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1 Description

The present document discusses the achievements on the 1D phenomenological model (Phenom)
developed for fluidized bed reactors (i.e. code, modelling approach, numerical scheme and test
cases).

2 Model overview

Phenom consists of a stand-alone generic 1D phenomenological model for fluidized bed reactors
valid under three different fluidization regimes, bubbling, turbulent and fast fluidization (the most
used in industry). The model formulation used in Phenom is based on a probabilistic averaging
approach [1] that enables a smooth transition between the regimes when combined inside the
reactor system (most often the case). This kind of models (phenomenological) have high contribution
in industry due to its low CPU requirements, simplicity and reasonable accuracy of the reactor
performance predictions. MATLAB was used to develop this code.

2.1 Modelling Approach

The program structure is represented in Figure 1.
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—
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* Set of more complex routines:

—  Gas and solids thermochemical
properties
Kinetics

—  computation of the fluxes
closure laws for each fluidization
regime

—  probabilistic approach

e

Complete set of equations to be solved and

.
‘ some functional relations '

Main routine:

. Integration domain definition

. Non-uniform grid generation for the reactor domain
. Numerical solver

. Post-processing of the model output (figures)

Figure 1 — Code structure: 1) Main program, 2) Reactor model and 3) Model Parameters (based on [2])

As observed in Figure 1 (2-3) modelling of fluidized bed reactors involves an accurate coupling of
several phenomena. Firstly, we have the model structure composed by a set of consistent
differential balances (mass, energy and pressure) from which the state variables profiles are obtained
(e.g. gas and solids composition, temperature, pressure). Then, in order to represent the system at
the operating conditions under study these balances are coupled with relations with different



degrees of complexity that give information regarding the thermo-chemical properties, geometry,

physics and hydrodynamics of the system (the model parameters).

The present model relies on the following assumptions:

1.

vk wnN

o

8.
9.

Formulation can be applied in transient and stationary regime (test cases presented beloow
are under stationary conditions);

1D model: only the axial direction is taken into account;

Adiabatic system;

In the following test cases pressure is assumed to be constant along the reactor;

The gas phase comprises two zones, a Low-dense phase with a very low concentrations on
solids and High-dense phase with a higher fraction of solids;

Axially dispersed flow in both L- and H- phases

Heterogeneous model (a total solids balance is incorporated) — a third phase is added to the
system.

Ideal gas is assumed,;

Reactor with constant cross-section area;

10. Temperature is uniform in the reactor system (a unique total energy balance is considered);
11. The gas superficial velocity is higher than the minimum fluidization velocity;

The system of equations is described in more detail below.

2.1.1 State variables

Mass fraction of specie i in the gas phase ¢

where i = CH,, CO, CO,, H,, H,0, N, and ¢ = H, L phases in the gas
Mass fraction of specie k in the solids phase

where s = solid phase and k = Ni, NiO, NiAl,OQ,, Al,O;

Temperature of the system (including both gas and solids phase)
Superficial velocity of the gas

Pressure

Initial conditions, t = 0:

Mass fractions in the gas phase

w;(0,2) = W injer

Mass fractions in the solids phase

Ws k (0, Z) = Wsiinlet

T(0,2) = Tintet
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U(0,2) = Unier

P(0,2) = Pipjer

2.1.2 Gas phase Equations
o Ideal gas equation of state

P

pgzﬁ 1

Pressure balance based on the hydrostatic pressure of the solids.

doP 2
_5 = (1 - g)pw,sg + EPw,g9

Boundary condition
(P),—=z = P,y (Dirichlet Boundary condition)

e Material balance for specie i in the H-dense phase (non-conservative form).

o (wi')

1/)H€H,Dw,g
6 dWH 3
(ll)pr,g 94z > + ll)LKLHng(W lH) + F;ﬁHWiup

H H H
+2vj,irj Mw; — w; ZRi
j i

Where er corresponds to the rate of the reaction j in the gas H-phase and RiH to the reaction rate for
component i in the H-phase.

e Material balance for specie i in the L-dense phase (non-conservative form).

