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Atmospheric emission of sulfuric acid (H2SO4) and its precursors, sulfate oxides SO2 and

SO3, are generated by burning fuels such as coal, oil, and gas for energy production or in

the metallurgical industry. While sulfuric acid is important in many industrial applications,

in the atmosphere it is one of the culprits for acid rain formation. Steps have been taken

to reduce the sulfur content of fuels (for example, the migration to low sulfur fuel in the

marine industry), but sulfur emissions are still a significant problem, especially for coal-fired

power-plants. In the atmosphere, sulfate constitutes a large fraction of particulate matter

air pollutants with aerodynamic diameter <2.5 microns (PM 2.5), which has been found

responsible for adverse health effects. Although the use of coal is sharply declining in the

United States, it is still on the rise in China and in Southeast Asia.

In coal-fired power-plants, most of the fuel sulfur content is oxidized to sulfur dioxide,

while a small percentage can be further oxidized to sulfur trioxide (SO3) in the boiler and

across the NOx reduction catalyst. In the presence of water, sulfur trioxide reacts at low

temperatures to form sulfuric acid. The SO3/H2SO4 emissions can be reduced by injecting

neutralizing sorbents, entailing an additional operating cost. With continuous monitoring,

a closed-loop control for sorbent injection could be developed, reducing sulfate emissions,

and improving the operational performance of power plants. Therefore, the continuous
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monitoring of SO3, H2SO4, and SO2 is a primary need for the coal industry.

The goal of this dissertation is to evaluate the feasibility of continuous measurements in

flue gas conditions using optical absorption methods, including providing a high temperature

spectral database of SO2, SO3, and H2SO4. A further goal is the experimental investigation

of the relationship between SO3 and H2SO4, often assumed to be at chemical equilibrium.

The equilibrium has been hypothesized and relied on in many measurement techniques,

however a direct experimental verification has not been accomplished.

Specifically, this work examines the performance of Differential Optical Absorption Spec-

troscopy (DOAS) and External Cavity Quantum Cascade Laser (EC-QCL) as potential

methods for continuous measurement. The results are validated using the Environmental

Protection Agency (EPA) Method 8A, the current industry standard for the measurement

of sulfur species. The experimental setup includes a unique high-temperature multi-pass

optical cell and a flow system able to replicate appropriate levels of flue gas species. The

gas temperature and spatial distribution of sulfur species in the measurement cell was also

investigated using numerical simulations.

The DOAS technique performed well for SO2 measurements in the UV, while SO3 and

H2SO4 could not be evaluated with accuracy. The DOAS technique was found unsuitable

for continuous sulfur species monitoring in flue gas conditions.

The mid-IR ECQCL technique could successfully detect SO2 in flue gas conditions, in

the spectral ranges near both 7µm and 8µm, and for the first time, high-temperature mid-

IR spectral libraries for SO3 and H2SO4 were recorded. The equilibrium between SO3 and

H2SO4 was verified through direct optical measurements at 3% water vapor concentration

within ±12% uncertainty.

At 7µm, while SO3 measurements are successful, the strong absorbance of SO2 limits

measurements only to low-sulfur coals (with SO2 concentrations <500ppm) in the current

multi-pass configuration. Sulfuric acid does not absorb at 7µm.

At 8µm, SO2 is a weak absorber, hence high-sulfur coal emission monitoring is feasible.
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Sulfuric acid is a strong absorber and can be measured even at low levels, while SO3 does

not absorb at 8µm and needs to be calculated from equilibrium. Unfortunately, however,

sulfuric acid reacts with the windows material (BaF2) to form a layer of BaSO4, and at

this wavelength, the layer formation causes a significant performance degradation, as BaSO4

absorbs strongly. As the BaSO4 layer thickens, it prevents the laser light from reaching the

detector, and this poses a significant engineering challenge and limits the measurement to

short time frames (10 to 30 minutes).
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Chapter 1

Introduction

The generation of sulfur compounds is inherent during the combustion of coal in power plants

because all coals contain sulfur that is incorporated into their carbonaceous matrix during

formation. While the amount of sulfur in coal depends on its geochemistry [1], sulfur content

ranges from just below 1% in low-sulfur coals to above 3% in high sulfur coals. It is also

generally impractical to remove the sulfur from coal before it is burned [2]. Hence, sulfur

control and mitigation relies on flue gas treatment. Most of the fuel sulfur content is oxidized

to sulfur dioxide (SO2), while a small percentage is further oxidized to sulfur trioxide (SO3)

in the boiler, and across the selective catalytic reduction (SCR) catalyst for NOx reduction

used in coal-fired power plants [3]. In wet flue gas, SO3 can react to form H2SO4, which is

a misty acid that is difficult to capture due to the small size of the acid droplets. H2SO4

has adverse effects on both plant operation and the surrounding environment, including

corrosion of ductwork surfaces [4], flyash contamination [5], formation of visible plumes [6],

powdered activated carbon (PAC) poisoning [3], formation of ammonium bisulfate (ABS) due

to ammonia slip from selective catalytic reduction (SCR) or selective non-catalytic reduction

(SNCR) processes [7], and formation of particulate level PM 2.5, a known health hazard [8].

Ambient air particulate matter PM 2.5 have been associated with negative health effects

(such as ischemic heart disease, lower birth weight, and respiratory hospital admissions) [9–
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12]. While sulfate constitutes a large fraction of the mass of PM 2.5 pollutants [13], the exact

role of sulfate on PM 2.5 toxicity is still unclear [12, 13]. Sulfate might play an indirect role

by influencing the bioavailability of metallic species [13], whose presence in PM 2.5 has been

linked with increased IHD mortality and cardiovascular and respiratory hospital admissions

[11, 12].

Challenges in relation to the reactivity of sulfur species have prevented any reliable

method to date for continuously monitoring SO3 and H2SO4 concentration in coal-fired

power plant flue gas. Flue-gas desulfurization typically involves the use of alkali sorbents

to neutralize SO3 and H2SO4. The amount of sorbent could be optimized if a suitable con-

tinuous measurement of SO3 and H2SO4 was available, especially under the increasingly

common flexible operations condition. In flexible operations condition (flex-ops), coal-fired

power plants are required to balance power grids by compensating for the variable electric-

ity supply from renewable energy sources, with frequent start-ups together with major and

rapid load changes [14]. The pollutant emission profiles can vary substantially with the load.

Real-time sorbent tuning would decrease the operating costs of the power plant as well as

extend the lifespan of components downstream of the boiler. Hence, the objective of this

dissertation is to examine the continuous monitoring of these reactive sulfur species.

This introduction begins by describing the continued demand for coal into the future

(1.1). It provides background knowledge to date concerning the fate of the sulfur in coal,

with the details of the key oxidation reactions and where they occur in a coal power plant

(1.2). A description on how and why sulfur oxides convert rapidly into sulfuric acid and

ammonium bisulfate under power plant operation conditions is then provided (1.3, 1.6). The

potential and challenges for continuously monitoring of sulfur species based on location and

temperature is considered (1.7) which leads to the motivations and goals of the dissertation

research (1.8).
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1.1 Worldwide coal use outlook

The increasing sensitivity to anthropogenic sources of greenhouse gases like carbon dioxide

from combustion has had a major impact on coal use in developed countries. Nevertheless,

the global outlook for coal combustion shows continued high demand, and if methods for CO2

sequestration (or ”clean coal technology”) become viable then coal use could see a further

resurgence. The International Energy Agency (IEA) December 2020 Coal report provides

summary and figures on the recent status of coal use worldwide, together with a five-year

outlook [15]. In 2019 the power generation from coal declined 3% (it constituted 38.5% of

the share of the global power mix in 2018), driven by low prices for natural gas – especially

for the USA and Europe. In India, in 2019 coal-fired power plant generation decreased for

the first time in forty years. Only China and Southeast Asia countries saw an increase in

coal power generation.

The electricity demand in year 2020 has significantly dropped in the first half of the year,

due to COVID-19. However, the decline in global coal demand in 2020 has been lower than

forecasted, since China (where more than half of global coal is consumed) experienced a

robust economic recovery.

A rebound in global coal demand is predicted for year 2021, driven by the prospect of

a global economic recovery that would increase electricity demand. For coal, the demand is

predicted to be largely driven by China, India, and Southeast Asia. In Europe and in the

USA, coal consumption is expected to grow for the first time in a decade due to an increase

in electricity demand and natural gas prices; however, the EU and the USA together account

for only around 10% of the global coal use. In the US, coal accounted for about 20% of the

total electric sector power generation in 2020 [16]. China’s pledge of carbon neutrality before

2060 can affect its future energy share mix, but its coal demand has been stable at a plateau

in recent years, and carbon sequestration approaches could affect fuel choice as well. India

and other Southeast Asia countries are still in the process of adding new coal-fired capacity,
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and they are expected to surpass the USA and the EU by 2025 in coal consumption.

Coal demand is expected to plateau by 2025, since coal-fired power plants have been

rapidly retiring in the developed countries which at the same time are counterbalanced by

the increasing demands in the developing countries. The increasing demand is particularly

acute for countries in Southeast Asia, which mostly rely on coal for power generation.

It is clear that, even in the most optimistic clean energy future scenarios, the use of coal

for power generation worldwide will continue along with the concomitant atmospheric emis-

sions of pollutants. Therefore, it is important to provide tools for understanding the sulfur

compounds created during coal combustion to aid in their control and damage mitigation.

1.2 Sources of sulfur oxides in coal-fired power plants

The presence of sulfur oxides (and sulfuric acid) in post-combustion gases of power plants

is directly linked to the sulfur content of the fuel used, that is determined by the geological

environments and the processes involved in coal formation [17]. As mentioned earlier, the

sulfur content of raw coal is on the order of percent which is a significant pollutant load

from the fuel alone. A typical 500 MW power plant (serving 250,000 people) will burn 200

metric tons of coal per hour. This means that even for low sulfur coal more than 2 metric

tons/hour of sulfur must be dealt with.

During combustion in the boiler, the sulfur content of coal oxidizes to SO2, while a small

fraction of it (approximately 0.1 to 1%, based on coal composition) is converted to SO3

[18, 19] according to the reactions :

SO2 + O (+M)←−→ SO3 (+M) (1.1)

SO2 + OH (+M)←−→ HOSO2 (+M) (1.2)

HOSO2 + O2 ←−→ SO3 + HO2 (1.3)
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Under oxy-coal combustion, a promising technique to reduce NOx and to capture CO2 com-

bustion emissions [20], SO2 and SO3 volumetric concentrations further increase, with SO3

levels raising several fold [21].

After the combustion gases exit the boiler, the concentration of SO3 will increases across

the SCR catalyst. In fact, current deNOxing SCR catalysts contain vanadia (V2O5), which

is the typical sulfuric acid catalyst [22, 23] responsible for promoting the SO2 oxidation

reaction to form SO3.

In the next section, a background on the formation of sulfuric acid H2SO4 from SO3

hydration process and its importance in coal-power plants are analyzed.
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Figure 1.1: Simplified schematic of a coal-fired power plant.

1.3 Sulfuric acid (H2SO4) formation

Sulfur trioxide reacts rapidly [24–27] and exothermically [28] with water, to form sulfuric

acid according to the reaction:

SO3 + H2O←−→ H2SO4 (1.4a)
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The hydration of SO3 has been extensively studied in atmospheric chemistry [29], but stud-

ies in post-combustion conditions are lacking. Despite its prevalence and importance, the

detailed steps in the conversion reaction from SO3 to H2SO4 is not fully understood, as

SO3 and H2SO4 experimental measurements are complicated by surface reactions and other

heterogeneous reactions. In fact, the reaction can proceed both as a homogeneous reaction

(gas-phase) and as a heterogeneous reaction, such as reactions with adsorbed H2O or SO3

on reactor surfaces [30, 31] and condensation aerosols from binary homogeneous nucleation

at high SO3 and H2O concentrations conditions [27, 30, 32].

Several experimental studies highlighted the extremely fast [24–27] and violent [28] char-

acter of the reaction, suggesting the absence of an energy barrier [24]. However that is

in contrast to the notion that SO3 and H2O are two stable molecules [31]. Instead, the

reaction might progress with the formation of an intermediate adduct SO3 ·H2O [25], but

the reaction through the adduct is still unlikely due to the high energy barrier between the

adduct SO3 ·H2O and H2SO4. Any adduct with sufficient energy will in fact more likely

dissociate back to its reactants [26, 33]. Additional studies highlighted that the reaction has

second-order dependence on water vapor concentration and a strong negative temperature

dependence. This once again suggests there is the formation of bound intermediates and a

complex mechanism. Similarly to the above, the large activation energy barrier for the SO3

adduct may prevent the reaction pathway [32]. This high energy barrier makes the process

impossible without a relying on catalysts [34], and water clusters possibly have a role in pro-

moting H2SO4 formation [26, 33]. Other studies confirmed that the reaction is second order

in water vapor, with observed SO3 consumption likely involving reaction with the water dimer

SO3 +(H2O)2 −−→ H2SO4 +H2O, or a competing path SO3 +(H2O)2 −−→ SO3 ·H2O+H2O.

However, it was unclear whether H2SO4 was also formed directly through the reaction of

the adduct with water vapor SO3 ·H2O + H2O −−→ H2SO4 + H2O [27]. The energy barrier

values obtained from SO3 + 2 H2O reflected a considerable decrease, when compared to the

reaction of SO3 with one water molecule only. The relatively large energy barrier, not sup-
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ported by experimental data, suggests that other reaction pathways are contributing to the

formation of H2SO4 [35]. For example, the addition of a third and fourth water molecule

that does not participate in proton transfer but acts as catalyst by stabilizing the reactant

complex and products reduce significantly the energy barrier to almost zero [34, 35]. The

reaction involving just one water molecule was shown to be too slow by about 23 orders of

magnitude to account for the experimental behavior, while the reaction involving two water

molecules agrees better but is still slower by three orders of magnitude [36]. An additional

possible contributing factor is that H2SO4 can act as an auto-catalyst, and an increase in

the rate constants between 5 times and 2 orders of magnitude for the H2SO4-catalyzed SO3

hydrolysis compared to the H2O-catalyzed hydrolysis has been estimated [37].

Despite all of the uncertainty in the above described literature of potential reaction

pathways, given the empirically observed fast character of the reaction, sulfuric acid is often

assumed to be in chemical equilibrium with SO3 at flue-gas conditions, which depends

on temperature and water vapor concentration. According to the chemical equilibrium,

increases in temperature shift the reaction towards SO3, while a decrease in temperature

would shift it towards H2SO4, as shown in Figure 1.2. The expectations of equilibrium (and

the rate at which species achieve equilibrium) is particularly important for flexible-operations

of coal power plants, where the temperature varies based on the load, as shown in Figure

1.3. Although the assumption of equilibrium is often made, the direct evidence for it under

flue gas conditions has not been obtained. Providing such evidence is one of the objectives

of the current work.

While there is no direct limit imposed by the Environmental Protection Agency (EPA)

on the emissions of H2SO4, sulfuric acid is responsible for the formation of a visible blue

plume [6] that violates EPA rules on exhaust opacity.
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Figure 1.2: Notion of chemical equilibrium between sulfur compounds [38].

1.4 Flexible operations of coal-fired power plants

The recent preference towards the use of renewable energy sources over fossil energy sources

like coal is expected to lead to major impacts on the operating patterns of coal-fired power

plants [39]. With the increasing penetration of renewable energies the coal-fired power plants

are required to adjust their output levels in a load-following mode to satisfy the grid demands

and face an increase in the frequency of start-up and shut-down events to accommodate for

the renewable power generation profile [40–43]. For example, the 2013 Western Wind and

Solar Integration Study Phase 2 analyzed the simulated impact of 35% renewable energy on

the Western Interconnection. The study predicted a marked increase in ramping require-

ments for operating fewer hours per each power plant start event and ramping daily instead

of weekly as wind/solar penetration increases [44]. As most coal power plants were designed

primarily for the purpose of baseload operation, they suffer from wear-and-tear damage from

load cycling. Load cycling will lead to increased operations and maintenance costs account-

ing for more frequent repairs, reduced component life, more frequent forced outages, and in
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turn a negative effect on the plant’s marginal costs [44].

Figure 1.3 represents the temperature at the inlet of the SCR catalyst increasing from

500F to 675F (260C to 357C, 533 to 630K) with increasing power plant load. For the power

plant of Figure 1.3, the nominal minimum load is 400MWg, with nominal minimum temper-

ature of 550F (287C). The aforementioned temperature range is particularly important for

this study, as the SCR inlet is one of the suggested locations for continuous measurement of

sulfur species (addressed in Section 1.7). As previously seen in Figure 1.2, in that tempera-

ture range the SO3/H2SO4 chemical equilibrium can completely shift from 100% H2SO4 at

the lower end of the range to >80% SO3 at the upper end. In summary, the expectation

of chemical equilibrium plays the key role during flexible-operations, as the temperature of

the flue gas varies based on the load. If SO3 and H2SO4 are at equilibrium with each other,

the measurement of only one of the two species together with the knowledge of temperature

and water vapor content is enough to determine the value of the other. To date, there is no

direct experimental verification of the chemical equilibrium between SO3 and H2SO4 in flue

gas conditions. One of the main goals of this dissertation is therefore focused on addressing

this verification experimentally through spectroscopic measurements.

Figure 1.3: SCR inlet temperature as function of the load [45]

9



1.5 Pulverized coal and circulating fluidized bed

technologies

Coal-fired power plants have historically relied on pulverized coal combustion (PC) for utility-

scale power generation, though in recent years circulating fluidized bed combustion (CFB)

has emerged as a possible alternative [20]. CFB offers a greater degree of fuel flexibility and

the possibility of in-situ desulfurization through limestone injection directly in the boiler, but

its adoption has been hindered by higher capital costs, smaller unit size preventing economy

of scale, and high auxiliary power needed (leading to an overall lower efficiency) [20]. The

in-situ desulfurization in the boiler is an appealing concept, with the possibility of capturing

up to 90% of the sulfur dioxide output without the use of a separate flue gas desulfurization

system and possibly decreasing operating costs [46, 47], but the process still presents major

uncertainties [48].

An FGD system used with a PC boiler requires typically slightly above the stoichiometric

amount of limestone for the capture of sulfur (Ca/S < 1.1), while limestone injection in

fluidized bed boilers requires above 2 times the stoichiometric amount (Ca/S > 2) [46].

Therefore, CFB boilers have to use much larger amounts of sorbent with respect to FGD,

but on the other hand FGD scrubbers take more space and consume much water [46]. A 90%

reduction in SO2 emissions with CFB technology could still be insufficient to comply with

environmental regulations, as the typical emission control capability of a typical CFB boiler is

∼200 mg/Nm3 for SO2 [49]. For example, China requires all coal-fired power plants to meet

the ultra-low emission standard (ULE) by 2020, with SO2 emissions limited to 35 mg/Nm3

[50]. The ULE requirements can drive the adoption of low-sulfur fuels, and a further increase

in Ca/S ratio to decrease emissions. However, the increase of limestone in the boiler is bound

to increase NOx and a lower boiler efficiency [47]. The issue is particularly challenging for

high-sulfur coals, which is a large part of China’s coal resources [51] and for which the

desulfurization in the CFB boiler have to be necessarily complemented by a FGD system

10



[47]. If a FGD system is added downstream from the CFB boiler to meet regulations, then

the technology loses its economical emission control advantage and becomes less competitive

than a PC boiler with FGD [49]. The decision between PC and CFB boilers for a new power

plants is not trivial, and the desired degree of fuel flexibility and/or quality of the locally

available coal can be the determining choice.

In the context of this work, another important factor is the requirement on load following

capabilities (described in Section 1.4). The load following capability of CFB can be slightly

inferior to that of PC, as the large mass of bed material carries considerable thermal inertia.

The thermal inertia is particularly relevant for cold start-up events, as the ignition can

require the consumption of large amounts of oil [20]. In addition, the dynamics of the

boiler is strongly non-linear, resulting in the need of complex control systems to manage

the coupling between the boiler’s slow dynamics with the turbine’s fast dynamics [52]. It is

possible, however, to operate CFB boilers at lower loads with respect to PC boilers without

the need of supporting fuel. Even if operations at low load and low circulation are possible,

they can negatively impact the efficiency of the desulfurization process in the boiler [20].

While this study targets traditional PC boilers, it is clear that the presence of sulfur

species (and related problems) is ubiquitous in coal-combustion processes and the possibility

of continuous detection of sulfur species in flue gas remains a relevant problem. The difference

between the two technologies in the context of this work is likely related to the levels of

sulfur species present past the boiler at the measurement location, namely lower SO2 and

SO3 expected levels in the CFB case.

1.6 Ammonium bisulfate (ABS) formation

After the flue-gas flows past the NOx control system (SCR or SNCR), sulfur oxides and

water can react with the ammonia slip from the SCR/SNCR to form ammonium bisulfate

(ABS) and ammonium sulfate in correspondance of the air preheater, where temperatures
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are below 500F (260C). ABS is known to cause corrosion and pluggage in the air preheater

that can require unplanned outages and expensive cleaning [53, 54].

When coal-fired power plants operate at lower loads, the temperature of the gas entering

the SCR catalyst will decrease, potentially resulting in the formation of ABS on the SCR cat-

alyst itself, decreasing its activity and performance [55]. The issue can extend to natural gas

combustion, albeit the level of sulfur of these fuels is usually reduced by hydrodesulfurization

to meet regulations.

ABS formation can occur from a three-body reaction with ammonia, water, and sulfur

trioxide, SO3, (Equation 1.5a), or from a two-body reaction between ammonia and sulfuric

acid (Equation 1.5b). Equation 1.4a can act as an intermediary reaction for ammonium

bisulfate formation [38].

NH3 + H2SO4 ←−→ NH4HSO4 (1.5a)

NH3 + SO3 + H2O←−→ NH4HSO4 (1.5b)

The presence of SO3, H2SO4, NH3, and ABS is also linked to the formation of ammonium

sulfate, and both ammonium sulfate and ammonium bisulfate can act as initial precursors for

the nucleation of aerosol particles [56]. Sulfate aerosols are responsible for the formation of

PM2.5 [57]. Knowing the key sulfur compounds and their precursor species, along with the

thermal conditions encouraging their formation, it is then possible to identify the segments

of the power plant most appropriate for monitoring them. As can be seen from the discussion

above, SO3 is the key species from which the subsequent compounds form, and consequently

the continuous monitoring of SO3 is the highest priority.
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1.7 Practical considerations for SO3 and H2SO4

continuous measurements

Figure 1.4 represents a simplified schematic of a coal-fired power plants, together with the

expected typical temperature conditions at every point. A simplified schematic of a typi-

cal coal-fired power plant was represented in Figure 1.1. Potential sampling locations for a

SO3 monitor demonstration are (1) the economizer outlet, which is the optimal location to

evaluate and contrast ABS formation; (2) the SCR inlet, which provides similar advantages to

the economizer outlet, although ammonia presence can negatively impact the measurement;

and (3) the SCR outlet, where the highest concentration of SO3 will be found, resulting

from SO2 oxidation in the SCR. Each of the options has respective advantages related to

the flue gas desulfurization system adopted. For example, sorbent injection before the SCR

catalyst would be better complemented by strategies (1) or (2), while a downstream FGD is

likely better suited to operate in coordination with strategy (3). As sulfur trioxide concen-

tration further increases across the SCR catalyst, strategy (3) is slightly more convenient for

spectroscopic detection and measurements measurements of SO3. However, especially for a

demonstration on an existing plant or for a retrofit monitoring approach, the choice is often

limited by the physical accessibility of the location and the presence of proper view-ports

for each power plant. As a secondary consideration (for demonstration efforts particularly)

the location should also offer good weather protection and reduced ambient temperature to

minimize the operator’s discomfort.

As seen in Figure 1.3, the gas temperature at the SCR outlet is highly dependent on

the load, and its range (500 F to 680 F, correspondent to 260C to 360C) can significantly

shift the chemical equilibrium from SO3 to H2SO4 and vice versa (see Figure 1.2). This is

particularly important, as seen in the temperature variations of Figure 1.3, for coal power

plants operated in a flex-ops regime, with high load variability. Under such variability, it is

evident that an accurate characterization of the equilibrium SO3/H2SO4 is fundamental to
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provide meaningful measurements and continuous monitoring.
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Figure 1.4: Simplified power plant schematics with relevant temperatures

1.8 Motivations and objectives

The presence of sulfur species in coal-fired power plants flue-gas can negatively impact the

environment and power plant operations if the flue-gas is not properly treated. This is

true independent of the type of coal power plant since the sulfur inherent in the coal fuel

means that any combustion will produce high levels of sulfur oxides. Fuel desulfurization

is currently too costly to implement and any mitigation strategy will involve treating the

combustion or flue gases. Capturing sulfur from flue gas involves the use of a sorbent

brought into contact with the sulfur containing gas, but the level of sorbent needed depends

on the amount of sulfur in the exhaust and its form. Too little sorbent can lead to unlawful

emissions and too much sorbent is an operational cost that can affect substantially the

profitability of the power plant. In addition, the conditions of operation can affect the sulfur

species conditions in the flue gas and so the first step in the mitigation strategy would

ideally include continuous and direct measurements of sulfur species, in order to properly

tune the amounts of sorbents needed for the desulfurization step. A closed-loop control of

this kind would reduce both operating costs and environmental impact. To date, however,

there are no continuous real-time sulfur-species measurement techniques able to fulfill the

requirements needed for effective control. The reason that there is no commercial method
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currently available is that the highly reactive sulfur species make the methods used for other

more stable emissions ineffective. In addition, the division of reactive sulfur between sulfuric

acid and sulfur trioxide varies with conditions, and both species need to be determined to

be sure to capture the concentration accurately. There have been some techniques proposed

that assume equilibrium conditions between SO3 and H2SO4 and then measure only one

of them. For example, the Breen approach condenses sulfuric acid onto a conductive probe

to determine the acid dewpoint and from that information determines the gas composition.

Another instrument, SICK MCSO3, captures a sample from the stack and then reheats it to

the conditions of the sample location for an ex situ measurement using IR absorption with

the assumption that the gas composition will have returned to its original state (more about

the various techniques appear in Chapter 2). This continuous equilibrium view is an inviting

concept but the chemical equilibrium between sulfuric acid H2SO4 and sulfur trioxide SO3

has never been verified using direct experimental measurements in flue gas conditions.

Based on the need for verified continuous monitoring methods for sulfur species in flue

gas conditions, this dissertation has the following three main elements:

1. Develop and build an experimental rig able to reliably generate simulated flue-gas con-

ditions, in terms of temperature and chemical species for use in evaluating continuous

monitoring methods for sulfur species

2. Analyze the feasibility of continuous measurements using two promising spectroscopic

techniques, Differential Optical Absorption Spectroscopy (DOAS) in the UV and Ex-

ternal Cavity Quantum Cascade Laser (ECQCL) in the Mid-IR

3. Investigate the chemical equilibrium between SO3 and H2SO4 through direct spectro-

scopic measurements to determine if the common assumption is reasonable and can

form the basis for monitoring only a single species.

This current work relies on optical absorption methods heavily which means that the spectral

signature of the important species will be critical for the success of any technique. While
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spectral information is generally accessible for sulfur dioxide SO2, it is largely unavailable for

SO3 and H2SO4 at the temperatures of interest (between 250C and 350C). A fundamental

portion of this work is therefore aimed at defining spectral libraries for SO2, SO3, and H2SO4

at temperatures between 250C and 350C from direct experimental readings.

The remaining chapters of the dissertation cover an overview of the existing measurement

techniques together with the ones used in this work (Chapter 2), a description of the ex-

perimental setup (Chapter 3), a complete numerical characterization of the newly designed

high-temperature measurement cell (Chapter 4 and Chapter 5), and finally the experimental

results (Chapter 6). The last chapter presents the closing remarks and conclusions, together

with suggestions and future work recommendations (Chapter 7).
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Chapter 2

Experimental methods

This chapter will first introduce the current state-of-the-art methods used in industry for the

determination of sulfur species, and it will then cover the details and literature review of the

specific methods of Differential Optical Absorption Spectroscopy (DOAS), External Cavity

Quantum Cascade Laser (ECQCL), and Environmental Protection Agency (EPA) Method

8A that will be used experimentally in this research.

