelletsiimidpellet_dist));

p_dist_h1 = sqrt((x[0]-xc_h1)*(x[0]-xc_h1)H{®4-yc_h1)*(x[1]-yc_h1)+(x[2]-zc_h1)*(x[2]-
zc_h1));
axis_dist_h1 = sqrt((p_dist_h1*p_dist_h1)dpellet_dist*midpellet_dist));

p_dist_h2 = sqgrt((x[0]-xc_h2)*(x[0]-xc_h2)H{{4-yc_h2)*(x[1]-yc_h2)+(x[2]-zc_h2)*(x[2]-
zc_h2));
axis_dist_h2 = sqrt((p_dist_h2*p_dist_h2)dqpellet_dist*midpellet_dist));

p_dist_h3 = sqrt((x[0]-xc_h3)*(x[0]-xc_h3)H{®4-yc_h3)*(x[1]-yc_h3)+(x[2]-zc_h3)*(x[2]-
zc_h3));
axis_dist_h3 = sqrt((p_dist_h3*p_dist_h3){pellet_dist*midpellet_dist));

p_dist_h4 = sqrt((x[0]-xc_h4)*(x[0]-xc_h4)H{®4-yc_h4)*(x[1]-yc_h4)+(x[2]-zc_h4)*(x[2]-
zc_h4));
axis_dist_h4 = sqrt((p_dist_h4*p_dist_h4)dqpellet_dist*midpellet_dist));

if (midpellet_dist < rc && axis_dist < rc &&xis_dist_h1l > rhc && axis_dist_h2 > rhc &&
axis_dist_h3 > rhc && axis_dist_h4 > rhc)
C_UDMI(c,t,0)=0.0;
else
C_UDMI(c,t,0)=1.0;

end_c_loop(c,t)
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(b) for the application of reaction heat effects aproximation

Particle 2 of 4-hole cylinders model, as an exampl

#include "udf.h"

#define rgas 0.0083144
#define rhos 1947.0
#define delhco -140.0
#define delhh -93.4
#define delhh20 15.9
#define E1 209.2

#define E2 15.4

#define E3 109.4

#define Al 5.922e8
#define A2 6.028e-4
#define A3 1.093e3
#define delHr1 -206100000.0
#define delHr2 41150000.0
#define delHr3 -165000000.0
#define AKco 5.127e-13
#define AKh 5.68e-10
#define AKh20 9.251
#define Pco 1.0795
#define Ph2 10.795
#define Ph20 1462.7225
#define Pch4 516.4326
#define Pco2 167.5383
#define cut 0.97

DEFINE_SOURCE(q_tdep_2, cell, thread, dS, eqn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dk1dt, dKpldt, dk2dt, dKp2dt, dk3dt, dKp3diRENdt, drldt, dr2dt, dr3dt;
real cell_temp, x[ND_ND], cyl_rad, midpellet_digt dist, axis_dist;
real rc, xc, yc, zc, d, a, b, c, den, xt, yt, zt;
real delta, rh, rhc;
real xc_hl, yc_hl, zc_h1, xc_h2,yc _h2, zc_h2hgyc h3, zc_h3;
real xt_hl, yt hl, zt hl, xt h2, yt h2, zt h2h8, yt h3, zt h3;
reala hl,b hl,c hl,a h2,b h2,c h2,a &,k h3;
real p_dist_h1, p_dist_h2, p_dist_h3, axis_dikt axis_dist_h2, axis_dist_h3;
real xt_h4, yt h4, zt h4, xc_h4,yc_h4, zc hhdab h4, c_h4, p_dist_h4, axis_dist_h4;

cell_temp = C_T(cell, thread);
C_CENTROID(x,cell,thread);

xc = -1.36*0.0254,
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yc = -0.496*0.0254;
zc = 1.04*0.0254;

xt = -1.484*0.0254;
yt =-0.163*0.0254;
zt = 1.394*0.0254,

a = xt-xc;
b = yt-yc;
c = zt-zc;

xc_h1l =-1.118*0.0254;
yc_h1 = -0.407*0.0254;
zc_hl = 1.04*0.0254;

xt_h1l =-1.239*0.0254;
yt_h1l =-0.075*0.0254;
zt_hl =1.394*0.0254;

a _hl=xt hl-xc_hi;
b_hl=yt hl-yc hi;
c_hl =1zt hl-zc hi;

xc_h2 =-1.425*0.0254;
yc_h2 =-0.323*0.0254;
zc_h2 = 0.856*0.0254;

xt_h2 =-1.546*0.0254;
yt_h2 = 0.009*0.0254;
zt_h2 =1.21*0.0254;

a_h2 =xt h2-xc_h2;
b_h2 =yt h2-yc h2;
c_h2 =zt h2-zc_h2;

xc_h3 =-1.607*0.0254;
yc_h3 = -0.585*0.0254;
zc_h3 = 1.04*0.0254;

xt_h3 =-1.728*0.0254;
yt_h3 =-0.253*0.0254;
zt_h3 =1.394*0.0254;

a_h3 =xt h3-xc_h3;
b_h3 =yt h3-yc h3;
c_h3 =zt h3-zc_h3;

xc_h4 = -1.3*0.0254;
yc_h4 = -0.669*0.0254;
zc_h4 = 1.224*0.0254;
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xt_h4 =-1.421*0.0254;
yt_h4 =-0.336*0.0254;
zt_h4 =-1.477*0.0254;

a_h4 =xt_h4-xc_h4;
b_h4 =yt h4-yc _h4;
c_h4 =zt h4-zc_h4;

cyl_rad = 0.5*0.0254;
rc = cut*cyl_rad,;
rh = 0.1434*0.0254;

delta = (1-cut)*cyl_rad;
rhc = rh+delta;

den = a*a+b*b+c*c;
d = -a*xc-b*yc-c*zc;
midpellet_dist = fabs((a*x[0]+b*x[1]+c*x[2]+d)/st{den));

p_dist = sqrt((x[0]-xc)*(x[0]-xc)+(x[1]-yc)*(x[1}yc)+(x[2]-zc)*(x[2]-zc));
axis_dist = sqrt((p_dist*p_dist)-(midpellet_distidpellet_dist));

p_dist_h1 = sqrt((x[0]-xc_h1)*(x[0]-xc_h1)H{®4-yc_h1)*(x[1]-yc_h1)+(x[2]-zc_h1)*(x[2]-
zc_h1));
axis_dist_h1 = sqgrt((p_dist_h1*p_dist_h1)dpellet_dist*midpellet_dist));

