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7 ABSTRACT: This paper presents a synthesis of a large body of experimental data on growth rates of ash deposits from the air
8 and oxy-combustion of multiple pulverized solid fuels, including coal, biomass, and their blends. The experimental data were
9 obtained from 35 tests in a 100 kW (rated) entrained-flow combustor that allowed for self-sustained combustion of solid fuels.
10 Ash deposition rates were measured using a wall-temperature-controlled ash deposition probe. The collected deposits were
11 divided into tightly bound “inside deposits” adjacent to the heat transfer surface and loosely bound “outside deposits” that grow
12 further out. Ash aerosol particle size distributions (psd’s) and size-segregated compositions were obtained through electric
13 mobility, light scattering, and impactor methods. Rates of ash deposition for both inside and outside deposits are presented.
14 Rates of growth of the inside deposit were proportional to the sub-micrometer particle (PM1) concentration in the flue gas but
15 correlated poorly with the alkali concentration in the flue gas, while rates of growth of the outer deposits correlated poorly with
16 PM1 but well with the total alkali content in the flue gas. The data on growth rates of both types of deposits are interpreted in
17 the light of available mechanisms. These involve a “glue effect” that was independent of composition of PM1 for the inside
18 deposits and a “bounce-off” criterion that depended upon the total alkali concentration in the flue gas for the outer deposits.
19 These data from all 35 tests, burning 11 very different fuels, under similar (but not identical) aerodynamic conditions allow for
20 prediction of changes in deposition rates of both inside and outside deposits as a result of changes in aerosol psd’s and
21 compositions. Data presented here may form the basis for future work leading to statistical models or mechanistic simulations of
22 the ash deposition process.

1. INTRODUCTION

23 The effects of coal and biomass composition and combustion
24 conditions on the mechanisms of ash formation have been
25 widely investigated in numerous studies since the last century.
26 However, extensive utilization of these solid fuel resources is
27 still constrained by several challenges associated with emissions
28 of SO2, NOx, and particulate matter (PM) and with other
29 issues, such as slagging and fouling.1−9 Ash deposition on the
30 heat transfer surface is of interest because it reduces heat
31 transfer efficiencies, causes corrosion of boiler surfaces, and
32 even leads to costly boiler shutdowns.1 Furthermore, the
33 fouling propensity for oxy-combustion, with inlet oxygen
34 concentrations of 30% (OXY30), has been observed to be
35 higher than that for air combustion because of the lower
36 particle velocity and the resulting longer residence time in the
37 high-temperature zone under OXY30 conditions.10 The focus
38 of this paper is on gaining insight into what controls ash
39 deposition rates for a wide range of solid fuels, including fossil
40 fuels, biomass, and their blends, under both air and oxy-
41 combustion conditions.
42 Deposition of the ash particles may occur by a number of
43 different processes. These have been described in detail by
44 Kleinhans et al.,11 in their comprehensive review of ash particle
45 sticking and rebound behavior. Typically, the larger particles
46 are deposited by inertial impaction, including effects of eddy
47 diffusion, while the smaller particles are deposited by
48 thermophoresis or Brownian diffusion. In addition, uncooled
49 vapors can condense or adsorb onto the wall surface directly.3

50An impacted particle may stick on the wall or rebound, where
51the sticking criteria are usually based on its viscosity, kinetic
52energy, and impaction angle.11 The ash deposits thus formed
53can further capture additional incoming particles or be
54removed as a result of erosion by the flue gas.12 These
55processes depend upon the particle and surface characteristics.
56Ash deposits on a heat transfer surface can be mainly divided
57into two types:13,14 (1) “inner” deposits (or inside deposits)
58that tightly adhere to the wall and can be removed only by
59scraping and (2) “outer” deposits (or outside deposits) that
60adhere loosely to the wall and can be easily removed by soot
61blowing. The formation of these two types of deposits most
62likely involves different mechanisms, leading to a smaller
63particle size in the inner deposits than in the outer deposits, as
64observed.13 Because their deposit mass is dominated by the
65larger particles, the mass of the outer deposits is greater than
66that of the corresponding inner deposits.15

