‘%L'p NATIONAL EN=RGY T=ECHNOLOGY LASORATORY
=
IN=TL

—

/,//,\

Chemical Looping:
Reactor Experiments, Modeling and Simulation

Justin Weber, Doug Straub, Arne Scholtissek, Tom O’Brien, Carsten Olm, Yong
Liu, Arthur Konan, E. David Huckaby

" %% U.S. DEPARTMENT OF

7\

A== B

% g f Y
e . - ‘

Mulitphase Flow Workshop, August 18 2011



Outline

Solid Separation

e QOverview

FR Simulation

e Selected Results
— Solid Separation
— Particle Modeling
— Fuel Reactor Simulation

e Future Work &
Experimental Facilities

25 kW CL Reactor

N NATIONAL ENSRGY TECHNOLOE; LASORATORY



Overview

e Objectives

— accelerate commercial deployment of Chemical Looping
Technology (if determined to be viable)

— Natural Gas and Coal
— Power (Electricity) as well as other applications

e Approach

— Integrated Program of Experiments, Modeling and
Simulation
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Chemical Looping

Air reactor
e carrier is oxidized by air
* heat is released

N, + O,
r.;‘— ' (vitiated air)

co,+H,0 Cyclone
— . . - _
Seal | FE _h_ot OXId_lzed carrier separated from
T v vitiated air

 hot vitiated air is used for power
generation

| T Fuel reactor
Fuel ) ..
() Seal e carrier oxidizes fuel
T | « form CO, and H,O (usually AH, <0)

Air e carrier returned to the air reactor
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Chemical Looping Combustion

(with in situ gasefication of solid fuel)

——> N, + 0O,

OOO

==

Air

N - B

(vitiated air)

CO, + H,0

e Ash may be elutriated from the fuel

Seal
reactor
l e Recycle gas must be used to fluidized
Ash the fuel reactor
T 1 recvole —along with self fluidization due to
| — chemistr
Fuel CO,+H,0 Y
Seal e Recycle gas must “burn out” the char

O‘Brien et al. [2010] — 1st Chemical Looping Conference
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Challenges

 Carrier selection

— balance carrier performance (reactivity, capacity), cost and
availability

* Fuel utilization

— bypass of fuel in the bed

— gas residence time

— gasification of coal is rate limiting
* Solids Handling

— carrier, coal, ash separation

— circulation rate & inventory control
* Heat integration

— fuel reactor is endothermic
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Solid separation fluid bed

@ 5cm
e Binary mixtures -
— (50/50 vol%) Flter
Valve Position
llOcm\ Open
e Fixed flow rate AcrylicPi
ylic Pipe
P
200cm
e Flow periodically -
interrupted to weigh 0 100
68.5cm
2 ' 2.5cm
Mass FIow{ntroller " ST _v_( Weigh collected solids
| _“F/Valve
CompressedAlgz‘ﬂ-j — — S_q:—>AirVent

Dalton, Weber, Straub, and Mei, 2011, Clearwater Coal Conference
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Several Different Materials

Oxygen Carriers

Alumina Oxide

Pseudo Ash

Glass Beads

Acrylic

Copper Oxide " ..
48T e A
,,%M ;. ’ #
RO e S e ;
- Lt Material Size Density
limenite L P— (um) (kg/m?3) Smallest Largest
Copper Oxide 1000 600 3424 5.68 X
lImenite 250 74 4457 0.88 X
Al,O4 (small) 500 149 3968 1.60 X
Al,O; (large) 1000 300 3968 3.18 X
Acrylic 420 37 1216 X 2.00
Glass Beads 50 less 2464 X 0.39