2.1 Industry-standard methods to measure sulfur

species concentration

As described in the introduction, there is no technique capable of measuring the reactive

sulfur species continuously and in real time. However, the desirability of such measurement

has spawned a wide range of attempts with varying levels of success and precision. In order

to provide the context for the work in this dissertation the current status of industry-oriented

flue gas sulfur measurements is outlined. Current measurement techniques are summarized

in Table 2.1 and Table 2.2. Since many of these methods are commercial, the references to

them are company website information, primarily. There is no peer-reviewed literature that
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critically evaluates their performance so the main information source comes from informal

discussions at conference meetings associated with attempts by the Electric Power Research

Institute (EPRI) to evaluate their accuracy and stability in pilot testing. There is not,

therefore, any clear fundamental reason limiting their measurement ability but the practical

experience is that aspects of each method contain unresolved problems. The primary proof

that issues remain with the current techniques is that none of them (with the exception of

EPA method 8A) are in regular use in the industry.
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Company Sampling Method Measurement Method Performance

GeoSyntec Custom sampling line FTIR Not commercial. Unclear accuracy

SICK

MCSO3

[58]

Heated sample line and cell

(200C)

Broadband NDIR 1-16 µm

wavelength range absorption

Can measure H2SO4, SO2, and SO3.

Questions on effect of line cooling on

the accuracy of the measurements

ProCeas

SO2/SO3

analyzer [59]

Low pressure sampling

(100 mbar) and non-

heated/modestly heated

lines

IR laser cavity absorption,

with broad spectral range

Given low pressure sampling, ques-

tions on faithful representation of in-

flow condition

ThermoFisher

Arke SO3 [60]

Dilution extractive heated

probe with built-in SO3 gener-

ator and dust filter. Oxidizes

SO2 to SO3 for the calibration

QC laser in high tempera-

ture optical cell. Narrow

QCL linewidth allows separa-

tion from water and SO2

Narrow sweep spectral range

PNNL OKSI

[61]

Heated line EC-QCL IR spectroscopy Being tested at UCI in heated cell

with windows

Unisearch

DOAS [62]

Heated line UV absorption Being tested at UCI in heated cell

with windows

Table 2.1: Current state-of-the-art in optical techniques to measure the concentration of SO3, SO2, and H2SO4.
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Name Sampling Method Measurement Method Performance

EPA Method

8A [63]

Heated line with quartz

filter

H2SO4 condensation,

SO2 reaction with H2O2,

and sulfate ion analysis

Requires long sampling time if the concen-

tration of SO3 is low. Assumption of full

conversion and capture of SO3 to H2SO4.

Results dependent on operator. Industry

standard

EPA Method

8

Heated line SO3 reaction with isopropanol,

SO2 reaction with H2O2, and

sulfate ion analysis

As for EPA Method 8A. Isopropanol cap-

tures also a part of the SO2 leading to

overestimated SO3 values

Salt Method Heated line H2SO4 reaction with NaCl Has to operate in a regime where H2SO4 is

in the gaseous phase. Relies on notion of

equilibrium SO3 / H2SO4 . It does not pro-

vide SO2 concentration
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Breen AbSen-

sor SO3 [64]

In-situ probe Acid Dew Point Identifies the condensation temperature.

Does not distinguish acids and depends on

water conditions (analyzed theoretically

to evaluate an accurate value for SO3).

Assumption of equilibrium. Sampling not

needed. It has shown good results for ABS

condensation

Table 2.2: Current techniques to measure the concentration of SO3, SO2, and H2SO4 not relying on optical measurements.
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2.2 Differential Optical Absorption Spectroscopy

(DOAS)

As seen in the tables of techniques in the previous section, optical absorption methods have

attracted substantial efforts, and DOAS is one of the promising in-situ optical measurement.

The DOAS technique is already used for the measurement of several atmospheric trace gases

[65], including sulfur dioxide [66]. In this section, a basic description is provided here only

to highlight the aspects that are relevant to understand the current research. As with many

spectroscopic measurements, the DOAS technique relies on Beer-Lambert’s Law:

I(λ) = I0(λ) exp(−σ(λ) · c · L) (2.1)

Where I0(λ) is the initial intensity emitted by a light source, I(λ) is the intensity collected

at the detector after the radiation has traveled through the media of length L. In the

media, the concentration c of the absorber is considered uniform, and σ(λ) represents the

absorption cross-section as a function of the wavelength which is a characteristic property of

the absorber species. The absorption cross-section can depend on temperature as well, since

the population distribution among energy states changes with temperature.

Trace Gas Absorptions

Cross-Sections: σi(λ)

Turbulence

Intensity

I0(λ)

Detector

Rayleigh Scattering

~λ–4

Mie Scattering

~λ–(1...3)

Light

Source

L

I (λ)

Figure 2.1: The basic principle of absorption-based spectroscopic trace gas detection [65]

In most cases, the unknown in Equation 2.1 is the concentration c, that can be expressed

22



as:

c =
ln
(
I0(λ)
I(λ)

)
σ(λ) · L

=
D

σ(λ) · L
(2.2)

where D represents the optical density of the media (also called the Napierian absorbance).

When the light travels through the media, its intensity is reduced also by the absorption

of other gases, as well as from scattering by air molecules and aerosol particles. A DOAS

technique takes advantage of the fact that aerosol extinction processes, the effect of turbu-

lence, and trace gas absorption show broad or evenly smooth spectral characteristics, while

the target gases of interest will exhibit narrowband absorption structures. By separating

broad and narrowband spectral structures in an absorption spectrum, it is possible to isolate

the narrow features given by individual gases and apply Beer-Lambert’s Law to the narrow-

band absorption. Only to species with absorption structures significantly narrower than the

typical measuring window of 15-40 nm can be measured with the DOAS technique [66].

Figure 2.2: Principle of DOAS: I0 and σ are separated by an adequate filtering procedure
into a narrow (D′ and σ′) and broad band part (I ′0 and σb) [65].

At shorter wavelengths, the usable spectral range of DOAS is limited by rapidly increasing

Rayleigh scattering and O2 absorption features starting around 280 nm and below [67].

A significant issue related to DOAS in the context of this work is that experimental and
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numerical studies did not identify any absorption that could be attributed to sulfuric acid.

In fact, the first electronic transition for sulfuric acid is estimated to occur at 81800 cm−1 (or

122 nm) [68, 69], while the current study focuses on the lower energy 200 - 300 nm UV region

for the detection of sulfur species using DOAS. While the simultaneous determination of SO3

and H2SO4 to ascertain the chemical equilibrium notion is hence precluded, it can still be

possible to investigate indirectly if equilibrium holds by analyzing the SO3 concentration

drop that occurs when H2O vapor is introduced into a previously dry flow. By difference,

the drop in SO3 concentration directly corresponds to the formation of H2SO4, as previously

explained in Section 1.3. The following sections provide an overview of the absorption cross-

sections for sulfur oxides species in the analyzed UV region.

2.2.1 Differential absorption cross-sections for SO2

The most significant challenge in the determination of SO2 and SO3 with DOAS technique is

that their absorption spectra in the UV overlap, and under realistic operating conditions the

concentration of SO2 is often more than an order of magnitude larger than that of SO3 [70].

A high resolution absorption spectrum for both of these species is therefore fundamental to

assure detection.

Sulfur dioxide spectral measurements in the UV are widely available, mostly deriving from

studies that examine sulfur dioxide concentration and behavior in the atmosphere. Figure

2.3 and Figure 2.4 give an overview of the wide availability and high level of agreement

between the SO2 UV spectral measurements from different sources. The data in the figures

represents the absorption cross-sections for SO2 in the UV region at room temperature

from all the different sources collected in The MPI-Mainz UV/VIS Spectral Atlas of Gaseous

Molecules of Atmospheric Interest [71]. SO2 shows two active UV spectral regions with

visible narrowband structures, one between 200 and 230 nm (Figure 2.3), and a second

between 290 and 310 nm (Figure 2.4). The differential absorption cross-section for SO2 at

those wavelengths is well known [72], and it is characterized even at temperatures well above
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1500K. Unfortunately, the high-resolution SO2 spectrum collected at conditions closest to the

temperatures of this work (250C to 350C, 523K to 623K) is reported only at the significantly

higher temperature of 800K (526C) [71]. A low-resolution SO2 spectrum is however reported

at 400C (673K) [73], and is represented in Figure 2.6.

Figure 2.3: Absorption cross-sections database for SO2 at room temperature (165-240 nm)
[71].

25



Figure 2.4: Absorption cross-sections database for SO2 at room temperature (240-340 nm)
[71].

Since the SO2 UV spectrum has been extensively studied, also for temperatures rel-

evant for flue-gases, the prospect of extending the DOAS technique for the experimental

measurement of sulfur trioxide in this work is promising.

2.2.2 Differential absorption cross-sections for SO3

The absorption spectrum of SO3 is continuous with a number of weak diffuse vibrational

bands between 225 and 295 nm [70, 74], as seen in Figure 2.5, where the SO3 spectra

from different sources and collected in The MPI-Mainz UV/VIS Spectral Atlas of Gaseous

Molecules of Atmospheric Interest [71], are represented. As seen from Figure 2.5, only a

few sources of SO3 spectral measurements in the UV region are available, unlike for SO2.

The maximum temperature at which the cross-section was recorded for Figure 2.5 was only

403K (129C), significantly lower than the temperatures relevant for flue-gas studies (250C

to 350C).

The spectra of SO3 in the UV are likely less available because the generation of a stable

concentration of SO3 at low temperatures – i.e., temperatures relevant to atmospheric studies
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– presents a unique set of challenges. For example, handling of SO3 poses important safety

hazards, especially when it is generated using liquid SO3. Furthermore, if water vapor

is present even at trace levels, it reacts with SO3 to form H2SO4. Sulfuric acid has low

vapor pressure, so it will rapidly stick to surfaces and form a film on measurement cell

windows altering the cell optical transmission [70]. Sulfuric acid formation can occur not only

in homogeneous gas-phase reactions but also through heterogeneous reactions on surfaces

and condensation aerosols, as mentioned in Section 1.3, complicating experimental efforts.

Sulfuric acid is also very corrosive, and the minimization of H2SO4 formation is not trivial,

especially at ambient temperature, where sulfuric acid formation is favored by its chemical

equilibrium with SO3.

The absorption spectrum for SO3 overlaps with the one for SO2 in the region between

200 and 230 nm, as seen in Figure 2.6. At room temperature, the SO2 cross sections are

about 10 times larger in the 190 to 220 nm region, making the technique very sensitive

to SO2 presence [70]. The SO2 and SO3 spectra represented in Figure 2.6 results from

experimental measurements of flue-gas at 400C, close to the flue-gas temperature conditions

of this work (250C to 350C). However, the absorption spectrum of SO3 is calculated by

the subtraction of the SO2 absorption spectrum contribution from the overall measured

absorption spectrum, while the measurement in a condition were SO3 is the only absorber

species would be preferable, especially given their important overlap.

In flue-gas conditions, where the concentration levels of SO2 are at least an order of

magnitude larger than the levels of SO3, it will be very challenging to extract the SO3

contribution from a measured absorption spectrum that is so strongly dominated by SO2

absorption in the UV region. Hence, the accuracy of the spectral libraries is crucial, and the

lack of high resolution SO3 absorption information at flue gas temperatures complicates the

potential for UV DOAS measurements of this species.
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Figure 2.5: Absorption cross-sections database for SO3 [71].
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Figure 2.6: Absorption spectra of SO3 and SO2 at 400 C [73].
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2.3 External Cavity Quantum Cascade Laser

(ECQCL)

As described in the previous section, the DOAS technique in the UV region can present

issues in the determination of the sulfur species, because of the lack of absorption features

for sulfuric acid and the complete spectral overlap between the strong absorber SO2 and the

weak absorber SO3. In turn, this creates challenges in distinguishing low concentrations of

SO3 from an absorption spectrum largely dominated by high concentrations of SO2. While

the DOAS technique typically uses a broadband light source with spectral separation relying

on a spectrometer-based detector, a possible alternative technique is to use mid-IR detection

of sulfur species using scanned narrowband light from an ECQCL. A brief introduction of

the technique is here provided.

Diode lasers rely on lasing transitions occurring between the conduction band and the va-

lence band, and this limits access to mid-infrared wavelengths, particularly in the molecular

fingerprint region between 2 and 20µm [75, 76]. In a quantum cascade laser, the lasing tran-

sition occurs between energy levels that do not exist naturally in the constituent materials of

the active region but are artificially created by structuring the active region in ultra-thin lay-

ers known as quantum wells [75]. This approach allows the production of lasers finely tuned

on precise wavelengths. Using a grating-coupled external-cavity adds complexity but allows

the extension of the tuning range [77]. External-cavity quantum cascade lasers (ECQCLs)

are therefore considered excellent sources for mid-IR spectroscopy due to their high spec-

tral brightness, narrow spectral linewidth, and broad wavelength coverage (∆λ/λ > 10%)

[78]. Available commercial ECQCL systems can achieve wide tuning range up to 250cm−1

at 100Hz scan rates, with 2cm−1 typical spectral linewidth, with the possibility of combining

multiple modules to achieve a range of over 1100cm−1 [79]. Even with this performance

potential, there are tradeoffs between the width of the tuning range, the velocity at which

the range is scanned, and the spectral resolution. For real-time gas detection, as for this
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study, a spectral acquisition rate faster than 1Hz is desired in order to detect rapid changes

in concentrations. In terms of spectral resolution, the narrowest atmospheric pressure gases

spectral features are typically >0.1 cm−1 wide [78], and a wide tuning range is needed to

differentiate different chemical species whose spectra overlap [78]. Fourier transform infrared

(FTIR) spectroscopy has similar spectral potential to the ECQCL approach but in FTIR the

rate of scanning is lower, the spectral intensity of the source light is weaker, and the physical

footprint of the instrument is larger [80]. While effective in steady laboratory conditions, all

of these have made FTIR instruments undesirable for implementation in the field at power

plants.

In this work, two ECQCL lasers from Opto-Knowledge Systems, Inc. (OKSI) are used.

One is ECQCL7, scanning from 1470 cm−1 to 1265 cm−1 (6.8 µm to 7.9 µm) at 100Hz rate and

0.03cm−1 spectral resolution. The other is ECQCL8, scanning from 1282 cm−1 to 1111 cm−1

(7.8 µm to 9.0 µm) at 100Hz rate and 0.04cm−1 spectral resolution. Measuring concentra-

tions of sulfur species using the ECQCL approach requires the knowledge of their mid-IR

absorption spectra at conditions matching those of the expected measurement, and these

spectra are described and investigated in the next sections.

2.3.1 Mid-infrared transitions for SO2

The high-resolution transmission molecular absorption database (HITRAN) provides a suite

of parameters (mixture of direct observations, theoretical calculations, and semi-empirical

values) that are used as input to various modeling codes, for example high-resolution line-

by-line codes, to model transmission and emission of light in the atmosphere in the presence

of absorber molecules [81]. The HITRAN database is the recognized international standard

for fundamental spectroscopy studies, particularly for species of atmospheric interest [82].

Figure 2.7 shows the HITRAN-modeled spectrum for SO2 and H2O at the same concen-

tration of 1% in a 1m measurement cell at 300K (27C). While the estimation of water vapor

concentrations is not the focus of this work, it is highlighted in Figure 2.7 and Figure 2.8
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since it can significantly impact the measurement of SO2 (and SO3).

Sulfur dioxide has two QCL-accessible Mid-IR vibrational bands, from 1100 to 1400

cm−1 is an asymmetric stretch band (ν3) centered near 1360 cm−1 (7.35 µm), and a weaker

symmetric stretch band (ν1) is centered near 1150 cm−1 (8.7 µm) [83]. As seen from Figure

2.7, the asymmetric stretch ν3 has much stronger absorbance, which is promising to achieve

the highest sensitivity. However, there are several water absorption features interfering with

ν3, and the extent of the interference is very important at high temperatures, as seen in

Figure 2.8 with the predicted absorbance for the same mixture at 700K. The weaker stretch

ν1, on the other hand, shows little to no interference from H2O, even at high temperatures.
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Figure 2.7: Predicted mid-IR spectra of SO2 and H2O at 300K in a 1 m path, modeled with
SpectralCalc Gas-Cell Simulator tool using HITRAN2016 database [84].
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Figure 2.8: Predicted mid-IR spectra of SO2 and H2O at 700K in a 1 m path, modeled with
SpectralCalc Gas-Cell Simulator tool using HITRAN2016 database [84].

2.3.2 Mid-infrared transitions for SO3

Most of the literature available for the mid-IR spectrum of SO3 only includes conditions

of ambient temperature and reduced pressure. Only the ν3 band centered at 1391.5 cm−1

(7.18 µm) is accessible to a QC laser, even if additional ν2 and ν4 bending bands are present

in the infrared spectrum near 500 cm−1 [83]. The ν3 band of SO3 has been studied and

reported, but with no line strength provided [85]. However, the peak absorbances lead to

an estimation of the line strength comparable to those for SO2 in the ν3 stretch [83]. High

resolution detailed FTIR absorption measurements were reported for SO3 at low pressures

and room temperature [86] and are represented in Figure 2.9, but these measurements do

not give quantitative absorption strengths [87]. Hieta et al. used a narrowband QCL laser to

access the high temperature (380C) and reduced pressure (60hPa) spectrum of SO3 between

1396 and 1399cm−1 [88]. The approach is unsuited to ambient pressure studies, as the
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rotational features of the spectrum widen and overlap to those of SO2 and H2O.

A recent study reported high-temperature measurement spectra of SO3 together with

SO2 [89], and the SO3 spectra are reported at 400C and 200C and represented in Figure

2.10, together with SO2 absorbance spectrum at 200C. The SO2 spectrum is reported as

“artificially shifted”, but the reason and the details about the shift are not explained. In

the work, SO3 was generated by reacting SO2 with ozone, and the resulting concentration

of SO3 was calculated from the laser-measured drop in SO2. Unfortunately, this approach

has the risk of dismissing SO3 losses along the flow path, especially since visible proof of

H2SO4 formation and condensation on different surfaces was reported in the same work.

The cross-sections provided in the report also did not match the absorbance data provided

in the same report and here reported in Figure 2.10 for the given concentration values. As is

well-known, it is very difficult to prevent sulfuric acid attachment to surfaces (and further,

it is difficult to drive the sulfuric acid back off surfaces once there), and so any concentration

based on difference will require independent confirmation of sulfur balance. This independent

confirmation is included in the current work to appropriately bound uncertainty.
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Figure 2.9: Central region of the ν3 band of SO3 at 0.002 cm−1 resolution at 298K with
pressure 9.4 Pa [86].

Figure 2.10: Measured absorption spectrum of 119 ppm SO3 (at 200 °C, blue), 100 ppm
SO3 (at 400 °C, red), and 238 ppm SO2 (at 200 °C, magenta) in a 50 cm cell at ambient
pressure [89].
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The mid-IR spectrum of SO3 has been the object of several studies, including cases at

relevant temperature and pressure [89], but the precise characterization of the SO3 spectrum

at high-temperature is still lacking and the definition of high-temperature SO3 spectral

libraries in the current work can prove valuable for the scientific community.

2.3.3 Mid-infrared transitions for H2SO4

Vapor-phase sulfuric acid studies are subject to a different set of challenges with respect to

SO3, such as aerosol formation [69] and sticking to surfaces [70], as reported previously in

Section 2.2.2. There are several accessible bands for H2SO4 in the IR/NIR region, repre-

sented in Figure 2.11 [69]. The region between 1100 and 1300 cm−1 has been probed with

FTIR at 185C (the pressure value is not reported) [90]. Because of the notion of chemical

equilibrium between SO3 and H2SO4, and the expectation that sulfuric acid decomposes at

high temperature, studies analyzing the spectra for H2SO4 have been limited to temperatures

below 200 °C.

The measurements of H2SO4 at flue-gas conditions hence does not appear to be prob-

lematic for the current optical spectroscopy technologies. Rather, the main limitations lie

in the low concentrations of H2SO4 present in the flue-gas at high temperature (as H2SO4

decomposes to SO3) and in the practical challenges of operating with sulfuric acid, with

possible formation of aerosols and sulfuric acid attack on surfaces.
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Figure 2.11: Vapor-phase IR spectrum of H2SO4 in the range of 500-1550 cm−1. The spec-
trum was recorded at 150 °C with a path length of 100 cm [69].

Although the outlook for optical detection of gaseous sulfuric acid is very positive, other

typical flue gas species, such as CO2 and NOx , can possibly influence the spectroscopic

measurement, and their contribution has to be accounted for.

2.3.4 Mid-infrared transitions for other flue gas species

In flue gas several additional species are present at concentration levels larger than those

of sulfur species. N2 and O2 are present at high concentration, but homonuclear diatomic

molecules do not absorb in the mid-IR region. Figure 2.12 represents the contribution of

different flue gas species at typical concentrations to the overall absorbance spectrum at

700K (425C), at a pressure of 1atm and 1m path length. The represented composition

is 20% CO2, 2000ppm SO2, 2000ppm NO2, 500ppm NO, 500ppm CO, and 10ppm NH3.

Ammonia presents several strong features below 1200 cm−1, but it is present only at low

concentrations after the SCR catalyst (ammonia slip) and therefore does not impact the

measurement. CO2 presents significant absorbance. However, it is situated at the margins

of the operating region of ECQCL 8, and the overlap with SO2 spectral features is minimal.

It appears, therefore, that with the notable exception of water, the main gaseous species

present in flue gas will not affect the optical measurement of SO2, SO3, and H2SO4.
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Figure 2.12: Predicted mid-IR spectra of 20% CO2, 2000ppm SO2, 2000ppm NO2, 500ppm
NO, 500ppm CO, and 10ppm NH3 at 700K in a 1 m path cell at 1atm, modeled with
SpectraPlot Gas cell simulator tool using HITRAN2012 database [91].

The spectroscopic measurements or the definition of spectroscopic libraries for chemical

species require validation from other techniques in order to certify the process and the results.

As noted earlier, this is particularly true when highly reactive species like sulfuric acid is

involved. The following section will introduce the details of the current industry standard

in sulfur oxides and sulfuric acid measurement in flue-gas conditions, and the EPA Method

8A will provide the independent verification needed to effectively bound the errors in the

optical measurements presented.

2.4 Controlled condensation method: EPA Method

8A

The current industry-standard method for the determination of sulfur oxides and sulfuric

acid measurement in flue-gas conditions is a sampling technique defined in EPA Method
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8A [63], and it will be used in this work to validate the spectroscopy measurement. The

schematics for the sampling system of EPA Method 8A [63] is shown in Figure 2.13. A

sample of the gas is extracted and flows through a Modified Grahm condenser, a coiled glass

tubing of 200 cm length and 5-mm ID. The condenser is filled with water and the tempera-

ture is maintained between 75 °C and 85 °C (167 to 185F). The goal for the condenser is to

operate below the dew-point temperature of H2SO4 and above the dew-point temperature

of H2O, in order to effectively collect only sulfuric acid. The condensation coil is followed

by a train of three 500 mL impingers, two of which containing H2O2 in order to react and

collect SO2. The samples from the condensation coil and from the impingers can later be

analyzed with ion chromatography or titration (wet chemistry) to determine the sulfate con-

centration. This method is also referred to as “controlled condensation method”, given the

presence of a condenser coil with controlled temperature. While it is the industry standard

for measurement mandated by the EPA, Method 8A is known to suffer from relatively high

variability associated with the wet-chemistry detection methods.
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Figure 2.13: Schematics for the sampling system of EPA Method 8A (from [63]).
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Figure 2.14: Dew point temperature of H2SO4, with respect to SO3 and H2O concentration.

With the above overview of experimental methods and the background on SO2, SO3,

and H2SO4 , the following chapter introduces numerical methods for the simulation of the

conditions inside the experimental measurement cell. As a brief summary, this chapter has

shown that the mid-IR spectral region is superior to that of the UV for detection of sulfur

species. In addition, mid-IR spectral information for SO2 is available while that for SO3

and H2SO4 is not, and so the current research must provide it. Finally, the only standard

technique for measuring sulfur species at flue gas conditions relies on batch sampling and

wet-chemistry collection with its attendant uncertainties.
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Chapter 3

Experimental facility design and setup

This chapter first reviews the existing designs for in-laboratory SO3 generation systems (3.1)

then it highlights the key parameters and design requirements and constraints for this re-

search (3.2). Following this background, the chapter introduces the SO3 generation system

and the measurement cell for the DOAS measurements in the UV region (3.3). Based on

lessons learned from this system, the chapter details a second iteration of the SO3 genera-

tion system that was used for the mid-infrared optical measurements (3.4). A preliminary

uncertainty analysis is made to demonstrate the gas flow dilution impact on measurement

precision. This analysis is included as Section 3.5.

3.1 In-lab SO3 generation design strategy review and

challenges

Due to the high reactivity of the sulfur species, the generation of a stable, reproducible, and

well characterized source of SO3 presents several difficulties. From the literature, there are

four general strategies for SO3 generation, and one representative work is listed for each

method:
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1. A gaseous carrier gas is bubbled through liquid SO3 to produce a saturated vapor

condition that can be later mixed with other gases in controlled ratios [38]

2. SO2 is oxidized with ozone [89]. This method simply oxides SO2 with an O3 reactor

at 200C

3. Hydrocarbons are burned adding SO2 so that the output from the firing furnace

presents a mixture of SO2 and SO3 [19]

4. SO2 is oxidized over a conversion catalyst in the presence of air. This class of catalytic

SO2 converters are commonly referred to as sulfuric acid catalysts, and they can have

different performance, respond differently to water vapor addition, and have different

operating temperatures, depending on their composition and size of catalyst material

[92]. For example, the continuous operation range for Haldor Topsøe VK59 catalyst

goes from 370C to 500C, but can extend up to 630C for the VK38 catalyst. The

ignition temperature (also considered the minimum activation or light-off temperature)

can vary as well, from 320C to 360C [93].

Strategy (1) has been used successfully, but liquid SO3 is extremely dangerous to handle

particularly considering its vapor’s exothermic reaction with water vapor even in atmospheric

air. In addition, liquid SO3 requires a stabilizer to prevent its crystallization and the fittings

must all be heated to prevent Joule-Thomson cooling from creating unfavorable solidification.

Strategies (2) and (3) are not ideal for optical in-situ characterization of the SO3 spectrum

at high temperature, since the SO3 features partially overlaps with the SO2 spectrum, which

has stronger absorption features in the UV [70] and SO2 has much higher concentration at

equilibrium levels [19]. It is also relatively difficult to assure an accurate SO3 concentration

following the conversion when SO2 is also part of the product gas. After considering the

advantages and disadvantages of each, the approach for this experimental setup relies on

method (4), incorporating the use of a V2O5 catalyst optimized for sulfuric acid production

(Haldor Topsøe VK48 and Haldor Topsøe VK59). To generate SO3 using the catalyst, a gas
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stream with variable concentration of SO2 in air is fed to the catalyst bed (this research uses

a chamber) through a heated line. As mentioned above, the catalyst bed requires heating

to ignite and operate. While this approach normally involves the presence of SO2, it is

possible to exploit the SO3 adsorption-desorption mechanism typical of vanadia catalyst to

temporarily operate the catalyst, after it has reached a stable conversion condition, on air

alone (without SO2) to produce a gas output consisting only of SO3 and air [94].

While the use of a catalyst allows the measurement of an isolated SO3 spectrum, SO3

yield is in general not predictable with high accuracy, and it depends on several factors,

such as the SO2 inlet concentration and H2O vapor presence. Furthermore, the catalyst

requires a long conditioning time. The conditioning time is defined as the time needed for

the catalyst to achieve steady-state SO3 generation after a change in operating conditions,

most commonly a change in SO2 feed concentration. The conditioning time is associated

with catalyst surface sulfate species buildup and consequent transient SO3 output, and it

can last up to 70 hours of operation [94, 95].

in this dissertation, there were two SO3 experimental systems designed and built. Both

of the designs are heating a catalyst for SO3 generation. The second design overcomes the

shortcomings of the first iteration. These shortcomings are described thoroughly in the sec-

tion providing details of the second design but, briefly, included improved heating uniformity

throughout the test cell, proper crushing and volume of catalyst material, and creation of a

flow manifold that permits more control of the gases bypassing the measurement cell when

needed. Despite its shortcomings, the first design was sufficient to permit the evaluation

of the DOAS UV approach to SO3 measurement. The second iteration system was used

exclusively with Opto-Knowledge Inc. ECQCL lasers for mid-IR absorption measurements.
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3.2 Design parameters

In this section, the design parameters considered in the design phase are described, with a

summary appearing in Table 3.2. The catalyst operating temperature and the space velocity

are bound by the specifications provided by the catalyst vendor, Haldor Topsøe [93]. The

requirement on space velocity is directly linked to the dimensions of the catalyst chamber,

and the volumetric flow rate through the catalyst. The maximum flow through the catalyst

that ensures the satisfaction of the space velocity requirement is 8.5 slm. However, additional

gas can be injected in the cell after the catalyst, and the maximum volumetric flow rate is

determined by the range of the flow controllers used. The minimum volumetric flow rate is

the flow that would assure reasonable temperature uniformity in the cell. The SO2 upper

limit is imposed by the maximum realistic flue-gas concentration in coal-fired power plants,

while the minimum represents conditions where no SO2 is present in the measurement cell.