67Although there exists copious literature on using numerical
68simulations12,16−26 to predict ash deposition rates and
69characteristics for coal and biomass, most of these are valid
70only within narrow compositional ranges and do not
71differentiate between inner and outer deposits. The objective
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72 of this work is to explore, through careful and systematic
73 experimentation on a realistic 100 kW combustion test rig,
74 commonalities in ash deposition mechanisms that predict
75 growth rates of both inner and outer deposits for various fuels
76 with a wide range of ash composition, which include coal,
77 biomass, and their blends. Previous studies have reported the
78 fouling deposition during air firing of coal and biomass
79 blends,17,27−31 but limited research is available for the
80 deposition rates in oxy-fuel combustion.32 Therefore, all of
81 the fuels involved in this work are burned under air and oxy-
82 combustion conditions.
83 It is commonly believed that the alkali content in the ash is
84 the key factor for ash deposition on the wall, and considerable
85 effort has been expended to determine the alkali metal
86 partitioning during the combustion process and its effect on
87 fouling.33−37 Li et al.38 suggested that fine particulates might
88 have a “glue effect” for the ash deposits as a result of the high
89 surface area/volume ratio and possible enrichment of the alkali
90 content. However, other studies39,40 have reported that these
91 fine particulates are not necessarily rich in alkali content. This
92 is because the vaporized alkali metal, such as sodium, can be
93 increasingly scavenged by aluminosilicate particles, especially
94 at high-temperature oxy-firing conditions, where inside
95 deposition rates are higher.15 Zhan et al.15,41 developed a
96 linear relationship between inner deposition rates and the sub-
97 micrometer particle (PM1) concentration for three coals that
98 were burned in 16 different air- and oxy-combustion
99 conditions,15,41 despite the depletion of alkali metals in the
100 PM1 size range at some of the higher deposition rates. This
101 relationship is extended to air and oxy-firing of rice husk.42

102 This paper presents new additional data on inside deposit

103growth rates to further validate this relationship with 17
104additional tests involving 8 solid fuels, including coal, biomass,
105and their blends. Furthermore, this paper greatly expands the
106database on measurements of growth rates of the loosely
107bound outer deposits for the tests referred to above. When
108added to the data available in the literature, the results
109provided here provide a comprehensive picture of how both
110inside and outside deposit growth rates depend upon ash
111aerosol particle size distributions (psd’s), concentrations, and
112compositions and insight into mechanisms that appear to be
113valid for all solid fuels.

2. MATERIALS AND METHODS
1142.1. Solid Fuel Properties. A total of 11 different pulverized solid
115fuels are investigated in this paper. These fuels include the following:
116(1) Powder River Basin sub-bituminous coal (PRB), (2) Illinois
117bituminous coal, (3) 40 wt % PRB/60 wt % Illinois blend (as
118originally envisaged for FutureGen 2.043), (4) Utah Sufco coal 1, (5)
119Utah Sufco coal 2 (both being bituminous coals), (6) rice husks
120(supplemented by natural gas), (7) 20 wt % rice husk/80 wt % Sufco
1211 blend, (8) 13 wt % rice husk/87 wt % PRB blend, (9) torrefied
122wood, (10) 50 wt % torrefied wood/50 wt % Sufco 2 blend, and (11)
123petroleum coke. Although partial results for fuels 1, 2, 3, and 6 have
124been published previously,15,42,44 they are included here to provide a
125complete picture that, hopefully, allows for impacts of fuel quality on
126(near) universal mechanisms controlling ash deposition rates to be
127explored. Deposition rate data of the other seven fossil and biomass
128solid fuels are presented here for the first time, including one
129additional test for PRB burned in high-temperature oxy-combustion.
130These pulverized solid fuels have mean particle diameters from 70 to
131 t1200 μm. Their compositions and ash analyses can be found in Tables
132 t1t21 and 2. Although Utah Sufco 1 and Utah Sufco 2 are from the same
133mine in Southern Utah, their ash contents are significantly different as

Table 1. Composition Analysis of 11 Solid Fuels

fuel ash (%) C (%) H (%) N (%) S (%) O (%) H2O (%) volatile (%) FCa (%) HHVb (kJ/kg)

Sufco 1 8.36 67.87 4.77 1.09 0.36 11.44 6.11 38.49 47.04 27677
Sufco 2 13.96 62.41 4.52 1.10 0.46 11.04 6.52 37.36 42.16 27319
PRB 4.94 53.72 3.59 0.78 0.23 13.05 23.69 33.36 38.01 21115
Illinois 9.42 63.47 4.36 1.24 3.12 8.76 9.64 36.04 44.90 26870
PRB + Illinois 7.63 59.57 4.05 1.06 1.96 10.48 15.26 34.97 42.14 24568
rice husk 33.67 28.47 4.15 1.05 0.10 24.42 8.16 48.96 9.22 11551
husk + Sufco 1 13.42 59.99 4.67 1.08 0.31 14.04 6.52 40.58 39.48 24451
husk + PRB 8.67 50.44 3.66 0.82 0.21 14.53 21.67 35.39 34.27 19871
torrefied wood 0.19 51.75 5.29 0.14 0.02 36.29 6.32 74.2 19.29 21534
wood + Sufco 2 7.08 57.08 4.91 0.62 0.24 23.67 6.42 55.78 30.73 24427
petroleum coke 2.99 82.51 6.02 1.71 5.65 0.49 0.57 10.18 86.26 35720

aFC = fixed carbon. bHHV = higher heating value.

