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ABSTRACT

Reduced order models that accurately predict tleeadion of entrained flow gasifiers as componerithiw integrated gasification combined cycle
(IGCC) or polygeneration plants are essential fozater commercialization of gasification-based gpesystems. A reduced order model,
implemented in Aspen Custom Modeler, for entraifie@g gasifiers that incorporates mixing and reciation, rigorously calculated char properties,
drying and devolatilization, chemical kinetics, piified fluid dynamics, heat transfer, slag behawaad syngas cooling is presented. The model
structure and submodels are described. Resuligrasented for the steady-state simulation of arhetric-tonne-per-day (2 tpd) laboratory-scale
Mitsubishi Heavy Industries (MHI) gasifier, fed o different types of coal. Improvements over siate-of-the-art for reduced order modeling
include the ability to incorporate realistic flowrtditions and hence predict the gasifier intermal external temperature profiles, the ability teilga
interface the model with plant-wide flowsheet madeind the flexibility to apply the same model toasiety of entrained flow gasifier designs.
Model validation shows satisfactory agreement witbasured values and computational fluid dynamidsD(Cresults for syngas temperature
profiles, syngas composition, carbon conversiomyr dlow rate, syngas heating value and cold gasiefiity. Analysis of the results shows the
accuracy of the reduced order model to be simdathat of more detailed models that incorporate CHRext steps include the activation of
pollutant chemistry and slag submodels, applicatibthe reduced order model to other gasifier desigarameter studies and uncertainty analysis
of unknown and/or assumed physical and modelingrpaters, and activation of dynamic simulation ciipab

reasons for this are: high throughputs, high carbamversions and
INTRODUCTION very low concentrations of tars and hydrocarborsoeiated with
entrained flow gasifiers (EFGs) [5]. Important idderistics of the
main EFG designs are shown in Table 1. Howevegrethare
significant technical challenges associated wite tperation of
EFGs. Foremost among these are:

Carbon dioxide capture and storage (CCS) is rezednas one of a
suite of technology options that can be used tagedreenhouse gas
(GHG) emissions from continued fossil fuel usage3]1 Several
approaches to carbon dioxide (§®@apture, the most expensive step
in CCS, have been suggested, among them, pre-ctiotbhusO, 1
capture systems, which employ gasification. Amgilans of '
gasification-based energy systems include IGCC tpldor the

production of power, and polygeneration plantstfa production of 2
industrial chemicals, fuels, hydrogen, and potdlgtizower. '

Lack of dynamic feedstock flexibility: changes aetistock
composition can lead to unacceptable syngas cotigosi
changes and unpredictable slag behavior.

Injector failure: high flame temperature and higlrtizle
velocities lead to short injector life. This isrpeularly
true for slurry-fed designs.

Slag behavior: even under normal operating comstio
slag can freeze, causing corrosion and blockagederihe
gasifier.

1 Copyright © ASME 2009

There are three general families of commercial figaisdesigns: 3
fixed/moving bed, fluidized bed and entrained flovAccording to '
the DOE/NETL 2007 Gasification Database, nearly p@hnned
gasifiers will be of the entrained flow family [4].The primary



4. Refractory failure: corrosion due to slagging, high
temperatures and high particle velocities leadreorature
refractory failure.

5. Poor space efficiency: inadequate understandinghef
internal flow fields leads to “dead zones”, whiale &f no
use to conversion.

6. Fouling and poisoning of downstream equipment:af,
sulfur compounds and unconverted carbon can damage
downstream heat transfer surfaces, catalysts and
turbomachinery.

7. Poor plant integration: IGCC and polygeneraticangd are
extremely complex, and in many cases, individuanpl

components are not optimized for overall plant
configuration.
Table 1: Entrained flow gasifier characteristics
Process E-GAS GE MHI OMB PREN- SCGP SFG
FLO
Vendor CoP GE MHI ECUST Uhde Shell Siemeps
Injectors  Opposed  Axial Radial  Opposed Radial Radial Axihl
Flow Up Down Up Down Up Up Down
Feed Slurry Slurry Dry Slurry Dry Dry Dry
Oxidant Q O, Air O, O, O, O,
Stages Two One Two One One One Ong
Lining Ref Ref Ment Ref Mem Mem Mem
Syngas Q° Qor Q Q R+Q R+Q Q
cooling R+
Q

Computer-based simulation is one method wherebydwgal gasifier
designs and plant layouts can be analyzed and aechparhe U.S.
Department of Energy recognizes simulations as @in#ge most
important steps to greater commercialization ofifgadion [6].
These models would ideally employ computationaldfldynamics
(CFD) and extremely detailed submodels for the oweiphysical,
chemical and dynamic processes occurring insidgéséier. Such
detail, however, makes integration of these moddlth process
flowsheet models of the overall IGCC or polygeneratplant
difficult and impractical. For this reason, the nwgresented here
focuses on the development of reduced order m@g€M/s), which
capture the most important processes of gasificatiat without the
computational expense of more detailed simulatidhe ROM will
primarily be used to simulate the interactionshaf gasifier with the
rest of the IGCC or polygeneration plant, i.e. veeksto address
points 1, 6 & 7 above.

Reduced order modeling involves the representatidhe gasifier by
a reactor network model (RNM). The RNM consistsid#alized
chemical reactors, including 0-D well-stirred reast (WSRs or
CSTRs) and 1-D plug flow reactors (PFRs). Therappate use of
0-D and 1-D components in the RNM drastically rezfuche
computational expense of simulation compared to CFRNMSs have
been used for modeling EFGs since the 1970s [7-THiE following
trends are observable when reviewing the statbefitt in ROMs:

All of these studies use a combination of WSRs RR&s
in series, in essence assuming fully 1-D axial flowith
the exception of Smith and Smoot [10], no consitilenas
given to mixing and recirculation.

With the exception of Bockelie et al. [15], none tbe
studies consider the fate of ash/slag in the gasifi

! Ref: Refractory-lined

2 Mem: Membrane-lined. Membrane refers to the mietedll used in
gasifiers that employ heat removal via steam. Tihisg design relies on the
formation of a slag layer to protect the metall@livirom the harsh
environment within the gasifier.

% Q: Quench cooling

4 R: Radiant cooling

With the exception of Vamvuka et al. [13, 14], aflthe
studies apply arbitrary or unknown temperature lam
conditions on the gasifier walls.

While some of the studies track the formation ofwsu
based pollutants, none do so for nitrogen-basddtpats.
None of the current models are capable of dynamic
simulation.

With the exception of Bockelie et al. [15], all thie studies
focus on one gasifier design. Some studies dvaatate
their models against experimental results.

