A. JAMES CLARK

SCHOOL OF ENGINEERING

Thermal Cracking of Tars in a Continuously
Fed Reactor with Steam

Henry J. Molintas and Ashwani K. Gupta
University of Maryland

Dept. of Mechanical Engineering
E-mail: henry.molintas@navy.mil

New Orleans, LA
May 9-12, 2011



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
MAY 2011 2. REPORT TYPE 00-00-2011 to 00-00-2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Thermal Cracking of Tarsin a Continuously Fed Reactor with Steam £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Maryland,Dept. of Mechanical Engineering,1131 Glenn REPORT NUMBER
Martin Hall,College Park,M D,20742

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONY M(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
Presented at the NDIA Environment, Energy Security & Sustainability (E2S2) Symposium & Exhibition
held 9-12 May 2011 in New Orleans, LA. U.S. Government or Federal Rights License

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18.NUMBER | 19a NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 21
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



4911&,31»

R

5, % -

18 56

LT WL l I I l
’VRYLES\ I e

A. JAMES CLARK

SCHOOL OF ENGINEERING

« Motivation

* Objectives

e Background

e EXxperimental Setup

e Results
» Effect of Residence Time on Syngas Production
» Kinetics of Syngas Production in a Continuous Reactor
» Effect of Reactor Temperature on Syngas Production

e Conclusions
* Acknowledgments



QQQQQ

® Motivation

A. JAMES CLARK

SCHOOL OF ENGINEERING

« Solid waste disposal Is a global social and environmental
ISsue

Air Pollution

Soil Polluon

o b g in ) e

* Energy recovery from wastes Is sustainable and carbon
neutral or perhaps negative

 Eco-friendly energy recovery from wastes requires the
development of new, efficient and novel technologies
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Solid Waste Gasification as an Enabling
Technology

Sustainable Energy

Syn-Gas
|
Qutlet

Minimal
Freeboard .
Environmental
Impact
RiEpeEd Gasification
Zone
Removable . L.

lSics Bottom Reliability,
Output

Affordability, &
Maintainability
(RAM)
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e |nvestigate means to reduce high tar production in a
continuously fed non-isothermal reactor operated at 800

°C<T<1000°C and 1 atm

* Develop efficient and effective methods to eliminate high
tar production in a non-isothermal reactor

e Characterize tar reduction from the effects of:
» Residence time of reaction

» Kinetics of Syngas Production
» Reactor temperature on syngas production
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Background

Carbonaceous

waste materials

gOther feed

stocks: solid

waste ,coal and
biomass)

Pyrolysis gases !

(H(?Z% Hetzc §:H4, \ : Gas phase reactions CO. H2. CH4
T — —— CO02, H20 and
TAR, oil, Naptha / | ggf%ﬁr%ilﬁlé\lG, cracking
. : ” _ products
! Oxygenated  combustion, CO shift)
i compounds !
; (phenols and i : _
: acids) i Solid-gas reactions CO. H2
i CHAR . (gasification, — CH4, CO2,
i (carbonand '} compustion, H20, ASH
! i i CO shift :
: inorganics) ; ) Residual CHAR & TARS
Dry'T‘Q &. Gasification
Devolatilization

[Ref. 1. Reimert and Schaub, 1989]
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Background (2)

gas + i;ert + char gas’
jcyclone
- """-j
I/ ; 7 ] \ recycle
; % Gas—» — .jGas_* feedstock fluidized bed
. e — as phase
l Eymolyais | Tar + H,0 Pyrolysis Tar + H,0 / Erjje.alc?ior1
:::% e
: Reduction fI g : S?‘; : ':?:(())0+ H, Yigmbustion C + 0, =CO;
% | _,Ww_*—ﬁtir & At :1;+ char
ﬁé?)mbusting4 C+ 0, =C0, \T WV‘ grate
= e " Red e C + €O, = 2¢( »
( T 15@ eque T C + H,0 = CO . _ ash
U__ Ash Ash X air ¥ air
velocity 5-10 m/s
Updraft Gasifier Downdraft Gasifier Circulating
(UG) (DG) Flullc.llzed Bed
Gasifier (CFBG)
« Clearly defined zones  Tar cracking in the CZ * Oxidizing agent is forced
« Good HEX gas/feed due to « Lowtar (<1 g/Nmd) through the distributor up
CC flow * Fluid forces on the solids ~ =

weight of feedstock
e Good mixing
Ideal for continuous

e High tar (up to 100 g/Nm3)

Nm3 - Normal cubic meters 0 °C and 1 atm
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Tars from Updraft, Downdraft and Circulating Fluidized
Bed using biomass

Product Gas Analysis from Biomass
Updraft, Downdraft, and Fluidized Bed Gasifiers

Circulating
Gasifier Type Updrafte  Fluid Bed® Downdraftc
Gas Analysis (vol-%)
Hydrogen 6.9 112 102
Carbon Monoxide 29.5 20.2 22.1
Hydrocarbons 2.2 9.8 1.7
Carbon Dioxide 6.1 12 9.7
Nitrogen 0.3 44 6 50.8
Tars, (mg/Nm?) 100,000 10,000 1,000
Heating value, (MJ/Nm?) 5.53 5.86 5.8

(gross, dry basis)
aMcLellan, 1996; PAlbrecht, 1996: “Reed, 1988

[Ref. 2: Frederick, J., “Thermal Processing”, Georgia Institute of Technology, May18, 2006]
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Tars

» Mixture of organic components present in gasification product gas with
high molecular weight hydrocarbons [MW higher than ~ C6 (6)]
e Harmful

— Corrode gas turbine blades, foul heat recovery bollers, and other gas
downstream components