Table 2. Ash Analysis of 11 Solid Fuels

fuel Al2O3 (%) CaO (%) Fe2O3 (%) MgO (%) MnO (%) P2O5 (%) K2O (%) SiO2 (%) Na2O (%) SO3 (%) TiO2 (%)

Sufco 1 8.34 18.21 5.25 2.84 0.05 0.01 0.33 48.85 3.09 5.96 0.64
Sufco 2 12.09 11.90 3.62 3.94 0.03 0.25 1.13 62.48 0.81 1.83 0.68
PRB 14.78 22.19 5.20 5.17 0.01 1.07 0.35 30.46 1.94 8.83 1.30
Illinois 20.18 3.22 16.46 0.89 0.03 0.10 2.10 51.22 1.06 2.79 0.98
PRB + Illinois 18.02 10.81 11.96 2.60 0.02 0.49 1.40 42.92 1.41 5.21 1.11
rice husk 1.73 1.31 1.10 0.84 0.83 1.81 2.66 88.51 0.31 0.32 0.18
husk + Sufco 1 5.03 9.76 3.18 1.84 0.44 0.91 1.50 68.68 1.70 3.14 0.41
husk + PRB 8.26 11.75 3.15 3.01 0.42 1.44 1.51 59.49 1.13 4.58 0.74
torrefied wood 2.67 51.72 8.28 10.39 4.73 4.16 4.61 6.82 1.60 5.03 0
wood + Sufco 2 11.95 12.33 3.70 4.04 0.10 0.29 1.32 61.71 0.83 1.84 0.67
petroleum cokea 19.40 4.22 7.02 0.66 0.06 0.18 1.17 46.70 0.72 3.77 0.63

aFor petroleum coke, there also exists 1.26% NiO and 8.24% V2O5 in ash other than the listed content.
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134 a result of the different seam involved as the source. Mass fractions of
135 Na2O and K2O in ash are depicted (additively) in the bar chart in

f1 136 Figure 1. Biomasses tend to have larger amounts of K2O than Na2O

137 because potassium is a key nutrient in biomass growth, while the
138 relative content of Na2O and K2O varies throughout the different
139 types of coal. However, it transpired that the sum of Na2O and K2O
140 mass fractions in the ash for all of these diverse fuels, except the
141 torrefied wood, lie within ±1.11% of the mean, 2.98% (Figure 1).
142 Future work will expand the total alkali range, possibly through the
143 use of additives.
144 To demonstrate the wide variations in how inorganic minerals were
145 distributed among these fuels, the backscattered electron (BSE)

f2 146 microscope images of three selected solid fuels are shown in Figure 2:
147 (a) torrefied wood, (b) petroleum coke, and (c) Sufco 1. The wood is
148 in general a very clean feedstock; there are no excluded minerals
149 detected; and most of the inorganic species are found embedded
150 within the organic, regular wood matrix.11 As a byproduct of the
151 petroleum refining process, petroleum coke has a low ash content
152 with some organically bound minerals and some excluded mineral
153 grains or contaminants, such as soil or sand.45 The coal generally
154 contains excluded, included, and organically bound minerals, which
155 are usually analyzed through computer-controlled scanning electron
156 microscopy (CCSEM).46 The point to be made is that the ash
157 distributions are dramatically different among these fuels, and this is
158 useful to explore universal ash deposition mechanisms among very
159 varied initial forms of the mineral matter.
160 2.2. Combustion Conditions. All 11 fuels discussed in this paper
161 were tested in air and oxy-combustion with an actual firing rate of
162 ∼27 kW, except that Sufco 2 was fired at 52 kW to achieve higher
163 peak temperatures. It has been found that using recycled flue gas
164 (RFG) with different cleanup options does not have a significant
165 effect on ash transformation47 and inside ash deposition rates, once
166 the increased ash particle concentrations were taken into account.
167 Hence, RFG was used only in the (already reported47) oxy-