p_dist_h2 = sqrt((x[0]-xc_h2)*(x[0]-xc_h2)H{®4-yc_h2)*(x[1]-yc_h2)+(x[2]-zc_h2)*(x[2]-
zc_h2));
axis_dist_h2 = sqrt((p_dist_h2*p_dist_h2)dqpellet_dist*midpellet_dist));

p_dist_h3 = sqrt((x[0]-xc_h3)*(x[0]-xc_h3)H{®4-yc_h3)*(x[1]-yc_h3)+(x[2]-zc_h3)*(x[2]-
zc_h3));
axis_dist_h3 = sqrt((p_dist_h3*p_dist_h3){pellet_dist*midpellet_dist));

p_dist_h4 = sqrt((x[0]-xc_h4)*(x[0]-xc_h4)H{®4-yc_h4)*(x[1]-yc_h4)+(x[2]-zc_h4)*(x[2]-
zc_h4));
axis_dist_h4 = sqrt((p_dist_h4*p_dist_h4)dqpellet_dist*midpellet_dist));

if (cell_temp <= 550)
source = dS[eqn] = 0.0;

else if (midpellet_dist < rc && axis_dist < rc &&xis_dist_h1l > rhc && axis_dist_h2 > rhc &&

axis_dist_h3 > rhc && axis_dist_h4 > rhc)

source = dS[eqn] = 0.0;

else

{

Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
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}

}

Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));

kh = AKh*exp(-delhh/(rgas*cell_temp));

kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20
Kpl = 1.198el7*exp(-26830/(cell_temp));

Kp2 = 1.767e-2*exp(4400/(cell_temp));

Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);

source = rhos*(delHr1*r1+delHr2*r2+delHr3*;3)

dDENdt = Pco*kco*delhco/rgas/cell_temp/cetimip
+pow(Ph2,0.5)*kh*delhh/rgas/cell_teogll_temp
+Ph20/Ph2*kh20*delhh2o/rgas/cell_térefl temp;

dk1dt = k1*El/rgas/cell_temp/cell_temp;
dk2dt = k2*E2/rgas/cell_temp/cell_temp;
dk3dt = k3*E3/rgas/cell_temp/cell_temp;

dKpldt = Kp1*26830/cell_temp/cell_temp;
dKp2dt = Kp2*(-4400)/cell_temp/cell_temp;
dKp3dt = Kp3*22430/cell_temp/cell_temp;

drldt = dk1dt*Pkin1*(1-Prev1l/Kp1l)/pow(DEN,2.)
+k1*Pkin1*(Prevl/Kp1/Kpl)*dKpldt/pow(EN,2.)
-2*k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,3dDENdt;

dr2dt = dk2dt*Pkin2*(1-Prev2/Kp2)/pow(DEN,2.)
+k2*Pkin2*(Prev2/Kp2/Kp2)*dKp2dt/pow(EN,2.)
-2*k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,3dDENdt;

dr3dt = dk3dt*Pkin3*(1-Prev3/Kp3)/pow(DEN,2.)
+k3*Pkin3*(Prev3/Kp3/Kp3)*dKp3dt/pow(EN,2.)
-2*k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,3dDENdt;

dS[eqgn] = rhos*(delHr1*dr1dt+delHr2*dr2dt+deB*dr3dt);

return source;
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(c) for the diffusion/reaction application of MSR

#include "udf.h"

#define rgas 0.0083144
#define rhos 1947.0

#define delhco -140.0
#define delhh -93.4

#define delhh20 15.9
#define E1 209.2

#define E2 15.4

#define E3 109.4

#define A1 5.922e8

#define A2 6.028e-4
#define A3 1.093e3

#define delHr1 -206100000.0
#define delHr2 41150000.0
#define delHr3 -165000000.0
#define AKco 5.127e-13
#define AKh 5.68e-10
#define AKh20 9.251
#define Mco 28.0

#define Mh2 2.0

#define Mh20 18.0

#define Mch4 16.0

#define Mco2 44.0

#define Totpress 2159000.0

DEFINE_SOURCE(spe_ch4, cell, thread, dS, eqn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dPch4dych4, dridPch4, dr2dPch4, dr3dPch4;
real cell_temp, cell_press;

real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;

real alphl, alph2, alph3;

cell_temp = C_T(cell, thread);
cell_press = (Totpress+C_P(cell, thread))/1000.0;

ych4 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yco = C_Yl(cell, thread, 2);

yco2 = C_YlI(cell, thread, 3);

yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;
Pch4 = cell_press*ych4/Mch4/Ysum;

Ph2 = cell_press*yh2/Mh2/Ysum;

Pco = cell_press*yco/Mco/Ysum;
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Pco2 = cell_press*yco2/Mco2/Ysum;
Ph2o = cell_press*yh20/Mh20/Ysum;

alphl =-1.0;
alph2 =0.0;
alph3 =-1.0;

if (cell_temp <=550)

source = dS[eqn] = 0.0;

else

{
Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));

kh = AKh*exp(-delhh/(rgas*cell_temp));

kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20
Kpl = 1.198el7*exp(-26830/(cell_temp));

Kp2 = 1.767e-2*exp(4400/(cell_temp));

Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);

source = rhos*(alph1*rl+alph2*r2+alph3*r3)*li¢;
dPch4dych4 = cell_press*(Ysum/Mch4-(ych4/Mghteh4)/Y sum/Ysum;

drldPch4 = k1*pow(Ph20,0.5)/pow(Ph2,1.25)REev1/Kpl)/pow(DEN,2.)
+k1*Pkin1*(Pco*pow(Ph2,3.)/Kpl/pow(RER.)/Ph20)/pow(DEN,2.);

dr2dPch4 = 0;

dr3dPch4 = k3*Ph2o/pow(Ph2,1.75)*(1-Prev3/Kp8w(DEN,2.)
+k3*Pkin3*(Pco2*pow(Ph2,4.)/Kp3/pow(E2.)/pow(Ph20,2.))/pow(DEN,2.);

dS[eqn] = rhos*Mch4*(alph1*dridPch4+alph2*dfZch4+alph3*dr3dPch4)*dPch4dych4;

}
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return source;

}

DEFINE_SOURCE(spe_h2, cell, thread, dS, eqgn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dPh2dyh2, dDENdPh2, dridPh2, dr2dPh2, dr3dPh
real cell_temp, cell_press;
real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;
real alphl, alph2, alph3;

cell_temp = C_T(cell, thread);

cell_press = (Totpress+C_P(cell, thread))/1000.0;
ych4 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yco = C_Yl(cell, thread, 2);

yco2 = C_YlI(cell, thread, 3);

yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;
Pch4 = cell_press*ych4/Mch4/Ysum;