N - BN
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Separation Results

CuO (1000x600 p)/ Acrylic (420x37 p), U /U= 1.5

14
- . o — 1.2 | eL/D=10.75
e Elutriation Increases with: t®
Z ! B
. . B
— decreased particle size
= @
= 0.6 | n
[} ¢
— decreased bed height VR -
£
. =02
— increased gas flow
0
0 10 20 30 40 50 60 70
Time, t [sec]
ALO; (1000x300 wy/Glass Bead (< 50 ) AL O, (500x149 wy/Glass Bead (< 50 p), Al,O, (1000x300 p)/Glass Bead (<50 p)
; t =60 sec, L/D = 0.75 L/D = 0.75, No Al, O, particle elutriation
] 0.25
[
_ u i; 0.2 PS ® ®
=3 < 015 o B
=01 E n
o :
= E o1
g e £
E [ | E 0.05 HAI203 (5005149 micron ), Ug/Ut = L5 i
E = @ A1203 (1000x300 micron ), Ug Tt = 1.5
= CAI203 (200x149 micron), Ug/Ut = 1.2
0 OAI203 (1000x300 micron), Ug/Tt = 1.2
0.01
0 0.5 1 1.5 2 25 3 3.5 0 10 20 30 40 50 60 70
Dimensionless Velocity, Uy/U, [-] Time, t [sec]
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Simulations

006744
3
[ B Model _
o 2.5 :
Né # Experiment Tracers Species
g 2
e
T
5 15
[T
|5 ¢ B L 1.8
£ 1 *
o
i 0.5 0 ‘
L 1.6
0
0 20 40 60 80
Time [s]

e MPIC (Barracuda) i
o 43k cells

> e Wen-Yu drag
e Model overpredicts entrainment
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Gas Exit to Filter

ECVT Sensor

26.2 cm

Distributor

Air Inlet

170 cm
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Reaction Models for Metal Oxide Reduction

e Differential Models & Parameter Estimation
— Homogenous

— Three Front Shrinking Core
— Implemented using python/scipy/Cantera

e Reaction Model Identification Tool

— Least squares fit of reduction curves vs. analytical
models of reduction

e Homogenous, Shrinking Core (1D,2D,3D), Avrami-Erofeev

— Implemented as an Excel Workbook

Arne Scholtissek, 2011, Thesis — TU Bergakademie Freiberg
TU-Freiberg-WVU-NETL Exchange Program
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Iron Reduction

e Several Iron Oxide Phases
e Multistep reduction

Fe, 950 Fepgg0

3Fe,0; «— 2 Fe;0, < > 6 FeO < > 6 Fe
+10 +20 +60
hematite magnetite wustite

Pineau, Kanari, Gaballah [2007]
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Homogenous Reaction Model

%o

»
*
e
[ J P »
[ J .
Y
.
.
.
.
)
.

isothermal

Random uniformly
distributed reaction
surfaces (?)

chemical reaction controlled

— neglect film diffusion and internal diffusion

uniform solid composition

Chowdury and Roy [2008]

dC}
F€203 dfl - _’I{h Ch »
dc
Fe3o4 d_;,:n_ u !T('h Cp km Cim »
dc
FeO d—:Z't? Koy o — Ky Cop »
dc;
Fe (;;on —wky, cy,
Eq
ke = Apexp (_ RT) f(CiJgas)
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3-Front Shrinking Core

e reversible, first order reactions at

each front
e film diffusion

e gas diffusion (Fickian) through
porous layers

e jisothermal

e constant external gas composition
and temperature

e quasi-steady state gas composition

gas film

Spitzer, Manning, Philbrook [1966]

Tsay, Ray, Szekely [1976] NATIONAL ENERGY TECHNOLOGY LASORATORY
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3-Front Shrinking Core

Differential Algebraic System

Mass balance at the reaction
surface

— (Flux of Fuel to Surface — Flux of
Fuel from Surface) = @ 0o—\—0 O O

Consumption at the Surface ‘w6 s
Reaction surfaces from solid mass
(volume) balance " Ru o
— porosity changes in the layer to e = Re R+6

account for material density
differences
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e Optimize rate coefficients

by with experimental
reduction curves

Fit could be better - need
to revise model

— Distinct reaction fronts

at the particle radius
scale ?