168combustion of PRB, Illinois coal, and their blends. All other oxy-
169combustion cases reported here employ once through CO2 to
170represent fully cleaned RFG. The oxy-combustion tests can be divided
171primarily into two categories: (1) using 27 vol % oxygen in the
172oxidant gas (denoted as OXY27), representing first-generation oxy-
173combustion processes with flame temperatures and heat fluxes similar
174to air firing, and (2) using 50 vol % oxygen in oxidant gas or higher
175(denoted as OXY50), representing advanced oxy-combustion with
176high flame temperatures and heat fluxes. The advanced oxy-
177combustion cases also include OXY70 and OXY80, in which all
178CO2 was used to transport the fuel. For each case, the gas
179temepratures from ports 1 to 3 are measured by a ceramic-capped
180type B thermocouple, and the temperaures from ports 4 to 9 are
181measured by a unshielded type K thermocouple. The measured peak
182gas temperatures normally appear at port 2. The measured peak gas
183temperatures for air combustion and OXY27 are similar and usually
184200−400 K lower than those in advanced oxy-combustion, depending
185upon the inlet O2 percentage. Zhan et al. have reported that the
186changes in both the composition of PM and the inner layer of the
187deposits are attributed to the peak flame temperature, regardless of
188whether the dilution gas is N2 or CO2,

47 and this implies similar ash
189deposit properties between air combustion and OXY27. It should be
190mentioned that these fuels can be efficiently burned out before port 5
191for air and oxy-firing conditions, and the carbon contents in collected
192deposits were generally lower than 3%. Petroleum coke is the only
193exception (with the carbon content in deposits higher than 25%)
194because of the extremely low volatile content and high fixed carbon, as
195shown in Table 1.
196 t3Table 3 summarizes test conditions for the 35 tests burning 11
197solid fuels reported in this paper. Detailed operating conditions for
198selected cases can be found elsewhere,15,39,42,47,48 and correspoding
199details of the others are not reported here for the sake of brevity.
200Some of the peak gas temperatures are not available, but one might
201reasonably estimate these temepratures by comparison to those
202measured for similar combustion coniditions. As shown in Table 3,
203different symbols are used to represent different cases, and similar
204cases use the same symbol for the sake of brevity. In summary, the ash
205deposition rates from all 11 fuels burned in air and oxy-combustion
206will be summarized to form a hypothesis to predict the ash deposition
207rates for a given fuel under certain combustion conditions.
2082.3. Experimental Facilities. All of the experimental work
209discussed here was completed on a 100 kW (rated maximum) down-
210fired oxy-fuel combustor (OFC), which has been extensively used in
211previous studies for various pulverized solid fuels, including coal and
212biomass.42,44,49,50 The OFC is a self-sustained (without external
213heating) and systematically controlled pilot-scale reactor; it operates
214at realistic stoichiometric ratios with turbulent diffusion flames in the
215ignition zone, resulting in realistic temperature/time profiles, although
216the flow becomes laminar downstream. The configuration of OFC is
217 f3shown in Figure 3, and additional details about it can be found in ref

Figure 1. Mass fractions of Na2O and K2O in ash among these fuels.

Figure 2. BSE images of three representative solid fuels embedded in carnauba wax: (a) torrefied wood, (b) petroleum coke, and (c) Sufco 1.
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218 42. Although the aerodynamics are significantly different from full-
219 scale units, it is hoped that the deposition results generated from this
220 test rig can be used to explore chemistry aspects of pertinent ash

221deposition mechanisms as they might occur in field units. Clearly,
222quantitative extrapolation of collection efficiencies to field units
223requires accurate simulations that account for effects of different

Table 3. Complete Tested Combustion Conditions

*Oxy-combustion using pure CO2 to simulate fully cleaned flue gas. **Oxy-combustion using flue gas recirculation with different cleanup options.

Figure 3. (Left) Configuration of OFC and (right) horizontal deposit division.42
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224 aerodynamics, including turbulent deposition and the like. Therefore,
225 results from this paper relate specifically to estimating differences in
226 ash deposition rates as a result of differences in fuel composition and
227 peak flame temperatures as they were achieved in this test rig.
228 In this work, ash deposits were collected by a air-cooled
229 temperature-controlled deposit probe, which has been described in
230 detail elsewhere.13 Fouling ash is defined as the ash deposit on
231 convective superheater tube surfaces that do not receive much
232 radiation from the flame. The deposition probe was therefore inserted
233 between ports 6 and 8 (see Figure 3), wherever the flue gas
234 temperature was close to 1300 K. The wall temperature of the probe
235 was controlled at 922 K, which is a typical surface temperature of the
236 superheater in utility boilers. The collected ash deposits on the
237 “coupon” can then be divided into side, inside, and outside deposits,
238 as shown in Figure 3. This paper will focus on inside and outside
239 deposits. In power plants, loosely bound fouling ash can be removed
240 from the heat transfer surface by soot blowing, but a tightly bound
241 deposit layer still remains. Therefore, the outside and inside deposits
242 represent these loosely bound and tightly bound deposits,
243 respectively. During the experiment work, the outside deposits were
244 cautiously collected by rotating the probe and gently tapping it. The
245 inside deposits remained stuck onto the probe and were collected by
246 scraping the surface with a tool.
247 Ash aerosols were sampled through an isokinetic, water-cooled, and
248 nitrogen-quenched dilution probe that is inserted in port 9, where the
249 gas temperature was usually 1000 K. The flue gas temperature around
250 the deposition probe is 300 K higher than the flue gas temperature at
251 the aerosol probe (1300 K). HSC equilibrium calculations for PRB
252 coal from the literature51 and for Utah Sufco 1 coal shown in Figures
253 S1 and S2 of the Supporting Information suggest that inorganic