Ph2 = cell_press*yh2/Mh2/Ysum;

Pco = cell_press*yco/Mco/Ysum;

Pco2 = cell_press*yco2/Mco2/Ysum;

Ph2o = cell_press*yh20/Mh20/Ysum;

alphl = 3.0;
alph2 =1.0;
alph3 =4.0;

if (cell_temp <=550)
source = dS[eqn] = 0.0;

else

{

Pkinl = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));

kh = AKh*exp(-delhh/(rgas*cell_temp));

kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20

Kpl = 1.198el17*exp(-26830/(cell_temp));
Kp2 = 1.767e-2*exp(4400/(cell_temp));
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Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);

source = rhos*(alphl*rl+alph2*r2+alph3*r3)*Kh
dPh2dyh2 = cell_press*(Ysum/Mh2-(yh2/Mh2)/NJhZsum/Y sum;
dDENdPh2 = 0.5*kh/pow(Ph2,0.5)-kh20*Ph20/pBh2,2.);

drldPh2 = k1*(-1.25*Pch4*pow(Ph20,0.5)/pow?Fh25))*(1-Prevl/Kpl)/pow(DEN,2.)
+k1*Pkin1*(-3.0*Pco*pow(Ph2,3.)/Kp1/R4/Ph20)/pow(DEN,2.)
-2.0*k1*Pkin1*(1-Prev1/Kp1l)/pow(DEN)3dDENdPh2;

dr2dPh2 = k2*(-0.25*Pco*pow(Ph20,0.5)/pow(Ph3))*(1-Prev2/Kp2)/pow(DEN,2.)
+k2*Pkin2*(-1.0*Pc02)/Kp2/Pco/Ph20/p(EN,?2.)
-2.0*k2*Pkin2*(1-Prev2/Kp2)/pow(DEN)3dDENdPh2;

dr3dPh2 = k3*(-1.75*Pch4*Ph20o)/pow(Ph2,2. {8)}Prev3/Kp3)/pow(DEN,2.)
+k3*Pkin3*(-4.0*Pco2*pow(Ph2,3.))/K@3¢h4/pow(Ph20,2.)/pow(DEN,2.)
-2.0*k3*Pkin3*(1-Prev3/Kp3)/pow(DEN)3dDENdPh2;

dS[egn] = rhos*Mh2*(alph1*drldPh2+alph2*drddR-alph3*dr3dPh2)*dPh2dyh2;
}

return source;

}

DEFINE_SOURCE(spe_co, cell, thread, dS, eqn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dPcodyco, dDENdPco, drldPco, dr2dPco, dri3dPc
real cell_temp, cell_press;
real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;
real alphl, alph2, alph3;

cell_temp = C_T(cell, thread);

cell_press = (Totpress+C_P(cell, thread))/1000.0;
ych4 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yco = C_YIl(cell, thread, 2);

yco2 = C_YlI(cell, thread, 3);
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yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;
Pch4 = cell_press*ych4/Mch4/Ysum;

Ph2 = cell_press*yh2/Mh2/Ysum;

Pco = cell_press*yco/Mco/Ysum;

Pco2 = cell_press*yco2/Mco2/Ysum;

Ph2o = cell_press*yh20/Mh20/Ysum;

alphl1 =1.0;
alph2 =-1.0;
alph3 =0.0;

if (cell_temp <=550)
source = dS[eqn] = 0.0;

else

{

Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));

kh = AKh*exp(-delhh/(rgas*cell_temp));

kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20
Kpl = 1.198el7*exp(-26830/(cell_temp));

Kp2 = 1.767e-2*exp(4400/(cell_temp));
Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,2.);

source = rhos*(alphl*rl+alph2*r2+alph3*r3)*ic
dPcodyco = cell_press*(Ysum/Mco-(yco/Mco)/Nidtsum/Ysum;
dDENdPco = kco;

dridPco = k1*Pkin1*(-1.0*pow(Ph2,3.)/Kp1/P¢Rrkh20)/pow(DEN,2.)
-2.0*k1*Pkin1*(1-Prev1l/Kp1l)/pow(DEN)3dDENdPco;
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dr2dPco = k2*pow(Ph20,0.5)/pow(Ph2,0.5)*(¥/Kp2)/pow(DEN,2.)
+k2*Pkin2*(Ph2*Pco2)/Kp2/pow(Pco,2 lWR/pow(DEN,2.)
-2.0*k2*Pkin2*(1-Prev2/Kp2)/pow(DEN)3dDENdPco;

dr3dPco = -2.0*k3*Pkin3*(1-Prev3/Kp3)/pow(DEN)*dDENdPco;

dS[egn] = rhos*Mco*(alph1*drldPco+alph2*draafPalph3*dr3dPco)*dPcodyco;
}

return source;

}

DEFINE_SOURCE(spe_co2, cell, thread, dS, eqn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dPco2dyco?2, drldPco2, dr2dPco2, dr3dPco2;
real cell_temp, cell_press;
real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;
real alphl, alph2, alph3;

cell_temp = C_T(cell, thread);

cell_press = (Totpress+C_P(cell, thread))/1000.0;
ych4 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yco = C_Yl(cell, thread, 2);

yco2 = C_YlI(cell, thread, 3);

yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;
Pch4 = cell_press*ych4/Mch4/Ysum;

Ph2 = cell_press*yh2/Mh2/Ysum;

Pco = cell_press*yco/Mco/Ysum;

Pco2 = cell_press*yco2/Mco2/Ysum;

Ph2o = cell_press*yh20/Mh20/Ysum;

alph1 =0.0;
alph2 =1.0;
alph3 =1.0;

if (cell_temp <=550)
source = dS[eqn] = 0.0;

else

{

Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);
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kco = AKco*exp(-delhco/(rgas*cell_temp));
kh = AKh*exp(-delhh/(rgas*cell_temp));
kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20

Kpl = 1.198el7*exp(-26830/(cell_temp));
Kp2 = 1.767e-2*exp(4400/(cell_temp));
Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);

source = rhos*(alphl*rl+alph2*r2+alph3*r3)*d2;

dPco2dyco2 = cell_press*(Ysum/Mco2-(yco2/Mgbeo2)/Ysum/Ysum;
dridPco2 = 0;

dr2dPco2 = k2*Pkin2*(-1.0*Ph2)/Kp2/Pco/Ph2o#{DEN,2.);

dr3dPco2 = k3*Pkin3*(-1.0*pow(Ph2,4.)/Kp3/Ricpow(Ph20,2.))/pow(DEN,2.);

dS[eqn] = rhos*Mco2*(alph1*dridPco2+alph2*dfZco2+alph3*dr3dPco2)*dPco2dyco2;
}

return source;