From a review of the state-of-the-art, it is cldwat there is a need for
ROMs that incorporate submodels for mixing androedation, slag
behavior, heat loss through gasifier walls and ypafit formation.
These submodels are required in addition to thiveady used in the
previous studies, i.e. devolatilization, char cosian, particle
properties, and chemical reactions. It is alsoartgnt that these
models are dynamic and validated for use over geraf commercial
EFG designs. This paper describes the progresse nmadards
developing a comprehensive ROM for integration witant-wide
process flowsheet models. Future papers will fasusnodeling slag
behavior, pollutant formation, dynamic gasifier mgi®n, and the
effect of uncertainty in physical and modeling paegers.

MODEL DESCRIPTION

The Reactor Network Model

Reactor Network Models (RNMs) are used to reduce th
computational expense of gasifier simulation, comgato CFD-
based models. It is therefore important to recogrihe necessary
differences between RNMs suitable for EFGs of vasdifferent
design. The main design variation to consider whkaosing an
RNM is the number of firing stages of the gasififihe next section
describes an RNM for a one-stage gasifier. THiseguent section
describes the modification of the one-stage RNMuse in a two-
stage gasifier.

One-Stage RNM

For modeling a one-stage gasifier we chose a reaetwork model
(RNM) developed by Pedersen et al. [18, 19]. Aescétic of the
flow in an axially-fired swirling coal combustoQrf which the RNM
was developed, as well as the RNM itself, is shawfigure 1. It
consists of four reactors or zones; two WSRs aral RWRs. Coal,
oxidant and HO (slurry or steam) enter at one end of the gasifie
swirl injectors. In the case of the slurry-fed G&sifier for example,
coal slurry is introduced via a central injectod axxygen enters via a
swirling annular injector. In a reactor of thisnfiguration, two
recirculation zones are established; an interneira@ation zone
(IRZ) and an external recirculation zone (ERZ).
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Figure 1: Flow field and RNM for a one-stage gasifi er
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The inlet streams mix vigorously with each othed amith hot,
recirculated gas and patrticles in the IRZ, whiclieigresented by a
WSR. To a first approximation, the structure of #fRZ may be
considered to be governed primarily by the degresvarl of the
inlet streams. The precise inlet geometry and|svanditions for
most gasifiers are not known, so the assumptiomasle that the
degree of swirl is sufficiently high to ensure falixing of the inlet
streams within a length of one quarl diameter ftbin gasifier inlet.
The IRZ is therefore modeled as a cylinder of di@meand length
dguarr Where duaq is the diameter of the quarl. All inlet streanms a
assumed to fully pass through the IRZ.

The two-phase flow leaves the IRZ fully mixed antees the jet

expansion zone (JEZ), where the sudden expansitre atlet of the

gasifier causes the flow to spread out. The JEZpsesented by a
truncated conical PFR. As the flow approachesadls of the

gasifier, detrainment from the expanding jet occansl the flow

splits into two streams. The portion of the fldvat detrains from the
jet flows back towards the IRZ through the exterradirculation

zone (ERZ), which is represented by a WSR.

To a first approximation, the structures of the Hfid ERZ may be
considered to be governed primarily by the geometrthe gasifier,
and more specifically by the ratio ofageto dyar  Since the precise
inlet geometry of the gasifiers under consideraticmnot known, the
assumption is made that the quarl diameter is Geffily small
compared to that of the gasifier, so that the J&Z lze modeled as
expanding as if it were a free jet.

The remainder of the flow leaving the JEZ, whicteslmot enter the
ERZ, proceeds to the reactor exit via a fully 1-Bwf in the
downstream zone (DSZ). In the original work by &seén et al, the
DSZ was represented using a WSR. The present ugs® a PFR as
it is better able to simulate the relatively sloasiication reactions.

Three parameters are needed to use this RNM: tigthlef the IRZ
(Lirz), the jet expansion angleg)( and the recirculation ratio
(a=m/m,). In this expressionm and m, refer to mass flow

rates of the recirculating and inlet streams, rethpaly. The present
work evaluates these parameters in the same masneedersen et

al. [18, 19]. Therefore, kz=dyaniS chosen, as described above. The

jet expansion angle is increased by swirl and dsa@ by
combustion. As discussed above, the JEZ is asstonexpand as if
it were a free jet, so a value of 9.7° is chosengfo This is the
maximum observed jet expansion angle of a freéJeap. 2 in [20]).
The recirculation ratio is evaluated using the rodtf Thring and
Newby, wherea =0.47( g, /d)- 0.£ (Chap. 2 in [20]). In the

Thring and Newby method, d is the characteristenditer of the
burner, which in this case is chosen as gzd21]. The validity of
these assumptions will be examined in future waskg parameter
studies.

Within each reactor or zone of the RNM, the ROMregges mass,
energy and momentum conservation equations in ex freference
frame, treating solid and gas phases as pseudisflun addition to
the conservation equations for the gas-solid flowhe gasifier, mass
and energy balances are performed on the wallhefggsifier, to

establish the wall temperature profile and slagedahickness. The
conservation equations for a 1-D PFR, as well eg@nd explaining
the terms used, are shown in Table 2. The samatieqs are

applied to the WSRs, witl]/{x terms replaced by 1{lsgr where

Lwsr is the length of a WSR. The RNM and the cons@mwat
equations were solved in Aspen Custom Modeler (ACM)

Flexible One- or Two-Stage RNM

The one-stage RNM described above is insufficiemt rhodeling
two-stage gasifiers, such as the ConocoPhillipdP{CGor Mitsubishi
Heavy Industries (MHI) gasifiers, which will be cidered in this
paper. Therefore the one-stage RNM is modifiedhgyaddition of
an extra WSR, as shown in Figure 2. In this flexiBNM, the first
stage of a two-stage gasifier (i.e. the combussorgpresented by a
WSR, identified as the coal combustion zone (CQAg)both the CoP
and MHI designs, the first stage combustor is usedupply heat,
CGO, and HO for the endothermic gasification reactions in skeond
stage gasifier (or reductor). Oxygen is supplieduch quantities as
to fully oxidize the volatile components of the tdaut not consume
all of the resulting char. Therefore the strearitirmx the CCZ is
assumed to consist only of GH,0, N,, SO, and unconverted char.
The RNM employs a switch that can be used to stepraterial and
energy flows from the CCZ to the IRZ. This meahnattone-stage
gasifiers, such as the GE, ECUST, Uhde, Shell aenhéhs designs
can easily be modeled with this RNM. The flexibfee- or two-stage
RNM is used for all modeling presented in this pape
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Figure 2: Flexible RNM for a one- or two-stage gasi fier

Model Implementation

As described above, mass, energy and momentum rgatise
equations are performed at every axial point irheafcthe PFRs, as
well as for each WSR. In order to solve the equatipresented in
Table 2 it is necessary to evaluate all of the s&agy variables. This
is achieved through the use of submodels, whichract with the
conservation equations and with each other. Eabmedel receives
estimated input variables from the conservationadqos and/or
other submodels, evaluates the required termshirconservation
equations, and sends them to the conservationiegeatThe ROM
evaluates the error for the conservation equatimmkscompares it to
the tolerance (absolute residual) as defined byABM solver. For
all conditions, the absolute residual is set t8.16 the error exceeds
the tolerance, the ROM solves the conservation temsand the
submodel equations iteratively.

