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Outline 
 Oxy-fuel impacts upon retrofit 
 Down-flow oxy-coal combustor (nominal 100kW) 
 Sampling and analyses 

 Bulk ash samples 
 Fine ash particles 
 Deposits on two deposit probe designs 

1. Uncooled ceramic coupon – yielded all the quantitative results 
presented here 

2. Newly designed temperature controlled stainless steel coupon – 
design presented here but deposit analyses results are still pending 

 Results 
 Quantitative ash and deposit results for uncooled ceramic probe – effect 

of oxy-firing on deposit composition.  Once through CO2 

 Qualitative description of deposits on temperature controlled stainless 
steel coupon – effect of coupon temperature on deposits 

 Discussion 
 Conclusions 

 



Oxy-fuel Combustion Impacts upon Retrofit 

(Adapted from Stromberg, 2004) 

Flame Ignition 
Soot 

SOx, NOx 
Burnout 

Heat transfer 
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Ash partitioning 
Fine particle chemistry 

Deposition (Fouling, 
Slagging) … 

This work 



Laboratory Combustor 

Primary 

Coal feeder 

3.8 m 

Secondary 

1.2 
m 

Heat exchanger #1 - 8 

Flue gas 

1. Maximum capacity: 100 kW 
2. Representative of full scale units: 

① Self sustaining combustion 
② Similar residence times 

and temperatures 
③ Similar particle and flue 

gas species concentrations 
3. Allows systematic variation of 

operational parameters 

Bulk ash & size-classified ash sampling 

This work: Uses once-through 
CO2 to simulate cleaned flue 
gas recycle with all 
contaminants and water 
removed. 
 
Following paper  presented by 
Will Morris will present aerosol 
results from recycled flue gas. 
 

PRB, Illinois coal 
deposit sampling 



Fuels 
Utah coal: bituminous coal 
PRB coal: high-Ca sub-bituminous coal 
Illinois coal: high-S, Fe bituminous coal 



Test Cases 

For all cases, the O2 concentration 
in the flue gas was fixed at 3% 

Each coal was burned under three combustion conditions: 



Sampling & Measurement 
 Bulk ash samples 

 Collected on Advantech Cellulose Acetate filters (C045A090C)  
through a water-cooled, isokinetic probe 

 Composition data by FESEM + EDS 

 Size-classified ash 
 Sampling system consists of a water-cooled, isokinetic probe, 

cyclone and Berner Low Pressure Impactor (BLPI) 
 Particle size distributions (PSDs) <16µm 
 Composition data by FESEM + EDS 

 Deposit samples 
 Collected on ceramic probe (at uncontrolled temperature) attached to a 

water-cooled deposition probe 
 Powder samples scraped from the ceramics were ground and 

analyzed by FESEM + EDS 

 Taken from slice of stainless steel coupon (at three controlled 
temperatures) 
 Qualitative only, analyses pending. 

 



Bulk ash sampling Size segregated ash sampling 

Deposit sampling: uncontrolled ceramic coupon 

Un-cooled ceramics were used. 
 
PRB coal, exposure time: 4 hours. 
 
Illinois coal, exposure time: 5 hours. 
 

Ceramics 
Ceramics with deposit 



Cooling  
air inlet 

Cooling  
air outlet 

Thermocouple to control box 

Coupon material: carbon steel; 
Probe material: stainless steel; 
Probe outer diameter: 60.3mm; 
Probe length: 632mm. 

New controlled temperature deposit probe design 

Coupon surface 
temperature: 200 - 650 ℃ 
(<10min, T ± 10 ℃ ；) 

Coupon 

coupon 



Bulk ash composition results  

 No significant difference between AIR 
case and OXY cases is observed, except 
the PRB coal. Its OXY ashes seem to 
contain slightly higher SO3. 

 
 One might expect no significant 
difference between AIR and OXY 
deposits. But it will transpire that this is 
not the case. (see below) 



PRB and Illinois coal deposits 
ceramic coupon 

AIR case 
1298 K 

OXY27 case 
1313 K 

OXY32 case 
1316 K 

PRB coal 
Exposure time: about 4 hours 

OXY deposits are thicker than AIR deposit, suggesting enhanced ash 
deposition under oxy-firing conditions 

Illinois coal 
Exposure time: 5 hours 

1311 K 1339 K 1361 K 



Ash & deposit composition - PRB coal  

 Compared with bulk ash, the deposits 
contain higher Fe2O3, CaO, and SO3 .  

 
 But the deposits are depleted in SiO2, 
Al2O3, and Na2O. 