}

DEFINE_SOURCE(q_tdep, cell, thread, dS, eqn)
{
real source;
real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;
real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;
real dk1dt, dKpldt, dk2dt, dKp2dt, dk3dt, dKp3diRENdt, drldt, dr2dt, dr3dt;
real cell_temp, cell_press;
real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;

cell_temp = C_T(cell, thread);

cell_press = (Totpress+C_P(cell, thread))/1000.0;
ych4 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yco = C_Yl(cell, thread, 2);

yco2 = C_YlI(cell, thread, 3);
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yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;
Pch4 = cell_press*ych4/Mch4/Ysum;

Ph2 = cell_press*yh2/Mh2/Ysum;

Pco = cell_press*yco/Mco/Ysum;

Pco2 = cell_press*yco2/Mco2/Ysum;

Ph2o = cell_press*yh20/Mh20/Ysum;

if (cell_temp <=550)
source = dS[eqn] = 0.0;

else

{

Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;
Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;
Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);
Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));
kh = AKh*exp(-delhh/(rgas*cell_temp));
kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20

Kpl = 1.198el7*exp(-26830/(cell_temp));
Kp2 = 1.767e-2*exp(4400/(cell_temp));
Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);

source = rhos*(delHr1*r1+delHr2*r2+delHr3*;3)

dDENdt = Pco*kco*delhco/rgas/cell_temp/cetimip
+pow(Ph2,0.5)*kh*delhh/rgas/cell_teogll_temp
+Ph20/Ph2*kh20*delhh2o/rgas/cell_térefl temp;

dkldt = k1*El/rgas/cell_temp/cell_temp;
dk2dt = k2*E2/rgas/cell_temp/cell_temp;
dk3dt = k3*E3/rgas/cell_temp/cell_temp;

dKpldt = Kp1*26830/cell_temp/cell_temp;
dKp2dt = Kp2*(-4400)/cell_temp/cell_temp;
dKp3dt = Kp3*22430/cell_temp/cell_temp;
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drldt = dk1dt*Pkin1*(1-Prev1l/Kp1l)/pow(DEN,2.)
+k1*Pkin1*(Prevl/Kp1/Kpl)*dKpldt/pow@EN,2.)
-2*k1*Pkin1*(1-Prev1l/Kpl)/pow(DEN,3dDENdt;

dr2dt = dk2dt*Pkin2*(1-Prev2/Kp2)/pow(DEN,2.)
+k2*Pkin2*(Prev2/Kp2/Kp2)*dKp2dt/pow(EN,2.)
-2*k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,3dDENdt;

dr3dt = dk3dt*Pkin3*(1-Prev3/Kp3)/pow(DEN,2.)
+k3*Pkin3*(Prev3/Kp3/Kp3)*dKp3dt/pow(EN,2.)
-2*k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,3dDENdt;

dS[eqgn] = rhos*(delHr1*dr1dt+delHr2*dr2dt+deB*dr3dt);

return source;

}
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(d) for the MSR reaction rate calculation in partide 2

include "udf.h"

#define rgas 0.0083144
#define rhos 1947.0

#define delhco -140.0
#define delhh -93.4

#define delhh20 15.9
#define E1 209.2

#define E2 15.4

#define E3 109.4

#define A1 5.922e8

#define A2 6.028e-4
#define A3 1.093e3

#define delHr1 -206100000.0
#define delHr2 41150000.0
#define delHr3 -165000000.0
#define AKco 5.127e-13
#define AKh 5.68e-10
#define AKh20 9.251
#define Mco 28.0

#define Mh2 2.0

#define Mh20 18.0

#define Mch4 16.0

#define Mco2 44.0

#define Totpress 2159000.0

FILE *fp = NULL;

DEFINE_ON_DEMAND(part2)
{

Domain *d;

int ID = 13;

real kco, kh, kh2o0, DEN, k1, Kp1, r1, k2, Kp2, K3, Kp3, r3;

real Pkinl, Prevl, Pkin2, Prev2, Pkin3, Prev3;

real dPch4dych4, dridPch4, dr2dPch4, dr3dPch4;

real cell_temp, cell_press, cell_vol,

real ych4, yh2, yco, yco2, yh20, Ysum, Pch4, F@, Pco2, Ph2o0;
real alphl, alph2, alph3;

real rlave, r2ave, r3ave, rch4, vol_tot;

real XxND_ND];

Thread *t;
cell tc;

d = Get_Domain(1);
t = Lookup_Thread(d, ID);

fp = fopen("data.txt","w");



Appendices

230

begin_c_loop(c,t)

cell_temp = C_T(c, t);

cell_press = (Totpress+C_P(c, 1))/1000.0;
C_CENTROID(x,c,1);

cell_vol = C_VOLUME(c, t);

ych4 = C_YIl(c, t, 0);

yh2 = C _YI(c, t, 1);

yco = C_YIl(c, t, 2);

yco2 = C_YIl(c, t, 3);

yh20 = 1.0-ych4-yh2-yco-yco2;

Ysum = ych4/Mch4+yco/Mco+yco2/Mco2+yh2/Mh2+yh2diRb;

Pch4 = cell_press*ych4/Mch4/Ysum;
Ph2 = cell_press*yh2/Mh2/Ysum;
Pco = cell_press*yco/Mco/Ysum;
Pco2 = cell_press*yco2/Mco2/Ysum;
Ph2o = cell_press*yh20/Mh20/Ysum;

alphl =-1.0;
alph2 =0.0;
alph3 =-1.0;

Pkinl1 = Pch4*pow(Ph20,0.5)/pow(Ph2,1.25);
Prevl = Pco*pow(Ph2,3.)/Pch4/Ph20;

Pkin2 = Pco*pow(Ph20,0.5)/pow(Ph2,0.5);
Prev2 = Pco2*Ph2/Pco/Ph20;

Pkin3 = Pch4*Ph2o/pow(Ph2,1.75);

Prev3 = Pco2*pow(Ph2,4.)/Pch4/pow(Ph20,2.);

kco = AKco*exp(-delhco/(rgas*cell_temp));
kh = AKh*exp(-delhh/(rgas*cell_temp));
kh2o = AKh2o*exp(-delhh20o/(rgas*cell_temp));