Figure 3 shows the role of the submodels in the RQMriables that
are passed between the conservation equations udmmodels are
shown by their symbols. The direction of inforrati flow is

indicated by the arrows. In addition to the vaestevaluated by the
submodels, fixed parameters, based on the desigmedjasifier are
provided. These include information on the gasieometry, and
physical and thermodynamic properties for the vaylers. Input
parameters, which describe the RNM and are disduabeve, are
also input. The flux of particles to the walh{,,,,) is not currently
predictable by the ROM, and is set to a constaluevior now. This
is discussed further below. It is apparent frorguFé 3 that the
submodels interact with each other in a highly clempmanner.
Therefore it is necessary that great care is usédeir development.
The individual submodels are discussed in detathénext section.
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Figure 3: Model implementation using submodels

Conserved
quantity

Gas phase
species mass

Expression

ﬂ('%sxirf g)
It

1
:ﬁ A:SDg eff, x

Table 2: Conservation equations for 1-D PFR

X

ﬂ(X{é‘ 9) _ ﬂ( %Svﬁ;qeg J+ AsS

Variable solved for

X, (Gas phase
mass fraction)

Solid phase
species mass

(A e X)_ 1(Asg Xv)

+ %Ssj- rT!Iagging xj

X, (solid phase

(proximate) it T proximate mass
fraction)
Solid phase X, (Solid ph.
species mass ﬂ(A:Srﬁpxk):_ﬂ(Acgq’ rxkv)_'_pbs_ . X _k( old phase
(ultimate) qit x s Mhiagging ultimate mass
fraction)
Gas phase T
ey MAsread 1, T SACENM e Lo e nee s Q. 0O
ﬂt ﬂX S™g, eff, x ﬂX ﬂX S : ry, i ev i n P nw® g n®g temperature)
Solid phase ﬂ( Acsr T, (Particle
e d) _ (Acg hy) - - - - ’
energy @ o As NSt Sul BB BB Ques Quwsw Qo o Moo emperatre)
Gas phase ;
moementum ﬂ(A:sfé’ ng) _. ﬂ(Acsfé’ gVZQ)_'_ A - P, reg Fu F V, (Gas velocity)
it x S 7 X g gw Tgp
Solid phase ;
momentum ﬂ(Atsf 3 pr) _. ﬂ(Acsf £ szp)_'_ A (r g+ F ) V,, (Particle
it x s\7 £ » [ velocity)
sjrr:g:; ﬂ(ACSN P) = ﬂ( AcsN PV!) n];lagglng NP (Particle
It i m, number density)
Slag mass - g _ I 0'S|,clg (Slag
gasifier’ slag ﬂt ﬂx slagging thickness)
Slag ener
g energy ﬂ(ds.agusmg) _ ] Moy T (rrLIag mag) ‘ , , , Tyag (Slag
2prgasifier, slag T[t - 2} r gasifielr( slagTTX d slag ﬂX - T[X + Qconv, [} w+ Qrad [ Qond.sl@ v;'— mslaggingh| Temperature)
L™ wall I
enev;lgy e M = K LZTI +0 e} T, (wall layer
ﬂt - Abs,l | 1-b(z Qcond F® | cond@ +| 1 temperature)
Ext I wall
er):e?g;a wal M Ak & ‘g g 9 Texl (External wall
ﬂt S, ext + ext 1-[)(2 cond ext®  ext conveext amb radl ext temperature)
Legend: h = Enthalpy N, = Number density of particles T = Temperature
A.s =Cross section area k = Conductivity P =Pressure u = Internal energ)
D = Diffusivity m= Mass Q =Linear heat flux v =Velocity
E" = Volumetric force m= Mass flow R = Rate of chemical reaction X =Mass fraction

g = Gravitational acceleratic ~m,,,,, = Linear mass flux of particles tow: S =Chemical reaction source ter s = Density
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Submodels
Physical and Thermodynamic Properties

Physical and thermodynamic properties for all ghssp species
(with the exception of tar, which will be discusséater) are
calculated using the Aspen Properties database.lid $hase
properties are calculated according to the infoionain Table 3.
Initial bulk particle density is assumed to be umkn and is
calculated using Ergun and Menster’s correlatiosedaon dry, ash

free hydrogen mole fraction)iHldaf) [22]. Particle bulk density

varies as char conversion occurs on internal ardried particle
surfaces. The particle density evolution parameieris used to
distinguish between conversion on external areastemt density)
and internal area (constant radius). The densityuéon parameter
is described by =/Ar A ;. /V,, whereh is the effectiveness factor,

which will be discussed later, angl A, and \, are the particle
radius, internal surface area, and volume, respagti

Merrick’s model [23] is used to predict heat capaaind enthalpy as
functions of coal composition and temperature. sTallows the
thermodynamic properties of the particle to chamgdevolatilization
occurs. Thermodynamic properties of ash are predliby Kirov's
linear heat capacity model [24]. Ash enthalpy wsién Ohgs s iS
chosen as 230 kJ/kg [25]. Particle internal enéggalculated by the
thermodynamic relation, = h, - P/r .

The random pore model (RPM) [26, 27] is used to ehedolution of
mass-specific internal particle arga measured in terms of’fkg, as

a function of carbon conversion (C) and particlectural parameter
(), while a fixed particle roughnes®\¥5) is used to calculate
external area. Internal surface area evolutiotrasked from the
onset of devolatilization onwards. Liu's modelused to correlate
post-devolatilization internal particle area asumction of initial
proximate analysis [28]. The ROM submodels fornaival reaction
and heat transfer require certain areas to be expdeas area per unit

volume of reactor. These areas are the interAg|,() and external

(A, ) Particle areas, and the particle heat transfea &4 . ), all

measured in terms of3m®. They are evaluated as described in Table
3 using the particle volume fractioe, =N, V,.