Results
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+0b> o0

optimizer fit 3 parameter

====gptimizer fit 1 parameter
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time [s]
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Reaction Model Identification Tool

"'n.’?j\" H9-c A Chart Tools mathematical modeling - k extraction.xlsx [Read-Only] - Microsoft Excel
Home Irfsert Page Layout Formulas Data Review V\-ew i:robat Design Layout Format flt Of the mathematical models
i = Ruler V| FormulaBar | | =S 1 p
—I J J il Q Gridlines Headings \i _E?J o™ plot No k R’ model equation mechanism
il [ S | S T essage Bar Zoom A00% Zeamte | ey e o i vi 0.0171 kt =R phase boundary controlled reaction (infinite slabs)
Workbuok Views Show/Hide Zoom I FALSE|vii 0.0002|  0.9979|kt = 1-(1-R)*2 phase boundary controlled reaction (contracting cylinder)
| Chart1 - F | =SERIES|"fractional Reduction",'insert data'|SFS4:5F5553, insert data'lS654:5G5553,1) r s
= = = = = = = e T = - - = = = FALSE |viii 0.0001 0.9990| kt = 1-(1-R) phase boundary contralled reaction (contracting sphere)
L . . _ _ W ix 0.0002 0.9936 |kt =R* one-dimensional diffusion
2 insert data here! data used data selection fit of the mathematical mode/
3 No timein[sRin% timein[Rin% MNo firstvalue | 10 plot No K [ FALSE |x 0.0002 0.9898 |kt = R+(1-R)*In(1-R) two-dimensional diffusion
4 1 0.00 0.01747 1 |G 3] 7 vi 0.0171 . 4 as FHE. - -
: 3 702l 015725 2 Emcre  |HEET ™ rassclun 20002 FALSE |xi 0.0002 0.9806 |kt = 1-3%(1-R)*"+2*(1-R) |three-dimensional diffusion
g 3 2034 2408l 3 ] [>] I FALSE|viii 0.0001 FALSE |xii 0.0001 0.9806 kt:(1—(2/3)*“R)-(j.-R)z’f3 three-dimensional diffusion (Ginstling-Brounshtein equation)
7 4 3360 45865 4 7 ix 0.0002
8 5 4586 638921 5 noplot | FALSE[x 00002 | ¥ xiii 0.0001-ktz(l—(l—R)m)2 three-dimensional diffusion (Jander equation)
190 ? ::is ;323:3 ? ””Dﬂt :LE’“ Egggj [T FALSE |xiv 0.0006|  0.9835 |kt =-In(1-R) random nucleation, unimolecular decay law (first-order)
no plo se[wii
11 g 8646 10.6497 8 ¥ xiii DDDD]I [ FALSE |xv 0.0003 0.9988 |kt = [-|n(l-R)]1f2 two-dimensional growth of nuclei (Avrami-Erofeyev equation)
12 9 99.72| 118582 9 ™ FALSE|xiv 0.0006| . _ 1/3 " |
= B 11205 12905 1298 12941 el oo ~ xvi 0.0002 0.9928 |kt = [-In{1-R)] three-dimensional growth of nuclel (Avrami-Erofeyev equation)
12 11 12624 139433 12624 1384 11 [ xvi 0.0002] 9928kt = [-In{1-R)]"* | three-dimensional growth of nuclei (Awsmi-Erofeyey equation) |
15 12 13962 14.3897 139.62 14.39 B3
16 13 153.00 157837 153.00 15.78 BS
17 14 16650 16660 16650 1667 14 fractional Reduction - values used for mathematical modeling
18 15 179.88 174844 179.88 17.48 SIS
15 16 19236 18.2561 19236 18.26) 16
20 17 20616 19.0133 20616 19.01 17 2000
2 18 21942 137326 21942 1373) 18
2 19 23274 204199 23274 2042) 18
3 20 24618 211129 24618 21.11[ 20
7 21 25938 217361 25938 2174 2
5 22 27276 22353 7276 22350 22 10000 P
2% 23 28520 223534 28620 2235023
7 24 29954 235009 29964 2350 24
) 5 31302 240022 31302 2402038
o) 26 32622 245172 32622 2452[ 26
30 27 33950 243744 33960 2437 27
31 28 35298 2542 35298 1542 28 8000
32 29 36641 25.8625 36642 25.36| 29 fractiansl Reduction
33 30 37986 262412 37986 26.24) 30 o
34 31 39300 265761 393.00  2658[ 31 i
35 32 40644 269372 40644 269432 =
36 5 c0m 2am 41982 2728 83 c s0.00 o
37 34 23320 27518 433.20 27.62) 34 = ix
38 35 24664 27.3866 44564 27.83) 35 it
38 36 45984 28.1855 45584 2813 36 .
40 37 47321 284573 473.22 2845 3 o
41 38 28666 287311 43666 26.73 38
42 39  500.10 289786 500.10)  28.98 138 “0.00 il
43 40 51348 29.2087 51348 2021 40
4 41 52656 20.4271 52556 20.43 41
5 41 53976 20.6453 53076 2085 42
26 43 55302 29.8581 553.02 2036 43
47 24 56540 30.0705 565.40 3007 44 20.00
48 45 57084 302774 57284 3028 48
49 45 50286 3040 50286 3040 46
50 47 60506 307084 60506 3071 47 ;
51 48 61932 30935 61232 3034 48 :
52 43 63270 311773 63270 31.18) 48 )
53 50  646.14 314248 64614 3142/ 50 0.00 +— T T T T T T T T T
54 51 65928 316956 65928 3170 51 0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00 4500.00 5000.00
55 52 67260 319694 67260 3197 52 timein [s]
56 53 68586 32289 685.86  32.25) 53
57 54 699.06 32.5401 699.06 3254 54
£ == T1var_=1gam ESEW INNEET T
4 4 M| insert data i vl vii % xS X xiv e i SED !
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Fuel Reactor Simulations