DEN = 1+Pco*kco+pow(Ph2,0.5)*kh+Ph20/Ph2*kh20

Kpl = 1.198el7*exp(-26830/(cell_temp));
Kp2 = 1.767e-2*exp(4400/(cell_temp));
Kp3 = 2.117e15*exp(-22430/(cell_temp));

k1l = Al*exp(-E1/(rgas*cell_temp));
rl = k1*Pkin1*(1-Prev1l/Kp1l)/pow(DEN,2.);

k2 = A2*exp(-E2/(rgas*cell_temp));
r2 = k2*Pkin2*(1-Prev2/Kp2)/pow(DEN,?2.);

k3 = A3*exp(-E3/(rgas*cell_temp));
r3 = k3*Pkin3*(1-Prev3/Kp3)/pow(DEN,?2.);
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vol_tot += C_VOLUME(c,t);

rlave +=rl*cell vol;
r2ave += r2*cell_vol;
r3ave += r3*cell_vol;
}
end_c_loop(c,t)
fclose(fp);

rlave /= vol_tot;
r2ave /= vol_tot;
r3ave /= vol_tot;

rch4 = rlave+r3ave;
printf("%15e %15e %15e\n", r3ave, r2ave, rlave
}
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(e) for the diffusion/reaction application of PDH

#include "udf.h"

#define rgas 8.3144
#define rhos 1000.0
#define ka 9.94

#define kb 72000

#define KA 16.749

#define KB 130000
#define delH -124300000.0
#define Mc3h8 44.0
#define Mc3h6 42.0
#define Mh2 2.0

#define Totpress 101500.0

DEFINE_SOURCE(spe_c3h6, cell, thread, dS, eqn)
{

real source;

real k, Ke, r;

real dPc3h6dyc3h6, drdPc3h6;

real cell_temp, cell_press;

real yc3h8, yc3h6, yh2, Ysum, Pc3h8, Pc3h6, Ph2;

cell_temp = C_T(cell, thread);
cell_press = (Totpress+C_P(cell, thread))/1000.0;

yc3h6 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yc3h8 = C_Yl(cell, thread, 2);

Ysum = yc3h6/Mc3h6+yh2/Mh2+yc3h8/Mc3h8;

Pc3h6 = cell_press*yc3h6/Mc3h6/Ysum;
Ph2 = cell_press*yh2/Mh2/Ysum;
Pc3h8 = cell_press*yc3h8/Mc3h8/Ysum;

if (cell_temp <=550)
source = dS[eqn] = 0.0;
else

{
k = exp(ka - kb/(rgas*cell_temp));

Ke = cell_press/(rgas*cell_temp)*exp(KA - KBJjas*cell_temp));

r = k*(Pc3h8/rgas/cell_temp - Pc3h6*Ph2/(fggas*cell_temp*cell_temp*Ke));

source = r*Mc3h6;

dPc3h6dyc3h6 = cell_press*(Ysum/Mc3h6-(ycBh&3h6)/Mc3h6)/Ysum/Ysum;
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drdPc3h6 = -k*Ph2/(Ke*rgas*rgas*cell_tempicéémp);

dS[egn] = Mc3h6*drdPc3h6*dPc3h6dyc3h6;
}

return source;

}

DEFINE_SOURCE(spe_h2, cell, thread, dS, eqgn)
{

real source;

real k, Ke, r;

real dPh2dyh2, drdPh2;

real cell_temp, cell_press;

real yc3h8, yc3h6, yh2, Ysum, Pc3h8, Pc3h6, Ph2;

cell_temp = C_T(cell, thread);
cell_press = (Totpress+C_P(cell, thread))/1000.0;

yc3h6 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yc3h8 = C_Yl(cell, thread, 2);

Ysum = yc3h6/Mc3h6+yh2/Mh2+yc3h8/Mc3h8;

Pc3h6 = cell_press*yc3h6/Mc3h6/Ysum;
Ph2 = cell_press*yh2/Mh2/Ysum;
Pc3h8 = cell_press*yc3h8/Mc3h8/Ysum;

if (cell_temp <=550)
source = dS[eqn] = 0.0;
else

{ k = exp(ka - kb/(rgas*cell_temp));
Ke = cell_press/(rgas*cell_temp)*exp(KA - KBJjas*cell_temp));
r = k*(Pc3h8/rgas/cell_temp - Pc3h6*Ph2/(fggas*cell_temp*cell_temp*Ke));
source = r*Mh2;
dPh2dyh2 = cell_press*(Ysum/Mh2-(yh2/Mh2)/NJhZsum/Y sum;
drdPh2 = -k*Pc3h6/(Ke*rgas*rgas*cell_tempicéeémp);

dS[egn] = Mh2*drdPh2*dPh2dyh2;
}

return source;

}

DEFINE_SOURCE(q_tdep, cell, thread, dS, eqn)
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}

real source;

real k, Ke, r;

real dkdt, dKedt, drdt;

real cell_temp, cell_press;

real yc3h8, yc3h6, yh2, Ysum, Pc3h8, Pc3h6, Ph2;
real rgs, cts;

cell_temp = C_T(cell, thread);
cell_press = (Totpress+C_P(cell, thread))/1000.0;

yc3h6 = C_Yl(cell, thread, 0);

yh2 = C_YI(cell, thread, 1);

yc3h8 = C_Yl(cell, thread, 2);

Ysum = yc3h6/Mc3h6+yh2/Mh2+yc3h8/Mc3h8;

Pc3h6 = cell_press*yc3h6/Mc3h6/Ysum;
Ph2 = cell_press*yh2/Mh2/Ysum;
Pc3h8 = cell_press*yc3h8/Mc3h8/Ysum;

if (cell_temp <= 550)

source = dS[eqn] = 0.0;

else

{
k = exp(ka - kb/(rgas*cell_temp));

Ke = cell_press/(rgas*cell_temp)*exp(KA - KBJjas*cell_temp));

r = k*(Pc3h8/rgas/cell_temp - Pc3h6*Ph2/(fggas*cell_temp*cell_temp*Ke));

source = delH*r;
dkdt = k*kb/rgas/cell_temp/cell_temp;
dKedt = Ke*(KB/rgas/cell_temp/cell_temp-1licéémp);

rgs = rgas*rgas;
cts = cell_temp*cell_temp;

drdt = dkdt*(Pc3h8/rgas/cell_temp - Pc3h6*Rtgd*cts*Ke))-k*(Pc3h8/(rgas*cts)-
2*Pc3h6*Ph2/(rgs*cts*cell_temp*Ke)+Pc3h6*Ph2/(rgsstKe*Ke)*dKedt);

dS[eqgn] = delH*drdt;
}

return source;
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Appendix 4: Mesh structures of the WS models usednidiffusion
/reaction application