SO2 concentration values can be imposed spanning the 0 to 2500ppm range. The maximum

concentration level for SO3 (and for H2SO4, since the two species are related) is set to a

target that is marginally larger than the 60ppm level expected in coal-fired power plants. The

concentrations possible for SO3 from the current facility are likely higher, as they depend

on the SO2 inlet concentration (up to 2500ppm) and the catalyst conversion efficiency (¿

30%). Such extreme levels are not useful for the current study, however. The water vapor

concentration range extends past the maximum expected in air-firing power plants (12%).

The water vapor delivery limit is not high enough to reach the 36% level representative of

wet recycling in oxy-fuel combustion [96], but oxy-fuel conditions are not part of the current

study.
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Symbol Value Unit

Volumetric flow rate V̇ 4 < V̇ < 12 slm
Measurement Cell Temperature Tcell Tamb < Tcell < 450 °C
SO2 Concentration cSO2 0 < cSO2 < 2500 ppmv
SO3 Concentration cSO3 0 < cSO3 < 100 ppmv
H2O Vapor Concentration cH2O 0 < cH2O < 15 % v/v
Catalyst Activation Temperature Tact 360 °C
Catalyst Operating Temperature Tops 480 °C
Catalyst Recommended Space Velocity SV < 1200 h−1

Table 3.1: Design parameters

3.3 First design iteration

The schematic for the first design using a heated oven is represented in Figure 3.1. The

first design was to satisfy higher requirements of volumetric flow rate (around 30 slm, later

adjusted to 10 slm). It used 3/8” 316L stainless steel tubing, since it is resistant to corrosion

from sulfur species and can sustain temperatures above 200C. An appropriate mixture of

SO2, air, and N2 is composed using mass flow controllers and rotameters. The mixture flows

downstream to the catalyst bed reactor (CBR), located in the heating oven. Preheating of

the gas mixture is ensured by flowing the gas into a stainless steel coiled tube (42-ft long, 30

revolutions, 25 in length, 5 in coil ID, 3/8” tube OD), designed using appropriate correlations

[97–99]. The CBR is a 2.5” diameter, 12” long 316L stainless steel tube with CF Flanges,

and it is sealed using gold plated gaskets. After the CBR, all the tubing sections are heated

to the desired temperature using heating cables driven by PID controllers implemented

in NI Labview. The tubing sections are thermally insulated using ultra-high-temperature

mineral wool. A bypass line allows the injection of SO2 into the measurement cell without

its first passing through the oxidation catalyst, and a septum-sealed injection port allows

the injection of liquid SO3 or H2SO4 into the heated line leading to the measurement cell.

The direct injection of these species creates extremely high concentrations of SO3 that can

provide a clear and strong signal, avoiding other species interferences, for evaluating the

feasibility of SO3 measurements with DOAS. Water vapor is injected into the heated line
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right before the measurement cell.

The measurement cell is a 1 m long stainless steel tube, with ceramic heating. Two view

ports with SiO2 windows are installed at either end, and a Unisearch DOAS Gas Analyzer

single-pass system operating between 195 nm and 450 nm utilizes the optical access provided

by the view ports. After the measurement cell, the gas is bubbled through a basic solution

scrubber (water and sodium bicarbonate) to neutralize SO3 and H2SO4. Alternatively, the

flow can be diverted to a controlled condensation system (EPA Method 8A).
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Figure 3.1: Schematics for the first design iteration.
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Figure 3.2 represents the locations where temperatures are monitored along the flow

path, in a simplified-logic schematics. The gas mixture at room temperature enters the

heated oven and warms up as it flows through the coiled tubing. At the end of that section,

the temperature of the gas T1 is measured. The temperature of the gas is measured again

at the outlet of the catalyst chamber (T4). The temperature inside the oven is measured

at two different locations, represented by T2 and T3, to determine if there is good thermal

distribution. The temperature of the gas mixture is measured twice along the way to the

measurement cell (T5 and T6) to provide feedback for the PID heating control of the tubing.

The gas temperature is also measured at the outlet of the cell (T7). The measurement cell

is provided with a standalone temperature control, set to 400C, using only one temperature

measurement input. The related thermocouple was installed in contact with the stainless

steel main body of the cell, enclosed by a ceramic fiber heater shell. The thermocouple

was hence not immersed in the gas flow, but was installed externally. The presence of

temperature measurements at the inlet and the outlet of the cell (T6 and T7 respectively)

helped determine the thermal uniformity of the cell, as any difference between the two

temperatures would result from undesirable gas cooling, or heating, inside the measurement

cell. The thermocouple measurement locations are summarized in Table 3.2.
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Figure 3.2: Temperature measurements for the first design iteration.

Location

T1 Temperature of the mixture past the heating coil

T2 Temperature of the heating oven

T3 Temperature on the heater rod surface

T4 Temperature of the mixture after the CBR

T5 Temperature of the mixture midway to the measurement cell

T6 Gas mixture inlet temperature

T7 Gas mixture outlet temperature

Table 3.2: Temperature measurement points for the first design iteration.

Figure 3.3 is a photo of the heating oven, with labels describing components and flow

directions. The ambient temperature gas mixture enters the oven (inlet), warms up in the

coil, and enters the catalyst bed reactor. The gas then exits the oven and proceeds towards

the measurement cell. Figure 3.4 shows the remaining flow path, with the outlet from Figure

3.3, labeled as outlet as well in Figure 3.4, proceeding to the 1m heated cell. The DOAS

instrument is visible in Figure 3.4, with the lamp installed on the right-hand side and the
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detector on the opposite end of the measurement cell. The data acquisition system was

installed above the measurement cell.

Figure 3.3: The catalyst bed reactor is located inside a heating oven.

Figure 3.4: Overview of the complete system, with Unisearch DOAS.
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3.4 Second design iteration

The second design addresses the lessons learned from the first design iteration. These lessons

are described as part of the results section from the DOAS measurements but generally

resulted from the bulky nature of the system. The changes in the design were focused

on providing a cleaner and more controlled environment for mid-IR optical measurements,

including the potential for a multi-pass optical pathway. The modifications included:

1. Improved catalyst performance by operating at a lower volumetric flow rate (5 to 10

slm). The reduction of the flow rate derived from space limitations for the catalyst

chamber and the measurement cell

2. Minimizing the distance from the CBR to the measurement cell to reduce sulfur losses

as the gas flows through pipes and valves

3. Minimizing temperature gradients along the optical path to achieve a homogeneous

temperature distribution

4. Offering the option of nitrogen purging of the windows through heated lines to reduce

window damage occurring when sulfuric acid comes in contact with the windows

5. Adding the option of running the catalyst continuously by diverting its outlet flow

directly to the scrubber. The goal is to avoid the presence of reactive species (SO3 and

H2SO4) in the measurement cell, since sulfuric acid aggressively damages the windows.

This option can hence decouple the need of long catalyst conditioning time with the

need of extending the windows lifespan by flowing the reactive species into the cell

only when needed for measurement. This improvement was added in the latter stages

of the experimental campaign.

The design goals were met by building a more compact system that could sit entirely on an

optical table that served as a stable platform for all components. The system is located in a
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laboratory room, under a ventilation hood and is enclosed within plexiglass (four sides) to

reduce dust and to minimize exposure risks if leaks occur.

A new optical measurement cell was designed and built to correct the issues faced with

the 1 meter cell used in the first design. The most important of these issues were the

significant temperature drop between the inlet and the outlet of the cell at the experimental

flow rates (5 to 10 slm), the lack of temperature readings along the cell length, and the

insufficient path length. The new cell is physically shorter (about 14” window-to-window

length) but provides longer path length through its compatibility with multi-pass mirror

arrangements. It has three temperature sensors along the cell longitudinal axis, and a two-

zone separated heating control, to reduce the non-uniformity of the temperature along the

optical path. This is particularly important given the role of this experiment, which is to

provide a reliable spectral library for SO2, SO3, and H2SO4 under different conditions. The

detailed components of the measurement cell design are described and shown in the model

drawings in Section 4.2.1. CaF2 and BaF2 windows, 2” in diameter and 3mm thick, were used

at the ends of the measurement cell to provide optical access. BaF2 windows could be used

for both 7µm and 8µm measurements, while CaF2 use was limited to the 7µm measurements

(as they have insufficient transmissivity at 8µm). Standing offset a distance outside of the

two windows of the cell are two gold plated mirrors for the purpose of multi-pass Herriot

cell, reflecting laser beams for up to 44 passes (depending on the exact configuration). The

general multi-pass design was accomplished by OKSI but in-place adjustments of the mirrors

was needed to maintain the effective path length. There are two ECQCL lasers operating

in different wavelength bands. One is ECQCL7, which ranges from 1470 cm−1 to 1265 cm−1

(6.8 µm to 7.9 µm) for detection of SO3 and SO2. Another is ECQCL8, covering 1282 cm−1

to 1111 cm−1 (7.8 µm to 9.0 µm) for measuring H2SO4 and SO2.

The design of the cell was coupled with a simulation of the cell in the working conditions,

and the radial location of the thermocouples tips was established according to the simulation

results to assure representative bulk gas temperatures and to avoid temperatures readings in
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the thermal boundary layer (see Section 5.3.6 for the numerical results) [100]. The distance

from the CBR outlet to the measurement cell is about 8” (while it was ∼9 feet in the first

design).

All the components in contact with the flows (tubing, measurement cell, catalyst bed

reactor) are 316L stainless steel coated with Silcotek Silconert2000 to minimize corrosion

and sulfur losses at the surfaces. As seen in Figure 3.5, a mixture of SO2 , air, and N2

at desired gas compositions were controlled by mass flow controllers and flowed into the

catalyst bed reactor (CBR) situated in a shell-clamp style quartz-tube furnace. Preheating

the gas mixture is achieved by a line heated using electric heating cables. The CBR is a

2.5” diameter, 12” long 316L stainless steel tube with CF Flanges, sealed using gold plated

gaskets. An inert quartz liner in the catalyst bed reactor prevents the direct contact of

the V2O5 catalyst with bare metal. Similar to the experience with the first design for

maintaining the gas lines warm throughout, all the tubing sections are heated to the desired

temperature using heating cables, and the tubing sections are thermally insulated using ultra-

high-temperature mineral wool insulation tubes. The 8” long tubing section connecting the

catalyst reactor to the measurement cell is maintained at a temperature between 400C (when

the desired measurement cell temperature is 350C) and 330C (when the desired measurement

cell temperature is 250C). The intent is to minimize sulfuric acid formation and its possible

condensation along the tubing walls, while not exceeding temperatures at which SO3 starts

to thermally dissociate to SO2 (above ∼800C, see Section 5.2.1 for more details). The

temperature is higher than the desired measurement cell temperature to counteract the gas

temperature drop at the cell inlet due to the decreased convective heating and increased

heat loss near the upstream viewport. A bypass line allows SO2 injection directly in the

measurement cell without first passing through the oxidation catalyst.

The water vapor generation system consists of a Bronkhorst Controlled Evaporator Mixer

(CEM), with a carrier flow of air provided through a mass flow controller and liquid water

provided through a Bronkhorst Coriflow mass flow meter. The liquid water is supplied to the
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flow meter from a nitrogen-pressurized water tank. The three-way valve, shown in Figure

3.5 as the H2O location valve, past the CEM allows redirection of the water vapor flow

either before or after the measurement cell. The capability of adding water vapor after the

measurement cell is useful for running the industry-standard EPA Method 8A even when

the gas flow in the measurement cell is dry. After the measurement cell the gas is bubbled

through a basic solution scrubber (water and sodium bicarbonate) to desulfurize the stream.

Alternatively, the flow can be diverted by a valve (CC valve in Figure 3.5) to a controlled

condensation system, designed according to the guidelines of EPA Method 8A [63].

3.4.1 Schematics and flow control

The full experimental schematics is shown in Figure 3.5, while a simplified-logic schematics is

represented in Figure 3.6. In the latter, the controlled condensation system is represented in

green, the different exhaust lines are in red, and general purpose flow lines are in blue. The

numbered items on the simplified-logic schematics represent different major control points

where the desired flow conditions are set. They are described in detail as follows:

1. Air and SO2 main inlet: a mixture of air and sulfur dioxide is generated and flows

into the catalyst bed reactor, where SO2 partially oxidizes to SO3. The main inlet

provides mixtures of SO2 and SO3 to be analyzed in the measurement cell. Air and

SO2 flows are controlled by two separate flow controllers.

2. Main flow valve (if present): this valve can divert the gas flow exiting the cata-

lyst either towards the measurement cell or directly to the exhaust. The valve was

not present in all experiment sets, as it was added in the latter stages of the exper-

imentation. The valve allows the catalyst to reach steady state oxidizing conditions

(conditioning of the catalyst) while avoiding corrosive SO3 and H2SO4 gases in the

measurement cell, thereby reducing window damage by diverting the catalyst output

flow directly to the exhaust except during active measurements. The main flow valve
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and its exhaust system are highlighted in blue in Figure 3.5.

3. Air and SO2 bypass: a mixture of air and sulfur dioxide can be introduced directly

in the measurement cell, avoiding the oxidation catalyst. This bypass line is used

to introduce SO2 directly into the measurement cell. The bypass flow can also be

used during the measurement cell warm-up phase, to provide a clean air background

measurement, or to provide a known concentration of SO2 in air. Air and SO2 flows

are controlled by separate flow controllers.

4. H2O location valve: a mixture of air and water vapor at high temperature (200C) is

generated. The mixture can be injected either before the measurement cell (defined as

PRE- configuration) or after the measurement cell (defined as POST- configuration).

In PRE- configuration, this valve is used to add water vapor into the measurement

cell to allow the measurement of water vapor and/or sulfuric acid. In the POST-

configuration, it offers the opportunity to run the controlled condensation system even

if only dry gas is present in the measurement cell. Air and H2O flows are controlled

by separate flow controllers.

5. Nitrogen windows-purging flow: nitrogen can be added in front of the optical win-

dows to decrease the local concentration of H2SO4 (a significant factor in the degra-

dation of window performance). The flow is equally distributed at the two windows,

and it is controlled by a flow controller and one needle valve.

6. Controlled Condensation valve: the flow from the measurement cell can be directed

to the scrubber and the exhaust, or it can be analyzed with the controlled condensation

system.
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Figure 3.7 represents the locations where temperatures are monitored along the flow

path, in a simplified-logic schematic. The different heating zones are shown in the same

figure with different colors, and the parameters for each heating region are summarized in

Table 3.4. The gas mixture from the flow controllers is warmed up in a heated line by an

electrical heating cable (in red) and enters the catalyst bed reactor. Immediately before

entering the catalyst, the temperature of the gas T1 is measured to verify that it is equal

to the catalyst operating temperature. The catalyst chamber is enclosed in a quartz-tube

furnace (in orange), and its feedback thermal control tracks the temperature of the gas inside

the catalyst T2 and adjusts the power accordingly in order to set the appropriate catalyst

operating temperature. Another electrically heated line (gray) raises the temperature of the

gas flowing through the bypass line (T3) as it merges with the gas outlet from the catalyst.

The temperature of this mixture is monitored before entering the measurement cell (T4).

The measurement cell tracks the gas temperature at three different longitudinal locations

(T5, T6, and T7 respectively) and acts on two different electrical heaters, in black and

yellow, to help homogenize the temperature in the cell to the desired temperature values

56



for the spectroscopic measurement. Finally, the temperature of the gas is measured at the

outlet of the measurement cell (T8). This line is controlled by a separate heater (green)

to make sure that the temperature T8 does not drop below the due point of sulfuric acid,

which would allow undesired H2SO4 condensation before the EPA Method 8A measurement

system setup. The white heated line is dedicated to water vapor, that can be injected before

or after the measurement cell. This line is always heated to avoid water condensation and

large temperature gradients in this flow when it mixes with the other gases carried in gray

and blue heated lines. The thermocouple measurement locations are summarized in Table

3.3, and the different color-coded heating zones in Table 3.4.

CATALYST
BED REACTOR

GAS 
MIX

FURNACE

T1

T2

T4

T3

T8

SO2 BYPASS

T5 T6 T7

TO CONTROLLED
CONDENSATION

STATION

MEASUREMENT
CELL

H2O VAPORPRE- POST-

Figure 3.7: Temperature measurement locations for the second design, with color-coded
heating zones.
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Location

T1 Temperature of the mixture before entering the CBR

T2 Temperature in the catalyst bed reactor

T3 Temperature of the bypass gas

T4 Temperature of the mixture after the CBR

T5 First temperature along the measurement cell

T6 Second temperature along the measurement cell

T7 Third temperature along the measurement cell

T8 Temperature at the outlet of the measurement cell

Table 3.3: Temperature measurement locations.

Color Power (W) Length (ft) Resistance (Ω)

Main line 520 10 28

Furnace 1100 - -

Catalyst to Measurement chamber 208 4 71

Bypass Line 195 10 75

Measurement cell, 1st section 300 6 46

Measurement cell, 2nd section 300 6 46

Water lines 195 10 75

Exhaust 120 6 110

Table 3.4: Color-coded heating zones with heat cable characteristic parameters.

Some photos of the experimental setup follow. In Figure 3.8, the catalyst and measure-

ment cell group is shown only for illustrating purposes after the first assembly without the

presence of the water evaporation system. In the picture, the catalyst can be seen inside

the quartz tube for a better understanding of the layout, but in experimental conditions the

tube is enclosed by a stainless cell sealed with CF flanges, as explained previously. In Figure
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3.8, the condensation coil of EPA Method 8A is set in place, but it is not shown connected

to the water temperature control.

Figure 3.8: Overview of the bare system, with thermocouples installed and a temporary
catalyst bed reactor, before the installation of water evaporator and main flow valve.

In Figure 3.9 the experimental system is seen ready to operate in dry conditions with

the OKSI ECQCL7 laser. The appearance of the setup is significantly altered by the 1.5”

to 2.5” mineral wool insulation layer around tubing and measurement cell. The photograph

shows the system without the water evaporation system installed.
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Figure 3.9: System ready to operate with OKSI ECQCL7, before the installation of water
evaporator and main flow valve.

Figures 3.10 and Figure 3.11 use a visible red beam laser to highlight the multi-pass

configuration for the laser measurements. A different number of passes is possible depending

on the distance between the two mirrors. In Figure 3.10 a 44-pass (22 bounces per mirror)

configuration is shown, while Figure 3.11 shows a 16-pass configuration.

Figure 3.10: Gold plated mirrors of the Herriott cell in 44-pass configuration.
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Figure 3.11: Mirrors of the Herriott cell in 16-pass configuration.

Figure 3.12 further clarifies the multi-pass configuration by using smoke and a visible red

beam laser. The laser enters the left-hand side mirror of Figure 3.12 and bounces between

mirrors to then exit from the same location where it entered, but with a different angle.

The fan resulting from the laser bounces can be seen entering and exiting the cell in the

right-hand side of Figure 3.12.

Figure 3.12: Visualization of the beam path with a visible red diode laser.

The installed water evaporator system can be seen in Figure 3.13. Liquid water from a

nitrogen-pressurized tank is delivered to a liquid mass flow meter. After passing through

a shut-off valve, the liquid water reaches the mixing valve on top of the CEM system,

where it is mixed with air (from a gas mass flow controller) before entering the evaporator

coil. The mixing valve is electrically connected to the liquid mass flow meter to provide

61



control capabilities on the water stream. The water and air flow rates are controlled through

Labview. The liquid water and air mixture enters the CEM where it is evaporated in a

heated coiled tube. The output water vapor at 200C can be directed after the measurement

cell in the POST- configuration (towards the right-hand side of the figure) or before the

measurement cell in the PRE- configuration (towards the left-hand side) by acting on the

three-way H2O location valve.

Liquid H2O CEM
Air

H2O vapor

H2O location
valve

PRE-Cell

POST-Cell

Cell
CBR

Figure 3.13: Closeup of the water evaporation system.

Figure 3.14 represents the complete setup exposed during maintenance. All components

and lines are visible and labeled, according to Figure 3.6 and 3.7. The nitrogen purging

lines, visible on the left and marked with the label ’(5)’, are not connected to the window

holders, because they were not installed when the photo was taken.
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Figure 3.14: Full experimental setup undergoing maintenance.

Figure 3.15 shows a close-up of the upstream window (Window 1) with the different gas

lines that compose the mixture entering the measurement cell. The purging nitrogen port

(Inlet N2 1) is visible, but not yet connected to the nitrogen line. A cloudy white BaSO4

layer (from window damage described later in Section 5.3.5) is visible on the window.
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Mirror
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Figure 3.15: Closeup of the upstream window. The purging nitrogen line is not connected.
A cloudy white BaSO4 layer is visible on the window.

3.5 Root of sum of squares (RSS) uncertainty

analysis for SOx generation

This section is not strictly part of the experimental setup but it applies RSS uncertainty

analysis to two different concentrations of SO2 gas cylinders, 1650 and 300ppm, on the

generation of a desired concentration of SO2 in an overall volumetric flow of 5 slm. The

higher concentration cylinder is needed to reach higher levels of SO2 in the measurement

cell but the desired concentration of SO3 requires only a small fraction of SO2 entering

the catalyst. Using the higher concentration cylinder to provide low flow rates generates a
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trade-off in flow precision.

The input variable SOx is defined as the SO2 concentration of the gas stream entering

the catalyst. The definition is meant to avoid confusion between SO2 concentration entering

the catalyst and SO2 concentration in the measurement cell, with the latter being affected

by the catalyst conversion ratio and the possible introduction of additional SO2 through

the bypass line. In most experiment sets the concentration of SO2 entering the oxidation

catalyst is fixed to the value SOx so that the output concentrations of SO2 and SO3 from

the catalyst should sum up to the value of SOx . The inlet gas flow entering the catalyst with

SO2 concentration equal to SOx includes uncertainties that are related to the target value

of SOx , the SO2 gas cylinder concentration, and the flow controllers uncertainty. Each of

these variables is characterized by a degree of uncertainty, and the final result (the generated

SOx ) is then characterized by a composite level of uncertainty.

In this section, a root of sum of squares (RSS) approach determines the typical levels

of uncertainty on providing different SO2 values at the inlet of the catalyst. The RSS

is a statistical tolerance analysis method, and it relies on variables that are presumed to

be normally distributed, and characterized by a mean value and a standard deviation or

uncertainty. That is, every variable can be expressed as:

xi = x̄i + ui i = 1 : m

where x̄i is the mean, and ui is the related uncertainty. Assuming another quantity Q of

interest (such as the generated SOx ) can be expressed as a function of the m variables xi,

as:

Q = f(xi) i = 1 : m
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then the standard deviation of Q can be expressed as:

uQ =

√√√√ N∑
i=1

(Q/xiui)
2

where Q/xi is the partial derivative of Q with respect to xi. The RSS approach is valid

if the variables xi are independent, and if the variable xi is normally distributed. In this

case, the variables are the SO2 mixture flow controller reading x1, the air dilution flow

controller reading x2, the SO2 concentration in the SO2 mixture gas cylinder x3. For the

flow controllers, the uncertainty is:

ui = 0.1% FSi + 0.5% RDi i = 1, 2

where FSi and RDi are respectively the full scale reading in slm and the flow reading for

flow controller i. For the gas cylinder, u3 = 0.6% of the FTIR-measured average SO2

concentration (the average value is provided by the gas cylinder vendor and it is specific to

the gas cylinder). The function Q can be expressed as:

Q =
x3 x1
x1 + x2

where the overall flow rate x1 + x2 is fixed at the nominal flow rate of 5 slm.

The results from the analysis are represented in Figure 3.16 for two different SO2 gas

cylinder mixtures, one with 300ppm SO2 in nitrogen, and the other with 1650ppm SO2 in

nitrogen. The generation of low levels of SOx is associated with higher uncertainty for the

1650ppm SO2 cylinder, quantified around ±7% for SOx=50ppm, and reducing to around

±4% for the SOx=100ppm case. The 300ppm SO2 gas cylinder produces lower uncertainty,

albeit at the cost of reduced gas cylinder life and higher cost per experiment hour. In fact,

each 150A cylinder contains roughly 144ft3 of gas, corresponding to about 4077 liters. With

the commonly used flow rate of 5 slm and SOx=100ppm the projected duration of a SO2
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cylinder is approximately 226 hours for 1650ppm and only 40 hours for 300ppm.
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Figure 3.16: RSS uncertainty analysis on the generation of different SOx levels with 5 slm
overall flow rate.

With the experimental facility design and setup described, the remaining chapters present

the numerical simulation model and the results of a wide range of experiments.
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Chapter 4

Numerical methods

In this chapter a numerical model is developed with ANSYS® ChemkinTM-Pro and ANSYS®

Fluent® to simulate the conditions in the experimental gas cell. Chemkin-Pro is a propri-

etary software to solve chemical kinetics problems, while Fluent is a computational fluid

dynamic (CFD) software used to predict fluid flow, heat and mass transfer, chemical re-

actions and other related phenomena [101]. The developed model will take into account

the thermo-fluid dynamic aspects of the heated measurement cell, as well as the chemi-

cal composition and species diffusion in simulated-experiment conditions. First, a suitable

chemistry model is developed with Chemkin (4.1), then, a thermo-fluid dynamic model of

the experimental cell is developed in Fluent (4.2).

The goals for the numerical model are to assess the homogeneity of temperature in the

heated cell and to quantify the effect of N2 inert purging near the windows on temperature

and species concentrations. An additional goal is to provide a tool that allows quantitative

evaluation of the potential effects of non-uniformity on the absorption results.
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4.1 Chemkin Model

The development of a chemical model requires first a clear definition of the experimental con-

ditions and the species of interest, followed by the search in the literature for an appropriate

chemical mechanism.

4.1.1 Define the experimental conditions and species interest

This study targeted measurements of SO2, SO3, and H2SO4in realistic coal-fired power-plant

flue-gas conditions. The temperature of this study targets the thermal conditions near the

possible measurement locations (economizer outlet or across the SCR), as described earlier

in Section 1.7, and ranges from 200C to 425C (470K to 700K). The chemical species derive

from typical coal-fired power-plant flue-gas conditions with coals containing low to high levels

of sulfur related to their source geographical origin [17].

The concentration of water vapor ranges from 3% to 12%. While the lower limit is below

nominal power-plant conditions (where the expected concentrations range from 8 to 12%)

it allows for comparison with previous spectroscopic measurements carried out at 3% water

vapor concentration in the experimental tests. The maximum SO2 concentrations will be

limited to 2500ppm, while SO3/H2SO4 expected concentrations do not exceed 100ppm. The

simulated flow rate in the measurement cell is 5 slm and is determined by the requirement

on space velocity imposed by the catalyst bed reactor (CBR) dimensions (see Table 3.1).

4.1.2 Gather an appropriate chemical mechanism

The chemical mechanism should be validated by literature and experiments, and focus on

SO2, SO3, and H2SO4. Ideally it would also be validated for the conditions of this study

(4.1.1). A brief review of the literature studies on sulfur species in flue-gas conditions follows,

with considerations that impact the choice of a mechanism for this work.

The initial mechanism that was considered was from Glarborg et al. [102]. Their work
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studied SO2 and SO3 formation in post-combustion conditions in the presence of CO, and the

formation of SO3. While it targeted oxy-fuel combustion conditions, it still contained a sulfur

mechanism (H/S/O subset) that is suitable for this work, as it was validated experimentally.

The study from Alzueta et al. [103] used the Glarborg et al. sulfur subset to study in

experimental and theretical conditions the interaction of SO2 with the radical pool under

combustion conditions. Hindiyarti et al. [104] refined the numerical model by investigating

through ab initio calculations the reaction of SO3 with H, O, and OH, also in the absence

of combustibles, which represent the same condition of this study. Giménez-López et al.

[105] studied experimentally and numerically the influence of the presence of SO2 on CO

oxidation in a CO2 atmosphere characteristic of oxy-fuel combustion, comparing the results

to traditional N2 atmosphere, by using the chemical mechanism from Alzueta et al. and

applying further corrections to the sulfur model based on the most recent sulfur studies.