Table 3: Calculated solid phase properties
Property Expression Ref

Bulk Ur =X 7 gy + Xy by + X
density p daf /" daf ,,/(:Lb) M asr(/ ash [22]
ry=r pvo(mp/ mno) , b # ';Abmtlvp
~ -1/3 1/3
Fia0=1000( 0,48+ 0.8K, o) 3 1, =1,0(r, 7 o) (M, thy) 129]
m, =7,V v, =4 /3
Enthalpy Ny = Xgar N + Xy By + Koo g
. [23]
h; (T): h,+ ¢;dT=h; + h,;
TO
Py = A/ W [380/( exd 380T)- ¥ 360(/ exp 1800F }1 1E
Pors an= 0-594T - 299+ 0.293 16(T% 28} [24]
2::;;&(38 ap = ap,ex‘ + apln(; ap eX|=4p 'sz [225”
By = mo(1- O ¥y In(2 C); g5 10(218.4X, /X& 98) 28]
At = Byl £ 5 Area™ 35k 6 5 Apwr= 8,68, o

Drying and Devolatilization
During particle drying, all moisture is assumeddave the particle
upon heating. Volatile composition and yield isdaled using the
Merrick model [30]. Rates of drying and devolatliion are not
calculated as these processes are sufficiently(fdsims) compared
to the residence time of the particles in the CCZRZ (~20 ms),
where they are heated by volatiles combustion aeex @ (CCZ), or

by recirculated gas and particles (IRZ). Therefale particles are
assumed to be fully dried and devolatilized upoterng the JEZ.
The products of devolatilization are: char, £&,Hs, CO, CQ, tar,
H,, H,O, NH; and HS. Both char and tar products have
compositions of the fornC,H,O. N, S .

C,H,O.N,S(daf cod) ¥ a CO b CP ¢ H d HOe CH f Ck
+gNH, + /H,S+{ G H Q N (tar) (Ea. 1)
+ (GHQN ) (char)

All of the ash is assumed to remain in the char.addition to five
elemental balances for the global devolatilizatiprocess, the
elemental compositions of char and tar are fixbd, ytields of CH
and GHg are correlated to initial hydrogen content, arel flelds of
CO and CQ are correlated to initial oxygen content. Theaffin
constraint on devolatilization is the correlatioglating the actual
volatiles yield to initial volatile matter (VM) cdent obtained by
proximate analysis (ASTM D3172¥, »u ac™ Xaarwmo = 0-36 X0 vao

The overall mass balance for Merrick's devolatiiiaa model is
shown in matrix form in Figure 4.

08 075 08 0428 0Z72Zr 08 O 0 0 0 Koo Xutco
02 O 0 oo 1 01111 01766 (1(588‘ bwvar Ko

02 0%
002 0 O 0574 0723 000 0 08P 0 0 eenw  Xewco
0L 0 0 0 0 0@ 0 0 0250 feo K
006 0 0 0 0 Q1 0 0 0 092 Xeco _Xuso
1 0 0 0 0 0 0 0 0 0 Xuw 2Yuu
o 1 o0 0 o0 0 0 0 0 X, 13X,
I R I e
6o 0o 0 o 1 0 o0 o o o |Jew 0
Xegs 010

Figure 4: Mass balance for devolatilization submod el

Since drying and devolatilization are assumed dalpccur in the
CCZ and/or IRZ, their source terms for the JEZ, ERA DSZ are all
zero. Particles are fully dried and devolatilizgzbn leaving the IRZ,
requiring the use of the following source term egsions in the CCZ
and IRZ only.

Drying
For gas phasedd: S, .0 = 6,7, XuoV/ Lirz
For particle-bound moisture (MfS,, uw = - Sy, 1,0

Devolatilization
For gas phase species:

Sdev,i = epr deaf, VM actxdato xdev ivé( I-IR£]'_ X dev Ch))
For particle-bound volatile matter (VMB,,,\y =- Sy

As previously stated, certain physical and thermaalyic properties
for tar are calculated separately from the other gjaase species as
tar does not exist in Aspen Properties. Thesaidtecldensity, heat
capacity and enthalpy. Tar is assumed to havdasimioperties, on
a mass basis, to benzengHg) [9]. Therefore, when calculating
molar properties of tar, it is necessary to sdaerelevant properties
of benzene by the ratio of the molecular weightsg. e

Fiar = I“l:‘SHs V\{ar/ \/\(:5H6 ! Wherevvtar =1/ )’ik /V\‘( *
k
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Chemical Reactions
Chemical reactions appear in the mass conservatiprations as
source terms ;5§ and § for gas phase, solid phase (proximate) and
solid phase (ultimate) species, respectively. &lssirce terms have
units of kg/ni/s. For gas phase species, which can participaieth
homogeneous and heterogeneous reactions, the seurce defined

as§=w( n, R +1/w n, R), where I§1 is the rate of the'h

m

homogeneous reaction in units of kmo¥snand R, is the rate of the
m" heterogeneous reaction, both of which are destrfbether in
this section. The source terms for solid phasgiprate and ultimate
species are shown in Table 4. Since the proxinsaiecies all
participate in different reactions, each sourceter unique. Source
terms for ash and moisture are obviously idenfmaboth proximate
and ultimate analyses. The source terms for teenehtal coal
constituents, C, H, O, N and S, are all identica tb the fact that all
of the these species undergo the same processedatiization and
heterogeneous chemical reaction.

Table 4: Source terms for solid phase proximate and
ultimate species

Analysis Solid phase specie Source term
Proximate Fixed carbon S =- R,
m
Volatile matter S =- Sevi W
ev |
I
Ash Sn=0
Moisture Sy =- %W
Ultimate k=C,H,O,N,S S =S Wt )g‘ qat S
Ash Sash =0
Moisture Sy =- %W

The global kinetics of homogeneous reactions fojomspecies are
modeled using rate expressions derived from Weskbf81] and
Jones [32]. Homogeneous reaction rate expressibribe form

R =k[c]™ ¢]™, and which have units of kmolffs, are shown in

Table 5. Note that simulation convergence diffiesl were
encountered in ACM when ) was used for homogeneous
reactions. For this reason, the values of k shiowfable 5 and used
in the ROM are not functions of temperature for &aynogeneous
reaction, except the water-gas shift. For eachduymmeous reaction,
an average value of, lwvas calculated over the expected temperature
range inside the gasifier. Also, oxidation kinstior GHs and tar
were assumed to be of the same form as that foy. CHhese
simplifications do not affect the accuracy of theodal as
heterogeneous reaction kinetics are rate limitingen all realistic
conditions.

Table 5: Homogeneous reaction rate expressions

Reaction Rate expression Ref
Co+i0 ¥4 CQ R =1¢°[cd[ q]"*] H,$* [31]
H, +10, %9 H.0 R =10([H]"T0] *-[Hg/K) P2
CH,+10,%%® CG 2H, R =1C°[CH][ O]** [32]
CO+H,0%#® CcQ+ H, R,=2.75 10 ex 100727) [32]
A ([coH.d-[cal H/K)

CH,+H,0%% CO 3H, R =10°[CH,][ H,] [32]
C,H,+0,%4® 2CO 3H, R, =1C°[C,H][ 0]**

Tar+0,%%® CO Hy SG N R =10°[Ta][ Q]

Heterogeneous reaction kinetics are modeled usifigraer rate
expressions. Kinetic data may be input into thedvRi® one of two
forms; intrinsic or extrinsic. Intrinsic kineticath results in the

calculation of an intrinsic reaction rate constfmtthe ni" reaction,
Kom = Anm€XP(E;, /A T), with units of kg/nYbar/s. The area over

which this reaction occurs is the total particleaaravailable for
reaction, so the reaction rate (kjls) is expressed as

Ro = Knm( Ayext 1 mAgn) Prn . Expressions for the evaluation of

the internal and external surface are presentedainle 3. The
effectiveness factohg,) will be discussed later. Very few sources of
high pressure intrinsic kinetic data exist for gasification reactions.
An example of this type of data is the work of tBeoperative
Research Centre for Coal in Sustainable Developn{@@SD),
Australia [33].