Table A.3 full cylinders packing grid details

1% prism height b/a Number of Total prism height UNS

x10%(m) layers x10% (m) x10%(m)
Fluid side 0.7620
Particle 1 0.0254 1.2 3 0.09246
Particle 2 0.0254 1.2 3 0.09246
Particle 3 0.0254 1.2 3 0.09246
Particle 4 0.0254 1.2 3 0.09246
Particle 5 0.0254 1.2 3 0.09246
Particle 6 0.0254 1.0 3 0.07620
Particle 7 0.0254 1.0 3 0.07620
Particle 8 0.0254 1.2 2 0.05588
Particle 9 0.0254 1.2 3 0.09246
Particle 10 0.0254 1.0 3 0.07620
Particle 11 0.0254 1.0 3 0.07620
Particle 12 0.0254 1.0 3 0.07620
Tube wall 0.0254 1.2 4 0.13635
Solid side
(all particles) 0.0762 1.2 4 0.40904 0.7620

" The b/a represents the growth factor whdrés the distance between the first and
second rows at a given edge node, ansl the height of the first row at the node. The
distance between any two rows in the boundary layergiven edge node is equal to the

distance between the preceding two rows timesihwth factor.
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Table A.4 4-holel cylinders packing grid details

1% prism height b/a Number of  Total prism height UNS

x10% (m) layers x10% (m) x10%(m)
Fluid side 0.7620
Particle 1 0.0254 1.0 2 0.05080
Particle 2 0.0254 1.0 3 0.07620
Particle 3 0.0254 1.0 2 0.05080
Particle 4 0.0254 1.0 2 0.05080
Particle 5 0.0254 1.0 2 0.05080
Particle 6 0.0254 1.0 1 0.02540
Particle 7 0.0254 1.0 1 0.02540
Particle 8 0.0254 1.0 1 0.02540
Particle 9 0.0254 1.0 3 0.09246
Particle 10 - - - -
Particle 11 - - - -
Particle 12 0.0254 1.0 2 0.07620
Tube wall 0.0254 1.2 4 0.13635
Solid side
Particle 2 0.127 1.0 6 0.762 0.5588
Particle 10 - - - - 0.3302
Particle 11 - - - - 0.3302

All others - - - - 0.7620
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Appendix 5: Effective diffusivity calculations

(a) Methane steam reforming reaction:

Mole fractions:

yona=0.2392 4, =0.005  yo=0.0005 yor=0.0776 4= 0.6777

For the inlet operating conditions, the dominaact®n is:
CH,+2H,0U CO, +4H, (A-5.1)
Binary diffusivities may be calculated by the exg®mien introduced by Fuller,
Schettler, and Giddings (1966):

D, = OO0 UM . + M) /(MM )] L (A5.2)
PIC V(v

where T = 824.15 K, and P = 21.3 atm. The molecutaght of components, M and,

the molecular volumes of the componerfts, v) , , are given in Table A.5.

Table A.5 Molecular volumes, and molecular weigiftsomponents, MSR reaction

Species ( V) Mi
CH, 24.42 16

H, 7.07 2
CO 18.9 28
CO; 26.9 44
H,O 12.7 18

The calculated binary diffusivities according taiation (A.2) are given in Table A.6.
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Table A.6 Binary diffusivities for MRS reaction (éfs)
Hz CcoO CQ H,O

The Knudsen diffusivity can be calculated with tbkowing equation:

05

D, A = 970" 10°r, I\I cnf/s (A-5.3)

A

where the average pore raditu_§, was taken as io& (Hou and Hughes, 2001). The

calculated Knudsen diffusivities were:

DK,CH4 = 0.696 Q,HZ =1.969 Q,co =0.526 Q,coz =0.420 Q,HZO = 0.656

Molecular diffusivities can be calculated with fleowing equation:

N N
7(y|< - yAiK)
1 _ kel DA,K N, (A5.4)
DA,md 1_ yA N k
K=1 NA

The calculated molecular diffusivities were:

Dcama= 0.123 crfVs [ Nua/Neps = -4, Neo/Nena = 0, NeodNena = -1, Nuzo/Nepa = 2 ]
Diama= 0.225 crifs [ Nera/Niz = -1/4, Neo/Nria = 0, NeogdNia = 1/4, Nipg/Niip = -1/2 ]
Dcoz,ma= 0.049 crfVs [ News/Neoz = -1, Noo/Newa = 0, Niz/Neoz = 4, Nizo/Neoz = -2 ]
D20,ma = 0.209 crfVs [ Nona/Nizo = -4, Neo/Niz0 = 0, NooNizo = -1/2, Niz/Npzo = -2
]



Appendices 239

CO is not in the reaction. Thereforegd\= 0. S0, Ro H20= 0.072 was used fordg mg.

Effective diffusivities were calculated by : J{B= 1/Damg + 1/Dka, and corrected

using the pellet tortuosity and porosity as:
Doy = rE D, cn/s (A-5.5)

wheree = 0.44 (Hou and Hughes, 2001), ared 3.54 (Xu and Froment, 1989b). The

effective diffusivities were:

Dchaef= 1.3 x 1P m?/s
Dzeff = 2.5 x 10 m?/s
Dcoett = 8.0 x 10’ m?/s
Dcozefr= 5.0 x 10" m?/s
Dzoeif = 2.0 x 1P m%s
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(b) Propane dehydrogenation reaction:

Mole fractions:
Yesns = 0.4385 y2 = 0.5360 ¥he = 0.0255

The reaction is:

C,H,U C,H,+H (A-5.6)
3"'8 376 2

The molecular volumes and molecular weights ofdbmpounds are given in Table
A.7.

Table A.7 Molecular volumes, and molecular weigsftsomponents, PDH reaction

Species ( V) Mi
C3Hs 65.34 44

H, 7.07 2
CsHe 61.38 42

Operating T = 874.15 K, and P = 1.0 atm. The cateul binary diffusivities according to

equation (A.2) are given in Table A.8.