Ash & deposit composition - Illinois coal  

 Compared with bulk ash, the deposits 
contain much higher Fe2O3, but are 
depleted in SiO2 and Al2O3. 



Effect of oxy-firing on deposit composition 

 Compared with AIR case, the OXY 
deposits contain higher CaO, MgO, 
Al2O3, and possibly SiO2, but are 
depleted in SO3 and Fe2O3.   

 Compared with AIR case, the OXY 
deposits contain higher Al2O3 and SiO2, 
but are depleted in Fe2O3.   



 Based on the data presented here, oxy-firing has 
insignificant influence on bulk ash chemistry. 

 However, there are differences in ash deposition 
 Could these differences in ash deposition be due to 

changes size segregated composition of the ash 
aerosol when switching from air- to oxy-firing?  
 Size segregated ash aerosol elemental compositions 

were sampled using LPI and analyzed (but not shown 
here for lack of time) and showed little difference between 
air firing and oxy-firing conditions. 



Discussion: Ceramic coupon results. 
Behavior of sulfur (S) in ash aerosol and deposits 

Enhanced capture of S in oxy-
firing ashes 

Intensified release of S from oxy-
firing deposits (obvious for the 
PRB coal) 

May be due to higher SO2 in 
oxy-firing flue gas 

May be due to carbonation of 
sulfates in deposits 

Further research is necessary 



Discussion: Ceramic coupon results 
Behavior of iron (Fe) in ash aerosol and in deposits 

Similar Fe2O3 in bulk ash Lower Fe2O3 in oxy-firing deposits 
(obvious for the high-Fe Illinois coal) 

Increased O2 partial pressure in oxy-firing favors the formation of Fe2O3 
or Fe3O4 while depresses the formation of FeO, which is an important 
slagging constituent, or 
Impaction efficiency is maximized at high Fe concentrations and high flue 
gas velocities.  
 



Controlled temperature coupon 
deposits 

Combustion Condition 

Coal type PRB 

Coal feeding 
rate 

6.26 kg/h 

O2 

concentration 
50% in 
O2/CO2 

Flue gas 
temperature 

1030℃ 

Excess air 3% 

 Epoxy resin+hardener; 
 Cut to analyze the 

crossing section. 



Controlled temperature coupon deposits 
SEM Analysis 

400℃ 

Coupon 
Coupon Deposit 

Deposit 

Deposit 

Deposit coupon temperature 

500℃ 600℃ 

Chemical analyses pending 



 No significant difference exists between air- and oxy-firing 
ash chemistry and fine ash PSDs. 

 Oxy-firing (uncontrolled ) deposits are thicker than air-firing 
deposits, suggesting enhanced ash deposition.  

 Ca, Mg, S and Fe are major deposit-inducing elements for 
studied coals 

 Relative to air-firing (uncontrolled) deposits, oxy-firing 
deposits contain higher oxides of Ca, Mg, Al and Si but 
lower oxides of S and Fe. 
 Lower SO3 in oxy-firing deposits may be due to carbonation of 

sulfates. 

Conclusions  
(uncontrolled ceramic coupon only) 



Conclusions (cont.) 

 Lower Fe2O3 in oxy-firing deposits may be due to 
decreased formation of slag-inducing FeO or to 
decreased impaction. 

 To understand the effects of oxy-firing on ash 
deposition, chemical speciation may be necessary. 
In addition, changes in flow pattern and combustion 
atmosphere should be considered as well. 

 Need depth profiled composition data for controlled 
temperature stainless steel coupons (in progress). 
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Discussion (1) 
Understanding enhanced ash deposition 

under oxy-firing conditions 

 Oxy-firing has insignificant effects on bulk ash 
chemistry, fine ash PSDs and major element PSDs 
 

 But has significant influence on ash deposition 
 

Suggesting:  
 
 elemental composition information may not be enough 

 
 chemical speciation of these elements may be necessary 



 Other factors needing consideration 
 Deposit sampling temperature 

 ash fusion 
 chemical reactions 

 
 

 Flue gas volume 
 ash particle concentrations 
 ash particle velocities 

 

 
 Combustion atmosphere 

 carbonation & sulfation & oxidation 
 chemical interactions 

(K) 



 Ash aerosol particle size distribution  

 For Utah and Illinois coals: No 
significant differences are observed 
between air- and oxy-firing cases. 
PRB ash psd’s appear to diverge for 
dp>3 µm 



Elemental size distribution 

PRB coal results (consistent with mass PSD’s) 
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