Fleig et al. [19] measured and modeled post-flame conditions effects of SO2, O2, NO, water,

and CO2 on SO3 formation, with and without combustibles, using the validated model from

Giménez-López et al. [105]. Choudhury et al. [18] applied the same model to an experimental

and numerical study of SO3 formation in oxy-fuel combustion.

These successive iterations and refinements of the original sulfur model from Glarborg

et al. [102] have specifically targeted SO2 and SO3 formation in a variety of different high-

temperature conditions, namely oxy-fuel or air-fired, with or without combustibles. The last

iteration of that sulfur model (the H/S/O subset) was included in Gersen et al. [106], and

was used in this work as it was validated by the literature numerically and experimentally.

One important result from previous studies is that the thermal dissociation of SO3 to SO2 is

not important for temperatures up to 1100K as the conversion of SO2 to SO3 is kinetically

limited [107, 108]. Since the maximum temperature of this study is 700K (425C), SO2 and

SO3 are not expected to react in the measurement cell. This would mean that the reactions

in the measurement cell would involve SO3 and H2SO4 only, while SO2 remains chemically

frozen.
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The experimental studies in this work are carried out in the absence of some other typical

flue gas species, such as carbon oxides and nitrogen oxides. The role of these species in the

flue-gas has been reported in the literature, and they can alter the reaction paths of SO2 and

SO3. Carbon species can act as collision partners with high third-body efficiency to promote

reactions (for example, the high concentrations of CO2 in oxy-fuel combustion impacts the

SO2 − SO3 split [105]). SO2 generally inhibits CO oxidation [102], while it can promote it

under some conditions [103]. Direct reactions between NOx and sulfur oxides are believed to

be unimportant in flue-gas conditions [102], but this finding is still controversial [109]. NOx

appears unequivocally however to interact indirectly with sulfur oxides pathways through

the radical pool [96, 102, 104, 110]. Hence, a possible effect of other species at experimental

conditions can not be completely excluded. The primary objectives of the current work,

definition of spectral libraries for SO3, SO2, and H2SO4, investigation of SO3/H2SO4 chemical

equilibrium, and verification of feasibility of continuous sulfur species measurements at flue-

gas conditions, are not impacted by the possible chemical role of other species. In any case,

additional species can be introduced after the different measurement techniques are validated

for sulfur oxides and sulfuric acid. This experimental and numerical work did not include any

additional carbon or nitrogen oxides. The avoidance of these species also permits the current

work to exclude the H/C/O subset from the mechanism of Gersen et al. [106]. The modified

mechanism used for this research ultimately consists of 308 reactions and 44 species.

As described previously, the general conventional mechanisms such as Glarbog et al. [102]

or Gersen et al. [106] were used as the framework but they do not include H2SO4, as only

the work from Choudhury et al. [18] includes an SO3 hydration step. The global reaction

SO3 + H2O = H2SO4 (4.1)

has been studied extensively in the literature (details were priovided in Section 1.3) but not

in flue-gas conditions. The hydration of SO3 will hence need to be added separately to the
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existing Gersen et al. high-temperature sulfur mechanism. The exact pathway to H2SO4

formation is still unclear, as at certain temperatures SO3 is very reactive when water is

present. Table 4.1 lists the current four different references providing a SO3 hydration

mechanism as a one-step simplified reaction.

Reaction Rate Source

1. SO3 + H2O −−→ H2SO4 9 · 10−13 [24]

2. 5.7 · 10−15 ± 16% [31]

3. 1.2 · 10−15 ± 20% [30]

4. SO3 + 2 H2O −−→ H2SO4 + H2O 3.9 · 10−41 exp(6830.6/T )[H2O]2 ± 20% [32]

Table 4.1: Possible hydration models for SO3 and respective reaction rates.

When going through the choice of SO3 hydration model, Castleman et al. [24] and Wang

et al. [31] (Reactions 1 and 2 in Table 4.1) are not considered because they are affected by

heterogeneous reactions on the walls, which is found to be very significant for Castleman et

al. work [30]. Reiner et al. [30] and Jayne et al. [32] (Reactions 3 and 4 in Table 4.1) are

most relevant for a detailed analysis and comparison.

The reaction mechanism from Jayne et al. successfully captures the experimental be-

havior of a second order water vapor concentration dependence. When the concentration

[SO3] � [H2O], the decay of SO3 from the reaction can be represented by a pseudo-first

order approximation [31], so also a formulation with a first order water vapor dependence

(such as the one from Reiner et al.) could be appropriate under those circumstances. Since

in this study [SO3] < 100ppm and [H2O] > 3%, the formulation from Reiner et al. can

be appropriate as well, and the two models are expected to provide similar results. The

reaction step from Reiner et al. was developed for a temperature of 298K, while the reaction

step from Jayne et al. used a range of temperature from 283K to 370K, only marginally

closer to the current experimental conditions. The reaction step from Reiner et al. was

developed at pressures from 31 to 260 mbar (3kPa to 26kPa), while the one from Jayne et
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al. was developed over the range from 100 to 760 Torr (13kPa to 101kPa), with the last

condition reaching the atmospheric pressure of this study. The reaction step from Jayne

et al. proceeds with a relatively high activation energy, while reaction step from Reiner et

al. proceeds without activation energy. The latter seems more appropriate since SO3 and

H2SO4 in flue gas are assumed to be at equilibrium, indicating an extremely fast reaction.

The results of the two SO3 hydration models are going to be compared in relation to the

residence time, temperature, and concentrations in the experimental measurement cell, and

related to the chemical equilibrium between SO3 and H2SO4. The difference in H2SO4 esti-

mations between the three models for the SO3 hydration reaction (the chemical equilibrium

assumption, a first-order mechanism in water concentration with no energy barrier, or a

second-order mechanism in water vapor with a modest energy barrier) will bound the un-

certainties on the H2SO4/SO3 split in experimental conditions, with the ultimate goal of

verifying experimentally if SO3 and H2SO4 are in chemical equilibrium with each other.

4.2 Fluent model

Ansys Fluent is used to define and solve a reactive thermo-fluid-dynamic model of the ex-

perimental measurement cell in typical experimental conditions. In this section, a detailed

explanation of the model setup and the solver settings are provided for clarity.

The first step is importing the 3D model of the measurement cell, and a mesh is created.

The mesh will divide the fluid and solid domain in multiple regions (cells) with different

geometries where the solutions are going to be computed. Models with finer meshes are

generally more accurate at the expense of a higher computational cost, while coarser meshes

lead to faster calculations with less accurate or even non-physical results. The mesh refine-

ment depends on the level of accuracy required, and should always pass a mesh-independence

test, i.e., using a finer mesh would lead to the same results (within an acceptable tolerance),

without significantly altering the flow patterns and the distribution of the variables. A good
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quality mesh is paramount for reliable simulation results.

4.2.1 Model and mesh

The measurement cell prototype was designed using Dassault Systèmes SolidWorks® soft-

ware and then imported into Fluent for modeling. This section introduces the model creation,

methods of importing the files, and mesh setting. Challenges encountered are also addressed.

Figure 4.1: Rendering from ANSYS Solidworks measurement cell model.

The drawing of the measurement cell created in Solidworks follows the dimensions of the

actual components in the measurement cell that this research is using, as shown in Figure 4.1.

This means that no single component was simplified (except for the welding joints between

parts). The cell is composed of a main body (center, formed by a stainless steel tube and

two angled CF flanges welded at the extremities of the tube), two bored and tapped CF

flanges mating with the cell main body and hosting two window holders (in red in Figure

4.1). The window holders fit two 2 in OD CaF2 or BaF2 windows. The cell main body and

the two removable tapped CF flanges are merged into a single part for ease of modeling, and

it will be referred to as the cell main body. As mentioned above, the model includes the cell

main body, two window holders, and two windows.

The Solidworks models for the main body, holders, and windows are imported into

ANSYS® SpaceClaim® to prepare the model for Fluent. In SpaceClaim the shared ge-

ometries between the parts are defined, the model is corrected for gaps, missing faces, extra

edges, and inexact edges. The shared topologies are highlighted in green in Figure 4.2. Both
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solid-fluid (common surfaces shared between walls of the measurement cell and fluid) and

solid-solid (contact surfaces between flanges, windows, and window holders) connections are

shown.

Importing a model with angled flanges from Solidworks led to imperfect edges where

the flanges met the tube, creating gaps that could not be fixed or smoothed, resulting in

unnecessary mesh refinement in those regions. Fortunately, it was also possible to edit parts

directly in Spaceclaim, and in this case, the cell main body was imported with straight

flanges that were later set at the correct angle. Following this approach the model did not

present any issue with imperfect edges, resulting not only in a mesh with fewer nodes but

also with higher mean and minimum orthogonal quality (a quality metric for meshes, the

higher the better).

A last step in SpaceClaim is the definition and naming of the gas inlet and the gas

outlet surfaces and the other surfaces where the boundary conditions will be applied. Fluent

automatically recognizes surfaces named with the keywords inlet or outlet when importing.

The definition of the origin is clear in Figure 4.3 : x is centered on the longitudinal axis of

the measurement cell starting from the surface of Window 1 (upstream, closest to the Inlet

Main Gas surface), and Inlet Main Gas and Outlet are located on the x− z plane (y = 0).
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Figure 4.2: Trimetric view of the SpaceClaim measurement cell model. Shared topologies
are highlighted in green.

Figure 4.3: Side view of the SpaceClaim measurement cell model, with the definition of the
origin.

The SpaceClaim model is then imported in ANSYS Fluent. The model is imported as

a watertight geometry, with velocity inlets (the gas flow from the catalyst section, and two

optional purging flows injected in front of the windows), and a pressure outlet (the gas exiting
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the cell).

The mesh is generated using Fluent Mosaic Meshing Technology (poly-hexcore cells).

According to ANSYS, the Poly-Hexcore feature achieves efficient meshing (significantly re-

ducing cell count without affecting mesh quality) by filling the bulk region with octree hexes,

a high-quality layered polyprism mesh in the boundary layer, and conformally connecting

the two meshes with general polyhedral elements [101]. The resulting mesh is depicted in

Figure 4.4 and Figure 4.5 and has 303186 cells, 1604132 faces, and 1088609 nodes. The mesh

skewness for different regions is shown in Table 4.2. Low values are associated with good

mesh quality: a value below 0.25 is considered excellent, between 0.25 and 0.5 is considered

good, and values above 0.9 have to be avoided [101].

Cell Zone Average Maximum

Fluid 0.085 0.797

Holder 1 0.092 0.710

Holder 2 0.092 0.691

Main Body 0.094 0.799

Window 1 0.099 0.622

Window 2 0.099 0.554

Total 0.089 0.799

Table 4.2: Average and maximum skewness of the mesh in the different cell zones.
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Figure 4.4: Mosaic mesh for the measurement cell. Fluid is represented in lilac color.

Figure 4.5: Detail of the mosaic mesh in close proximity to the gas inlet and the upstream
window.
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4.2.2 Boundary conditions

The surfaces of the model will require appropriate boundary conditions, depending on the

type of boundary they represent. The boundary conditions are set on the surfaces seen in

Figure 4.6, where different colors represents different boundary conditions/mesh zones which

also reflects the experiment design. For example, the measurement cell thermal control uses

one PID-controlled heating cable for region Heating 1 and one separate cable for region Heat-

ing 2. Regions Window 1, Holder 1 Face, Holder 1 Side, and Main Body Front Face 1 (and

equivalent surfaces for Window 2) are exposed to room air at temperature Tamb and convec-

tive coefficient hamb, as the need of optical access for laser measurements prevents insulation

to be installed. Regions Main Body Side Faces and Port Walls are assumed adiabatic, since

mineral wool insulation was installed. Region Heating 2 is considered adiabatic as well, as

no heating cable is installed but it is covered in insulation material. The heat transfer coef-

ficient and the thermal conductivity are listed in Table 4.3 along with the material for each

section. In Figure 4.1, the stainless steel parts are represented in blue color, the aluminum

parts are in red, and the two windows are in dark gray. The detailed boundary conditions

are listed in Table 4.4, and Table 4.5.
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Holder 1 Side

Holder 1 Face

Inlet N2 1

Main Body Side Face 1
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Main Body Side Face 2

Main Body Front Face 2 Inlet N2 2
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Port Wall 1

Inlet Main Gas
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Figure 4.6: Representation of mesh zones, each one tied to a correspondent boundary con-
ditions. Dashed arrows are related to surfaces not directly visible.

Factor Description Value

kst Stainless Steel conductivity 16.3 W/(mK)

kal Aluminum conductivity 202.4 W/(mK)

kBaF2 Barium Fluoride conductivity 11.7 W/(mK)

hamb Convective heat transfer coefficient 10 W/(m2K)

Tamb Ambient temperature around the cell 320 K

Table 4.3: Fluid and solid heat transfer-related parameters.
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Surface Condition Value

Inlet Main Gas Velocity Inlet 5 slm

Temperature 700 K (425C)

Composition (Mole Fraction) 0.711 N2, 0.189 O2, 0.1 H2O, 3E-4 SO3

Inlet N2 1 Velocity Inlet 0 to 1.25 slm

Temperature 400 to 700 K (126C to 425C)

Composition (Mole Fraction) 1.0 N2

Inlet N2 2 Velocity Inlet 0 to 1.25 slm

Temperature 400 to 700 K

Composition (Mole Fraction) 1.0 N2

Outlet Pressure Outlet 1 atm

Table 4.4: Boundary conditions for the fluid regions.
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Surface Condition Value

Port Wall 1 Adiabatic Wall 0 W/m2

Port Wall 2 Adiabatic Wall 0 W/m2

Main Body Side Face 1 Adiabatic Wall 0 W/m2

Main Body Inside Face 1 Adiabatic Wall 0 W/m2

Main Body Side Face 2 Adiabatic Wall 0 W/m2

Main Body Inside Face 2 Adiabatic Wall 0 W/m2

Heating 2 Adiabatic Wall 0 W/m2

Heating 1 Heat Flux 1200 W/m2

Heating 3 Heat Flux 1200 W/m2

Main Body Front Face 2 Convection hamb, Tamb

Main Body Front Face 1 Convection hamb, Tamb

Window 1 Convection hamb, Tamb

Window 2 Convection hamb, Tamb

Holder 1 Face Convection hamb, Tamb

Holder 1 Side Convection hamb, Tamb

Holder 2 Face Convection hamb, Tamb

Holder 2 Side Convection hamb, Tamb

Table 4.5: Boundary conditions for the solid regions.

4.2.3 Solver settings

The simulations are run with a Pressure solver (for incompressible flow) with the SIMPLE

pressure-velocity coupling scheme, with Energy equation turned on, solving for a Steady

State solution. Although a generally laminar flow is expected in the measurement cell, prior

work has shown that laminar flow simulations underpredict transport and mixing driven by

structural variations, and so a k-epsilon turbulence model is adopted for added flexibility at
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the expense of a longer computation time. The settings are shown in Figure 4.7.

Figure 4.7: Settings for Fluent viscous model.

The settings for the species model are listed in Figure 4.8.

Figure 4.8: Settings for Fluent species model.

Notably, the Volumetric reactions option is initially deactivated to achieve a faster fluid-

dynamic convergence of the model. Then, only after convergence is achieved, the volumetric

reactions are introduced. A background on the process and steps that Fluent uses to de-

termine numerical solutions is provided for clarity, as for example it gives insight into the
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handling of diffusion processes and how they are relevant to this study. The explanations are

extracted from the Fluent User’s Guide Manual 2020 R2 [101] and Fluent Theory Guide 2020

R2 [111]. When the Volumetric reactions option is activated, Fluent determines the mixing,

transport, and reactions of chemical species by solving for every species a mass conservation

equation (describing convection and diffusion) and a finite-rate reaction model. The mass

conservation for species i takes the general form:

∂

∂t
(ρYi) +∇ · (ρ~vYi) = −∇ · ~Ji +Ri + Si (4.2)

where Ri is the net rate of production of species i by chemical reaction and ~Ji is the diffusion

flux of species i. In laminar flows (such this study) Fluent uses by default a dilute flow

approximation, where a Fickian description is accurate enough to model mass diffusion

inside the mass conservation equations.

~Ji = −ρDi,m∇Yi −DT,i
∇T
T

(4.3)

where Di,m is the mass diffusion coefficient for species i and DT,i is the thermal diffusion

coefficient.

When kinetic-theory is specified for the thermal diffusion coefficient (as shown in Fig-

ure 4.9), Fluent computes the thermal diffusion coefficient using an empirically-based and

composition-dependent expression (DT,i ∝ T 0.659). If kinetic-theory is specified for the mass

diffusion coefficient, Fluent will use a modified Chapman-Enskog formula to compute the

mass diffusion coefficient (Di,m ∝ T 1.5).

For multi-component systems where molecular transport processes are important, the

diffusive mass flux is obtained instead through the Maxwell-Stefan equations (Full Multi-

component Diffusion description). Since the problem in analysis involves several species,

and diffusion is expected to be important, the Full Multicomponent Diffusion option is en-

abled, as well as the Inlet Diffusion option (describing the diffusion flux of species at the
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inlet), the Diffusion Energy Source option (includes the effect of enthalpy transport due to

species diffusion in the energy equation), and the Thermal Diffusion option.

The Turbulence-Chemistry Interaction is set to Finite-Rate/No TCI. With no turbulence-

chemistry interaction the reaction rates are not altered by turbulence mixing but proceed at

a finite rate determined by the Arrenhius reaction rate. The Chemistry Solver is set to Relax

to Chemical Equilibrium, with species reacting to chemical equilibrium instead of complete

reaction. While this is an approximation of the SO3 , H2SO4, H2O relationship, the validity

of the hypothesis will be analyzed both experimentally (Chapter 6) and numerically (with

a Chemkin model, Section 5.2.2), and this approach results in a lower computational cost,

as the determination of the reaction rates is unnecessary. The model assumes no surface

reactions (walls in the experimental cell are coated with Silconert) and no solid species

present.

Figure 4.9: Settings for Fluent species model mixture properties

Convergence is determined according to the values of the residuals as shown in Figure

4.10. The residuals for H2SO4 and SO3 are not used for convergence, but the mean value of

H2SO4 and SO3 in the cell is instead monitored. The convergence for those species is achieved
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when over the previous 50 iterations the concentrations varied less than 0.1% (Figure 4.11).

Figure 4.10: Settings for Fluent residual monitor.

Figure 4.11: Settings for Fluent additional convergence conditions for SO3 and H2SO4.

The Chemkin model described in Section 4.1 can provide insights into the expected

behavior of SO2, SO3, and H2SO4 in experimental conditions, such as the possible chemical

equilibrium of SO3 and H2SO4, and the relationship between SO2 and SO3. While the

selected sulfur mechanism (the S/H/O subset from Gersen et al.) has been experimentally
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validated in the literature, the hydration reaction of SO3 is still not completely accepted.

Two different single step mechanisms (Jayne et al. and Reiner et al.) have been selected

to be compared to the chemical equilibrium calculations to estimate the difference between

the three models. The Fluent model provides a refined picture of the expected experimental

conditions, including the temperature profiles in the measurement cell and chemical species

spatial distribution. The latter is affected not only by temperature-dependent chemical

reactions but also by advection and diffusion. The results from the models are analyzed and

discussed in the next chapter.
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Chapter 5

Numerical results

In this chapter, the numerical results from ANSYS® ChemkinTM-Pro and ANSYS® Fluent®

models described in Chapter 4 will be presented and analyzed. The simulated-experiment

conditions relevant for this research cover 3-14% water vapor content over a temperature

range 523K - 700K. Therefore, conditions outside this domain will not be addressed.

As a first step, Chemkin is used to study sulfur species at equilibrium conditions, followed

by the analysis of the physical configuration of the experimental measurement cell to identify

key aspects in the reaction paths, in order to develop an appropriate reduced chemical

mechanism for implementation in Fluent. The equilibrium and kinetic study using Chemkin

(Sections 5.1 and 5.2 respectively) include pure thermodynamic properties of species, and

incorporates the combined-mech1 (Gersen at al. plus Reiner et al.) and combined-mech2

(Gersen et al. plus Jayne et al.) addressed in Chapter 4 for a detailed verification to be

readily used in Fluent (Section 5.3).

Fluent simulations aim at evaluating the spatial temperature profile together with SO3

and H2SO4 concentrations in the measurement cell. The model results describe the level of

non-uniformity that is to be expected in the physical system. This is particularly important

when referring to the core section of the gas cell, that is the window-to-window volume that
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the Mid-IR laser is crossing. Moreover, the radial temperature profile near the measurement

cell walls is useful to investigate the thickness of the thermal boundary layer as a guide for

the temperature measurements location. They should experimentally be carried out outside

the boundary layer and in the region where the flow is fully thermally developed.

During the actual experimental runs there was extensive window damage from the reac-

tion of the window materials with sulfur species. The window damage magnifies especially

at low temperature (250C), where all the SO3/H2SO4 sulfur content is present in the form

of H2SO4. Sulfuric acid reacts directly with the BaF2 (or CaF2) from the windows to form

BaSO4 (or CaSO4) according to the reaction:

BaF2 + H2SO4 = BaSO4 + 2 HF (5.1)

The reaction results in a wavelength-specific degradation of windows performance (decrease

transmissivity), and, if the adverse environmental conditions are prolonged in time, the

windows show a white and cloudy layer and become completely opaque visually and optically.

More details on the effect of the window damage on laser measurements and its implications

appear in Section 5.3.5. The simulations will analyze the effect of a simple nitrogen purging

solution in front of the windows to mitigate sulfuric acid attack in Section 5.3.

All the simulations make use of models, ranging from reactor models to turbulence mod-

els, and each of them is subject to a degree of uncertainty and might not accurately describe

some experimental conditions. Models that are validated in the literature against experi-

mental tests are more likely to be appropriate, however they are strictly valid only in very

specific scenarios. In this chapter, the models that are more likely accurately describe the

experimental conditions will be used, relying on the backing of the literature. However, it

is still possible that the predictions from the models will not agree with the experimental

readings, either because of experimental uncertainties and/or because of model uncertain-

ties. One example is that the two models for the reaction step of sulfuric acid formation
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used in this work by themselves present a ±20% uncertainty. The results from the modeling

are very helpful to highlight major effects and expected behaviors, however, they should be

trusted for their numerical accuracy only within reason.

5.1 Chemical equilibrium analysis using Chemkin

ANSYS Chemkin-Pro includes an Equilibrium Reactor (ER) model that can be used to

study gas mixtures at chemical equilibrium. The gas composition at equilibrium depends

only on the thermodynamic properties of the species in the chemistry set, as well as the

starting composition and thermodynamic conditions specified. The equilibrium calculation

relies on the minimization of Gibb’s free energy (at constant temperature and pressure),

and it ignores kinetic and transport limitations of chemical reactions. Therefore, with the

Equilibrium Reactor model the results are not dependant on the chemical mechanism that

is used except as regards the inclusion of the relevant species.

Figure 5.1 represents the results from the Chemkin Equilibrium Reactor model for sulfur

species (H2SO4, SO3, SO2), with two different cases of initial water vapor concentrations,

3% and 12%, with 300ppmv SO3 in air background. The results are normalized based on

the total sulfur content at 300ppmv.

Water vapor substantially alters the equilibrium between H2SO4-SO3 at low temperatures

Moreover, the concentration of H2SO4 is significantly higher at all temperatures of power

plant operation interest (<700K) with high water vapor concentration. On the other hand,

water vapor does not have a significant effect on the SO3-SO2 equilibrium split at high

temperatures, where SO2 formation (from SO3 thermal dissociation, previously seen in

Section 4.1.2) starts for both water concentrations at about 700K (425C), which is at the

upper end of this work’s experimental operating temperature. This is because SO3 shifts

slightly (∼50K) to a relatively higher temperature region while SO2 demonstrates almost

no effects from the water content.
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Figure 5.1: Normalized equilibrium curve for sulfur species as a function of gas temperature
for two different water concentrations 12% (solid) and 3% (dash).

5.2 Identification of key aspects in the reaction paths

for experiment conditions

In this section, the conditions in the experimental measurement cell are used as the conditions

within the Chemkin simulation. The measurement cell has a volume of 1 liter and the inlet

flow rate is 5 slm. The residence time can be, therefore, well characterized as it varies with

the gas temperature. As a reference, the order of magnitude of the residence time of the

gas in the measurement cell in experiment conditions is on the order of magnitude of 10 to

the first power, which is ∼10 seconds. It will be addressed as 10 seconds in the following

content.

A Perfectly Stirred Reactor (PSR) is used (0-D Model) for which the gas mixture inside

the reactor is assumed to be spatially uniform and the rates of conversion are controlled

by chemical reactions rather than mixing processes. With this assumption, the reactor

conditions can be well represented by spatially averaged properties. A suitable alternative
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would be a Plug Flow Reactor (PFR, 1-D Model), where it is assumed that there is no

mixing in the axial flow direction but perfect mixing in its perpendicular axis.

In this section a PSR is used to draw preliminary conclusions globally from the reaction

paths, in absence of surface reactions locally. A more accurate detailed simulation using real

aspects of local boundary conditions from the experimental system will be achieved later

with the Fluent model, and the impact of multi-species diffusion as well as thermal and

chemical non-uniformity will be evaluated.

5.2.1 SO2 formation from SO3 thermal dissociation

Figure 5.2 represents the comparison between the results of the Chemkin PSR model (solid

line), based on the combined-mech1 model and the Chemkin ER model (dashed line), starting

from 300ppmv SO3 and 10% water vapor in air, normalized based on the total sulfur content.

SO2 does not start forming from the thermal dissociation of SO3 until about 1050K.

This is in line with literature research in flue gas conditions. Thermal dissociation is very

slow below 1100K, and with temperature ranging from 1050K to 1425K the SO3 conversion

increases from being negligible to almost complete [107, 108]. The thermal dissociation

of SO3 is hence kinetically limited, and this also verifies the reliability of the combined

mechanism. Considering that these temperatures are well above those in the experiment, this

high-temperature decomposition is not active and can be neglected if equilibrium conditions

dominate.
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Figure 5.2: Normalized PSR simulated-experiment conditions results using the combined-
mech1 (solid) compared to ER equilibrium conditions (dash)

Figure 5.3 shows the impact of residence time on the SO3 conversion to SO2 for different

gas temperatures, starting from 300ppm SO3 and 10% H2O normalized based on sulfur

content using PSR combined-mech1. As described above, the gas flow in the experiment has

around 10 seconds residence time when passing through the measurement cell. Figure 5.3

shows that SO2 formation is negligible for 10 seconds at 800K and 1000K. Both temperatures

are above 700K (425C), and therefore in experimental conditions the thermal dissociation of

SO3 to SO2 is not a relevant process even when kinetics are taken into account. At 1200K

and 10s, SO2 reaches about 45% of its equilibrium value, and a full equilibrium is reached

after about 5 · 102 seconds. Zhang et al. [108] has demonstrated that residence time is an

important factor in the SO3 thermal dissociation process, however, its effect decreases with

increasing temperature. Therefore, the results of residence time of the PSR combined-mech1

model at different gas temperatures also reflects the existing literature, and this further

confirms the credibility of the model’s indication that SO3 thermal dissociation is not a

significant contributor in the conditions of the current experiments.
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Figure 5.3: Formation of SO2 from SO3 thermal dissociation as a function of reaction time
for different gas temperature.

.

5.2.2 Simulated H2SO4 and SO3 are fundamentally at

equilibrium

After verifying that the SO2 formation is not influenced from SO3 thermal dissociation, this

section is focused on SO3 and H2SO4 concentrations, and the equilibrium plot of combined-

mech1 and ER model as shown in Figure 5.2. Chapter 4 emphasized that there are only

a few SO3 hydration mechanisms available in the literature, and this section compares

the combined-mech1 and combined-mech2 particularly for the purpose of understanding

the sensitivity of this equilibrium to assumptions of the mechanism employed. Figure 5.4

represents these two different H2SO4 hydration reactions from Reiner et al. and Jayne et

al. respectively, starting from 300ppmv SO3 and 10% H2O, normalized for sulfur content.

In these conditions, the difference between the two reactions is very small across all the

temperature range. Notice that the high temperature region is not represented in Figure 5.4
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since the results from these two overlap in the temperature regime where SO2 forms.
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Figure 5.4: PSR simulated-experiment conditions for the combined-mech1 model (solid)
compared to the combined-mech2 model (dash).