Due to the lack of intrinsic data, extrinsic datehich lump the
effects of film diffusion, pore diffusion and cheral kinetics into a
single expression, can also be used in the ROMtrinSic data
results in the calculation of an extrinsic reactiate constant for the

m" reaction, Ky, = A, .XP(E o /A T), with units of 1/bd¥s. The
reaction rate  (kg/fis) is therefore  expressed as
Ry = Kool 7 o€ po@pint! 8pmod P . The modeling performed in this
paper uses high pressure extrinsic data for twonbitous coals
(Coal M and Coal T) developed by Kajitani et al4][3 Frequency
factors for both coals 4, ) are scaled relative to those of an
Australian bituminous coal (Coal NL). The spedfions of Coals
M, T and NL are shown in Table 6, while the hetergpus rate
parameters of Coal NL are shown in Table 7. Nbt different

extrinsic parameters are used for low temperatiireefic control)
and high temperature (diffusion control).

Table 6: Specifications of coal used in reduced ord  er

modeling
Analysis Coal M Coal T Coal NL
Proximate Fixed wt% 56.20 35.80 55.60
carbon
Volatile wit% 30.90 46.80 27.80
matter
Ash wt% 8.70 12.10 13.40
Moisture wt% 4.20 5.30 3.20
Ultimate C wt% 73.10 64.59 68.80
H wt% 5.09 541 4.26
O wt% 7.00 11.61 8.87
N wt% 1.48 0.94 1.13
S wt% 0.44 0.18 0.35
Ash wt% 8.70 12.10 13.40
Moisture wit% 4.20 5.30 3.20
Scaling factor for Acm 1.06 1.45 1.00
Table 7: Kinetic rate parameters for Coal NL
Reactant (o) H,0 CO,
Temp. °C <1260 >1260 <1200 >120(
range
y 14 3 3 3 3
Aex.m 10°/MPd/s 136 289 0.0855 334 0.0678
Eexm MJ/kmol 130 252 140 271 163
Nex.m 0.68 0.64 0.84 0.54 0.73

For the char oxidation reaction, a mechanism fa€tyris used to
account for direct conversion of carbon to G low temperatures.
It is evaluated as follows [9]:

Forr,<25 10°m; f=(z+ 2(z+ 2

(2z+2)- z(200,- 0.00% /0.09
Z+2

For 25 10°mE £ 05 10m /= (Ea. 2)

Forr,>05 10°m; f= 1.0
Where: Z=[Cq [ CQ] = 2500exp- 62497)
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When using intrinsic kinetic data, the partial grge of each reactant
at the particle surface {B) is found by estimating its diffusion
through a boundary layer around the particle:

n=/(RP-R)+ R, n,where the molar flux of each gas phase
specie to the particle surface is given hy=-a,/((Aw) R

[35]. The heterogeneous reaction and particle tann layer
diffusion equations must be solved simultaneously.The
effectiveness factoihg,) for each heterogeneous reaction is evaluated
from the Thiele modulus (,) as shown below [33]. As can be seen
below, Thiele modulus is a measure of the relatra¢es of
heterogeneous reaction to diffusion for a partidiénetic-controlled
reactions result in effectiveness factors close utaty, while
diffusion-control reactions give values near zeiMoreover, Des .

Dia and Dy refer to the effective, molecular and Knudsen
diffusivities, respectively, of gas phase specie i.

h,, =3If (1/tankk - T/ )
fm=rp/3\/(nm+1)k,mp LAATPE(2wD, )
Dy, = €/2(1/D, ,+1/D,, )"

D =2 1Cr, /3/& T, (ow)

(Ea. 3)

Evaluation of the intraparticle Knudsen diffusivit§ the reactants is
difficult as it requires knowledge of the intermstfucture of the
particle. Assuming knowledge of the particle pasoge), solution of
the following two simultaneous equations yieldérst forder estimate
of the average pore radiug.) of a particle modeled by the random
pore model (RPM) [26, 27]. It should be recallbédttwhen using
extrinsic heterogeneous reaction data, knowledgehef internal
particle structure is not required.

At :prporel pore(l- rpora[ﬂ par[ [/3) (Eq 4)
e= prpZorJ porer p(l_ x pore/ IUI p0|€ ;:/3) (Eq 5)

Fluid Dynamics
As described above, macro-scale inlet stream mixang flow
recirculation are modeled using the Reactor Netwdddel (RNM)
developed by Pedersen [18, 19]. One-dimensionslpgéicle and
gas-wall viscous interactions are approximatedgudirag coefficient
(Cp) and friction factor (f) methods, respectivelyable 8 shows the
expressions used to evaluate the viscous interatdions. The gas-

particle friction interaction £, ) can be positive or negative,

depending on the relative velocities of gas andigley hence the
Vgii/[Vsipl term in the force expression. The gas-wall ifyict

interaction (F, ) is positive under all conditions.

Table 8: Viscous interactions

Viscous
interaction

Force per unit volume (N/nt) Ref

Gas- . " -
particle Fop=36Co fgeg2 65Vf“p/(Srp)vsHp/ Vs\ill [36]

C, = 24/Rq,_p( 1+ 0.15 ngg?) [37]
Gas-wall

Fouw=fre vl (lGrgasiﬁe,)

1/ 10922210, Wy /74y + 2.51/Rg, 1°°)  [38]

Heat Transfer
The heat transfer terms evaluated in the ROM amevshn Figure 5.
The ROM is capable of simulating gasifiers with lwaboling
(membrane-cooled) and without (refractory-lined).on@uction
through the wall layers of the gasifier is modeledthe axial and
radial directions. Intraparticle conduction is mansidered due to
the small particle sizes involved. Two forced oection terms (gas-
to-particle and gas-to-wall), and one natural cotive term
(external wall-to-atmosphere) are considered. 8&lussmbers for
gas-to-particle and gas-to-wall convection are uated using

Nu, , =1.32Ré&? PY° (Eq. 4.75 in [39]) and the Petukhov equation:
Nu,, = (f/8)Re,, Pr/(L.0% 12.7( /8¢ (BF- 1 (Eq. 8.62 in

[40]), respectively. The Nusselt number for exé¢rconvection is
evaluated using the  Churchil and Chu equation:

Nu,,, ={0.825+ 0.387R4/® /[1+ (0.492/Py, *** ¥ § (Eq. 9.26 in
[40]).