254vapors have completely condensed after the flue gas temperature
255dropped below 1300 K, and little was changed for metal aerosols. The
256aerosol psd’s were obtained using an online TSI scanning mobility
257particle sizer (SMPS, 0.0143−0.672 μm) and aerodynamic particle
258sizer (APS, 0.532−20 μm) combo. Size-segregated ash aerosol
259samples were collected on an 11-stage Berner low-pressure impactor
260(BLPI, 0.0324−15.7 μm), allowing elemental composition versus
261particle size distributions to be obtained using energy-dispersive X-ray
262spectroscopy (EDS). Additional details concerning the aerosol
263sampling and analysis technique can be found elsewhere.39 A mass
264balance over the BLPI, including the pre-separator cup, was typically
265close to 70%. The BLPI plates alone collected less than 20% of the
266total ash. FEI Quanta 600 FEG SEM operated at 15 kV, coupled with
267an EDAX EDX system with a Si(Li) X-ray detector was used for the
268SEM/EDX measurements for ash aerosol and ash deposit.
2692.4. Measurement of Growth Rates for Inside and Outside
270Deposits. To precisely determine the growth rate of inside and
271outside deposits, the ash deposits were collected at various sampling
272times (1/6,

1/3, 0.5, 1, and 2 h), and then the weights of collected
273inside and outside deposits are separately plotted versus time. As
274noted above, the outside deposits were removed from the deposit
275probe by vigorous shaking, while the inside deposits required scraping
276 f4for their removal and collection. Figure 4 shows the weight change of
277inside and outside deposits for Utah Sufco 2 under different
278combustion conditions (see Table 3). The error bars reflect the
279variations between measurements from at least three repeated tests,
280which imply that the measurement uncertainty for deposit weights is
281negligible. It is apparent here that the weight of the inside deposits
282increases rapidly at the beginning of the process and then stops
283growing after approximately 1 h. We believe this is because the inner

Figure 4. (a) Inside deposit weight and (b) outside deposit weight at various sampling times for Sufco 2 under different combustion conditions.

Figure 5. (a) Inside deposition rate correlation with the PM1 concentration in the flue gas, y = 74.06x (r2 = 0.71), and (b) inside deposition rate
correlation with sodium and potassium concentrations in the flue gas, y = 64.93x (r2 = 0.47).
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284 layer is gradually isolated from the flue gas by the outer layer, which
285 starts to take hold. We define the inside deposition rate as the initial
286 growth rate, that is, the initial slope of the curve shown in Figure 4a.
287 The weight of the outside deposit, on the other hand, increases at a
288 constant rate continuously within a 2 h period. We believe this is
289 because the outer layer is directly exposed to flue gas. For practical
290 purposes, the outside deposition rate is thus defined as the average
291 growth rate within a 2 h interval.
292 It should be noted that the weight of the inside deposit is
293 significantly less than that of the outside deposit at the same sampling
294 time. In other words, one can neglect the mass of inside deposits if the
295 deposits are collected together and considered as a whole, and the
296 total weight is all that one is interested in. Figure 4 shows deposition
297 rate behavior that is typical of the other solid fuels examined here. It
298 should be noted that the particle rebound can significantly affect the
299 weights of ash deposits,11 but this is a complex phenomenon and is
300 discussed within the context of the results obtained here in the
301 Discussion below.