Figure 5.5 shows the difference of H2SO4 estimation between the two mechanisms, eval-

uated as:

E = 100 · H2SO4|Reiner − H2SO4|Jayne
H2SO4|Reiner

(5.2)

The difference in percentage based on combined-mech1 is always less than 5% with water

vapor ranging from 8-14% (flue-gas conditions relevant to this work), while the difference

can reach around 15% at lower water vapor content (3% H2O). The uncertainty on the

reaction rate for each model is in the same range as the error between the two mechanisms.

In simulated-experiment conditions, the two mechanisms yield similar results, and both of

them offer the same performance in describing the experimental conditions in this work

within their levels of uncertainty.
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Figure 5.5: Difference in prediction of H2SO4 formation between combined-mech1 and
combined-mech2 models as a function of temperature for different water vapor content.

A further confirmation of the reliability of the Chemkin results comes from the analy-

sis of the reaction time for the formation of H2SO4 at different temperatures for the two

mechanisms. The results using mech2 represented in Figure 5.7 predict a slower reaction

time, achieving > 85% of the equilibrium concentrations in 1 second and full equilibrium

concentrations in 10 seconds. The results from mech1 predict that equilibrium is reached in

0.1 seconds, as seen in Figure 5.6. The initial conditions for both simulations are 300ppm

SO3 and 10% H2O in air, and H2SO4 concentrations are normalized for total sulfur content

for both Figure 5.7 and Figure 5.6.

The difference in reaction time between the two is large. The reaction from Jayne et al.

was derived in conditions more similar to this work with respect to Reiner et al., and it also

captured a second-order behavior in water vapor that could better describe the experimental

character of the reaction, according to the literature review of Section 4.1.2. The reaction

from Jayne et al. could therefore provide better results for the flue gas case, but with the

current residence time of 10 seconds the choice of the reaction does not have a significant

impact on the expected H2SO4 concentrations. In fact, according to the numerical simulation
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results SO3 and H2SO4 can be considered to be in chemical equilibrium, while SO2 can

be considered as kinetically frozen. In Fluent simulations, the species will therefore be

considered as equilibrium, reducing the numerical complexity of the model.
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Figure 5.6: Formation of H2SO4 predicted from combined-mech1 mechanism as a function
of residence time for different gas temperatures.
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Figure 5.7: Formation of H2SO4 predicted from combined-mech2 mechanism as a function
of residence time for different gas temperature.
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SO2 in the measurement cell comes from the incomplete reaction of the SO2 stream in

the catalyst section, and it does not result from the interaction between SO3, H2SO4, H2O,

and air in the measurement cell. The next sections will therefore report on SO3 and H2SO4,

since SO2 is effectively in frozen concentration.

5.3 Fluent simulation results

The ANSYS Fluent simulation results are based on the model presented in Chapter 4, with

the assumption of SO3 and H2SO4 in chemical equilibrium. The assumption is supported

from the H2SO4 formation models analysis in the previous section. The simulations aim to

describe temperature profiles, as well as SO3 and H2SO4 concentrations, in the measurement

cell. Moreover, the effects of the injection of nitrogen purging flow in front of the windows is

analyzed. The purging has the goal of decreasing the local concentration of H2SO4 in front

of the windows.

The reacting flow is solved as a two-step process: first, the “cold-flow” (or unreacting

flow) is resolved with volumetric reactions disabled. Next, the reactions are enabled, and a

stable converged solution for the reacting flow is achieved.

Four different nitrogen purging flow temperatures, 400K, 500K, 600K and 700K, and

eleven different nitrogen purging flow rates rates, 0.00, 0.09, 0.17, 0.25, 0.33, 0.41, 0.50, 0.60,

0.75, 1.00, and 1.25slm at each port are simulated, for a set of 44 simulated conditions. The

four temperature cases at 0.00slm purging flow rate are equivalent. In fact, when no nitrogen

flow is provided the inlet nitrogen temperature is unimportant.

It is helpful to define four corner cases, i.e., extreme cases that encompass the whole set

of simulations. The rest of the cases will lead to results that are in-between the corner case

results. This strategy allows general conclusions about the effect of purging on temperatures

and concentration uniformity by analyzing a bounding subset of simulations only. The

concept plot describing the corner cases is represented in Figure 5.8. Note that corner case
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4 (bottom left) with purging nitrogen flow of 0.00slm and nitrogen temperature of 400K is

effectively coincident with corner case 1, so three corner cases (1, 2, and 3) suffice for the

current analysis. Corner case 1 is the reference case, with no nitrogen flow added to the

main flow in the measurement cell (no purging).

In Figure 5.8, from left to right the nitrogen flow rate is increased from 0.00 slm to its

maximum value of 1.25 slm for a single port, for a total of 2.50 slm of N2 added from the

two inlet ports. From top to bottom, the inlet temperature of the nitrogen flows is decreased

from 700K to its minimum value of 400K.

The heat flux provided to the cell (Heating 1 and Heating 3 boundary conditions in

Figure 4.6) is kept constant among all cases at 1250W/m2 to analyze the individual effects

of flow rates and temperatures of the N2 purging streams on the H2SO4 concentration.
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Figure 5.8: Fluent simulations corner cases.

The numerical analysis of temperature, and SO3 and H2SO4 concentrations in the corner

cases will extensively use contour maps as a graphical representation tool. The contour maps

highlight the behavior of different purging conditions in a qualitative manner, they bring

out the important three-dimensionality of the problem, and they draw attention to fluid

structures and regions of particular importance. While offering these advantages, contour
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maps lack quantitative information on average temperatures, concentration, and their axial

variation. To address these concerns a quantitative analysis of the core region of the fluid is

included in Section 5.3.4.

5.3.1 Reference case

The reference case does not include any nitrogen purging, and it is the most used during the

experimental tests. The boundary conditions for the fluid are summarized in Table 5.1.

Surface Condition Value

Inlet Main Gas Velocity Inlet 5 slm

Temperature 700 K

Composition (Mole Fraction) 0.711 N2, 0.189 O2, 0.1 H2O, 3E-4 SO3

Inlet N21 Velocity Inlet 0 slm

Temperature -

Composition (Mole Fraction) -

Inlet N22 Velocity Inlet 0 slm

Temperature -

Composition (Mole Fraction) -

Outlet Pressure Outlet 1 atm

Table 5.1: Boundary conditions for the fluid regions in the reference case.

The temperature and the composition of the purging flow in the reference case are irrel-

evant since there is no nitrogen flow injected in front of the windows.
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(a) Temperature on zx plane (y = 0).

(b) Temperature on yx plane (z = 0).

Figure 5.9: Temperature contour plots for the reference case. Temperature values are in
Kelvin.

The temperature distribution in the cell is represented with contours plot in Figure 5.9 for

the zx and yx section planes. The temperature along the x-axis in the core section is fairly

uniform, with the notable exception of the area closest to the windows. The temperature drop

at the extremities is due to convective heat transfer from the windows to the external ambient.

Since the windows are thin (3mm) and they are fairly conductive (kBaF2 = 11.7 W
mK

), the

temperature difference between the windows and the free stream inside the measurement

cell is on the order of hundreds of degrees Kelvin. It is expected that the low temperature

at the windows will drive the hydration reaction of SO3 (Reaction 1.4a) towards the H2SO4

side. This effect is undesirable since H2SO4 reacts directly with the window material, that
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is barium fluoride. Experimentally the phenomenon resulted in decreased transmissivity of

the windows, as highlighted later in Section 5.3.5.

(a) H2SO4 concentration on zx plane (y = 0).

(b) H2SO4 concentration on yx plane (z = 0).

Figure 5.10: H2SO4 concentration contour plots for the reference case. Concentration values
are in parts per million volume.

As expected, Figure 5.10 shows a very high concentration of H2SO4 close to the windows.

The inlet concentration of sulfur species from Inlet Main Gas is 300ppmv, in the form of

SO3. In the absence of purging, the concentration of SO3 plus the concentration of H2SO4

will be on average equal to 300ppmv in every fluid mesh cell, as SO2 does not contribute

to these species in this temperature regime. Since the concentration of H2SO4 close to the

windows is about 300ppmv, the concentration of SO3 in those regions will be close to zero,

as confirmed by the results represented in Figure 5.11.
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(a) SO3 on zx plane (y = 0).

(b) SO3 on yx plane (z = 0).

Figure 5.11: SO3 concentration contour plots for the reference case. Concentration values
are in parts per million volume.

The split between SO3 and H2SO4 in the reference case is globally and locally dominated

by the chemical equilibrium between the two species. In fact, the temperature contours and

the SO3 contours present the same trend (same colors in the contour maps), while the

opposite holds for H2SO4 contours. The contribution of diffusion to the SO3/H2SO4 split in

the reference case appears to be unimportant. The main goal behind the idea of a purging

flow of N2 injected in front of both windows is to locally decrease the H2SO4 concentration

as a means for extending the windows lifespan, and the purging flow effects are analyzed in

the other corner cases.
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5.3.2 Corner case 1 and corner case 2 comparison

The goal of the comparison between corner case 1 (reference case) and corner case 2 (the high-

temperature high-flow case) is to determine whether purging can have a positive impact in

decreasing H2SO4 concentration in front of the windows. The corner case 2, with the highest

flow (1.25 slm) coupled with the highest nitrogen temperature (700K), will be analyzed first

since it has the best promise of minimizing H2SO4 concentrations by both increasing the

local temperature to favor SO3 and by increasing the presence of nitrogen in front of the

windows as a buffer region.

The temperature of the high-flow high-temperature case is compared to the reference

case in Figure 5.12 and Figure 5.13, on the zx and yx planes respectively. The minimum

temperature near the windows is increased from 536K to 553K for the upstream window

(left side in the figures), and from 520K to 553K near the downstream window (right side).
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(a) Reference case (from 5.9a).

(b) 700K 1.25slm nitrogen flow case.

Figure 5.12: Temperature contour plots on zx plane (y = 0) for the reference case (top)
compared to the high-temperature high-flow (700K,1.25slm) nitrogen purging flow (bottom).
Temperature values are in Kelvin.
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(a) Reference case (from 5.9b).

(b) 700K 1.25slm nitrogen flow case.

Figure 5.13: Temperature contour plots on yx plane (z = 0) for the reference case (top)
compared to the high-temperature high-flow (700K,1.25slm) nitrogen purging flow (bottom).
Temperature values are in Kelvin.

The H2SO4 concentration in the high-flow high-temperature case is compared to the

reference case in Figure 5.14 and Figure 5.15, on the zx and yx planes respectively. The

maximum H2SO4 concentration in the proximity of the windows decreases from 300ppm to

64ppm for the upstream window (left side in the figures), and from 300ppm to 86ppm at

the downstream window (right side). The drop in H2SO4 concentration amounts to 79%

and 71% respectively. If the window damage is assumed to be linear in time, this high-flow

high-temperature purging case would extend roughly fivefold the window lifespan for the

upstream window, and more than three times the lifespan for the downstream window. In
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the experimental setting the lifespan for the windows (intended as the time interval in which

the windows performance degrades from as-new to poor) is empirically on the order of tens

of minutes with no purging. A theoretical fivefold increase in windows lifespan would help

but is still not sufficient if the measurement device is expected to operate continuously under

powerplant conditions.

(a) Reference case (from 5.10a)

(b) 700K 1.25slm nitrogen flow

Figure 5.14: H2SO4 contour plots on zx plane (y = 0) for the reference case (top) compared
to high-temperature high-flow (700K,1.25slm) nitrogen purging case. Concentration values
are in ppmv.
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(a) Reference case (from 5.10b).

(b) 700K 1.25slm nitrogen flow.

Figure 5.15: H2SO4 contour plots on yx plane (z = 0) for the reference case (top) compared
to high-temperature high-flow (700K,1.25slm) nitrogen purging case. Concentration values
are in ppmv.

5.3.3 Corner case 2 and corner case 3 comparison

The third corner case is the low-temperature high-flow case. When compared to corner case

2 (the high-temperature high-flow case), corner case 3 will highlight whether the temperature

in front of the windows impacts the local H2SO4 concentration. As seen in Figure 5.16 and

Figure 5.17, the temperature difference at the windows between the two high-flow cases can

be larger than 50K, resulting in even colder temperatures with respect to the reference case.

Figure 5.16a represents the same conditions as Figure 5.12b, but re-scaled in order to match

the same color scale of 5.16b. The same is valid for the yx-view temperature maps 5.17.
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Although local window temperatures are lower, results in terms of local H2SO4 concen-

trations are very similar to the high-flow high-temperature case, as depicted in Figure 5.18

and Figure 5.19.

(a) 700K 1.25slm nitrogen flow (from 5.12b, re-scaled).

(b) 400K 1.25slm nitrogen flow.

Figure 5.16: Temperature contour plots on zx plane (y = 0) for the high-temperature
high-flow (700K,1.25slm) case compared to the low-temperature high-flow (400K,1.25slm)
nitrogen purging case. Temperature values are in Kelvin.
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(a) 700K 1.25slm nitrogen flow (from 5.13b, re-scaled)

(b) 400K 1.25slm nitrogen flow

Figure 5.17: Temperature contour plots on yx plane (z = 0) for the high-temperature high-
flow (700K,1.25slm) case compared to low-temperature high-flow (400K,1.25slm) nitrogen
purging case. Temperature values are in Kelvin.
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(a) 700K 1.25slm nitrogen flow (from 5.14b)

(b) 400K 1.25slm nitrogen flow

Figure 5.18: H2SO4 contour plots on zx plane (y = 0) for the high-temperature high-
flow (700K,1.25slm) case compared to low-temperature high-flow (400K,1.25slm) nitrogen
purging case. Concentration values are in ppmv.
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(a) 700K 1.25slm nitrogen flow (from 5.15b)

(b) 400K 1.25slm nitrogen flow

Figure 5.19: H2SO4 contour plots on yx plane (z = 0) for the high-temperature high-
flow (700K,1.25slm) v. low-temperature high-flow (400K,1.25slm) nitrogen purging flow.
Concentration values are in ppmv.

5.3.4 Temperature and concentrations profiles along the core of

the measurement cell

In the experimental laser measurements, a laser beam passes multiple times through the

measurement chamber, in a Herriott cell configuration. The laser beam travels through the

inner core volume of fluid in the measurement cell, and it is never close to the measurement

cell cylindrical side walls. It is useful to evaluate the variables such as temperature, SO3 and

H2SO4 concentrations, along the longitudinal axis x, from window to window in the core
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section to determine the uniformity and any possible effects of variability on the potential

absorption measurement. Circular surfaces of radius 0.6in (15mm), representing the size of

the spot pattern of the optical path, are defined along the x-axis as shown in Figure 5.20.

The core planes in blue lie on the yz plane at different x coordinates. The planes in red

start from each window and progressively transition into yz planes, merging smoothly with

the blue core surfaces in order to better capture the gas behavior close to each window.

Red planes and blue planes have the same radius, and each plane represents a local cross

section for the simulation to compute the temperature and concentrations results. A full

core analysis consists in averaging of the different variables on each blue and red plane.

Figure 5.20: Definition of the core surfaces along the x-axis. The blue surfaces are parallel
to the zy plane, while the red surfaces transition from parallel to each window to parallel to
the zy plane.

The results in terms of temperature, SO3 concentration, and H2SO4 concentration are

represented in Figure 5.21. The figure includes data from two different N2 purging flow

temperatures, 700K (426C, left) and 400K (126C, right), for different purging nitrogen flow

rates, from dark red (0.00 slm) to green (1.25 slm), as shown in the color bar on the right-

hand side of the plot. The case with no nitrogen flow (dark red curve) is common to both
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left and right plots.

The average temperatures along the x-axis are represented with a red dash-dot line for

the cases with no nitrogen flow (0.00slm) and with a green dash-dot line for the case with

the maximum nitrogen flow (1.25slm). The labels in the near proximity of the dash-dot lines

show the mean value along the axis and its standard deviation expressed as a percentage of

the mean value. The locations of gas inlets, outlet, and windows are highlighted with dark

gray vertical lines on the x-axis, and labeled in the plots on the left side of the figure.
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115



For the 700K case (left side of Figure 5.21), the temperature profile in the middle section

of the cell (from Inlet Main Gas to Outlet) is not significantly altered by the addition of

any of the simulated amount of nitrogen flow at 700K. The most significant effect occurs

at Window 2, where the increase in nitrogen flow tends to flatten the temperature profile,

probably due to increased mixing. The cell temperature profile has a standard deviation

from the mean temperature of less than 6%.

For the case where the nitrogen temperature is 400K (right), the average cell temperature

drops significantly, but its variation along the longitudinal axis is once again smaller than 6%

in terms of standard deviation. The temperature along the core section of the measurement

cell is hence fairly uniform, although the temperatures in proximity of the windows are

significantly lower.

In terms of concentrations, H2SO4 and SO3 are on average in chemical equilibrium for

each different nitrogen flow case and for both nitrogen temperatures. In the case with no

nitrogen addition (reference case), H2SO4 and SO3 are in chemical equilibrium for all the

cells in the domain, with very low SO3 concentrations in front of the windows, where the

low temperature favors H2SO4. When a nitrogen flow is introduced, the concentration of

H2SO4 decreases significantly in the region immediately adjacent to the windows. All the

44 purging nitrogen cases are analyzed separately for the local H2SO4 concentration in front

of each windows, and the results are displayed in Section 5.3.5.

For the 700K case, the concentration of H2SO4 in the core section decreases as additional

nitrogen flow is added. Since the mean temperature of the cell does not change significantly

when nitrogen at 700K is added, the effect is not due to chemical reactions but to gas

dilution. The same is valid for SO3.

When nitrogen is added at 400K, H2SO4 concentrations increase slightly as nitrogen is

added. This is due to two counteracting effects, the dilution of the flow which tends to

decrease the H2SO4 concentration, and the decrease in temperature which tends to favor

the formation of H2SO4 from SO3. The two effects both participate in decreasing SO3
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concentrations.

Even with fairly uniform axial temperatures in the core section, SO3 and H2SO4 concen-

trations present significant variations along the axis, since their chemical equilibrium is very

sensitive in that temperature range. The significantly lower temperature near the windows

also drives the hydration reaction of SO3 to completion towards the H2SO4 side. Despite

this variation, however, the integrated absorption (or concentration) along the optical path

is almost identical to that obtained by assuming the average equivalent concentration for the

entire path. That is, the absorption of the average concentration for the total path length is

equal to the total absorption of the true concentration, including variations along the path.

5.3.5 Sulfuric acid concentrations adjacent to the windows

It is important to reduce the local concentration of H2SO4 at the windows to extend their

lifespan. In this section, two separate fluid volumes are defined in order to capture the

composition and temperature of the gas situated in front of each windows, in order to esti-

mate the effectiveness of the different nitrogen purging solutions. Each volume is a cylinder

with diameter equal to the wet diameter of the window, and thickness of approximately

3/64” (1mm). The exact volume conforms necessarily to the local mesh morphology, and

therefore it is not represented by a perfect cylinder. The average volumetric H2SO4 concen-

trations and temperature in the gas enclosed in the two volumes is monitored. The graphical

representation for the monitored volume for one of the window is shown in Figure 5.22.
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Figure 5.22: Gas volume monitored (green) adjacent to the window (gray).

The temperatures in proximity of Window 1 and Window 2 are represented in Figure

5.23 as a function of the nitrogen flow rate and for four different nitrogen temperatures. For

the reference case, with purging nitrogen flow at 0.00 slm, Window 1 temperature (525K)

is higher than Window 2 temperature (508K). As a result, a purging nitrogen flow entering

at 600K and 700K will increase the local temperature, while flows at 400K and 500K will

decrease it. For Window 1, the difference between the maximum temperature (registered

in the corner case 2, the high-temperature high-flow case) and the minimum temperature

(corner case 3, the low-temperature high-flow case) is +3% and -6% with respect to the

reference case Window 1 temperature. For Window 2, the corner cases present +7% and

-3% variation in temperature with respect to the reference case. Given the limited impact

of purging on window temperatures, it is expected that the main factor in decreasing H2SO4

concentration with purging is not related to local temperature acting on the SO3-H2SO4

equilibrium.

The H2SO4 concentration at Window 1 and Window 2 is represented in 5.24. Nitrogen

temperature does not affect local H2SO4 concentrations, so the SO3-H2SO4 equilibrium
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plays only a limited role in decreasing H2SO4 concentration. This is more clearly visible in

Figure 5.25, where the numerical H2SO4 concentration resulting from the Fluent simulations

is evaluated and compared to the chemical equilibrium H2SO4 concentration from Chemkin.

Notably, H2SO4 concentration for both Window 1 and Window 2 does not reach zero

for the cases studied. For Window 1, H2SO4 concentration decreases almost linearly with

increasing purging flow rate, to a plateau at around 0.9 slm. For Window 2, H2SO4 concen-

tration decreases steeply with the addition of any small nitrogen flow, but it stabilizes at a

minimum value that is about double the minimum value obtained for Window 1.

The drop in H2SO4 concentration is also not due solely to bulk dilution effects. For

example, in the corner cases 2 and 3 (the high-flow cases), a nitrogen flow of 2.50 slm is

added to the 5 slm main flow (50% increase), so at most a 33% drop in H2SO4 concentration

is expected due to dilution, while the simulated H2SO4 local concentration drop amounts to

84% and 70% at Window 1 and Window 2 respectively.

The numerical H2SO4 concentration values likely are determined by a combination of the

chemical reaction of SO3 with H2O, coupled with the local flow characteristics and velocities,

and molecular and thermal diffusion. The gas flow in the measurement cell, especially close

to the windows, is highly three-dimensional and presents a re-circulation area in front of

Window 1 and a stagnation plane in front of Window 2. When purging flow is added,

additional complications in the description of the flow field appear, as shown in Figure 5.26.

The flow mixing overrides any diffusion contribution, so it is not possible to explain the

numerical H2SO4 results with simple 1-D considerations.

Even if a simple explanation is not possible or would be formally incorrect, the model

provides a complete numerical description and it achieves convergence. As the results be-

tween cases are coherent and consistent, the model could be sufficiently representative of the

experimental conditions.

120



0.0 0.2 0.4 0.6 0.8 1.0 1.2

20%

40%

60%

80%

100%

0.0 0.2 0.4 0.6 0.8 1.0 1.2

700K 600K 500K 400K

Window 1 (Upstream) Window 2 (Downstream)

N2 Single Port purge �ow (slm) N2 Single Port purge �ow (slm)

H
2S

O
4  

nu
m

er
ic

al
  /

  H
2S

O
4  

eq
ui

lib
riu

m
 (%

)

Figure 5.25: Ratio between H2SO4 concentration from numerical simulation results and
H2SO4 concentration estimated from the diluted flow at chemical equilibrium.

121



(a) 700K 0.00slm case (reference case). (b) 700K 1.25slm case (corner case 2).

Figure 5.26: Stream traces for Corner Case 1 (Reference case, left) and Corner Case 2
(High-flow high-temperature case, right).

5.3.6 Thermal boundary layer and thermocouples location

Three thermocouples are installed in the measurement cell, at longitudinal coordinate x

equal to 2.67” (68mm, thermocouple 1), 7.28” (185mm, thermocouple 2), 11.81” (300mm,

thermocouple 3). To evaluate the thermal boundary layer thickness, the average temperature

on 15 radially distributed 2mm thick surfaces is evaluated. The 15 surfaces for thermocouple

1 are represented in Figure 5.27, each with a different color for visualization purposes.

The thermal boundary layer thickness is important to establish how deep on the radial co-
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Figure 5.27: Cross section of the measurement cell highlighting the definition of 15 consec-
utive surfaces along the radial coordinate z at thermocouple 1 longitudinal location.

ordinate each thermocouple should be installed to effectively measure the core temperature.

An additional goal is to determine if the core temperature at each of the three locations is

representative of the mean axial core temperature. The results for purging N2 temperature

of 700K and purging N2 flows varying from 0 to 1.25 slm are presented in Figure 5.28.
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From Figure 5.28, the thermal boundary layer thickness for all the three locations is

around 0.4” (10mm). This is compatible with the 0.28” (7mm) result that was found by a

LFA visiting scholar in the past using a similar modeling methodology [100]. For the case

with no N2 flow (red curve, reference case), the arithmetic mean temperature among the

three core temperatures (606K, 644K, 661K) is 637K, which is 1.7% larger than the mean

core temperature of 626K evaluated in Section 5.3.4, and it is well within the standard

deviation of the mean core temperature.

For corner case 2 (high-flow high-temperature case), the three core temperatures are

612K, 646K, and 659K, and their arithmetic mean is 639K, which is 1.7% higher than the

mean core temperature of 629K. For corner case 3 (high-flow low-temperature case) the three

core temperatures are 581K, 617K, and 631K, with an arithmetic mean of 609K, a value 2.6%

hotter than the mean core temperature of 594K.

The arithmetic mean among the readings of the three thermocouples is seen to be a

reliable measure for the mean core temperature of the measurement cell. Since there is

the expectations that the temperature in the measurement cell will be determined from the
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thermocouple readings within ±10%, the next section will simulate the effects of temperature

changes and measurement uncertainties on spectroscopic measurements.

5.4 Simulated effect of axial temperature

non-uniformity on spectroscopic measurements

The non-uniformity of temperature in the core section along the longitudinal axis of the cell

can potentially impact the accuracy of the spectroscopic measurements, and in this section,

the effect of this temperature variation will be analyzed. In addition, the influence of pressure

changes in the measurement cell will be evaluated for typical pressure variations encountered

experimentally in the measurement cell.

The above concerns are addressed uniquely for the SO2 molecule since its cross-section

is available on the HITRAN database allowing a comprehensive evaluation with general

conclusions that would then hold for the other species. To simulate the high-temperature

cross-section of the SO2 molecule, the HITRAN on the Web (HotW) information system is

used [112]. The system can simulate the spectrum of molecules in the HITRAN database

at specified conditions, by evaluating several aspects such as partition functions, Boltzmann

populations, and effects of stimulated emission for line strength, line positions shift due to

pressure changes, and Doppler or Lorentz half-width for line width. The simulated spectra

will be used to evaluate the effect of temperature and pressure changes inside the measure-

ment cell on optical absorption measurements.

5.4.1 Effect of temperature changes on the absorbance spectrum

Beer-Lambert’s Law can be expressed as:

I(λ) = I0(λ) exp(−σ(λ) ·N · L) = I0(λ) e−τ(λ) (5.3)

125



This equation was previously referred to as 2.1 in Chapter 2, where I0(λ) is the initial

intensity emitted by a light source, I(λ) is the intensity collected at the detector after the

radiation traveled through the media of thickness L. In the media, the concentration of

the absorber is considered as uniform and represented as the number density N , number of

molecules per unit volume, and σ(λ, T ) represents the absorption cross-section as a function

of the wavelength and temperature and it is a characteristic property of the absorber species.

For shortness of notation, the dependence on wavelength and temperature will be omitted

hereafter.

If two homogeneous gas sections with equal volume, enclosing gases in different condi-

tions, are consecutive along the beam path, then:

I = I0 e
−τ1 e−τ2 = I0 e

−(τ1+τ2) (5.4)

Where τ1 and τ2 are the optical depths of the two different volumes. Assuming a total cell

length of L = 100cm, the length of each of the two sections is equal to L/2. Say n1 is the

number of moles of SO2 in the first volume at ambient pressure and temperature T1. If the

same gas composition is replicated in the second volume, but its temperature raised to T2 at

constant pressure (such is the case of the experimental measurement cell, where the outlet is

always at ambient pressure), then the number of moles n2 will be lower than n1. According

to the ideal gas law:

n2 = n1
T1
T2

(5.5)

The two sections are hence characterized by a different number density (number of molecules

per unit volume) N1 = n1NA and N2 = n2NA respectively, where NA is Avogadro constant.