Radiative heat transfer between particles is maldalsing the
radiation-as-diffusion (RAD) approximation [41, 420]. The
Rosseland equation is used to express radiatiooughout the
particle cloud as a function of particle radiusmperature and
temperature gradient, as well as the absorptiofficeat (K ) of the
particle cloud.

Q" - 645Tn3 rgzasifier &
rad 3K T[X

(Eq. 6)

The use of the RAD approximation requires KB>3, ghB is the
characteristic dimension of the gasifier. This n®that the particle
cloud must be of sufficient optical thickness. ©ndll realistic EFG
conditions, this requirement is met. For cloudpaticles of the size

of pulverized coal K :prpsz, where  and N, are the particle

radius and number density (E)nrespectively. Radiation in the gas
phase is neglected as preliminary analysis indiclte absorption
coefficient for the gas phase is significantly lowean that for the
particle cloud. Radiation between particles andl wasumes no
reflection from the wall [10]. The ROM allows ration heat
transfer between adjacent zones of the RNM. Riadiabn the
external wall of the gasifier treats the environtresa black body.

For use in the energy conservation equations, traasfer terms
must be evaluated in terms of heat transfer ragesipit axial length,
with units of (kW/m). The expressions for thesem® are shown
below.

Quon o 6= ApurAch (T T) (Eq. 7)
Qiom g9 w= 20T gusic [ T~ T)) (Eq. 8)
Q. po v = 2T g€ (T Th) (Eq. 9)
Qu po p = T Qe Arg) 11 X (Eq. 10)
Quna o v1= 20K (T - T.0)/In( 1.,/ 7) (Eq. 11)
Qoo ans= 20T el ok T o T age (Eq. 12)
Qutorts am>= 207 o5€ o{T 0 Thok (Eq. 13)
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Figure 5: Heat transfer terms evaluated

Slag Behavior

Slag behavior on the vertical gasifier walls is mied in a similar
manner to that employed by Seggiani [25]. Appil@atof 1-D
lubrication theory with temperature- and composHitependent
viscosity to a slag layer relates slag flow ratengl the wall to slag
layer thickness, via the following expression. gSliscosity (a9 iS
evaluated as a function of slag composition ang&zature using the
Urbain model [43]. In a review of slag viscositydels, the Urbain
model, which is shown below, was recognized as anthe most
suitable models for the reducing conditions encengtt in gasifiers
[44].

rT‘glag = Zprgasmelf slagcowd 3sla\g’( 3” slaiT s|al) (Eq 14)
M (T) = aTexp(16 /T)
where (Eq. 15)

- Ina= 0.269+ 13.9751
b is a complex empirical function of caaéh compositiol

The slag mass conservation equation provides amastof m,,,

which is used to calculate a value thr, The energy conservation
equation provides an estimate af,d which is used to calculate a
value formy,, The ROM is not capable of predicting the flux of

particles to the wall of the gasifient,,,,,). So it must be specified
as an input. For the current ROMy,, ... is set to a fixed value.

Future versions will usen,,,, predictions from CFD simulations.

Syngas Cooling

Certain experimental data for operational gasifigiges syngas
composition for cooled, dry, sulfur-free (sweethggs. In order to
compare the predicted composition of hot, raw sgnffam the

gasifier to the measured composition of sweet synigjads necessary
to consider the method of syngas cooling employdte that in the
case of the laboratory-scale MHI gasifier modeladthis paper,
measurements were taken at the exit of the gasifrrequiring the
use of a syngas cooler. The following describesnianner in which
the ROM models syngas cooling, despite the facgagooling does
not affect the results of this paper.

Syngas cooling is modeled using a 1-D PFR, withirdagrated
WSR, downstream of the downstream zone (DSZ) in réetor
network model (RNM). A switch in the cooler zonkowas the

simulation of all possible syngas cooling optionadiant cooling
only (PFR only), quench cooling only (WSR only)dient and
guench cooling (PFR and WSR in series), and narmmpgho PFR or
WSR). The cooler zone allows the same physical amemical
processes to occur as the RNM does in the gasifiberefore all of
the conservation equations identified in Table & solved in the
cooler zone. The ROM models a radiant syngas c@BI8C) as a 1-
D counter-flow heat exchanger. Saturated liquidewanters the
cold end of the cooling tubes (water wall) at aspribed pressure.
The flow rate of cooling water is such that it ssamed to leave the
water wall as a saturated vapor at the same peessur temperature.
The relatively slow cooling rate of syngas in comera-scale
operating RSCs (~100 K/s) allows the water-gast gkiction to
occur . This is in contrast to the rapid coolilmges associated with
qguench coolers (~30,000 K/s). Operational expegesuggests that
very little or no reaction occurs in quench coolg@s]. The ROM
models a quench cooler as a vessel containingasatli3O at the
syngas pressure. Heat transfer between syngagquemth water is
assumed to be sufficiently high to allow them tade the same exit
temperature. Energy conservation determines thaitguof the
quench water. The fraction of,@ in the vapor phase is assumed to
leave the cooler with the syngas. The liquid wdtaction leaves
with solidified slag particles via the lock hopper.

VALIDATION AND DISCUSSION

A ROM employing the RNM and submodels describedvabeas

constructed in Aspen Custom Modeler (ACM). The R@#&b used
to simulate the steady state performance of therthda-per-day
laboratory-scale MHI gasifier operated by the CantResearch
Institute of the Electric Power Industry (CRIEM)Yokosuka, Japan
[45, 46]. Like the commercial-scale MHI describedrable 1, the 2
tpd gasifier is fed with dry pulverized coal. No@® except for
moisture present in the coal is supplied to théfigasThe gasifier is
air-blown, two-stage and up-flowing. The coal oif@s are mounted
radially in the combustor and reductor. The maglifference

between the 2 tpd and commercial-scale units isfale that the
reductor of the 2 tpd unit is refractory-lined, ehithat of the
commercial-scale unit is membrane-cooled. A scliemaf the

gasifier and its design parameters are shown iteTab

The ROM was validated by using it to simulate seegperiments
that are described in detail by Watanabe [46]. ddmditions for the
seven tests are shown in Table 10. The modeltsesele validated
against the following experimental results and Giiulations from
Watanabe [46]: syngas temperature profiles, syrgmasposition,
carbon conversion efficiency, char flow rate, sydeeating value
and cold gas efficiency. Note the following defimns for terms
used in the experiments, ACO and ACH refer to tioéckiometric
flow rates of air with respect to coal and chanfiates, respectively.