3. RESULTS
302 3.1. Inside Deposits. In this section, deposition rates are
303 presented here for inside deposits for all of the 35 cases noted
304 in Table 3. It has been discussed that PM1, of any composition,
305 might have a “glue effect” on ash deposition formation,38

306 forming the inside layer. Zhan et al.15 discovered a linear
307 relationship between the inside deposition rates and the PM1
308 concentration in the flue gas, in contrast to the alkali content of
309 PM1. To further validate this hypothesis, the experimental
310 results from an additional eight solid fuels in air and oxy-
311 combustion were added to yield an expanded correlation
312 between inside deposition rates and the PM1 concentration in

f5 313 the flue gas, as shown in Figure 5a. This figure includes
314 published results15,42 and new results. It should be noted that
315 all of the PM1 concentrations were measured using BLPI and
316 the measurement of each case was repeated at least 3 times to
317 limit the uncertainty.
318 It has been long believed that the alkalis alone are the “bad
319 actors” controlling ash deposition. Therefore, the measured
320 inside deposition rates are also plotted against the total alkali
321 metal concentration in the flue gas (Figure 5b). Symbols
322 denote the different fuels and conditions as in Table 3. The
323 correlation of the inside deposition rate with the alkali metal
324 concentration in the flue gas is poor (R2 = 0.47). The alkali

325metal concentrations on the horizontal axis of Figure 5b
326include Na and K contained within a wide range of species,
327namely, sulfates, chlorides, or aluminosilicates. These concen-
328trations are calculated from the feed rate of Na and K (g/h)
329divided by the flue gas flow rates (Nm3/h). It should be noted
330that the calculated alkali metal concentrations might differ with
331the actual values because of potential losses as a result of
332deposition on the combustor and sample line surfaces. In situ
333measurements of alkali metal will be considered in future work.
334Figure 5a, however, is important, because it clearly shows
335that the inside deposition rates are indeed proportional to the
336PM1 concentration in the flue gas over a wide range of fuels
337and combustion conditions. The R2 correlation coefficient is
3380.71 considering all of the data without exception. If the single
339outlier red solid filled symbol, denoting case 29 (OXY70 for
34013% rice husk/87% PRB blend), is omitted from the
341correlation, the correlation coefficient increases to a R2 =
3420.83. It should also be noted that PM1 concentrations are
343significantly higher for high flame temperatures (i.e., for oxy-
344combustion, denoted by symbols with a solid fill) compared to
345those at lower flame temperatures (i.e., for air- and
346temperature-modulated oxy-combustion, denoted by open
347symbols) for the same fuel, and effects of this are discussed
348below.
349 f6Panels a−d of Figure 6 depict the measured PM1
350composition for sample particles denoted accordingly on
351Figure 5a. These four samples all fall close to the linear
352correlation, yet they have widely different compositions.
353Indeed, the sample shown on Figure 6c is essentially devoid
354of alakli metals but has a high inside deposition rate, while the
355sample with the highest alkali metal content (Figure 6a) has
356the lowest inside deposition rate. Clearly, it is not the alakli
357metal content of PM1 that controls the inside deposition rate
358but only the presence of PM1 of any composition. Note again
359that, generally, the highest inside deposition rates occur at the
360greatest PM1 concentrations in the flue gas, which tend to
361occur under combustion conditions that yield the highest peak
362flame temperatures, namely, at the highest firing rates (52 kW)
363and highest oxygen enrichments (OXY70).
3643.2. Outside Deposits. Following the method of
365presenting results for the inside deposits, deposition rate data

Figure 6. PM1 composition analysis for different combustion conditions: (a) air of Sufco 2, (b) OXY70 of rice husk, (c) OXY70 of Sufco 2, and (d)
OXY70 of 20% rice husk/80% Sufco 2.
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f7 366 for the outside deposits are reported here using similar
f7 367 correlations. As for the inside deposit rate data, Figure 7a

368 shows the outside deposition rate plotted against PM1, while
369 Figure 7b shows the same quantity versus the total alkali
370 content in the flue gas. The results are the converse of those
371 for the inside deposits. Now, for the outside deposits, the
372 deposition rate does correlate with the total alkali content in
373 the flue gas, while that versus PM1 does not. Clearly, PM1,
374 which was purported to be the controlling sticking parameter
375 for the inside deposition rate, does not fill that role for the
376 outside deposition rate. The scatter for outside deposition rates
377 in Figure 7b, is considered to be acceptable to make this
378 correlation, because the deposits were loosely bound and were
379 therefore more likely to be missed in the weight measurement.
380 It should be noted that outside deposition rates are very
381 much larger than those for the inside deposits. The measured
382 range for the outside deposition rate is from 0 to 1200 g m−2

383 h−1, while that for the inside deposition rate is from 0 to 100 g
384 m−2 h−1. It should also be noted that the correlation shown on
385 Figure 7a with an abscissa of the Na + K concentration in the
386 flue gas, with a correlation coefficient (r2 = 0.75), is essentially
387 interchangeable with the correlation between outside deposi-
388 tion rates and total ash concentration in the flue gas (R2 =
389 0.774), which is not surprising, given that the Na + K

390concentration in the ash was (by chance) approximately
391constant for all of the fuels (see Figure 1).