— Plug reforming catalysts
— Disable sulfur removal systems

Plugging Fouling

[Ref. 3: Biomass Gasification — Tar and Particles in Product Gases Sampling and Analysis”, European
Standard CEN TC BT/TF 143, TC 143 WI CSC 03002, July 2005]
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Contaminants Units IC Engine Gas Turbine
Particles mg/Nm3 <50 <30
Particle Size MM <10 <5
Tar mg/Nm3 <100 n.d.*
Alkali Metals mg/Nm3 n.d.* <0.24

[Ref. 4. Hasler P., and Nussbaumer T., “Gas Cleaning Requirements for Internal Combustion
Engine Applications of Fixed Bed Biomass Gasification”, Biomass and Bioenergy, Vol. 16,

1999, pp. 385-395]

n.d.* - Not detectable

10
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Syngas Yield, Reactor Temp., and Gas Volume Results for Tar =0
Gas Volume = Vol. of Syngas + Other Gases for 1 kg/h of Eliminated Tar

0.5 -
0.45 1 o
° g 0.4 -|{ Volume -4000
< )
2© 0.35 - -3500 o
o o3 w
fo |
59 o3 -3000 &
ég 0.25 - 12500 § §
g g 0.2 Temp. El‘ L 2000 :_D‘.p
o 2 = o 3
2 2 0.15 - ™ = -1500 3
@ 0.1 1000 j
T o
0.05 - N a CH4 | 500
e .
0 .
Air H20 Air H20 Air
Tar Tar H20 H202 H20
Tar

Oxidants + Tar (Modeled as Naphthalene)

Syngas production results (in mole fractions) on tar elimination using thermodynamic

equilibrium calculation
* Predicted highest production of fuel gases (CO, CH4 and H2) were obtained with pure steam
* The lowest synthesis gas (CH4, CO and H2) yield was obtained with air.
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Injected tar

Exhaust / (C?HSO)

Data Acquisition
' _— System  p--------- |
" i GC @

| Injected steam at

| selected
<:| temperatures
Wick

Legend
Propane Heated Furnace
@ — Thermocouples
GC — Gas Chromatograph

‘ — Injection Pump

* The hot gas stream produced from the stoichiometric combustion of propane (C3HS8)
and air was used to preheat the test section of the reactor to the desired
temperatures. 12
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0.6 -
»n 0.5 -
c
9o  ‘
§ 0.4 -
LL
S 03 - H2
S —e—CO
g 0.2 CnHm
8 —o—02
o
" 0.1
0 T T T T T 1
4 5 6 7 8 9 10
Residence Time (millisec)

« Doubling the residence time (tar concentration = 20,000 mg/Nm? for T, = 850 °C, S/T
= 1.73) resulted in an increase both for CO and CnHm (except H2 gas).
« This indicates increased tar conversion at greater residence times

13
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A. JAMES CLARK Temperature on the Evolution of Syngas

0.6 - 3 - 865

S/T=1.73, 20000 mg/Nm e

Co.s | - 855

= /l—‘ 850
= -— . <« %)
@ 0.4 N . - 845 &
LL & _—___________________:' __________ -~ 8
[ JPE - 840 >
o 0.3 L <
S SN - 835
O - 830 ?

"G 0.2 o

o J I 2

o —— 02 ——CO <« 825
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» Evolution of syngas production is nearly constant at 814 °C < T < 840 °C (tar
conversions at these conditions).

 For T > 840 °C, there is an increase in syngas production, especially for CO. This is
also accompanied with a sharp decrease in O2 which may also accompany an
increase in tar conversion.
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0.6 - - 880
S/T = 0.865, 40,000 mg/Nm?3
- 05 7 % _________ _ - - 870
o /
5 S - 860
S 0.4 - _
© 0.3 - ' g.
5 x‘\ B
) L el —
‘o 0.2 7 e
O //’ —& - 830
o ’
N
0.1 —+—02 —+—CO H2 - Temp - 820
0 : . : . . 810
410 460 510 560 610 660
Time (sec)

e For Tar Conc. = 40,000 mg/Nm3, the evolution of syngas production moderately increases at 820°C < T <
867 °C, implying that tar conversions at these conditions also increase moderately.

» For near isothermal condition (867 to 873 °C), the production of syngas has reached a steady-state
condition.

» Astemperature rises to 867 °C, the O2 concentration abruptly decreases, indicating that good syngas
guality could be achieved at these conditions.
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Steam-to-Tar Mass Ratio
0.6 -
=1.7, co =0.87, co

0.5 - SIT ST
_g ®H2 (SIT =1.7)
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* For both S/T =0.87 and 1.7, the syngas quality and conversion increase with an increase in temperature.
Also, increase in production CO is accompanied with a decrease in O2

« AtS/T=1.7, an increase in temperature did not result in an increase in H2. However, at these conditions
the CO production increase, implying that tar conversion is improved with increase in temperature

» The rate of change in the production of CO for S/T = 1.7 is greater as compared to S/T = 0.87 16
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Continuously fed non-isothermal reactor using steam and O2
enrichment provided the following:
» Carbon conversion could be increased with greater residence times

» The H2 production decreased with increase in residence time due to the
more favorable production of light hydrocarbons (CnHm).

» For updraft gasifiers or pyrolysis systems (usually high tar
concentrations), it is possible to treat, reduce or convert these tars to
more favorable gases, such as, CO, H2 and CnHm (typically C2 and C3)
using steam with O2 enrichment as oxidizing agents.

» At higher tar concentrations or low steam/tar ratio of 0.865, the evolution
of syngas production moderately increases between 820 to 870 °C

» The rate of change in the production of CO for S/T = 1.7 is greater as
compared to S/T = 0.87

17
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Backup Slide — Evolution of CO2 and CO
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* Most of the conversion could be tracked with the changes in the mole fractions of CO

20
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