(Eq. 16)

Air ratio: /, = M ot
(rrltoal,combustor+ mcoa\ reduclc) ACO

Gasifier air ratio:

/g — r‘I’]aur,mtal (Eq 17)
(rncoa\,combustor+ mcoal reductf) ACO+ mcharACH
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Table 9: 2 tpd MHI gasifier schematic and design

parameters
Design parameter Value Source(s)
Overall height (H) 5.85 m [45, 46]
Combustor height 1.71m Approx.
Reductor height 4.14m Approx.
Combustor diameter 0.30m [45, 46]
(D2)
Combustor diameter 0.24m [45, 46]
N (D)
2 Combustor walls Water- [45, 46]
E cooled
& Reductor walls Refractory- [45, 46]
lined
H Firebrick (refractory) 0.16 m Assumed
thickness
Insulating brick 0.06 m Assumed
-3 thickness
5| Steel wall thickness 0.02m Assumed
B Firebrick (refractory) 2.4 W/m/K 471 (
£ conductivity Zirchrome
3 90)
Insulating brick 0.81 [47]
conductivity WIm/K (CA 333)
Steel wall 50 W/m/K [40]
conductivity
Pressure 2 MPa [45, 46]
Firebrick (refractory) 1800 °C [47]
failure temperature
Table 10: Test conditions
Test M-1 M-2 M-3 M-4 T-1 T-2 T-3
Input data
Coal type M M M M T T T
Pressure MPa 2 2 2 2 2 2 2
Air ratio 0.469 0.495 0.525 0.476 0.463 0.488 B.5p
Gasifier air 0.358 0.381 0.409 0.367 0.392 0.463 0.506
ratio

Combustor kg/hr 40.7 41.4 40.6 41.2 50.1 51.9 50.y
coal

Reductor kg/hr 60.3 59.3 58.3 61.3 52.2 49.6 50.5
coal

Recycled kg/hr 38.1 36.3 34.8 37.8 33.6 9.8 7.7
char

Combustor kg/hr 391.7 418.4 436.6 409.7 342.0 365.4 371.8
air

Reductor air kg/hr 66.96 66.58 66.49 66.68 61.9 165. 66.3

Syngas Temperature Validation

The results of reduced order modeling are showifrigure 6 to

Figure 12. Figure 6 and Figure 7 compare the éxmertally

recorded syngas temperature profiles for Coal M @uwhl T,

respectively, with the CFD predictions of Watanghé] and the
ROM predictions performed in this paper. The 8lattions of the
ROM temperature profiles (a-b and c-d) indicate ldwation of the
CCZ and IRZ, which are both WSRs. The steep dnaemperature
(b-c) is the boundary between the CCZ, where cotidu®ccurs,

and the IRZ, where endothermic drying and devatatilon occur.

The steep rise in temperature (d-e) is the redultapid volatiles

oxidation at the front end of the JEZ. The congmars show
satisfactory model accuracy in predicting syngasperature profiles
in the reductor of the gasifier (e-f), especially Coal M. ROM

accuracy in this region appears to be similar @t thf the CFD

model. For tests performed with Coal T, neitherMR@or CFD

simulations predict the full extent of the flattegiof the temperature
profile. The ROM however, predicts the gasifiertdgimperature to
within 60 °C (point f).
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Figure 6: Temperature profiles for tests with Coal M found
by CFD, experiments and ROM
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Figure 7: Temperature profiles for tests with Coal T found
by CFD, experiments and ROM

Syngas Composition Validation

Figure 8 compares the experimentally recorded symganposition
for all tests at the gasifier exit with the CFD glictions of Watanabe
[46] and the ROM predictions performed in this pap€he primary
syngas constituent in all cases ig @lue to the fact that the MHI
gasifier is air-blown. Nitrogen mole fraction fall cases is 55-60%
and is not shown in Figure 8. The comparison sHR@& accuracy
to be similar to that of the CFD model. It is innfamt to note that for
all tests, the gas phase exiting the gasifier shamical equilibrium.
Differences between experiments and ROM and CFDigtiens are
due to differences in the predicted exit tempesatas well as
differences in stoichiometry due to predicted afeaiction rates. One
feature of note in Figure 8 is the ROM predictidnapproximately
constant HO mole fraction over the range of tests. This matsyet
been explained.
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Figure 8: Syngas composition for all tests found by
experiments and ROM

CFD,

Carbon Conversion and Char Flow Rate Validation

Figure 9 compares the experimentally recorded cadomversion for
all tests at the gasifier exit with the CFD preidics of Watanabe
[46] and the ROM predictions performed in this papBecause char
recycle is employed in the MHI gasifier, carbon wension is defined
below. In the equationm, ..., represents the mass flow rate of
carbon contained in the gas phase at the gasKier 8ince char is
recycled, the carbon it contains is not consideagd input for
calculating conversion. Figure 9 shows that witie ROM slightly
under-predicts carbon conversion, its accuracy agp® be similar
to that of the CFD model.

- n‘k gas out
nLoa\,combusto)( [ in+ mcoa\ reduclolx cir

(Eq. 18)

Figure 10 compares the experimentally recorded otass flow rate
for all tests at the gasifier exit with the CFD glitions of Watanabe
[46] and the ROM predictions performed in this pap&@he ROM

over-predicts char flow rate, which stands to reas® it also under-
predicts carbon conversion. Again, a level of aacy similar to that
for CFD analysis was achieved by the ROM.
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Figure 9: Carbon conversion for all tests found by
experiments and ROM

CFD,

10

100

80 @ Coal M CFD A Coal T CFD
— OCoal MExp ACoal T Exp
<
2 M Coal M ROM A Coal T ROM
o 60|
E ",
n
3 [}
S O O m
@ a0 F = m]
£ B g
IS e A
5 A A
20 | A A
0
0.30 0.35 0.40 0.45 0.50 0.55 0.60

Gasifier air ratio

Figure 10: Char mass flow rate for all tests found
experiments and ROM
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Syngas Heating Value and Cold Gas Efficiency

Validation

Figure 11 compares the experimentally recorded aynhigher
heating value (HHV) for all tests with the CFD pictibns of

Watanabe [46] and the ROM predictions performedhis paper.

HHYV is calculated on a dry, volumetric basis. Toenparison shows
that the ROM under-predicts syngas HHV, but is nareurate than
the CFD model.

Figure 12 compares the experimentally recordedfigagiold gas
efficiency (CGEyy) for all tests with the CFD predictions of
Watanabe [46] and the ROM predictions performedhis paper.
CGEyyy is defined below. The comparison shows that t@EVIR
slightly over-predicts CGl;y, for all tests. Its accuracy, however,
appears to be similar to that of the CFD model.

cG _ nLyngasHHVsyngas (Eq 19)
S = + HHV
rT"coal,combustor mcoa\ reduct coa
8
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Figure 11: Syngas heating value for all tests found by
CFD, experiments and ROM
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CONCLUSIONS

A reduced order model (ROM) for simulation of emteal flow

gasifiers (EFGs) is currently under developmenthe ROM was
used to simulate the steady state performanceed? tipd laboratory-
scale MHI gasifier operated by CRIEPI in Yokosulapan. Model
validation shows satisfactory agreement with meswalues and
CFD results for syngas temperature profiles, syngamposition,

carbon conversion, char flow rate, syngas heatalgevand cold gas
efficiency.