Table A.8 Binary diffusivities for PDH reaction (éfs)

Ha CsHe
CsHsg 2.873 0.477
H> 2.958
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The Knudsen diffusivities were calculated with eipra (A.3) with the average pore

radius,r_ = 10° A (Hou and Hughes, 2001). The calculated Knudsengiifities were:

DK,C3H8 =0.432 [R,HZ =2.028 Q,CSHG = 0.443 (CFFVS)

Molecular diffusivities were be calculated with atjon (A.4) and found to be:
Dcatisma= 1.431 crfV's [ Neang/Nesns = -1, Neang/Npz = -1 ]
Dhz,md = 6.002 crfVs [ Nua/Nearg = -1, Nyo/Neaps = 1 ]
Dcatiema= 0.873 crfVs [ Neang/Nears = -1, Nearg/Npz = 1]

Effective diffusivities were calculated by: 1{D= 1/Damg + 1/Dxa, and corrected
equation (A.5) using the same pellet tortuosity @odosity values as used for MRS

reaction. The effective diffusivities were:

Desngef = 4.127 x 16 mé/s
Droetf = 1.884 x 16 m?/s
DC3H6,ef‘f: 3.650 x 1(? m2/S
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Appendix 6: Monitoring the convergence in diffusiorreaction
simulations

(a) MSR reaction full cylinders model

Figure A.1 MRS, full cylinders model residuals plot
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Iterations

Figure A.2 MSR, full cylinders model GHonsumption rate plot
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Figure A.3 MSR, full cylinders model total heat alp¢ plot



Appendices 244

(b) MSR reaction, 4-hole cylinders model

Figure A.4 MRS, 4-hole cylinders model residualst pl
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Figure A.5 MSR, 4-hole cylinders model ¢ebnsumption rate plot
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Figure A.6 MSR, 4-hole cylinders model total heatake plot
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Appendix 7: Correlations

(a) Axial velocity, v;.

Tsotsas and Schlunder (1988)

Y-pi-exparR 1- - 1-nR 1- L1 (A-7. 1)

uO rt rt

)

bzR R _(nR-l)(zaR +1)+nR +2Rz +%_exp(?R)1_nR*+@
2 2 a a a a a a

(A-7.2)
R =d,/d, (A-7. 3)
a=4n/(4- n) (A-7. 4)

n =27 for Re > 1000.

u is the superficial velocity at a radial positionu, is the average superficial
velocity, i is tube radiusgk is tube diameter, ard} is particle diameter.

The above equations were obtained from the exterBfatkman expression
which is in the highly nonlinear 2D partial diffeitéal form, by minimizing an integral in
the region of interest rather than solving the ettéghtial equation. The details can be
found in the above reference as well as VortmegdrZchuster (1983).

User-defined code

DEFINE_PROFILE(w_correlation, t, i)
{

cell tc;

real xIND_ND], r, a, n, beta, Rstar;

n=27.0;

a=-4.696;

beta = 0.691;

Rstar = 4.0;

begin_c_loop(c, t)
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{

C_CENTROID(x, c, t);

r = sgrt(pow(x[0],2)+pow(x[1],2));

F_PROFILE(c, t, i) = 1.6135*beta*(1-exp(atRs(1-r/0.0508))*(1-n*Rstar*(1-r/0.0508)));
}

end_c_loop(c, t)

DPM-fitted v, profile

User-defined code

DEFINE_PROFILE(w_vel, t, i)
{
cell tc;
real XxIND_ND], r;
begin_c_loop(c, t)
{
C_CENTROID(x, c, t);
r = sqrt(pow(x[0],2)+pow(x[1],2));

if (r <0.024 && r > 0.0)
F_PROFILE(c, t, i) = 0.0651958082107.5259898 * r + 39974.32809 * pow(r,2) -
1511078.848 * pow(r,3) + 17341425.55 * pow(r,4);
else if (r < 0.049 && r > 0.024)
F_PROFILE(c, t, i) = 2899.277922 - 476087.7234 32533409.72 * pow(r,2) - 1183163544
* pow(r,3) + 2.413565553E+010 * pow(r,4) - 2.617026E+011 * pow(r,5) + 1.178111244E+012 *
pow(r,6);
else if (r < 0.05064 && r > 0.049)
F_PROFILE(c, t, i) = 58650.66725 - 355098% * r + 71641034.24 * pow(r,2) -
481623231.5 * pow(r,3);
else if (r < 0.0507 && r > 0.05064)
F_PROFILE(c, t, i) = -19821.86269 * r 80B.305437;
else if (r < 0.05072 && r > 0.0507)
F_PROFILE(c, t, i) =-34180.53712 * r + 1738023,;
else if (r < 0.05076 && r > 0.05072)
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F_PROFILE(c, t, i) = -24857.55232 * r + 124633442;

else
F_PROFILE(c, t, i) = -41477.14193 * r +103881;

}

end_c_loop(c, t)

(b) Thermal conductivity, Ke:

Dixon correlation (Dixon and Cresswell, 1979; Dixon1988)

_dyugrc,

er Peer

1 _ 1 Kk Bl +4 8 Bi,+4 ’ (Re>50)
Pe, Pe, RePr Bi N, Bi,

. -1

1 __1 Bi,+4 8 Bi+4 +k'5/kf (Re<50)
Pe, Pe, Bi N- Bi, RePr

1 _ 1 , 074

Pe; Pe;y, RePr

12 spheres

P& ) = 7 cylinders

6 hollowcylinders

(A-7. 5)

(A-7. 6)

(A-7.7)

(A-7. 8)

(A-7. 9)
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k 2 B(k.-1), k. B+l B-1
L =Jyl-e— —2"In = - —- —=
k M 2

; M 2k, B

Bi; = Nu, (d,/d,,)(Pe; /(RePr))

Nu, = 02255115 pgoer
e

Nu,, =0.5231- d,, /d,)Pr's Re®"*®

241+0.156d,/d,, - )* spheres
° 048+0.192d,/d,, - 1)* cylinders

ke /K
s~ 8 Bi,+4
+

N.  Bi

S S

2

025(1- ¢9)id—t

\ - v, d,,
K

h, Lo41 %

* Nu, bk

solid

/\ 2
0250- 6 » 9
A

K
k

Ng =
RePr 1
I:)erf Nufs

p

1
+ =

b solid

10 spheres
8 cylinders

125 spheres
25 cylinders

10/9

(A-T.

(A-7.

(A-7.

(A-T.

(A-7.

(A-T.

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)
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Bauer and Schlunder correlation (1978a, 1978b)
Kk

er kconvection + kconductionradiation

E kf kf
kconvection — ruSCP . xF o
Ky ki 82 (L-2d,,/d,J]
Kk o .
conductionradiation — (1_ m) 1+ ekrad|at|on +m &
kf kf kf
- d
kradlatlon = 227' 107 € T3 pv
; 2-e k
k Bk. +k -1 k. +k -
ks _ 2 (S2r )i kst +B+1(kr_B)_Bl
k, N N2k, B 2B N
10/9
_ k.+k - B g=c - €
K e
k = ksolid k = krau:jiation
s kf s kf

Xr is the effective mixing lengthX, = Fd,

e is emmisivity
115 spheres
175 cylinders

125 spheres
25 cylinders

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

(A-7.