e Batch Fuel Reactor
— NiO & CH,
— Jung & Gamwo [2008], Shuai et al. [2010]

e Parameter Sensitivity of a Continuous Fuel Reactor
— CuO & CO/H,

— CBIC Zaragoza — Forero et al. [2009]

e MFIX Euler-Euler

Carsten Olm, 2011, Thesis — TU Bergakademie Freiberg
TU-Freiberg-WVU-NETL Exchange Program
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Configuration - Batch CH,-NiO Reactor

H = 60, 80,100 cm

W =25 cm e Bubbling Fluidized Bed Reactor
e 2 baseline simulations
?1:1100 Wit — Jung & Gamwo (no turb)

— Shaui et al. (turb)
¢ 1 modified simulation

H..,=25cm | — Increase domain height (100 cm)
o =1201m | _ Refine mesh (24K to 32K) cells
N,=100 wt% : : :
£,=0.42 — Modify gas viscosity
NiO = 57.8 wt%
Ben. = 42.2 Wt% e 3 more

— fine grid, upwind, lower particle

diameter (80 um)
N,/CH,=10/90 wt%

(20 ! NATIONAL ENSRGY TECHNOLOGY LASORATORY



Batch Reactor — Oxygen Carrier Kinetics

« Shrinking core model (SCM)
— Ryu et al. [2001]

CHy(g) +4-NiO(s) = CO2(g) +2- HoO(g) +4- Ni(s) (AH? = +156.5 kJ/mol)

: [
_T:ksoegpg wCH4 [ mo ]
C

m° - s
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Results - Batch CH,-NiO Reactor

d=80um

d=120um

Fuel Conversion n_' [%]

Jung & Shaui

Current
Gamwo et. al.

~43% ~60 %

 Note: Large domain w/ 120 um particles is similar to center
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Continuous Syngas Reactor

AN
_-i Solids Inlet (BC 7)
Gas Outlet (BC 9)
H=35cm
W =5cm
-~
P -~ ~ < H
/ . \
/ 4
/
| (g - -
\oohE = il
o S [dp=120¢m
\ < , Initial Freeboard
~ o _ | Region
— = F" INEE -
Solids Outle jeﬁf " Initial Bed Region
(BCB)E.
i
Lozlp ISeaI Internal
2 Inlet Surface
(BC 10) Fuel Inlet (BC 6)

i

l%ﬂ Forero et al., Fuel Processing Technology 90 (2009), p. 1473

e 2.4 K active cells
— Cut-cell
— Non-uniform

e 18 operating conditions
— Fuel flow rate
— Fuel composition
— Circulation Rate
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Reaction Model