4. DISCUSSION

3924.1. Inside Deposits. Figures 5 and 6 suggest that the
393deposition rates of inside deposits are controlled by the
394presence of PM1 of any composition and that high inside
395deposition rates can result from many particles with extremely
396low alkali metal contents. Alkali metals, indeed, are less
397pronounced in PM1 at the higher flame temperatures (see
398Figure 5) because higher peak temperatures accelerate the
399scavenging of alkali metal vapor by larger aluminosilicate
400particles.40 Although the bulk of the mass of the inside deposits
401is contained in the larger particles in the deposit, one might
402speculate that the rate at which these larger particles adhere to
403the bare tube is controlled by the “glue effect” of PM1, of any
404composition. To further “visualize” the glue effect of PM1 for
405inside deposit formation, backscattered electron (BSE) images
406 f8of inside deposits are shown in Figure 8 for (a) OXY70 for
407Sufco 1, (b) air for Sufco 2, and (c) OXY70 for the 13% rice
408husk/87% PRB blend. These pictures suggest that PM1 indeed
409tends to stick on the surface of large particles or agglomerate
410together to form clusters. We attempted to correlate the inside
411deposition rates with other parameters, but none of those
412correlated with R2 values close to 0.71, the value in Figure 5a.

Figure 7. (a) Outside deposition rate correlation with the PM1 concentration in the flue gas, y = 563.5x (r2 = 0.27), and (b) outside deposition rate
correlation with sodium and potassium concentrations in the flue gas, y = 733.25x (r2 = 0.75).

Figure 8. BSE images of inside deposits from some selected cases: (a) OXY70 of Sufco 1, (b) OXY70 of Sufco 2, and (c) OXY70 of 13% rice husk/
87% PRB.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.8b04185
Energy Fuels XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.energyfuels.8b04185


413 One might further speculate that the adhesion probability of
414 PM1 can be high as a result of their low kinetic energies.11 In
415 contrast to this, the super-micrometer particles with a much
416 higher kinetic energy can easily bounce off the coupon surface.
417 After the formation of the powdery layer of PM1 on the wall,
418 the super-micometer particles can be glued by deposited PM1.
419 Therefore, PM1 can promote and control the formation of the
420 (tight) inside deposits.
421 The results here supplement the work of Li et al.,38 who
422 studied the properties of ash aerosol and ash deposition in
423 Zhundong lignite, which is rich in alkali and alkali earth metal
424 (AAEM). There, PM1 was enriched in alkali species, such as
425 sodium sulfate and soidum chloride, which have low melting
426 points. Li et al. hypothesized that this sticky and alkali-rich
427 PM1 could work as a “glue” to capture larger particles.
428 However, the work presented here confirms previous
429 suggestions39,40 that PM1 does not need to be enriched in
430 alkali to be effective as “glue”, at least as far as the tight inside
431 deposits are concerned.
432 4.2. Outside Deposits. The deposition rate of the outside
433 deposits is over 10 times that of the inside deposits.
434 Furthermore, the inside deposition rate diminishes with time
435 (Figure 4a), while the outside deposition rate is approximately
436 constant (Figure 4b). It appears that the formation of these
437 two types of deposits involves different mechanisms. At the
438 beginning, the small particles driven by a combination of
439 inertial impaction and thermophoresis can impact and deposit
440 on the smooth surface, but the incoming large particles are not

441retained on the smooth surface as a result of their high kinetic
442energy. They bounce off. After the inside deposit is formed, the
443temperature gradient between flue gas and the coupon surface
444decreases as a result of the low thermal conductivity of the ash
445deposit. At that point, the thermophoresis driving force is
446diminished. The large particles, on the other hand, can now be
447deposited because the kinetic energy can be absorbed by the
448powdery inner deposit layer. According to this hypothesis, (a)
449the inner deposits will be enriched in small particles, (b) the
450rate of increase of the inside deposits will diminish with time,
451and (c) the weight of outer deposits will be significantly higher
452than that of the inner deposits. All of these phenomena have
453been observed in this work.
454One might expect inertial impaction to be the dominant
455 f9rate-controlling process for outside deposits. Figure 9 shows
456the BSE images of outside deposits for several cases. Panels a
457and c of Figure 9 indicate that there exists severe ash sintering
458for outside deposits because they are directly exposed to the
459hot flue gas. In contrast to the inside deposits, no clear
460adhesion of PM1 (or PM1 glue effect) can be seen on these
461large particles, and this is consistent with the lack of correlation
462on Figure 7a.
463The data on Figure 7b deserve further discussion. Close
464examination reveals that, for the same fuel, higher (outside)
465deposition rates were observed under lower flue gas velocities,
466such as occurred for OXY70. In view of the fact that one might
467expect decreased impaction rates at lower flue gas velocities,
468the data suggest that it is particle bounce-off that controls the