Flexible ROMs incorporating reactor network mod@RNMs) are

essential for better understanding the role offigasiin overall plant
designs. Use of CFD-based models for this purpeeald be

unwieldy and inconvenient, given the length of tirequired for such
simulations. The ROM, on the other hand, is capabf

characterizing the steady-state performance offigesiin minutes.
None of the test simulations presented in this psgk more than 5
minutes to converge. Further development of theViR@owever,

will rely on parallel CFD modeling efforts curreptinderway in the
Reacting Gas Dynamics Laboratory at MIT to supplgdeiing

parameters. Examples of modeling parameters edigiable by the
ROM include the geometry of the RNM and the fluxstsg particles
to the walls of the gasifier.

The next steps in ROM development are: the activatif pollutant
chemistry and slag submodels, application of theMR® other
gasifier designs (see Table 1, as well as otheor#dbry-scale
gasifiers such as those developed at CSIRO in Alisstand ECUST
in China), parameter studies and uncertainty aealysf unknown
and/or assumed physical and modeling parametecdudimg the
geometry and layout of the reactor network modei)j activation of
dynamic simulation capability (to simulate gasifiestart-up,
shutdown and fuel-switching).
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NOMENCLATURE
Capital Letters

A
A
ACH
ACO

O 0Ow

o

u

N<>xX<—0vI1>»IVO0 0 TzZzzZ2XTMO

Area (nf) or Frequency factor (kg/tatr/s)
Area per unit volume (ffim?)

Stoichiometric ratio of air to char (kg/kg)
Stoichiometric ratio of air to coal (kg/kg)
Length scale for radiation heat transfer (m)
Particle conversion

Drag coefficient

Diffusivity (m%s)

Activation energy (kJ/kmol)

Viscous frictional force per unit volume (Nfjm
Equilibrium constant or Absorption coefficient fin
Number density (/)

Nusselt number

Pressure (Pa)

Heat transfer rate per unit axial length (kKW/m)

Heat transfer rate per unit area (kVeYm
Rate of chemical reaction (kgifs)

Rate of chemical reaction (kmofifs)
Ideal gas constant (kJ/kmol/K)
Reynolds number

Rate of species formation (kgfjror Swirl number
Temperature (K)

Volume (n?)

Mass fraction (kg/kg)

Mole fraction (kmol/kmol)

Yield

CO-CQ ratio at particle surface

Lowercase Letters

a
alb

X DHr o Q =

Specific area (Afkg)
Acid-base ratio
Friction factor
Gravitational acceleration (M)s
Enthalpy (kJ/kg) or Heat transfer coefficient (kWfi/K)
Enthalpy (kJ/kmol)
Conductivity (kW/m/K)
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Reaction rate constant ((kdftatn’s) for heterogeneous)
Length per unit mass (m/kg)

Mass (kg)

Mass flow rate (kg/s)

Mass flow rate per unit axial length (kg/m/s)
Heterogeneous reaction order

Radius (m)

Silica ratio

Time (s) or Thickness (m)

Internal energy (kJ/kg)

Velocity (m/s)

Mole weight (kg/kmol)

Axial position (m)

=
3
d

X s<¢c~Tw=53 33"

Greek Letters
a Recirculation ratio (kg/kg) or Slag viscosity mati

b Particle density evolution parameter or Solid stagface
angle (deg)

Chemical species

Thickness (m)

Volume fraction (MYm®) or Porosity (ri¥m?)
Mechanism factor or Thiele Modulus
Effectiveness factor

Mass transfer coefficient (kmolfs)

Air ratio (kg/kg)

Gasifier air ratio (kg/kg)

Viscosity (Pa.s)

Jet expansion angle (deg)

Density (kg/m)

Stefan-Boltzmann constant (5.6 7 &W/m?/K*)
Stoichiometric coefficient

Particle roughness or Wall roughness (m)
Particle structural parameter

E:,U)\Q Sm\o\\‘\‘\mQ“

ubscripts
Molecular diffusion
act Actual
amb Ambient
C Carbon
cond Conduction
conv Convection

>0 <

Ccv Critical value (slag temperature)
dev Devolatilization

d Diameter

dry Drying

eff Effective

ex Extrinsic

exit Gasifier exit

ext External

f Formation or Film

fus Fusion (heat of)

g Gas

H Hydrogen (elemental)

HT Heat transfer

i Gas phase species

in Intrinsic

int Internal

j Solid phase species (proximate)
k Solid phase species (ultimate)
K Knudsen diffusion

| Wall layer (i.e. firebrick (refractory), insulaty brick, steel
wall)

liq Liquid

m Heterogeneous reaction
M Moisture

n Homogeneous reaction
p Particle

pore Intraparticle pore

r Recirculated

rad Radiation

ref Refractory

S Particle surface

sens Sensible

slag Slag on wall

slagging Slag transport to wall
sol Solid

w Walll

X Axial direction

0 Initial or reference state
Acronyms

ACM  Aspen Custom Modeler

CCs Carbon dioxide Capture and Storage (or SeGtiesty
CCSD Cooperative Research Centre for Coal in Shwve
Development

ccz Coal Combustion Zone

CFD Computational Fluid Dynamics

CGE Cold Gas Efficiency

CoP ConocoPhillips

CRIEPI Central Research Institute of the Electnidustry

CS Cross Section

CSTR  Continuously Stirred Tank Reactor (also WSR)
daf Dry, Ash-Free (also dmmf: “dry, mineral mathere”)
DOE Department of Energy

DSz Downstream Zone

ECUST East China University of Science and Techypolo
EFG Entrained Flow Gasifier

ERZ External Recirculation Zone

FC Fixed Carbon
FB Firebrick (refractory)
GE General Electric

GHG Greenhouse Gas
HHV Higher Heating Value

1B Insulating brick
IGCC Integrated Gasification Combined Cycle
IRZ Internal Recirculation Zone

JEZ Jet Expansion Zone

MHI Mitsubishi Heavy Industries

NETL National Energy Technology Laboratory
OMB  Opposed Multi Burner

PFR Plug Flow Reactor

PRENFLO Pressurized Entrained Flow
RAD Radiation-as-diffusion

RNM Reactor Network Model

ROM Reduced Order Model

RPM Random Pore Model

RSC Radiant Syngas Cooler

SCGP  Shell Coal Gasification Process
SFG Solid Fuel Gasification

SUFCo Southern Utah Fuel Company

TGA Thermogravimetric analysis

tpd Metric tonnes per day

VM Volatile Matter

WGS Water-Gas Shift

WSR Well-Stirred Reactor (also CSTR)
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