9(wi) (wf)

T + YLpwgus

Yrepwg——
a d L L L-H,, Uup
l/)pr,g 97 ds + lpLKLprg(W Wi ) =g "w; 4

L L L
+ Z Uj'iT}' MWi —wW; z Ri
j i

Boundary conditions for both phases
z=0 Initial Flux (Equivalent to Danckwerts boundary conditions)

z=12 Zero outlet gradient
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e Total Material balance in the gas phase (fluxes written in the conservative form as it is easier to
find inconsistencies in the balances)

aFw Total
T = w,Totallin + Z Ri Az — Fw,Totallout 5

Where Fw,Total =X Fvl|'/,i + 2 Fvll-zl,i'
These fluxes at the cell faces are defined as follows.

a(w“’)

F(p (‘/’qopwguqow ) — (YpPwg g))

This equation is integrated along with the other partial differential equations in order to have a
simultaneous update of the velocity given by an algebraic equation.

e Total energy balance in the non-conservative form

oT
[pw,s(l —&)Cps — pw,ggcpg]a = - [Fh,g + Fps — Aax EP ] er ( AHr]) 6

The enthalpy fluxes are described in more detail below.

oh, = oh ar ar
Enthalpy flux for the gas phase: F, ; = azL a_zH = Zi(F‘f,,iCpi,L)g +Xi(FY Cppi) >

. on aT
Enthalpy flux for the solids Fj, = B_zs = Y (FsxCps) P
Where k is the index to specify the species in the solids phase.
Boundary conditions for both phases

z=0 Initial Flux (Equivalent to Danckwerts boundary conditions)

z=12 Zero outlet gradient

2.1.3 Solid phase equation
Total material balance for specie i in the solid phase.

d(w d ow

k k k

(1 - S)pws (a; ) + wsUs % = &(pw,st a; ) + z 17j,krjslwwk — Ws z Rli 7
J k

Where rjs corresponds to the rate of the reaction j in the solids phase and Rj; to the reaction rate for

component k in the solids phase.

Boundary conditions for both phases

z=0 Initial Flux (Equivalent to Danckwerts boundary conditions)

5



z=12 Zero outlet gradient

The numerical solution of this set of equations results in the state variable profiles: gas and solids
composition profiles, temperature profile and the pressure drop along the bed. The model
parameters used to describe the hydrodynamics of the system are determined based on closures
which are subject to the probabilistic averaging approach proposed in [1].

3 Numerical implementation and solver details

This set of equations results in a Differential Algebraic differential (DAE) problem where all the
equations are solved simultaneously. The Finite Volume method was used for spatial discretization
(the reactor is divided in small cell volumes).

L
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Figure 2- Sketch of a cell volume

A non-uniform grid was considered due to the reaction characteristics. A simple first order upwind
scheme was used to compute the convective term of the balances describing the fluxes at the
volume cells. The diffusion term is discretized using the central differenced.

The discretized form of the pressure balance (algebraic equation) is the following.

0= (Pe - P) + [(1 - 5)pw,sg + gpw,gg]AZ 8

The discretized form of the non-conservative equations for the species balances in the gas phase
(Equation 3 and 4) are from the conservative form as follows.

0 9 d d (w.‘p )

By integration over the control volume,



0 0 i v ] a( "’)
fa(lp(ps(ppw_gwi )dv+f£(lpq,uq,pw_gwi )dv = f& Pw,gDg dv + f Sy dv 10
Ve Ve

c

il e a(w?) ¢
Aza(gb(ps(ppw‘gwf) + 1,[1(pu(ppw‘gwi‘p]w = pwgDy OZL ] + S,Az 11
w

a
Az (Woeppuwgw) + (Wptippw W) e (wwu,ppw,gwi"’)w

a(w? a(w? 12
= <pW,ng (azl )) - (pw_ng %) + SpAz
e w

The sum of the transport equations for all the species involved leads to the continuity equation
where the sum of the diffusive mass fluxes vanishes. Therefore, the total mass balance is given as
follows:

d
Aza(lp,ps,ppw_g) + 1/)<pu(ppw_g]:/ = S,Az 13

By multiplying Equation 13 by w/.

d
Aza(wqogwpw,g)wi(p + (1/)¢u¢,pw,g)ewi‘” - (llz(puq,pw,g)ww;p = Syhzwf 14

Using the product rule and subtracting the Equation 12 by 14 the following expression is obtained.