The molecular cross-sections σ1 and σ2 are dependent on temperature and pressure, so they

are going to differ for the two volumes. The optical depth for the two different volumes can
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be expressed as:

τ1 = σ1N1L/2 (5.6)

τ2 = σ2N2L/2 (5.7)

Gathering for SO2 the values of σ1 at T1 and σ2 at T2 from HotW simulations, it is possible

to evaluate the total decadic absorbance for the gas in the two consecutive volumes as:

A1+2 =
τ1+2

ln(10)
=
τ1 + τ2
ln(10)

(5.8)

The goal now is to determine if two volumes can be effectively described as a single section

of length L at temperature Tavg = T1+T2
2

. As a reminder, the two volumes are characterized

by temperature T1 and T2 respectively, with constant and homogeneous molar concentration

of SO2 equal for the two, and length L/2 each. It is not immediately clear if at experimental

temperature and pressure the cross section can be approximated well with the arithmetic

average of the cross-section at different conditions, since temperature and pressure can affect

the strength, width, and position of the spectral lines. The cross section σA at Tavg is

evaluated using HotW, as for σ1 and σ2. The average optical depth τA leads to the calculated

absorbance AA, to be compared to A1+2. Figure 5.29 represents the simulated absorbance

for 300ppm SO2 in the four different simulated conditions listed below:

1. A1, 1m cell at T2 = 593K (green)

2. A2, 1m cell at T1 = 693K (red)

3. A1+2, 0.5m cell at T1 = 693K and 0.5m cell at T2 = 593K (orange)

4. AA, 1m cell at Tavg = 643K (blue)

127



1300 1320 1340 1360 1380 1400
0e+0

1e−2

2e−2

3e−2

4e−2

5e−2

6e−2

7e−2
A 1  (593K)
A 2  (693K)
A 1+2 
A A  (643K)

Wavenumber [cm -1 ]

A
bs

or
ba

nc
e 

A
 [

-]
30

0p
pm

 S
O

 2  
 in

 a
 1

m
 c

el
l

Figure 5.29: Simulated absorbance for 300ppm of SO2 in two gas volumes at different
temperatures.

The problem can be extended to more than two sections. Figure 5.30 represents the case

for three sections at temperatures T1, T2, T1 respectively, with:

• A1 and A3, 1m cell at T1 = 593K (green)

• A2, 1m cell at T2 = 693K (red)

• A1+2+3,
1
3
m cell at T1 = 693K, 1

3
m cell at T2 = 593K, and 1

3
m cell at T1 = 693K

(orange)

• AA, 1m cell at Tavg = 626K (blue)

From Figure 5.29 and Figure 5.30, the absorbance spectrum from SO2 in the 1m mea-

surement cell is equal to the absorbance spectrum calculated from the sum of the optical

depths of each finite gas volume section.

The result is valid given a series of notable assumptions, such as accurate cross-sections

from the HotW simulations, temperature in each gas volume section is uniform and known

with accuracy, SO2 concentration is uniform in every gas volume section, and changes in
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Figure 5.30: Simulated absorbance for 300ppm of SO2 in three gas volumes at different
temperatures.

the absorbance spectrum are due to the SO2 molecule only. The next section will take into

account the case where the temperature in one section is not known with accuracy.

5.4.2 Effect of temperature uncertainties on the measured

absorbance spectrum

The previous section assumed the average temperature in the measurement cell is known

with accuracy. If thermocouples are installed, this requisite is generally satisfied, however,

thermocouple measurement uncertainties and factors such as proper thermocouples place-

ment can affect the accuracy of the estimate. In this section, the real gas temperature in the

measurement cell and estimated gas temperature from thermocouple readings are assumed

to be different, with a difference between the two at 50K. This allows an error propagation

evaluation on the spectroscopic estimation of SO2 concentration.

The average measurement cell temperature is TR = 693K, while the estimated average

temperature from the thermocouple measurement is TE = 643K. The absorbance spectrum
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is fitted with the cross-sections of the gas at TE, introducing an error in the measurement

since the real gas temperature is TR. First, the SO2 cross-sections σE at TE are simulated

using HotW. The error is introduced when assuming that the measured absorbance spectrum

AR (that is at TR = 693K) is instead interpreted as a measured absorbance spectrum AE at

temperature TE. The laser measurement provides an absorbance spectrum:

AR = AE (5.9)

Hence:

τR
ln(10)

=
τE

ln(10)
→ τR = τE (5.10)

→ σRNRL = σENEL (5.11)

The only unknown is now NE = σRNR

σE
. Going from the number of molecules of SO2 to the

number of moles:

nSO2,TE =
NE

Na

(5.12)

It is now possible to compare
nSO2,TE

nR
with

nSO2,TR

nR
to estimate the measurement error intro-

duced from an erroneous temperature measurement. Since σ is dependent on the wavelength,

only the central part of the SO2 spectrum from 1324cm−1 to 1388cm−1 is considered, where

its spectral features are the most pronounced.

Starting from TR = 693K in a 1m cell with SO2 concentration of 300ppm, a temperature

uncertainty of 50K (with TE = 643K) would lead to an estimation of 273.3ppm SO2 in

the cell, for a 8.9% estimation error. The discrepancy between real and measured temper-
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ature of 50K (7.2%) is approximately the maximum discrepancy value that is expected in

experimental conditions.

Factors that can introduce a temperature estimation uncertainty include: thermocou-

ples margin of error, incorrect thermocouple positioning into the gas flow, or spatial non-

uniformity of the temperature. In turn, the SO2 estimation error upper bound should

theoretically be limited to less than 9% (absorbance results are represented in Figure 5.31).

This analysis is valid when the temperature estimation difference is not too large. The

analysis is subject to the same constraints of accurate HotW simulations at different temper-

atures, constant and uniform SO2 concentrations, and changes in the absorbance spectrum

uniquely due to SO2 and exclusion of any other broadband background change.
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Figure 5.31: Simulated absorbance AR and AE resulting from a 50K temperature measure-
ment error.

5.4.3 Effect of simultaneous temperature and concentration

change

The analysis will be extended to the case where the SO2 concentrations are not the same in

the modeled sections. This represents well the experimental conditions for SO3 (or H2SO4),
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whose concentration change locally because of chemical reactions that are directly related to

temperature. Assuming gas temperatures and SO2 concentrations in three different sections

are:

T1 = 605K c1 = 107ppm

T2 = 665K c2 = 230ppm

T3 = 650K c3 = 196ppm

Where ci is the SO2 concentration for section i. The number density (evaluated from the

number of SO2 moles in each section) is:

N1 = 1.29 · 1015molecules

cm3

N2 = 2.53 · 1015molecules

cm3

N3 = 2.20 · 1015molecules

cm3

The optical depth for each section can be calculated as:

τi = σ(Ti)Ni
L

3
(5.13)

with i = 1, 2, 3 and L = 100cm. The overall simulated absorbance can be evaluated as:

A1+2+3 =
τ1+2+3

ln(10)
=
τ1 + τ2 + τ3

ln(10)
(5.14)

Comparing the absorbance A1+2+3 with the absorbance AE resulting from averaging of the

variables on the three sections:

Tavg =
T1 + T2 + T3

3
=

605 + 665 + 650

3
= 640K (5.15)
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cavg =
c1 + c2 + c3

3
=

107 + 230 + 195.5

3
= 177.5ppm (5.16)

The molar density is different for each of the three gas sections depending on temperature

only (since the three sections are communicating and isobaric) according to the ideal gas

law, as seen in Equation 5.5. Starting from the global gas molar density of any section (not

just the SO2 fraction), it is possible to determine the molar density for the cell. Evaluating

the molar density in the cell starting from that of section 3:

nE = nSection3 ·
T3
TE

(5.17)

and the average SO2 molar density:

nE,SO2 = nE · cavg (5.18)

The average number of SO2 molecules per unit volume in the cell is:

NE = nE,SO2 ·NA (5.19)

Average optical depth and absorbance are, respectively:

τE = σE NE L (5.20)

AE =
τE

ln(10)
(5.21)
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where σE is simulated at Tavg using HotW. The comparison between A1+2+3 and AE is shown

in Figure 5.32.
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Figure 5.32: Simulated absorbance A1+2+3 and AE for gas sections with different temperature
and concentration.

In conclusion, the absorbance of n gas sections each with temperature Ti, SO2 concen-

tration ci, and length L/n is equal to the absorbance of a single gas section with averaged

variables Tavg and cavg, and length L. This result is valid in a close vicinity of the considered

values of Tavg and cavg and could not extend to much larger temperature, pressure, or con-

centration differences that could significantly alter intensity, width, position of the molecule

cross-sections, or that could invalidate Beer-Lambert Law.

5.4.4 Effect of pressure variations

In experimental conditions, the pressure in the measurement cell increases when the con-

trolled condensation system is activated. In fact, the controlled condensation apparatus adds

a significant pressure drop due to flow restrictions in coil and impingers nozzles, hydrostatic

pressure to overcome in the impingers, bends in the flow path, silica gel beads, and dry gas
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meter. The pressure in the measurement cell at ambient temperature has been measured as

a function of the main inlet flow rate with a high-accuracy low-pressure gauge (0-3psi) and

the result is shown in Figure 5.33. The typical pressure increase in the measurement cell

in regular flow conditions of 5 slm is 0.0238atm (0.35psi), while at 10 slm it is 0.0728atm

(1.07psi).
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Figure 5.33: Experimental pressure change in the measurement cell as function of main inlet
flow rate at ambient temperature.

As shown in Figure 5.34 the absorbance at 640K for three different pressure increases

corresponding to flows of 5 slm, 8 slm, and 10 slm respectively, does not present a significant

difference with respect to the ambient pressure case and does not change the estimated SO2

concentrations.
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Figure 5.34: Simulated absorbance for different measurement cell pressure values.

When the temperature in the cell is increased to experimental conditions, the pressure

inside the measurement cell can differ from this analysis, but the extent of the change is

unlikely to cause a major difference on the absorbance spectrum.

5.5 Conclusions

This chapter provided a numerical analysis of the gas behavior in the measurement cell.

The last section, relying on Hitran on the Web simulations, should be considered valid only

when the variations of temperature, concentrations, and pressure are sufficiently close to the

mean values. Moreover, in experimental conditions several complications arise, for example

related to window damage or changes in the background gas absorbance spectrum.

The Fluent simulations rely on turbulence models and on the assumption of chemical

equilibrium between SO3 and H2SO4. These assumptions are appropriate, however, in ex-

perimental conditions factors such as heterogeneous reactions and wall surface reactions can

offset the experimental results from the numerical solution. Even if the simulations required

several assumptions and simplifications, the results obtained are consistent and physically
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reasonable, and they provide significant insights regarding the experimental conditions.

According to the simulations, temperatures, as well as SO3 and H2SO4 concentrations,

exhibit large three-dimensional variation in the measurement cell, but temperature values in

the core section along the measurement cell axis are fairly uniform (±6% standard deviation).

On the contrary, H2SO4 and SO3 concentrations in the core section present significant

variations along the cell axis, but their average composition corresponds to the chemical

equilibrium values evaluated in correspondence of the average cell temperature.

The addition of purging N2 flows decreases the local H2SO4 concentration in front of the

windows up to a factor of 5 for the nitrogen flow rates considered (up to 50% of the inlet

main flow rate). The reduction is important, but in the timescales of interest it is likely

not to accomplish the desired improvement. In fact, the desired lifespan of the windows

is days/weeks, while empirical observation show window degradation occurring in tens of

minutes.

The addition of nitrogen at different temperatures can change the mean temperature

inside the measurement cell, altering the concentration of SO3 and H2SO4 by both shifting

their chemical equilibrium and by increasing dilution.

The thermal boundary layer in the measurement cell is approximately 0.4” (10mm) thick

at the longitudinal coordinates where the thermocouples are installed, and the arithmetic

mean of the thermocouple readings is an appropriate measure of the average core section gas

temperature.

In a first approximation, spectroscopic measurements should be able to rely on the av-

eraged measured temperature to calculate with sufficient accuracy the species concentration

values (±9%) even if temperature in the cell is not uniform along the beam path and even if

the temperature reading was associated with uncertainties (±50K). The spectroscopic mea-

surement do not appear to be affected by the pressure changes typical of this experimental

setup.

After bounding the expected temperature and concentration uncertainties with the use
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of numerical models and simulation, the next step will be the collection and analysis of

experimental data for ECQCL 7 and ECQCL 8 Mid-IR lasers.
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Chapter 6

Experimental results

The experiments are the heart of this dissertation. They represent the only absorption mea-

surements for flue-gas conditions of the reactive species SO3 and H2SO4 under sufficient

control to provide clarity on the potential for continuous measurements. As has been al-

luded to in Chapter 2, there are two main sets of measurements - one in the UV using

DOAS, the other in the mid-IR using ECQCL lasers. There are challenges in both cases,

particularly the DOAS measurements, but together they provide the state-of-the-art for the

species measurement.

With such a comprehensive set of experimental results, the chapter is divided between

the DOAS measurements (6.1) and the more extensive ECQCL measurements (6.2). The

results are provided in a uniform tabulated presentation to allow a clear comparison between

conditions. Because part of the contribution of this dissertation is the absorption data

itself, as well as the conclusions drawn from the behavior of SO3 and H2SO4 under flue gas

conditions, the chapter is necessarily bulky. Ultimately the results also provide quantitative

information that can be used to evaluate the potential for continuous monitoring of the

reactive sulfur species as was described as a key goal and motivation for the work.
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6.1 Differential Optical Absorption Spectroscopy

The first experimental design described in Section 3.3 was used to evaluate the performance

of the DOAS system. In these experiments, no H2O was added to the gas stream, since

the goal was to observe the spectrum of SO2 and SO3 only. Eventually, the evaluation

of equilibrium between SO3 and H2SO4 could then occur by difference from the collected

samples in the controlled condensation coil of EPA Method 8A. That is, if the total sulfur

were known and the SO2 and SO3 concentrations were measured separately then the total

acid condensation would be SO3 and H2SO4 from the test cell.

6.1.1 Sulfur dioxide (dry tests)

The first tests were focused on the measurement of SO2, which has a known spectrum in the

UV, even at high temperature.
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Figure 6.1: UV spectrum of 54ppmv SO2 at 400 °C and 1atm pressure with 1m path length
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As seen from Figure 6.1, the DOAS instrument is able to successful detect the narrowband

features of SO2 even at high temperature, and it was able to measure down to 1ppmv.

6.1.2 Sulfur trioxide (dry tests)

In initial tests, SO3 could not be distinctly detected by the DOAS. The presence of low

concentrations of SO2 in the measurement cell, however, suggested that the catalyst was

operating correctly and the SO2 was converting to SO3 as desired. In Figure 6.2, the

efficiency of the oxidation catalyst was evaluated in a first approximation based on the

residual SO2 presence in the measurement cell.
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Figure 6.2: Estimated conversion efficiency of the catalyst reactor for different flow rates
and initial SO2 concentrations based on SO2 disappearance rather than by direct measure
of SO3.

However, the absorbance spectrum was not consistent with the very high levels expected

from the SO2 conversion data. The lack of SO3 signature spectrum suggested the possibility

that sulfur trioxide was not reaching the measurement cell in a high enough concentration

to be distinguished clearly. The lack of SO3 in the cell could be attributed to sulfur losses

141



along the pipeline, or to no SO3 production from the catalyst. As was determined in later

studies the culprit is likely the very long time needed for conditioning the catalyst. This first

experimental facility used a large quantity of catalyst to ensure high SO2 to SO3 conversion

but this also led to an excessively long conditioning phase. It now appears that the catalyst

never reached a condition where the generated SO3 was released to the system at detectable

levels.

To temporarily test the potential of a DOAS technique in measuring SO3 while recogniz-

ing the possibility that SO3 was not being delivered as expected by the catalyst conversion

system, liquid sulfur trioxide was injected into the measurement cell through an injection

port. The liquid was captured and evaporated by the hot gas flow. The carrier flow for the

injection was nitrogen or preferably air, as the presence of additional oxygen keeps SO3 from

decomposing into SO2. After the injection of pure SO3 in the carrier gas, the absorption

spectrum was compared to that of a known concentration of SO2. Due to the difficulty of

handling liquid sulfur trioxide, the concentration of SO3 (and SO2) in the measurement cell

was unknown, but the concentration of SO3 was estimated to be in the order of a percent,

that is a concentration much larger than typical in flue gas and far higher than the tar-

get sensitivity demanded of the desired continuous monitoring system. Post-processing the

absorbance spectrum, and subtracting the SO2 contribution, led to a result comparable to

Kurata et al. (Figure 2.6), as illustrated in Figure 6.3. Since the concentration of SO2 was

not known, the subtraction was performed by scaling the peak at 280nm so that both spec-

tra would have the same absorbance at that location. This scaling is appropriate because

there is no spectral feature of SO3 at this wavelength so the SO2 value properly scales the

spectrum. After the scaling was performed, the spectrum of SO2 was subtracted from the

measured spectrum, leaving the SO3 spectrum as result.
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Figure 6.3: Subtraction of the SO2 spectrum from the spectrum of SO3 collected by direct
injection of SO3

The result confirmed the characteristic broadband absorbance of SO3 in the UV. Weak

narrow band features are visible. Even if the features were to be attributed to SO3, and not

to artifacts related to the spectral subtraction, it would not be possible to detect them in real-

istic flue-gas concentrations. Narrow band components are essential for DOAS measurement

and they were not clearly detected even in conditions of extremely high SO3 concentration.

Research groups have been able to estimate the concentration by just analyzing the broad

band component [73]. Unfortunately, however, different molecules in flue gas could scatter

the light differently creating an overlapping broad band absorbance which would severely

compromise the reliability of the measurement. Moreover, at wavelengths between 180nm

and 210nm, the absorbance of the Schumann-Runge bands of molecular oxygen further com-

plicates the region for the measurement of species that absorb weakly, such as SO3.
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Figure 6.4: Experimental Schumann-Runge bands resulting from flowing air with a nitrogen
background

Based on the forgoing results, while the DOAS technique proved suitable for SO2 mea-

surements in flue-gas conditions, it did not appear to be suitable for SO3 measurement,

as its signature spectrum can easily be affected by the Schumann-Runge bands and other

molecules broadband scattering, even when the concentration of SO3 was well above those

typical of coal-fired power plant flue gas. Moreover, sulfuric acid is not an absorber species at

these wavelengths. Fortunately, as was mentioned earlier (Chapter 2) the advances of quan-

tum cascade laser technology have provided light sources that can now reliably reach the

mid-infrared spectral region where SO2, SO3, and H2SO4 have the potential to be detected

and measured.
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6.2 External Cavity Quantum Cascade Laser

(ECQCL)

The experimental setup for the ECQCL tests is described in Section 3.4. The objectives of

the experimental test plan are to gather SO2, SO3, H2SO4, H2O spectral libraries at relevant

temperatures (250C, 300C, and 350C), and to then analyze the feasibility and performance

of the measurement system in simulated realistic flue gas conditions, ∼8% water vapor, up

to 50ppm SO3 and/or H2SO4, up to 2500ppm SO2. As shown in Chapter 2, for ECQCL 7

the measurements are expected to be heavily influenced by the high absorbance of H2O and

SO2. Since SO3 is present at much lower concentrations, and because it is so highly reactive,

an appropriate spectral library for SO3 is of paramount importance.

The measurement campaign is carried out in two different steps to collect spectral libraries

at idealized conditions and then to test the system at realistic conditions. That is, in step

1 both dry and wet conditions are tested, water vapor concentration of about 3% and 8%,

with low SO2 concentrations (comparable to SO3 concentrations, from 0 up to 100ppm),

and reference condition levels of SO3, up to 100ppm, to define accurate spectral libraries.

In step 2, wet conditions of water vapor concentration at ∼8% are analyzed, with high SO2

concentrations up to 2500ppm, and reference conditions for SO3 to evaluate the performance

of the measurement system in the realistic flue gas target environment. Both the water vapor

and SO2 concentration will start from low levels and gradually increase to the maximum.

The reason for separating the experimental effort into Steps 1 and 2 is simply that the initial

investigation for the first phase/round provides the foundation for looking further into more

extreme hydration and concentration levels at the second phase/round.
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6.2.1 Experiment test structure

For Step 1 experiments, each single test in the campaign is identified by its principal variables

T , SOx, and β%. Auxiliary variables x and V̇Air,Evap are necessary to fully define each

measurement condition. The variables correspond to:

T - Cell temperature (C or K): when water is present, the cell temperature will determine

the SO3 to H2SO4 ratio. It should match the useful power-plant temperature ranges 250C

to 350C, or 523K to 623K.

SOx concentration (in ppm): the input variable SOx is defined as the SO2 concentration

of the gas stream entering the catalyst. The total volumetric flow rate entering the catalyst

(inlet main gas) is 5 slm. The definition is meant to avoid confusion between SO2 concen-

tration entering the catalyst and SO2 concentration in the measurement cell. The main

inlet flow goes through the oxidation catalyst, and part of the SO2 is oxidized to SO3. If wa-

ter is added, part of the SO3 will hydrate to H2SO4. If no additional SO2 is added through

the bypass line, then the variable SOx represents the overall amount of sulfur present in the

measurement cell (useful for sulfur balance calculations). If any flow other than the main

inlet flow is added (such as bypass flow, water flow, or purging flow), then the additional

dilution has to be accounted for.

β% water vapor percentage: β% is the percentage of water vapor referred to the overall

flow (main inlet flow, bypass flow, evaporator flow). V̇H2O is its equivalent water vapor flow

rate. When V̇H2O > 0, also the carrier gas flow rate V̇Air,Evap must be > 0 necessarily.

β% =
V̇H2O

V̇H2O + V̇Main Inlet + V̇Bypass + V̇Air,Evap
(6.1)

x ppm of SO2 in bypass air : it describes a condition where a flow of x ppm of SO2 is

present in the cell. For example, it is useful to provide a known amount of SO2 in air in the

measurement cell for library spectrum purposes.
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V̇Air,Evap slm of evaporator air : carrier gas flow rate for water vapor production. It is

usually set to 1 slm when activated. The evaporator air flow V̇Air,Evap can be activated also

when water vapor is not added to the flow (V̇H2O = 0), but it must always be V̇Air,Evap > 0

if V̇H2O > 0.

Every test in the campaign consists in a predefined sequence of test conditions, each

with different targets (optical, spectroscopic, or both). The possible test conditions are

summarized in Table 6.1. In order to make referencing the different kinds of tests more

consistent, a keyword is associated with the test type and these keywords are also described

in the table. Table 6.2 analyzes the same test conditions, this time addressing the specific

experimental settings, such as flow rates and valve configurations, and highlighting the target

species for each condition.
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Keyword Description

Air This condition is useful to capture the background signal in the measurement cell at temperature

T without any of the target species (SO2, SO3, H2O)

Bypass x ppm It allows to capture the spectrum of pure SO2 at temperature T . It can be used for path length

estimation as well, since SO2 spectrum is well characterized and a precise SO2 concentration

can be provided directly. The flow in the Bypass line allows to skip the catalyst only (not the

measurement cell), as seen in Figure 3.6

Regular A flow of SOx ppm of SO2 in air enters the catalyst. The output flow consists of both SO2 and

SO3 in air. In this condition water vapor is absent

Regular (Controlled

Condensation)

In this condition, a mixture of water vapor and air is added to the flow past the measurement

cell (POST-cell configuration). The flow on the back-end of the cell is hence wet, and it can be

analyzed with controlled condensation. Since the amount of H2O and air injected POST-cell is

known, from the controlled condensation measurements it is possible to estimate the concentration

of SO3/H2SO4 and SO2 in the measurement cell. Since in Regular condition the flow in the cell

is dry, if water was not added POST-cell the controlled condensation system would not operate

correctly
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Keyword Description

Equalized Same as Regular, with additional air dilution through a PRE-cell air flow. This condition is useful

because it ”equalizes” the total cell flow rate with the one in the conditions Equalized decay, Water

only, and Water Add so that they will be mutually comparable

Equalized Decay In this condition, the inlet main flow consists of 5 slm of air only. In Regular conditions the outlet

SO2 is the portion that has not been converted by the catalyst (unconverted SO2). If the SO2

flow is shut down, the catalyst keeps desorbing SO3, with SO2 no longer present in the cell. This

test conditions take advantage of the catalyst operating mechanism (SO3 desorption) to allow the

measurement of a pure SO3 spectrum

Water only Air (through the Bypass line) and a water vapor-air mixture (through the PRE-cell line) is present

in the cell. This allows the capture a reference water spectral library

Water only +

Bypass x ppm

It allows for the capture of a combined spectrum of SO2 and H2O vapor
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Keyword Description

Water Add Equivalent to the Equalized condition, with a portion of the PRE-cell air (V̇H2O) substituted by

water vapor instead of air. A part of the SO3 present in the cell will convert to H2SO4. From

the spectroscopic point of view, this section has the double goal of measuring the drop in SO3

with respect to the Equalized condition once water vapor is added, and measuring the H2SO4

concentration

Nitrogen purging This condition is an add-on applicable to all previous conditions, when needed. 1.4 slm of nitrogen

are added to the flow present in the cell, 0.7 slm at the downstream window and 0.7 slm at the

upstream window. This flow will decrease the local concentration of H2SO4 in front of the windows

but will also dilute the flow in the measurement cell

Step 2, Regular For Step 2, Regular flow consists of a flow of SOx ppm of SO2 in air that enters the catalyst (5

slm) with the addition of 5 slm air through the Bypass line, with a total flow in the cell of 10 slm.
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Keyword Description

Step 2, Regular with

x ppm SO2

The flow rate in the cell is maintained at 10 slm, like for Step 2, Regular. The Bypass line injects

additional SO2 with respect to the Step 2, Regular case, for an overall estimated concentration

of SO2 in the cell of x ppm. The SO2 concentration is only estimated because the unconverted

fraction of SO2 exiting the catalyst is not known with certainty (albeit it can be estimated from

Step 2, Regular). If a lower SO3 concentration in the cell is desired, there are two possible solutions:

one is to decrease SOx in the inlet main flow, although it would require long catalyst conditioning

times. Alternatively, the flow rate in the Bypass line can be increased to values larger than 5 slm.

With the latter strategy it is possible to study the absorbance spectrum for reduced levels of SO3.

Step 2, Regular with

x ppm SO2 (Controlled

Condensation)

5 slm main inlet flow of air with SOx ppm SO2 +

5 slm of SO2 and air mixture through bypass line

Resulting mixture totals about x ppm SO2 in the measurement cell

POST-cell: 1.2 slm of air + 0.8 slm water vapor (added for controlled condensation measurement

only)
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Keyword Description

Step 2, Water Add The overall flow rate in the cell is fixed at 10 slm, as for Step 2, Regular with x ppm SO2. The

Bypass line, however, carries only 3 slm of SO2 mixture. The remaining 2 slm consists of PRE-

cell injection of a water vapor mixture. The resulting gas composition in the cell will be of

approximately x ppm SO2 and 8% H2O vapor. If a different H2O percentage is desired, the split

between V̇Air,Evap and V̇H2O will be changed, while keeping V̇Air,Evap + V̇H2O = 2slm

Step 2, Water Only +

Bypass x ppm SO2

The overall flow rate in the cell is fixed at 10 slm. PRE-cell injection of a 2 slm water vapor

mixture will result in 8% H2O vapor in the measurement cell. The remaining 8 slm consists of a

SO2/air mixture, so that the concentration of SO2 in the measurement cell is x ppm

Table 6.1: Explanation of different test conditions
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Keyword Conditions in measurement cell Target Species

Air Air only Background

Bypass x ppm x ppm of SO2 in air through bypass line SO2

Regular Catalyst output only (Main inlet is 5 slm of air with SOx ppm of

SO2)

SO2, SO3

Regular

(Controlled Condensation)

Regular +

POST-cell: V̇Air,Evap slm of air + V̇H2O slm = β% H2O vapor (added

for controlled condensation measurement only)

H2SO4, SO2

with EPA 8A

Equalized Regular +

PRE-cell: V̇Air,Evap slm + the equivalent of V̇H2O slm of air only (no

water vapor)

SO2, SO3

Equalized Decay Main inlet flow of 5 slm air only +

PRE-cell: V̇Air,Evap + V̇H2O slm of air only (no water vapor, like for

Equalized)

SO3
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Keyword Conditions in measurement cell Target Species

Water only Bypass line with 5 slm air only +

PRE-cell: V̇Air,Evap slm of air + V̇H2O slm = β% H2O vapor

H2O

Water Add Regular +

PRE-cell: V̇Air,Evap slm of air + V̇H2O slm = β% H2O vapor

H2SO4, SO2, SO3

Water only +

Bypass x ppm

5 slm of SO2 and air mixture through bypass line +

PRE-cell: V̇Air,Evap slm of air + V̇H2O slm = β% H2O vapor

Resulting mix totals x ppm SO2 in the measurement cell

H2O, SO2

Step 2, Regular 5 slm main inlet flow of air with SOx ppm SO2 +

5 slm air through bypass line

SO2, SO3

Step 2, Regular

with x ppm SO2

5 slm main inlet flow of air with SOx ppm SO2 +

5 slm of SO2 and air mixture through bypass line

Resulting mixture totals about x ppm SO2 in the measurement cell

SO2, SO3
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Keyword Conditions in measurement cell Target Species

Step 2, Regular

with x ppm SO2

(Controlled Condensation)

5 slm main inlet flow of air with SOx ppm SO2 +

5 slm of SO2 and air mixture through bypass line

Resulting mixture totals about x ppm SO2 in the measurement cell

POST-cell: 1.2 slm of air + 0.8 slm water vapor

H2SO4, SO2

with EPA 8A

Step 2, Water Add 5 slm main inlet flow of air with SOx ppm SO2 +

PRE-cell: 1.2 slm of air + 0.8 slm = 8% H2O vapor +

3 slm of SO2 and air mixture through bypass line

Resulting mixture totals about x ppm SO2 in the measurement cell

H2SO4, SO2, SO3

Step 2, Water Only 8 slm bypass flow of air +

PRE-cell: 1.2 slm of air + 0.8 slm = 8% H2O vapor

H2SO4, SO2, SO3

Step 2, Water Only +

Bypass x ppm SO2

8 slm bypass flow of SO2 and air mixture +

PRE-cell: 1.2 slm of air + 0.8 slm = 8% H2O vapor

Resulting mixture totals x ppm SO2 in the measurement cell

H2SO4, SO2, SO3

Table 6.2: Test conditions as a function of the test variables
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6.2.2 Experiment matrix

For Step 1, 24 different tests (4 SOx x 3 T x 2 β%) are required to cover the desired

combinations of SO2 main inlet concentration (variable SOx), temperature (variable T ),

and water vapor concentration (variable β%), as summarized in Table 6.3. Since each case is

defined by SOx, β%, and T variables, the cases can be compared to each other. For example,

cases with the same SOx and β% can be compared at different cell temperature T .