Hs(g) + CuO(s) — HyO(g) + Cu(s) (AH? = —85.8 k.J/mol)
CO(g) + CuO(s) = COa(g) + Cu(s) (AH? = —126.9 kJ/mol)

e Assume
— reactions are additive

— Plate-like shrinking core —> homogenous model at low CuO
mass fractions

. dCcuo ~ Ccouwoyo mol
—ly —Cg” — —<Cg ' y
’ dt ’ Ti cm? - s
b= k. o(— 78 mol 1= . c:rn.(“”_g}] Y. t __ Pmcuo- L
—kg-e . JRL
$ oo bk O

Abad et. al [2007]
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Continuous Reactor — Results

H, CO

es CO,H,O H, CO
- 0.63 0.600.24 0.03 0.45

— 0.420.400.16 0.020.30

— 0.210.200.08 0.010.15
E 0.00 0.00 0.00 0.00 0.00
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Combustion Efficiency

100 L
o pure H,
[ J
EX p : CO/H, =1 m
-
-
= -
o5 | CO/H, =3 _2--
S -
b ° ,r” .
< -
o -
P N Sim
2 -
12 - \l
\g Q0 4 H
4
RN —’zl
= f———
]
2
E pure
o
85 | (o]0)
=experiment
T EX p =simulation
80 T
0 20 40 60
H, (vol.%)
40 20 0
CO (vol.%)

e Simulations are less sensitive to operating conditions than the

experiment

Combustion Efficiency n, [%]

100

98 -

96 -

94 |

92 4

C

C

—{-experiment: series 9-8-7-3

~@—experiment: series 6-1-5
—/—experiment: series 4-12-11-10
~simulation: series 9-8-7-3
=@-simulation: series 6-1-5
—&—simulation: series 4-12-11-10

1 1.5 2
Oxygen Carrier to Fuel Ratio @

e COreaction rate is too fast & H2 cooperative effect

e More analysis on decrease
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Pressure Drop

4.0 -
11 —@—experiment

3.5 4 ?

—@-simulation
3.0 1
25 4
2.0

15 4

1.0 1

Relative Height [-]

0.5 -

0.0 -

-0.5

1.0 e

-1.5

pressure difference dp [kPa]

e Pressure drop (solid inventory) is under-predicted
e 9-10 - resolution ?
e 10-11 - 3D effects
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Future Plans

e Pair experiments with simulations
— 25kW Reactor

e Non-reacting (“clear”) & reacting
— Solid-separation (ECVT)
— Attrition tests
— Single Fluid Bed Reactor

e Use TGA and Fixed Bed Experiments to develop carrier
specific reaction models

e Continued validation with external data
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25kW CL Reactor

e Objectives

— eval. integrated CLC performance Exhaust
— eval. control, solids handling, and sensor <:3
performance
— provide validation data 8 x 20
e Status
~ Procurement Exhaust 2.5x 113
— Installation - Jan 2012
e Design conditions
— Self-sustaining operation at ~ 25kW,,
e (3Ib/hr CH,)
— Independent control of preheat 2o
temperature for air and fuel reactors -
— Bacl.<—.pressure control valves provi_dg CH, & N, —
additional pressure balance capability — -

— lron & copper carriers
— Fluidized Beds and Riser Units in inches ﬁ
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Attrition and TGA

Attrition Tests TGA Lab Studies

e Evaluate statistical models to Review published kinetics data

predict attrition rates e Evaluate alternative oxygen
— ASTM 5757 carriers
- ASTMA4058 e Provide kinetic rate data for
* Provide input for systems simulations of CL systems
analyses and technology
evaluations
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Fluid Bed and Cold Flow

Single Fluid Bed Reactor Cold Flow with ECVT
Quantify reaction rates at FB e Evaluate solids handling and
conditions controls for integrated system
Calibrate reacting CFD e Non-reacting conditions
simulations in single fluid bed e Provide hydrodynamic
reactor benchmark data for simulations
Provide exposed samples for e Provide control data for reacting
attrition testing and evaluate unit

carriers in FB environment

(W

(i
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