5} 0(w.‘p) d
Aza(lpwstﬂpw.g)witp+AZ¢¢grppw.g atl —Aza(zpws,ppwlg)wi‘p+(¢,,,u,,,pwg) (Wl(pe_wi(p)
» —wf)= Da(w;”) - a(¢) SpAz —wPS,A 1
+(w¢u¢pW.Q)w(Wi,W w?) = ( pwgDy oz Pw,gDyg T8z =W 5pAz
e w

The following equation for specie i in the ¢-phase is obtained.

a(w’)
AzYypeppw,g—F— It + (’rbrp”«)pw g) (Wl.e -w’)+ (lptputppwg) (sz -w')
o(w’) a(w’) 0 16
= | Pw,gDy oz ) = | pw,gDy oz y + SpAz —w;"S,Az

‘P

Using a simple first order forward upwind scheme w; 50. Therefore, the following final

discretized equation for specie i in the @-phase is obtamed.

d W(p a(w? a(w?
Az eppw,g (at ) + (’/’@u@/’wy) (WEW - W(p) (Pw.ng %) - (Pw,gDy %) +Splz — Wi(p5<ﬂAZ 17
e w



The same procedure is used for the species balance discretization in the solids phase. The discretized

equation is the following.

a(ws'k)

Az(1 — S)I)w,s at + (pw,sUs)W(Ws,k,w - Ws,k)
18
a(w, a(w
= <pw,st (a;k)> - (pw,st (a;’k)> + Ss01AZ = Wy 1 Ss01A2
e w

The Energy balance discretization

aT aT aT aT
[Pus (1 = €05 = pungeCogl 3o + D (FhiCpun) 35+ ) (FliCoum) 37 + Z(Fs,kc;as) "
L l

19
+ 0 (A aT) _
az\"%az) ¢
The final discretized Equation is the following.
aT
Az (pw's(l —&Cp,— pw'gstg)%
a(T)
=- [Z (FioilyAhis + iyl M)+ Fol, Coy(Tw — T)] + (Aax ?)
%() k ¢ 20
T
- </1ax a—Z>W + S,

T T
Where Ay, = hyy, (T) — hyy (Ty) = fTW Cp;,,dT and Ak = hyy, (T) — hy (Ty) = fTW CpindT

This discretization in space reduced the partial differential equations into a set of ordinary
differential equations (ODEs), equations, coupled with algebraic equations that can be solved using a
robust ode-solver from the MATLAB library. Such approach is called Method of Lines (MOL). The
MATLAB routine odel5s was used for the integration in time which also recommend for stiff
problems as it is the case (due to stiff chemical reaction kinetics). This routine is a multistep solver
based on the backward differentiation formulas (BFD). The differential balances are solved for each
volume cell simultaneously. Furthermore, the probabilistic approach used to determine the averaged
model parameters is solved for each time integration.

4 Testcases

The following test cases were carefully prepared to prove that the model foundation/structure is
working using the averaging probabilistic approach to describe the system hydrodynamics. A set of
correlations already validated in literature were used for this purpose.
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4.1 Mass conservation

Different tests were performed to verify the conservation of mass and results are shown below in
Figure 3 to Figure 7. The Oxygen carrier reduction reactions and catalytic steam methane reforming
reactions were simulated.

506929 T T T

506929

506929 - -

506929

506929 -

506929

Total mass flux, Gs + gas [ka/ rr? 5]

506929

50.6929 . L .
0 05 1 15 2
Axial direction, z [m]

Figure 3 — Total mass Flux along the reactor height

Figure 3 shows that the total mass flux is constant along the height of the reactor assuming that only
Ni flux is constant along the bed. It means the matter is conserved over the system.
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Figure 4 — Total molar fluxes of the element species along the axial direction

Figure 4 shows the total balance of each element present in the reacting species. The total molar
flow of each element is constant along the height of the reactor. Therefore, the mass is conserved
along the system as concluded before.

Tests were also performed to verify that the flux change in each cell equals to the source terms that
include the reaction, bulk transfer and mass transfer. If that is the case, the system behaves as
physically expected and conservation of matter is satisfied.