Step 2 is focused on assessing the performance in realistic flue-gas conditions, so the

experiments are defined by the target variable SO2, SO3, H2O, and H2SO4 levels in the

measurement cell, rather than the inlet variable SOx. The inlet variable SOx for Step 2

doesn’t provide helpful information, since the inlet main flow will be purposely diluted with

air or an SO2/air mixture to alter the levels of SO3 and SO2 in the measurement cell without

altering the catalyst steady state. The total number of Step 2 conditions evaluated was 5

and 8, for ECQCL 7 and ECQCL 8 respectively.

Variable Values

SO2 Main Inlet (SOx, ppm) 300 - 150 - 100 - 50

Temperature (T , C) 350 - 300 - 250

Water vapor (β, %) 0 - 3 - 8

Table 6.3: Step 1 experiments

Variable Values

SO2 Target (SO2, ppm) 50 - 530 - 2550

Temperature (T , C) 350 - 300 - 250

Water vapor (β, %) 1.6 - 8

SO3 Target (SO3, ppm) 50 - 40 - 30 - 20 - 10

Table 6.4: Step 2 experiments
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The experiment log, detailing parameters and note for each test, is provided for reference

in Appendix A. In the next sections, two individual datasets, one for ECQCL 7 and one for

ECQCL 8, are described chronologically to distinctly investigate each test condition.

6.2.3 Raw data set overview for an ECQCL 7 experiment

In this section, the structure of a single ECQCL 7 experiment will be analyzed in temporal

order and the raw data from the detector will be evaluated and explained. The typical data

set being used for clarifying the different elements of a single test run is the Step 1 ECQCL

7 07/14/2020 experiment, with T = 350C, SOx = 150 ppm, β = 3%. The timeline of the

experiment is represented in Figure 6.5, with test conditions labeled at the top of the figure.

The timeline plot shows the results of the data fit processed with appropriate libraries. The

libraries and their use in the fitting procedure will be discussed in Section 6.2.6.
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A few peculiarities related to the measurement rig are highlighted in Figure 6.5:

1. Catalyst transition time

In Air and 100ppm SO2 Bypass test conditions, no SO3 is in the measurement cell, and

hence the gas flow through the catalyst is interrupted for approximately 10 minutes for

this test. When gas starts to flow through the catalyst again (in Regular conditions),

the SO3 concentration ramps up to its steady-state value. The ramp-up can take from

5 to 15 minutes. To avoid this issue, a high-temperature valve (Main Flow Valve, in

the schematics of Figure 3.6 was later installed. The valve assures that the catalyst is

always continuously operating during an experiment, with its outlet flow simply being

redirected to the scrubber, if SO3 is not desired in the measurement cell. The catalyst

transition time is a short-term transient, and it is a different phenomenon from the

catalyst conditioning. The latter is characterized by a much slower transient in the

order of tens of hours even for the relatively small amount of catalyst used in this

laboratory facility.

2. SO2 drop during controlled condensation

The value of SO2 concentration drops considerably when the controlled condensation

system is activated. The value of SO2 measured by controlled condensation agrees well

with the ECQCL7 measurement in Regular test conditions, so the estimated drop in

SO2 appears to be an artifact of changes in the background conditions affecting the

spectral fitting outcome. During the controlled condensation, the measurement cell

pressure increase is in the order of 1 psi, measured experimentally at room temperature.

Even if the pressure was to increase five fold at high temperature, under the theoretical

spectral analysis presented in Section 5.4.4, pressure alone would not be enough to

explain the estimated concentration difference. From Table 6.5, under these conditions

the absorbance spectrum shows water-like features, as the water vapor appears to be

reduced with respect to the reference condition. The overall absorbance is reduced

as well. The origins of this effect are still unclear. In order to maintain consistent
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results, measured values are reported under the verified conditions with the controlled

condensation flow path off.

3. Catalyst transition time in Equalized conditions

The effect of the short-term catalyst transition time manifests also in Equalized con-

ditions.

The concept of a background spectrum will be often recurring in this chapter. The back-

ground is defined as the detector signal I0 when a flow consisting only of air is present in

the cell. This background can be saved as a reference spectrum. The absorbance spectrum,

defined as A = − log10(I/I0), evaluated in the background condition is hence zero at all

wavelengths since the raw detector signal (I) corresponds to the reference spectrum (I0). If

an absorber species is later added to the measurement cell, the detector signal I will change,

and the absorbance A will now match the spectrum of the absorber species. It is also possible

to capture a background signal in a condition that is different from only air. In that case,

the absorbance spectrum will only reflect the presence of new absorber species that were

not present in the measurement cell when the background frame was captured (or present

at different concentrations).

In Figure 6.5, all concentration readings derive from a single time-averaged background

spectrum definition, captured at the start of the test in Air conditions. This single back-

ground definition would be most common in real-time measuring, as the measurement cannot

be interrupted often just in order to capture a new background signal definition. Unfortu-

nately, this is also the most inconvenient condition, as background changes that alter the

absorbance baseline can happen frequently, for example as a result of window damage or

temperature changes, and can significantly impact the accuracy of the measurement. Nev-

ertheless, the single background approach is used for the data evaluation in this dissertation

study.

The raw data from the detector (voltage signal V ), the decadic absorbance (non-dimensional),

along with a description of the test conditions are collected in Table 6.5. The background
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spectrum I0 is represented with a red-shaded area, to highlight the difference between I0

(red area) and the raw detector signal I in the specified test condition (white area with

black border). This table is a comprehensive record of the collected and analyzed ECQCL

signals for the different test conditions. While overwhelming, this tabular format permits the

graphical comparison of the raw and processed signals among any of the cases tested so that

the most dramatic differences can be highlighted easily. The raw detector signal axis range

is fixed among all rows. The absorbance signal is constant among the rows with no water

addition. The conditions where water is present are represented with a different absorbance

scale, but consistent among the water cases, since water absorbs strongly in this wavelength

regime, and it tends to hide all other spectral features.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 11:27:51 AM

The raw detector signal in this test constitutes

the background signal. The absorbance spec-

trum (right-most) is a line at zero absorbance

(since this frame is taken as the background

signal).
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Bypass 100ppm SO2 11:33:39 AM

The raw detector signal changes since an

absorbing species (SO2) is present. The ab-

sorbance, with respect to the background, is

reported under the absorbance column, and

represents the absorbance spectrum of SO2.
1280 1300 1320 1340 1360 1380 1400 1420 1440

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Wavenumber [cm -1 ]

S
ig

na
l [

V
]

1280 1300 1320 1340 1360 1380 1400 1420 1440

−0.10

0.00

0.10

0.20

0.30

0.40

Wavenumber [cm -1 ]

A
bs

or
ba

nc
e 

[-
]

162



Description Raw detector signal [V] Absorbance spectrum [-]

Regular 11:41:53 AM

The absorbance spectrum is given by the

overlapping SO3 and SO2 absorbance. The

sum of SO2 and SO3 concentrations is approx-

imately equal to the SOx input parameter for

this experiment set at 150 ppm.
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Regular (Controlled Condensation) 12:05:59

PM

No changes in the inlet gas composition

with respect to Regular conditions. The

pressure inside the measurement cell increases

(estimated at less than 2 psi or 0.15 atm

increase). The spectrum shows water-like

sharp features, similar to a reduction in H2O

concentration.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 12:23:43 PM

With air in the cell, the absorbance spec-

trum should be zero along all wavelengths or a

background change occurred. It can be related

to a temperature change, to window damage,

or to a small water vapor concentration change.

In this case, it is attributed to a water vapor

change.
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Equalized 12:30:50 PM

The absorbance spectrum is given by the

overlapping SO3 and SO2 absorbance. The

SO2 and SO3 concentrations are lower than in

the Regular case because of the added dilution.
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Description Raw detector signal [V] Absorbance spectrum [-]

Water Add (3%) 12:40:42 PM

The absorbance spectrum is given by the

overlapping SO3, SO2, and H2O absorbance.

The SO3 concentration decreases slightly

(according to the SO3-H2SO4 equilibrium

notion, as a small fraction of SO3 is expected

to hydrate into H2SO4 at 350C). At 1340,

1360, and 1400 cm−1 the water vapor almost

saturates the absorbance (with raw detector

signal dropping to almost zero). Those regions,

when saturated, should be excluded from the

data-fitting procedure, as this affects the accu-

racy or even the feasibility of a measurement

since once all the light is absorbed it is not

possible to extract any information on the

concentration of the absorber. Please note the

different absorbance axis scale for this test case

with H2O vapor presence.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 12:49:49 PM

The absorbance spectrum should be zero

along all wavelengths. The discrepancy is

likely due to trace water vapor presence, as

the absorbance spectrum shows very sharp

features. It is unclear if a transient tempera-

ture change could also have contributed to the

change in detector signal.
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Equalized 12:56:49 PM

The absorbance spectrum is given by the

overlapping SO3 and SO2 absorbance. The

SO2 and SO3 concentrations are lower than in

the Regular case because of the added dilution.
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Description Raw detector signal [V] Absorbance spectrum [-]

Equalized (with 12:49 PM air background)

12:56:49 PM

A new background is captured at the last

Air condition. The raw detector signal doesn’t

change when compared to the last Equalized

condition. The absorbance spectrum does,

since it is extracted using a new background

reference frame.
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Equalized Decay 01:09:18 PM

The absorbance spectrum is the one of

SO3 only. It is evaluated using the last

updated air background.
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Description Raw detector signal [V] Absorbance spectrum [-]

Water Only (3%) 01:23:45 PM

The absorbance spectrum is given by uniquely

H2O vapor absorbance. Please note the

different absorbance axis scale for this case

with H2O vapor presence.
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Water Only (3%) + Bypass 80ppm SO2

01:28:27 PM

The absorbance spectrum is given by the

combined absorbance of H2O vapor and

80ppm SO2.
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Table 6.5: Description, raw detector signal, and absorbance for each test condition, for Step 1 ECQCL 7 07/14/2020 T = 350C
experiment, represented in temporal order.
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6.2.4 Raw data set overview for an ECQCL 8 experiment

The analyzed data set is the Step 1 ECQCL 8 07/14/2020 experiment, with T = 350C,

SOx = 150 ppm, β = 3%. The timeline of the experiment is represented in Figure 6.6,

with test conditions labeled at the top of the figure. The timeline plot shows the final

concentration data, processed with the fitting algorithm and the appropriate libraries. The

libraries will be described later in Section 6.2.6.
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The raw data from the detector (voltage signal V ), the absorbance (non-dimensional),

along with a description of the test conditions are collected in Table 6.6. The raw detector

signal axis range is constant among all the rows. The reference background spectrum I0 is

represented with a red-shaded area in the detector signal column. The absorbance signal

range is constant among the rows where water is not added, while all the conditions with

water vapor employ a different absorbance scale, since water at high concentration is a

dominant absorber species. The scale is consistent among all the water cases.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 10:03:33 AM

The raw detector signal in this test con-

dition is used as background spectrum to

determine the absorbance in the next condi-

tions.
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Bypass 100ppm SO2 09:59:38 AM

The absorbing species SO2 is present. How-

ever, the spectrum of SO2 is not clearly

noticeable from the absorbance figure. SO2

has low absorbance in this wavelength region.
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Description Raw detector signal [V] Absorbance spectrum [-]

Equalized 10:11:17 AM

The absorbance spectrum in absence of

water should consist in a small fraction of SO2

only, since SO3 does not absorb in this regime.

The sharp spectral features of H2O are absent,

however, the H2SO4 spectrum appears and

peaks at around 1220 cm−1.

1100 1150 1200 1250 1300
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Wavenumber [cm -1 ]

S
ig

na
l [

V
]

1100 1150 1200 1250 1300

−0.20

−0.15

−0.10

−0.05

0.00

0.05

Wavenumber [cm -1 ]

A
bs

or
ba

nc
e 

[-
]

Water Only (3%) + Bypass 80ppm SO2

10:17:34 AM

The absorbance spectrum is given by the

combined spectrum of H2O vapor and 80ppm

SO2. Please note the different absorbance axis

scale for this case with H2O vapor presence.
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Description Raw detector signal [V] Absorbance spectrum [-]

Water Only (3%) 10:26:00 AM

The absorbance spectrum is given by uniquely

H2O vapor absorbance, and it presents very

sharp peaks.
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Water Add (3%) 10:33:55 AM

The absorbance spectrum is given by the

overlapping H2SO4, SO2, and H2O contribu-

tions. SO3 does not absorb in this regime.

According to the SO3-H2SO4 equilibrium, only

a small fraction of SO3 hydrates into H2SO4

at 350C. The absorbance of water dominates

the spectrum.
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Description Raw detector signal [V] Absorbance spectrum [-]

Water Add (3%) 10:33:55 AM

This condition is identical to Water Add

(3%) at 10:33:55 AM but the absorbance is

evaluated using Water Only (3%) at 10:26:00

AM as background. This allows to highlight

the H2SO4 spectrum only. Note that SO2

also contributes, but the contribution at this

concentration is minor or negligible.
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Air 10:54:50 AM

The absorbance spectrum should be zero

along all wavelengths. The absorbance region

at wavenumber 1250cm−1 displays a dip.

This behavior is attributed to a drift in the

generated laser signal (see Section 6.2.6).
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Table 6.6: Description, raw detector signal, and absorbance for each test condition, for Step 1 ECQCL 8 07/14/2020 T = 350C
experiment, represented in temporal order.
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6.2.5 The role of H2SO4 damage on optical windows

Sulfuric acid decreases window transmittance by reacting with barium fluoride, as well as

calcium fluoride, and forming a white opaque layer on the window surface. The hypothesized

mechanism for the reaction, for BaF2, is:

BaF2 + H2SO4 −−→ BaSO4 + 2 HF

Experimentally, the layer does not create many issues at around 7µm (where ECQCL 7

operates), but it is problematic at 8µm (where ECQCL 8 operates). Operations at high

temperature (350C) and low water vapor minimize the H2SO4 concentration in the cell, and

theoretically and empirically lead to slower performance degradation. For the experimental

setup of this work, H2SO4 and SO2 measurements at 8µm 300C and 250C are possible only

in time frames on the order of minutes before the window performance degrades significantly.

The damage occurs rapidly at the onset of H2SO4 formation, while the degradation slows

down as the windows are damaged. Used windows can extend the measurement time, albeit it

is not ideal to operate in those conditions since the sensitivity and the range of measurement

will decrease. The change in transmissivity is not uniform but has a wavelength-dependent

behavior. The background signal, i.e., the raw signal at the detector when only air is flow-

ing at the target temperature, is effectively changing as the windows damage significantly

challenging the fitting algorithm.

The extent of window damage is shown in Table 6.7, with the data set from Step 2

ECQCL 8 08/11/2020 at 300C. The absorbance spectra and raw detector signals in Table

6.7 are all collected in the same Step 2, Water Add test condition, with a concentration of 8%

H2O vapor, and expected concentrations of around 530ppm of SO2, and 40ppm of H2SO4.

The difference in detected signal compared to the first time frame captured at 11:27:23AM

is highlighted with a red-shaded area.

The absorbance spectrum is calculated with respect to the background condition of Water
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Only (8%), to extract the features of H2SO4 and SO2 and to better show the extent of

window damage.

Time Raw detector signal [V] Absorbance Spectrum [-]
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Table 6.7: Time, raw detector signal, and absorbance in Step 2, Water Add test conditions
with respect to Water Only (8%) background condition for Step 2 ECQCL 8 08/11/2020
T = 300C test.
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In the first two rows, 11:27 AM and 11:29 AM, SO2 is clearly visible, showing a double

peak centered around 1130 and 1170 cm−1 respectively, and sulfuric acid is visible as well

with a peak centered at 1220 cm−1. As time goes on, raw detector signal frames show a

decrease in amplitude even if the test conditions has not changed, especially in the region

from 1100 to 1250 cm−1, manifesting the effect of window damage. The raw detector signal

change impacts the absorbance spectrum, which increases significantly. The effect is the

disappearance of the H2SO4 features, and an apparent increase of SO2 concentration. This

effect is entirely due to window damage.

If two different Air conditions are compared, one occurring before H2SO4 onset, and the

other one occurring after H2SO4 has been present in the measurement cell, it is possible to

determine the spectral features of the window damage. The resulting spectrum is represented

in Figure 6.7.
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Figure 6.7: Spectral absorbance of BaSO4 evaluated by comparison of two Air conditions,
before and after H2SO4 damage respectively.

This spectrum can be compared with the spectrum of BaSO4 from the literature [113–

115]. The result is represented in Figure 6.8. The BaSO4 spectrum from the different sources

are not scaled, the spectra for all the literature sources are captured at room temperature,

and the UCI ECQCL8 spectrum is extracted at 300C. Therefore the different sources should
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not be compared in terms of magnitude. However, Figure 6.8 confirms the formation of a

BaSO4 film on the BaF2 windows, showing two peaks that are typical of the symmetric

stretching vibration of SO4
2− group [113]. As visible from the figure, the film effect in the

ECQCL7 region is less important and mostly uniform across that region. Hence, there is a

uniform decrease in transmissivity of the window after the formation of BaSO4.

ECQCL 8
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Figure 6.8: Absorbance spectrum of BaSO4 from different sources in comparison to the UCI
ECQCL 8 measured signal through the damaged windows.

It is expected that CaF2 windows would exhibit the same problems, as they react with

acid according to the reaction:

CaF2 + H2SO4 −−→ CaSO4 + 2 HF

The absorbance of CaSO4 is represented in Figure 6.9, from [115]. Calcium sulfate exhibits

the same behavior as barium sulfate. Since CaF2 has lower transmissivity in the 8µm region

compared to BaF2, ECQCL 8 is used uniquely with BaF2 windows, and the problem of

CaSO4 formation does not apply to ECQCL 8. For ECQCL7, the window degradation

process is fairly uniform across all wavelengths, and it will result in a broadband signal
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decrease.
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Figure 6.9: Absorbance spectrum of CaSO4 from NIST [115]

6.2.6 Spectral libraries

The spectral libraries are acquired for three different temperatures at 250C, 300C, and 350C.

The ideal scenario for a spectral library is the presence of a known amount of one absorber

species only in a clean air background. The procedure to define a spectral library consists

of three steps:

1. Definition of a background spectrum

A flow consisting only of air is present in the cell, at temperature T . The raw detector

signal I0 in this condition is saved as a reference spectrum.

2. Capture of the absorbance spectrum

A known amount of one absorber species is added to the cell. The raw detector signal

I in this condition is captured. The absorbance spectrum A = − log10(I/I0) now

results from the absorbing species only. For a more reliable result, the absorbance
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spectrum is averaged along multiple temporal readings (with constant concentration

of the absorber species).

3. Definition of a spectral library

According to Beer-Lambert’s Law, with the Pacific Northwest National Library (PNNL)

spectral database notation:

A = − log10(I/I0)

and also:

A = εcL

where L is the path length in meters, c is the absorbant concentration in ppm (volume-

based), and ε is absorption coefficient in (ppm · m)−1. With known path length and

absorber concentration, it is possible to evaluate the absorption coefficient ε for the

absorber species, as a function of wavenumber and at the temperature T . The spectral

library at T consists of the values of ε for every wavenumber. The absorption coefficient

will hence be equivalent to the decadic absorbance (defined as A = − log10(I/I0)) of

one ppmv of absorber species in a 1m cell.

ECQCL7, Sulfur dioxide, SO2

Sulfur dioxide can be injected in the cell directly through the Bypass line (see point 3 in

Figure 3.6), with a SO2/N2 mixture from a cylinder tank diluted with air. The uncertainty

on this flow is related to the operation of two flow controllers (one for the air flow, one for

the SO2 mixture) and the concentration of SO2 in the gas cylinder, as explained in Section

3.5.
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Figure 6.10: Library spectrum for SO2 at different temperatures.

ECQCL7, Sulfur trioxide, SO3

Sulfur trioxide is generated through catalysis of sulfur dioxide, so in principle it is not possible

to generate a flow where the only absorber is SO3 unless the catalyst conversion rate reaches

100%. However, due to the catalyst mechanism that involves triox desorption, it is possible

to generate a SO3-only flow (in air) by flowing air through a conditioned catalyst without

any SO2 feed (Equalized Decay test condition). Since no SO2 is provided, the outlet gas will

not present any SO2. At the same time, SO3 is desorbed and flows to the measurement cell.

While this process implies a depletion of the catalyst (with SO3 progressively diminishing),

it has not been observed experimentally under these experimental conditions, with SO3

concentration staying constant for long periods of time (>20 minutes). The duration of this

effect is likely to depend on the amount of catalyst installed and the gas flow rate used.
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Figure 6.11: Library spectrum for SO2 at different temperatures for ECQCL 7.

Some water-related features can be observed on the SO3 spectrum, most notably in the

250C case (see regions at 1340 and 1320 cm−1), even if the feed flow provided by the gas

cylinder was dry. This highlights that water is always present (maybe only at trace levels)

and it is detrimental to an accurate measurement. While this is not optimal, it can be

compensated for by using an appropriate water library together with the SO3 library when

fitting the experimental data.

ECQCL7, Water vapor, H2O

The water vapor library is generated by activating the Water Only test condition.
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Figure 6.12: Library spectrum for H2O at different temperatures for ECQCL 7.

Water vapor is a weaker absorber than SO2 and SO3, however it is usually present in

much higher concentration so it can dominate the overall absorbance spectrum. When large

amounts of water vapor are present, such as a concentration of 8%, water absorbance can

be so strong that for some wavelengths the laser signal barely reaches the detector (an

effect referred to as saturation). The saturation is noticeable from Figure 6.13, at 1340,

1360, and 1400 cm−1. As mentioned earlier, operating under these conditions implies that

the absorbance spectrum in those wavelengths is not be reliable or sensitive enough, and

those regions should be excluded from the spectral fit. Moreover, libraries captured under

these conditions are unreliable because spectral line width and amplitude are affected by

the saturation. These problems get worse with window degradation. The water libraries

presented in figure 6.12 are captured at 3% water vapor concentrations, where spectral

structures are still well defined and saturation is not prevalent.

For the reasons above, the concentration of water estimated by these libraries is often

not accurate, as factors that are not accounted for in a Beer-Lambert’s description come

into play. However, the measurement of SO2 and SO3 in the presence of water vapor is still
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(a) Raw detector signal.
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(b) Water vapor absorbance spectrum.

Figure 6.13: Saturated detector and correspondent water absorbance spectrum.
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Figure 6.14: Water libraries for small concentrations/oscillations, at different temperatures
for ECQCL 7.

possible when the water library is used in conjunction with those of SO2 and SO3.

To further improve the quality of the absorbance fit, three additional water libraries are

used to account for small water vapor oscillations. These libraries are captured with both the

reference signal I0 and the library signal I captured in Air test conditions, where a weak water

presence was the only difference between the two. The captured low-water concentrations

libraries are not quantitative, and they are used to simply increase the accuracy of the fit

for SO2 and SO3 by removing unaccounted for water oscillations.

ECQCL8, Water vapor, H2O

Also for ECQCL8, the water vapor absorbance is weaker than the one of H2SO4 and SO2.

The library spectrum for H2O is captured in Water Only test conditions. Since water is a
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weaker absorber in this region, a library for smaller water concentration is not needed, as

they do not significantly affect the absorbance spectrum.
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Figure 6.15: Library spectrum for H2O at different temperatures for ECQCL 8.

ECQCL8, Sulfur dioxide, SO2

The library spectrum for SO2 is captured in Bypass Only conditions, like for ECQCL 7. The

absorbance for SO2 is about one order of magnitude larger than the one of H2O. However,

in target conditions the concentration of H2O can be as much as 30 times larger than the

one of SO2 at 8% water vapor and 2500 ppm respectively. In general, spectral fitting of SO2

did not perform well at low SO2 concentrations. It is unclear whether the issues are related

to the weak absorbance of SO2, to over-fitting of the measurement noise, to the influence of

water features, or to a combination of these.
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Figure 6.16: Library spectrum for SO2 at different temperatures for ECQCL 8.

ECQCL8, Barium sulfate, BaSO4

As briefly described earlier, barium sulfate forms when the windows material, BaF2, reacts

with sulfuric acid to form a BaSO4 solid phase. Barium sulfate appears as a white, cloudy,

and opaque layer on the window surface exposed to the simulated flue-gas flow. The reaction

can manifest on the timescale of minutes under the experimental conditions, and BaSO4 is

highly absorbent in the ECQCL 8 wavelength regime. When the BaSO4 libraries are used

in the fit, they effectively reduce the impact of windows damage and offer a more reliable

H2SO4 concentration measurement. However, as the BaSO4 layer progressively builds up

on the window surface, the light reaching the detector significantly decreases, the signal-to-

noise ratio decreases, and the measurement sensitivity is reduced. The workaround of BaSO4

fitting is valid only for timescales in the order of tens of minutes. Furthermore, due to the

reduced sensitivity as the window degrades, the laser can fail to resolve the two “peaks”

features of SO2 and BaSO4 and the absorbance spectrum appear distorted forming a single

“peak” in the 1150cm−1 region. When operating under these conditions the measurement is

not reliable, since the accuracy of the fit is poor.
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The library spectra for BaSO4 at different temperatures is shown in Figure 6.17. It is

possible in principle to scale the spectral libraries to quantify the extent of window damage

in terms of thickness of the BaSO4 layer but the main goal for these libraries is only to filter

out the BaSO4 contribution to a given absorbance spectrum. The three libraries have been

normalized in Figure 6.17. As previously stated, the libraries are not quantitative, and they

can not be compared to each other in terms of magnitude, but only in terms of shape.

The libraries are captured by acquiring the detector signal I0 in Air test condition. After

sulfuric acid has been present in the cell (in a Water Add test condition), the test condition

Air is repeated, and the detector signal I is captured. The only difference between the two

Air test conditions is hence the presence of a BaSO4 absorbing layer on the windows surface.

1100 1150 1200 1250 1300
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300C BaSO 4 
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Figure 6.17: Library spectrum for BaSO4 at different temperatures for ECQCL 8

ECQCL8, Sulfuric acid, H2SO4

The definition of sulfuric acid libraries at different temperatures is complicated by several

factors:

1. sulfuric acid concentration at high temperatures is significantly reduced due to the

chemical equilibrium shifting toward SO3
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2. the presence of H2SO4 in the cell necessarily implies the formation of a BaSO4 layer on

the windows (window damage), so the absorbance spectrum will progressively degrade

in time. This is especially true for the 250C case, where the H2SO4 concentrations are

the highest (due to the chemical equilibrium shift)

3. sulfuric acid is present only when water vapor is present, and water vapor absorbs

strongly due to its high concentration levels

4. the concentration of sulfuric acid in the cell is not known with certainty at high tem-

perature, where H2SO4 and SO3 coexist

5. catalyst transient ramp-up times mean the H2SO4 concentration will increase in time

to reach its asymptotic value, but it takes up to five minutes to reach the steady state

The H2SO4 libraries are captured by acquiring the background signal (detector signal I0)

in Water Only test conditions. Water Add conditions are activated immediately following

Water Only conditions, and the detector signal I is captured. In this way, the water contri-

bution is effectively excluded (even if small oscillations in the water vapor concentration can

still affect the recorded libraries). The detector signal I does not consist of a single temporal

measurement but it is averaged over multiple temporal readings. The averaging time is a

compromise between obtaining a higher quality spectrum by increasing the sampling time

to exclude transient phenomena and decreasing sampling time so that the contribution of

BaSO4 formation will be limited. It was empirically found that windows that have already

experienced partial reaction to form BaSO4, hence with only fair transmission performance,

will degrade at a relatively slower pace with respect to brand new windows. Using this

advantage, it is possible to delay the acquisition of the detector signal I for some minutes

so that H2SO4 concentration levels are at steady-state and uniform among all the captured

time frames.