Figure 9. BSE images of outside deposits from some selected cases: (a) OXY70 of Sufco 1, (b) air of Sufco 2 (52 kW), and (c) OXY70 of Sufco 2.

Figure 10. Outside deposit collection efficiencies for selected combustion cases. See Table 3 for the abbreviations used in the abscissa designating
cases.
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469 outside deposition rate. Particles impacting at lower velocities
470 have lower kinetic energy to be dissipated, following the
471 approach of Zhou et al.25 To explore this further, it is useful to
472 compare, for each run, the overall collection efficiency (η),
473 which combines aerodynamic effects, causing impaction, with
474 chemical effects causing sticking. It is defined as the ratio of the
475 rate per unit surface area at which PM adheres to the surface (g
476 m−2 h−1) to the mass flux of PM flowing through the same
477 projected area in the flue gas (i.e., without a disturbance caused
478 by the surface, g m−2 h−1) and is calculated as

η = ×
r

f w A/
100%deposit

fuel ash OFC

479 where rdeposit is the outside deposition rate on the coupon (g
480 m−2 h−1), f fuel is the fuel feeding rate (g/h), wash is the ash
481 content in the fuel (%), and AOFC is the cross-section area of

f10 482 the reactor at port 6 (m2). Results are shown on Figure 10
483 using the same color coding as in all of the tables and figures
484 shown above, and from this figure, one might deduce the
485 following: (1) For the same fuel, cases with higher velocity
486 have a lower collection efficiency, even though the impaction
487 efficiency is higher. For example, the average gas velocity for
488 Sufco 1 at the sampling port of cases 18, 19, and 20 is 0.746,
489 0.661, and 0.254 m/s, respectively, with the collection
490 efficiency for each of these three cases being 4.07, 5.54, and
491 13.46%, respectively. Additionally, the high peak gas temper-
492 ature in case 20 also contributes to the high collection
493 efficiency because it is reported that the particle sticking
494 probability is more likely to be affected by the maximum
495 experienced temperature rather than the local temperature.26

496 (2) The overall collection efficiencies for all of these fuels are
497 relatively low and typically around 2−14% for most cases
498 because of the relatively low particle Stokes numbers (all much
499 less than 1). The highest collection efficiencies were seen for
500 Sufco 1 OXY70 (case 20), 20% rice husk/80% Sufco 1 blend at
501 OXY70 (case 27), and torrefied wood at OXY70 (case 31), all
502 of which had among the lowest flue gas flow rate and highest
503 peak gas temperature. (3) Although outside deposition rates of
504 torrefied wood and petroleum coke are an order of magnitude
505 lower than those of other fuels, as shown in Figure 7, their
506 collection efficiencies are about the same level.

5. CONCLUSION
507 A large body of experimental data of ash deposition rates was
508 obtained from the air and oxy-combustion of 11 solid fuels
509 (coal, biomass, and their blends) that were burned in 35 tests
510 in a self-sustained entrained-flow combustion rig. Deposition
511 rates were divided into those for the inside, tightly bound layer
512 and those for the looser, outside deposit layer that can be more
513 easily removed by soot blowing. The significant differences in
514 ash compositions among these 11 fuels can be used to explore
515 deposition mechanisms common to all fuels. Although
516 aerodynamic factors clearly influence ash deposition rates in
517 practical systems, this work does suggest that changes in inside
518 and outside deposition rates can be estimated by knowledge of
519 the ash aerosol characteristics. These characteristics are, for
520 inside deposits, the concentration of PM1, which can be
521 measured online in real time using existing instrumentation,
522 and, for outside deposits, the concentration of total alkali in the
523 ash aerosol, which can be calculated or at least estimated.
524 Inside deposition rates do not depend upon the alkali content
525 of the particles making up the deposit. Outside deposits are

526primarily formed by inertial impaction, and the data here
527suggest that collection efficiency increases with decreasing flue
528gas velocity, most likely because of changes in particle bounce-
529off behavior.
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