25 Check, H-phase(mass based) — AFhnx, cH, =F Fu
- T T T T T
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s | S co, h
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.
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05 HH0 _
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\ - ————————— .,
T . e SE -
Ofe ,!"r:‘:A.._)_; E—— * 1 m
o - . - . - - - -
f
05 1‘& .
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Axial direction, z [m]

Figure 5 — Agreement between the flux change and source term in each volume cell at the H-phase
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Figure 6 - Agreement between the flux change and source term in each volume cell at the H-phase. In this figure the
fluxes and source terms are mole based not mass based as in Figure 5
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Auxial direction, z [m]
Figure 7 - Agreement between the flux change and source term in each volume cell at the L-phase

As observed in Figure 5, Figure 6 and Figure 7, the source term curves (dots) the flux change (lines)
overlap at each cell for both phases, thus confirming that mass is conserved in both phases.

4.2 Energy conservation

If the total change in the enthalpy flux of the reactor streams (gas + solids) equals to the total energy

produced/consumed by the reactions at each volume cell, the energy is conserved inside the system
(Equation 21).

hg + hs = Z(_AHRJ)RJ' 21
7

11



*
v & . S
NanoSim ﬁ il : Y. . x

NanoSim - A Multi-scale Simulation-Based Deéign Platform for Cost-Effective CO2 Cépture Processes using Nano-Structured Materials

W 105 Energy balance Test

Stream enthalpy fiusx i
Reaction Entalphy AHf*AFqu

+  Reaction Entalphy AHf’R 4

Enthalphy Fluxes [ 5]
b

7 L 1 |
0 05 1 15 2

Axial direction, z [m]

Figure 8 — Energy conservation test

In Figure 8 it is clear that all the curves (red line, blue line and dots) overlap, meaning that the
enthalpy change of the stream (gas + particles) in each volume cell equals the total energy that is
produced/ consumed in the same volume cell. Therefore, conservation of energy is satisfied.

4.3 CLRreactor simulation example

A Chemical Looping Reforming (CLR) fuel reactor was simulated to illustrate the capabilities of the
model. Methane and steam were fed to the reactor along with an oxygen carrier/catalyst (NiO).
Catalytic steam methane reforming and water gas shift reactions as well as heterogeneous reduction
of the oxygen carrier by fuel gasses were simulated.

Some of the most relevant profiles are presented in Figure 9. Note that the variables were
normalized by the maximum value of each variable to allow for visualization of all variables on a
single graph.

12
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Figure 9 — Relevant Profiles for: Gas density (0.145-0.179 kg/m3); Total void fraction (0.868-0.874); Gas superficial
velocity (4.38-5.88 m/s) and Temperature (752-800 °C)

Figure 9 shows that the profiles for relevant variables in the reactor system qualitatively behave
as expected:

Gas density: The gas density decreases during the first 20 cm of the reactor due to the
production of H, (light gas) from the very fast catalytic steam methane reforming reaction. As the
reaction system nears equilibrium and the catalytic reaction slows down, the density increases
due to the conversion of H,to H,0in the heterogeneous reduction of NiO to Ni. The decrease in
temperature due to endothermic reactions also increases gas density along the height of the
reactor.

Total void: The total void slightly increases along the bed due to the increase of the superficial
velocity caused by the steam methane reforming reaction. This reaction converts 2 moles of
reactants into 4 moles of products. The change in bed voidage is very small due because this
effect is cancelled out by the bubble growth rate along the bed. Larger bubbles rise faster, thus
requiring a smaller void fraction to maintain the gas flux through the bed.

Gas superficial velocity: The gas superficial velocity increases along the reactor bed due to the
increasing of molar flux of the gaseous species created by the steam methane reforming
reaction.

Temperature: The temperature of the reactor decreases due to the predominance of
endothermic reactions.

13
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Figure 10 — Composition profiles along the reactor height

Figure 10 shows the composition profiles of the different species present in the reactor. The NiO
is slowly reduced (almost at constant rate) until the end of the reactor where it tends to zero.
Over the first 20 cm of the reactor length, the reforming reactions are dominant and occur very
fast to produce H, and consume CH,. After the initial 20 cm, the catalytic reaction approach
equilibrium and the heterogeneous reaction dominates with production of steam and
consumption of the H, along the reactor bed.

These results show that the model is capable of simulating a CLR reactor system. Any advanced
closures (from other work packages in the NanoSim project or the literature) can be easily
implemented in the code to further improve predictive capabilities.
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