21)

22)

23)

24)

25)

26)

27)

28)

29)
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Winterberg and Tsotsas correlation (2000)

Ker (1) = Ky (1) + K, P&y =2 £ 1, - 1)K (A-7. 30)
u

0

2

for OEr, - r £K.,dp
for K,dp<r,-r£r,

f(rp-r)= K,dp (A-7.31)

Uc is the superficial velocity at the core of the baddkyeq is the effective thermal
conductivity without fluid flow. kpedr) was obtained from full cylinders WS model
averaging the thermal conductivity vales of fluiidasolid regions on the radial planes.
By the polynomial functions,eqWas re-produced, and utilized.

Recommended ¥= 0.16, K,  0.40 for high Re.

The used Kand K values:

Section 6.2, Case-3(a) 1K 0.16,Kk=0.40

Case-3(b) K=10.10, kK =0.50
Case-3(c) K=0.20, Kk =0.10

Case-4(a) K=0.16, Kk =0.40
Case-4(b) K=10.10, kK =0.40
Case-4(c) K=0.20, Kk =0.20

Section 6.3, P-C (1) K= 0.16, K = 0.13
P-C (2) kK =0.16, K = 0.70
P-C (3) K =0.16, k = 0.01

User-defined code

DEFINE_PROPERTY (k_eff _corr, c, t)
{

real lambda, epsilon, lambda_bed;
real XxIND_ND], r, K1, K2, fRr, B;
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C_CENTROID(x, c, t);
r = sqrt(pow(x[0],2)+pow(x[1],2));
if (r < 0.0225 && r > 0.0)
lambda_bed = 0.8909162768+8.08509122382.777489*pow(r,2)+74084.89133*pow(r,3)-
1207081.61*pow(r,4);
else if (r < 0.0505 && r > 0.0225)
lambda_bed = 2.455137547-1289.1396294689.7465*pow(r,2)-
4726488.002*pow(r,3)+81043504.61*pow(r,4)-523908578ow(r,5);
else
lambda_bed = 0.0876;
K1 =0.16;
K2 = 0.05;
fRr = (0.0508-r)/(K2*0.029);
B = 0.0508-K2*0.029;
if (r <= 0.0508 && r>= B)
lambda = lambda_bed+K1*7883.7*0.33/1 ®1Rr*0.0876;
else
lambda = lambda_bed+K1*7883.7*0.33/1%130.0876;

return lambda;
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(c) Effective diffusivity, De :

Specia et al. correlation (1980)

D = u.dp

er

2
8651+194 ((:jlp

t

Bauer and Schlunder correlation (1978)

D - . uSXF o
“g2- - 2d,,/d,)?

Xr is the effective mixing lengthX, = Fd,,

115 spheres
175 cylinders

Rase correlation (1990)

Der:usdp i+0.38
e m Re
ugdp 1 038 dp
D, =P =4 2°% ;11194 P
e m Re d,
11 Re>400

fordp/d; > 0.1

fordp/d; < 0.1

5785- 3536logRet+ 668logRe2 20< Re<400

DPM-fitted D ¢

User-defined code

(A-7. 32)

(A-7. 33)

(A-7. 34)

(A-7.35)

(A-7. 36)

(A-7. 37)

DEFINE_PROPERTY(D_effective, c, t)
{

real D;
real XxIND_ND]J, r;
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C_CENTROID(X, c, t);
r = sqrt(pow(x[0],2)+pow(x[1],2));
if (r < 0.015 && r > 0.0)
D =1.196112713E-005 - 0.001466495288 #.4915808717 * pow(r,2) + 91.48866752 *
pow(r,3) - 2476.890131 * pow(r,4) - 26135.466260Wgr,5);
else if (r < 0.0275 && r > 0.015)
D =0.0008337534968 - 0.1783691592 11449173144 * pow(r,2) - 500.293758 * pow(r,3) +
6176.32268 * pow(r,4);
else if (r < 0.046 && r > 0.0275)
D = 0.00360563988 - 0.4129531021 * r/+74026682 * pow(r,2) - 338.0363024 * pow(r,3) +
2414.242821 * pow(r,4);
else if (r < 0.05 && r > 0.046)
D =0.2597300077 - 15.95463436 * r +.8040534 * pow(r,2) - 2210.511931 * pow(r,3);
else if (r < 0.0504 && r > 0.05)
D = 1.735095509 - 68.86031822 * r + @3854095 * pow(r,2);
else if (r < 0.0506 && r > 0.0504)
D = -0.1447889841 *r + 0.007385494923;
else if (r < 0.05072 && r > 0.0506)
D =-0.4564763148 *r + 0.0231567335;
else if (r < 0.05074 && r > 0.05072)
D = 4.96e-6;
else if (r < 0.05076 && r > 0.05074)
D =-0.1463608966 * r + 0.00743130848;
else if (r < 0.05078 && r > 0.05076)
D =-0.02155790996 * r + 0.00109630888;
else
D = 1.6e-6;

return D;}
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(d) Bed voidage profile €r):
Winterberg and Tsotsas correlation (2000)

e(r)y=e, 1+ Aexp - Brtd_ '

(A-7. 38)

pv

065
e¥

A

-1andB=6.0 (A-7. 39)

e, is voidage of the infinitely extended bed which v&et to 0.1 based on the

observations in DPM.

Bey and Eigenberger (2000)

Two different expressions have used for near veglion and bed core.

ewall (r) = emin,C + (l' emin,C)(r @4 fOf re<o (A'7 40)
- re P
Eeore(l) = €y + (Erine = Eoc) EXP - ’y coS Er¢ for rcz 0 (A-7.41)

Ty g =18- 2%

dpe, dt

ré=a, -1, b=0.876, c=2 (A-7.42)

DPM-fitted &r)
User-defined code
if (r <0.0504 && r > 0.0225)
epsilon = -225.073+40524.003*r-2939272p09%(r,2)+110717936.25*pow(r,3)-
2293882086.17*pow(r,4)+24853102253.985*pow(r,5)-18@30973.904*pow(r,6);
else if (r < 0.0225 &&r > 0.0)
epsilon = 0.052463+28.00127*r-23580.3522%(r,2)+5594741.763*pow(r,3)-
475768235.634*pow(r,4)+17863076450.73*pow(r,5)-2BAB48976.676*pow(r,6);

else

epsilon = 1.0;