The 250C case is the most demanding in terms of window damage, but it offers the signif-

icant advantage of a fairly well known H2SO4 concentration. In fact, at 250C and 3% water

189



vapor, the equilibrium steers towards the almost complete formation of H2SO4. Note that

from equilibrium, only 8.9% of SO3 + H2SO4 will be in the form of SO3. Controlled con-

densation measurement are taken as a reference, providing the H2SO4 + SO3 concentration

in the measurement cell. The exact H2SO4 concentration, needed for the definition of the

library, is then calculated with the assumption of chemical equilibrium with SO3. Since for

the 250C case only a small part of the H2SO4+SO3 will be in the SO3 form, the assumption

will lead to the smallest estimation error for the real H2SO4 concentration in the cell with

respect to the cases at higher temperatures. The 250C case also offers the strongest H2SO4

signal (both due to concentration and absorption coefficients), hence it will be the cleanest

H2SO4 spectrum in the library, since its strong absorbance can mask the effect of other

absorbers.

The procedure to capture the experimental H2SO4 spectrum is repeated for the remaining

temperatures. The libraries at 300C and 350C present significantly more noise, as they are

characterized by lower H2SO4 concentrations, smaller absorption coefficients, and are hence

more susceptible to water fluctuations, which is visible at around 1170 cm−1 of Figure 6.18 as

an example, and measurement noise. The measurement at 300C presents the most important

water disturbances among the three library cases, and the absorption coefficients do not align

as expected with the other two cases, with the absorption coefficients being the lowest for

the 300C case. This is not expected and could not be fully explained.

It is important to notice that all the libraries definitions had to rely on the discussed no-

tion of chemical equilibrium, since the SO3 concentration could not be established during the

Water Add test conditions as the two ECQCL lasers could not be operated simultaneously.

That is, the concentration of SO3 is presumed to be that in equilibrium with the measured

H2SO4 at the test temperature. The combination of these two then provides the total con-

vertible SO3/H2SO4 in the experiment, that can be evaluated with the measurement from

EPA Method 8A.
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Figure 6.18: Library spectrum for H2SO4 at different temperatures for ECQCL 8.

ECQCL8, Laser drift

The ECQCL 8 exhibited a laser signal drift in time, independent from the gas present in the

cell. The same detector is used for ECQCL7 and ECQCL8, so the effect is attributed to an

instability of the laser itself. Two different libraries are used for 250C and 350C; the 250C

library is used also in the 300C cases. The origin of the signal drift is unclear and requires

further work.
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Figure 6.19: Library spectrum to correct for laser drift at different temperatures for ECQCL
8

The two libraries have been normalized to be represented in Figure 6.19. The libraries

are not quantitative, and they are used only to compensate for the presence of the drift in

the absorbance data.

6.2.7 Ion chromatography measurement uncertainty

In order to have any confidence in the absolute optical absorption measurement of these

sulfur species, it is important to compare the laser-based measurement results with an in-

dustry standard method currently employed for monitoring the same species as the target for

the ECQCL system. The EPA Method 8A is currently the industry standard for the mea-

surement of SO2 and SO3/H2SO4 in flue-gas. The aqueous samples from the condensation

coil and impingers are analyzed for sulfur content, through titration or ion chromatography

techniques, and the concentration of SO2 and SO3/H2SO4 in flue-gas is estimated.

In this work, the aqueous samples collected with EPA Method 8A are analyzed for their

sulfate ion content with ion chromatography at the UCI Mass Spectrometry Facility, with
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a Metrohm 940 Professional IC Vario (Metrosep A Supp 5 - 150/4.0 column and carbonate

eluent). Before the measurements, six sulfate solutions as standards with different concen-

trations, 30, 60, 120, 240, and 480 mg/L, are prepared and analyzed to define a calibration

curve for sulfate ion concentrations. The initial source of liquid H2SO4 is a Fisher Scientific

0.01N H2SO4 . The 0.01N source contains 0.005 mol/L of H2SO4 in water, and the molecular

weight for sulfate ion 96.06g/mol, resulting in a concentration of 480 mg/L. To verify the

consistency of the measurements, five samples, 0, 60, 120, 240, and 480 mg/L, are prepared

independently from the standards. Each sample is stirred and split in identical HDPE vials,

one vial to be analyzed at the UCI facility and one vial provided to an external testing

company. The testing samples are themselves subject to a concentration uncertainty due to

the sample preparation.

The nominal, UCI, and external sulfate concentration estimation are collected in Table

6.8. UCI results appear to overestimate the expected sulfate concentration, but the discrep-

ancy is within 10% of the expected value. On the other hand, the results from the external

testing company are in general closer to the expected values, with the notable exception of

the sample UCI5, but the estimation error is in the opposite direction with respect to the

UCI testing.

Sample

Name

Nominal

(mg/L)

UCI

(mg/L)

UCI error (%) External

(mg/L)

External error (%)

UCI1 120 131 9 110 8

UCI2 0 0 - 0 -

UCI3 480 494 3 473 1

UCI4 240 256 7 237 1

UCI5 60 63 5 139 132

Table 6.8: Ion chromatography measurement uncertainty

This test aims at highlighting that the ion chromatography measurement step (which is
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the last step of the EPA Method 8A technique) is itself subject to an considerable margin of

uncertainty. A confidence interval can not be established with this limited amount of data,

but this partial analysis shows that the ion chromatography results could be expected to be

reliable within a margin of ±10%.

6.2.8 Step 1 experiment results analysis

Experiments in Step 1 follow a predefined set of instructions, so several experiments can be

effectively compared. The experiment sets based on the test day and temperature conditions

used for this analysis are summarized in Table 6.9. Some experiments have been excluded

from the list presented in Table 6.3. For example, tests with reduced path length, or any path

length different from 5.60m, have been excluded to compare only the results collected under

the same laser operating conditions. Additionally, experiments that failed the controlled

condensation leak test were excluded, with the dry gas meter of EPA Method 8A used for

leak-checking. The gas flow rate from the flow controllers - adjusted from standard flow rate

to room temperature flow rate - was required to match the reading from the dry gas meter

within 5% to pass the test. This verification is valid to detect both leaks in the Method 8A

setup and leaks occurring in the measurement cell. Some tests also presented unacceptable

levels of etaloning noise occurring when the laser was improperly aligned. These experiments

have been excluded as well, as the etaloning degraded the quality of the measurements.

Experiments presenting major instabilities in the measurement cell temperatures or with

erroneous flow conditions have been removed from the list.

Most experimental problems arise from window maintenance. Since the multi-pass cell

mirrors are located very close to the windows, the laser alignment was often lost in the

process of removing windows for maintenance. Re-alignment often resulted in lowered signal

intensity, variation of the path length, and increase of etaloning noise. While a few of the

remaining experiments sets still present some instabilities, mostly attributed to less than

stable temperatures, they have been included in the analysis, for a more complete and
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realistic picture. In general, longer experiment sets reach a better temperature stability,

probably because of the significant thermal inertia of the rig.

For a single measurement set, only one background measurement is used. A background

measurement consists in the capture of a detector signal I0 in a determined condition (in this

case, Air test condition). Every other captured detector signal I along the timeline is going

to be compared to I0 to determine the absorbance spectrum. The performance of the laser

can be improved by using more than one background measurement along the experiment

timeline (for instance, recapturing a background signal I0 for every Air condition present in

the set) as background changes - due to windows damage, temperature changes, or water

traces - are the most important obstacle to a successful measurement. The use of more than

one background reference is possible during the post-processing of the data, however, for

in-situ measurements it is difficult to interrupt a test in order to acquire a new background

measurement. The experiment sets are hence oriented toward a more realistic strategy, where

all the absorbance frames are extracted from a single background measurement.

In plots with laser direct readings, the error bars represent the standard deviation of the

data collected along the duration of the related test condition (unless specified differently),

as the knowledge of the standard deviation can be used to define the limits of detection. In

plots with derived data (for example, the ratio of two measurements) no error bars will be

present. In plots where several averages of samples from different data sets in the same test

conditions are in turn averaged, the error bars will represent the 95% confidence interval for

the measure. When the sample size is small, the student-t distribution is used to determine

the confidence interval.
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T = 250C T = 300C T = 350C

05/25/2020 05/25/2020 05/26/2020

05/27/2020 05/27/2020 05/28/2020

05/29/2020 06/09/2020 06/13/2020

06/16/2020 06/18/2020 07/02/2020

06/30/2020 07/07/2020 07/06/2020

07/07/2020 07/09/2020 07/07/2020

07/13/2020 07/14/2020 07/14/2020

Table 6.9: Experiment sets used in Step 1 ECQCL 7 analysis.

The results from the spectral fit of each of the experiment sets of Table 6.9 with the

spectral libraries of Section 6.2.6 are analyzed and compared. The spectral fitting consists in

a linear regression algorithm proprietary of Opto-Knowledge Systems, Inc. (OKSI). Although

the details of the algorithm are proprietary, the method follows the general best practices

where an initial guess of species concentration is used to build a theoretical spectrum based

on the spectral libraries of each species. This composite is compared with the experimental

spectrum after a the background has been subtracted and the differences between measured

and computed spectra are assessed. The concentrations are then adjusted and the process

repeated until the difference is minimized.

SO2 performance with ECQCL 7

The performance of ECQCL 7 for SO2 measurement is estimated using test conditions where

the SO2 concentration is known, such as Bypass 100ppm and Water only + Bypass 81ppm.

The SO2 reading from the laser is hence compared to 100ppm and 81ppm respectively. The

Water only + Bypass 81ppm condition is a benchmark for the performance of both H2O and

SO2 libraries, as the SO2 concentrations resulting from the fit should ideally not be affected

by the presence of water.
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Figure 6.20 represents the SO2 reading resulting from the fit of the absorbance spectrum

on different test days, grouped by measurement cell temperature. The dash lines represent

the mean of all the SO2 readings at that measurement cell temperature. The expected value

for SO2 is 100ppm (solid black line). Each plot is labeled with the 95% confidence interval

for the data. Figure 6.21 represents the error of the SO2 reading with respect to the nominal

SO2 concentration (100ppm in this case).

As seen in Figure 6.20 and Figure 6.21, the mean of the readings differs 5% (for 350C)

to 10% (250C case) from the expected value of 100ppm, with 95% confidence intervals of

±6% for the 350C case and ±11% for the 250C case (the case with wider uncertainty).

The measurements at 350C (the case with the best performance for this test) are both

more precise and more accurate than the measurements at 250C (the case with the lowest

performance). These calculations assumed a real reference value of 100ppm SO2, though

this value is subject to experimental uncertainties as well, with a RSS uncertainty of about

±4% when using a 1650ppm SO2 cylinder, as seen in Section 3.5.
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Figure 6.20: SO2 measurements in Bypass 100ppm test conditions.
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Figure 6.21: SO2 estimation error in Bypass 100ppm test conditions with respect to the
nominal expected SO2 concentration.

In the presence of 3% water, as seen in Figure 6.22 and Figure 6.23, the situation

marginally improves for the 250C case (mean value is 6% off the expected value), but it

is still characterized by a 95% confidence interval of ±11% from the mean, for both the

250C case and the 350C case. Ideally, SO2 reading should not be affected by the presence

of water. In this analysis, the effect of H2O on SO2 measurement is within the uncertainty

level of the dry SO2 measurement.
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Figure 6.22: SO2 measurements in Water only + Bypass 81ppm test conditions.
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Figure 6.23: SO2 estimation error in Water only + Bypass 81ppm test conditions with
respect to the nominal expected SO2 concentration.

SO2 measurements reported in Figure 6.24 are related to Regular test conditions, where

SO3 and SO2 coexist. The measurements are sorted chronologically, and grouped based

on the amount of SO2 entering the catalyst (variable SOx). The mean SO2 concentration
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measured in the cell should be the best estimator of the catalyst efficiency, assuming that

all the SO2 that entered the catalyst and is not present in the cell is in the form of SO3. In

this case, there is no expected value from the measurements, except the requirement that

all measurements of SO2 should be lower than the correspondent SOx concentration. As for

the previous case, the generation of 50ppm, 100ppm, and 150ppm SO2 are associated with

an uncertainty error that is estimated in 7%, 4%, and 3% respectively, as seen in Figure 3.16.

The mean measured SO2 concentrations in the cell are 34.8 ± 14%, 58.5 ± 8%, 89.8 ± 8%.

The derived estimated conversion efficiencies would hence estimated to be around 32%, 42%,

and 40%, for 50ppm, 100ppm, and 150ppm of inlet SO2 (variable SOx) respectively.
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Figure 6.24: SO2 measurements in Regular test conditions.

A further measurement of SO2 libraries and fitting performance is given by the compar-

ison between the Regular and the Equalized test conditions, and it is represented in Figure

6.25. Equalized conditions present a known dilution of the flow in Regular conditions, so the

ratio between the two concentration readings should be constant. Specifically, the concen-

tration of SO2 in Equalized should be 81% the concentration in Regular conditions. Since

the values plotted in Figure 6.25 are not immediate readings, but rather the ratio of two
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different readings, the error bars are not reported. Each date includes two different readings,

as Equalized conditions are present twice in each data set. The ratio between the two test

conditions readings is on average 6%, 5%, and 1% off for 250C, 300C, and 350C, respectively.

The correspondent 95% confidence intervals are ±6%, ±4%, and ±7% of the mean.
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Figure 6.25: SO2 ratio between Equalized and Regular test conditions readings.

Figure 6.26 represents for each test date measurements for two different techniques, EC-

QCL 7 laser (circles) and EPA Method 8A (squares), with the aqueous samples from EPA 8A

processed with ion chromatography. The SO2 ECQCL 7 readings are taken from the Regular

conditions, with the controlled condensation system not activated. The reason behind it is

that the laser measurements during controlled condensation presented a SO2 concentration

drop, as previously explained in Section 6.2.3. The readings are an average over a 40 samples

subset of Regular conditions, correspondent to about 52 seconds, either at the start of the

Regular conditions or right before the activation of the EPA 8A setup.
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Figure 6.26: SO2 ECQCL7 measurements and EPA Method 8A measurements for Regular
test conditions.

Figure 6.27 represents the same information, where the discrepancy between the EC-

QCL7 and EPA 8A method is estimated with respect to the EPA 8A results. While Figure

6.27 presents large errors, the maximum absolute difference among all data sets at all tem-

perature is around 15ppm. In realistic conditions, where SO2 concentrations are in the

order of thousands of ppm, an absolute error of 15ppm is acceptable. The performance of

the SO2 laser and EPA 8A method will be further analyzed in Section 6.2.10 for the Step 2

experiments in realistic conditions.
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Figure 6.27: Error between SO2 ECQCL7 measurements and EPA Method 8A measurements
for Regular test conditions.

SO3 performance with ECQCL 7

Evaluating the performances of the ECQCL 7 for SO3 measurements has the additional

complication of the lack of reference values with which to compare, as SO3 is generated

through the oxidation reaction of SO2 and is not provided by a direct calibrated source, unlike

the case of SO2. The performance will hence be evaluated by grouping tests characterized

by the same flow and/or temperature conditions, using EPA Method 8A as benchmark.

Figure 6.28 represent the measured SO3 concentrations in Regular test conditions, grouped

by concentration of sulfur dioxide entering the catalyst (variable SOx), ordered chronolog-

ically. Since SO3 concentrations in Regular conditions are subjected to the catalyst short-

term transient, the represented SO3 value (and standard deviation) for every test case con-

sists of the average on a 40 samples subset, correspondent to about 52 seconds, either when

the controlled condensation system is active or at the end of the Regular test conditions.

The difference between the two is mostly negligible, as SO3 concentrations converge to a

stable value after the initial catalyst short-term transient.
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The SO3 concentrations in Figure 6.28 do not display a clear behavior, unlike the equiv-

alent SO2 case represented in Figure 6.24. In the last test cases for each inlet SOx value the

concentration values of SO3 stabilize at constant levels.
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Figure 6.28: SO3 measurements in Regular test conditions.

Figure 6.29 represents concentrations of both SO2 and SO3 for each test day, sorted

chronologically. The black solid line represents the inlet SOx. As previously seen in Figure

6.24, SO2 readings respond immediately to a sudden change in the inlet variable SOx. On the

other hand, SO3 concentration response is much slower and associated with the conditioning

time for the catalyst. In fact, SO3 concentrations show a substantial “memory” of the

previous operating conditions. For instance, before 05/25/2020, the inlet SOx was set to

400ppm to allow to prime the catalyst faster. Unfortunately, that initial load had lasting

repercussions on the SO3 output from the catalyst. The concentrations were not just larger

than expected, but also larger than the overall inlet sulfur content even after hours of testing.

Sulfur trioxide concentrations leveled in the July 2020 experiments.
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Figure 6.29: Complete timeline for SO3 and SO2 measurements in Regular test conditions
for ECQCL 7 Step 1 tests.

Figure 6.30 represent the error between the inlet variable SOx and the sum of the laser-

measured SO2 + SO3 concentration. If the total sulfur content was preserved from the inlet

of the catalyst to the measurement cell, the error would be zero. As previously mentioned,

this is not valid in most of the condition tested, since the SO3 output greatly exceeded the

expectations. The error decreased with time, especially when the inlet SOx concentration

was increased from one test to the next. The conditioning time of the catalyst appears to be

a very important factor in evaluating the sulfur balance. Hence, it is difficult and possibly

fallacious to rely on the concept of sulfur balance to estimate the SO3 concentration in the

measurement cell when operating with a vanadia catalyst, since the status of the catalyst

conditioning state is not known at any given time.

Figure 6.29 and Figure 6.30 highlight the long temporal transients associated with SO3

generation from the oxidation of SO2 promoted by a vanadia catalyst, with conditioning

times possibly in the order of tens of hours. The conditioning time is experimentally observed

as depending on gas flow rates, SO2 concentration, and amount of catalyst used. It is possibly

convenient to start operating the catalyst at the desired flow conditions long before measuring
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the SO3 yield. Also, in this experiment it is best to progress the tests in the direction of

increasing SOx input rather than decreasing, since the conditioning is faster when increasing

the inlet sulfur dioxide concentrations. Ideally, the catalyst should be operated continuously

and always under the same inlet flow conditions to promote a steady SO3 yield. The addition

of the high-temperature Main Flow Valve (number 2 in Figure 3.6) is a step in this direction,

since it allows uninterrupted catalyst operations.
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Figure 6.30: Error between the measured concentration of SO2 + SO3 with respect to the
inlet variable SOx, in Regular test conditions for ECQCL 7 Step 1 tests.

Figure 6.31 shows for each test date two separate measurements, one from the ECQCL 7

laser (circles) and one from the EPA Method 8A (squares), with the aqueous samples from

EPA 8A being processed with ion chromatography. For each cell temperature T , one case of

close match between the ECQCL 7 and the EPA 8A measurements is expected, since the very

definition of the SO3 library relies on a calibration point that is provided by a single EPA 8A

measurements. In all the latest test cases for each temperature the ECQCL 7 and the EPA

8A results match within less than 5% difference, as seen in Figure 6.32. The earliest tests

proved more noisy and less stable, with the catalyst not at steady-state. On the other hand,

these factors should not significantly impact the accuracy of SO3 measurements for both
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measurement techniques. Further tests would be required to shed light on the discrepancy,

possibly analyzing cases with high SO3 concentrations (>100 ppm) to verify if the EPA

8A measurement method is successful in determining high concentrations of SO3. However,

those conditions would never be encountered under power-plant conditions.
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Figure 6.31: SO3 ECQCL7 measurements and EPA Method 8A measurements for Regular
test conditions.
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Figure 6.32: Error between SO3 ECQCL7 measurements and EPA Method 8A measurements
for Regular test conditions.

A further assessment of SO3 libraries and fitting performance is given by the comparison

between the Regular and the Equalized Decay test conditions, as for the SO2 case, and

represented in Figure 6.33. The Equalized test conditions are not used for SO3 since in most

cases they were affected by the short-term catalyst transient. The concentration in Equalized

Decay test conditions is expected to be 81% the value of concentration in Regular conditions,

as for the Equalized case. Error bars are not present in Figure 6.33 since they are not direct

readings, but are calculated from two separate measurements. The reading between the two

test conditions is on average 6%, 1%, and 4% off for 250C, 300C, and 350C, respectively.

The 95% confidence intervals are ±4%, ±4%, and ±3%.
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Figure 6.33: SO3 ratio between Equalized Decay and Regular test conditions readings.

In Equalized test conditions, a steady concentration of SO2 and SO3 should be present

in the measurement cell, diluted in air. In Water Add test conditions, a part of the diluent

air is replaced with water vapor, maintaining the overall flow rate constant at the same

level as Equalized conditions. Sulfur dioxide concentration will stay constant, while SO3

concentration will drop due to the reaction of SO3 with H2O to form H2SO4. It is possible

to evaluate the fraction of SO3 that has not reacted with water by calculating the ratio

between the concentration of SO3 in Water Add and Equalized conditions. For instance,

a ratio of 0.75 means that of the initial SO3 concentration (measured in Equalized), only

25% is in the form of H2SO4 in Water Add conditions, while 75% is still in the form of

SO3. Since in Equalized conditions the SO3 concentration is not stable (due to the catalyst

short-term transient), the SO3 concentration in Equalized Decay is used instead. The two

conditions (Equalized and Equalized Decay) present the same steady-state levels of SO3, so

no error is introduced. Notably, one outlier case at 250C (06/30/2020) has been dropped

from the analysis, since the data set presented a strong variation in background close to

the Water Add condition. Consequently, a zero-concentration baseline for SO3 could not
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be well established, and the SO3 ratio between the two condition did not provide a reliable

measurement.

Figure 6.34 represents the SO3 and H2SO4 normalized theoretical chemical equilibrium

curves at 3% water vapor as a function of cell temperature, together with the calculated

SO3 fraction present in the measurement cell in Water Add conditions and evaluated with

ECQCL 7 laser. For each test temperature T , Figure 6.34 represents with a circle the mean

of the ratio between SO3 readings in Water Add and Equalized Decay conditions between

all test cases, and each error bar represents the 95% confidence interval evaluated with a

student-t distribution, since only about six data sets per temperature were used.

In Figure 6.34, the experimental points lie above the SO3 curve, indicating a higher

than expected SO3 concentration. However, the points would fall almost exactly on the

theoretical SO3 curve if the thermocouple temperature measurements were underestimating

the cell temperature by only 30C, amounting to a temperature estimation error of 8.5% to

12% (for the 350C and the 250C case respectively).

Ultimately, the hypothesis of chemical equilibrium is verified in the experimental condi-

tions of this work, even if not perfectly matching the theoretical expectations. The difference

between theoretical expectations and experimental results could be explained by a less than

12% temperature measurement difference, so the assumption of chemical equilibrium is ver-

ified with a level of uncertainty of no worse than 12%. It cannot be established if the small

discrepancy is due to other factors, as it lies within the uncertainty levels of the experimen-

tal setup. Ideally, the discrepancy could be further analyzed by coupling ECQCL 7 and

ECQCL 8 lasers for a simultaneous SO3 and H2SO4 measurement. However, the H2SO4

measurement libraries are themselves subject to the assumption of chemical equilibrium, as

explained in Section 6.18.
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Figure 6.34: SO3 and H2SO4 normalized theoretical equilibrium at 3% water vapor as a
function of temperature, with ECQCL7-measured SO3 fraction.

H2SO4 performance with ECQCL 8

As explained in Section 6.18, the procedure to define H2SO4 libraries is convoluted and prone

to introduce measurement errors. The measurement of H2SO4 with ECQCL 8 is similarly

intricate, and follows the steps below:

1. EPA Method 8A measurement

First, the controlled condensation system is activated in Regular test conditions, with

additional water vapor injected after the measurement cell, to gather the overall

SO3+H2SO4 cell content. The ECQCL 7 laser is operating during this time to mea-

sure SO2 and SO3 simultaneously, to compare the two to the EPA Method 8A results

(Figure 6.31 and Figure 6.26). Since in Regular conditions the water vapor present is

virtually absent, all SO3+H2SO4 is in the form of SO3 in the measurement cell.

2. Activation of ECQCL 8 laser

To measure H2SO4 concentrations, the ECQCL 8 has to be operating. The procedure
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involves some changes in the physical arrangement of the setup, namely a flipper mir-

ror and a different data acquisition system, while using the same detector. As such,

ECQCL 7 and ECQCL 8 could not be operated simultaneously, and the transition

takes up to 1 hour, since the acquisition of a new background signal for ECQCL 8 is

also needed to start the measurement.

3. Dilution effect

To measure H2SO4, water needs to be present in the measurement cell. When water

vapor is injected before the cell (Water Add conditions, where the ECQCL 8 needs

to operate to visualize sulfuric acid), the gas flow rate in the measurement cell is

different with respect to Regular conditions (where EPA Method 8A was operated).

This difference in flow is well characterized, and it is accounted for by scaling the EPA

8A measurement results.

4. Assumption of equilibrium

Since EPA 8A method provides the total SO3+H2SO4 content in the measurement

cell, the assumption of equilibrium is used to separate the two distinct SO3 and H2SO4

contributions, based on temperature and water vapor content.

This approach presents several issues. First, it introduces a time-lag, since the ECQCL 8

reading and EPA Method 8A measurement do not occur simultaneously. The issue with the

time-lag does not create uncertainties if the catalyst behavior is stable on that time-scale of

∼1 hour. The flow dilution, due to the different flow rate in Regular and Water Add condi-

tions, is also not problematic, as it is known and well characterized by the flow controllers.

The chemical equilibrium assumption, however, introduces the most uncertainties.

Analyzing the H2SO4 libraries, at 300C the magnitude of the H2SO4 absorbance spec-

trum (per ppm·m) should be larger than the one at 350C and smaller than the one at 250C,

but using experimental data and equilibrium assumption this result is not verified. This is

a factor that decreases the confidence in the scale of the libraries and the accuracy of the
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measurements. A possible step to improve the libraries would be the simultaneous operation

of ECQCL 7 and ECQCL 8, since with a direct SO3 measurement the definition of a library

would not need to rely on the assumption of chemical equilibrium.

The results for Step 1 tests are summarized in Figure 6.35 and Figure 6.36.
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concentrations estimated from the EPA Method 8A measurements under the assumption of
chemical equilibrium.

The experimental points in Figure 6.35 closely capture the estimated equilibrium con-

centrations. In terms of measurement error, as shown in Figure 6.36, the results at 350C are

comparatively larger. However, the H2SO4 concentrations at 350C are reduced with respect

to 300C and 250C, so a small absolute concentration difference can turn into a large percent-

age error. Since the H2SO4 libraries are defined based on one EPA Method 8A measurement

for each temperature, it is expected for one ECQCL 8 - EPA 8A measurement pair per

temperature to match. The standard deviation of the H2SO4 ECQCL 8 laser measurements

often lies at ±10% of the mean value, indicating a noisier measurement.

While these numerical results look encouraging, the measurements suffer greatly from

background changes. A zero-concentration baseline could not be maintained for long periods

of time because of the continuous degradation of the windows. The formation of BaSO4

decreases the sensitivity and accuracy of the measurement by lowering the signal-to-noise

ratio.
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6.2.9 Summary of Step 1 results

In the simplified conditions of Step 1, the ECQCL 7 SO2 and SO3 readings were precise

(< 4% standard deviation) and accurate (±10% for SO2, evaluated on calibrated concen-

trations). The accuracy could be further improved by using a different calibration source.

The negative effect of the presence of 3% water vapor on spectroscopic measurements was

limited and it did not preclude successful measurements of SO2 and SO3. At 3% water vapor

concentration, the comparison of SO3 levels with and without water confirmed the chemi-

cal equilibrium between SO3 and H2SO4 at different temperatures within the experimental

uncertainty. To date, this is the first investigation of the chemical equilibrium in flue-gas

conditions by direct measurements.

The ECQCL 8 performance in measuring low levels of SO2 was unsatisfactory, as at

100ppm concentration the SO2 contribution was not visible in the absorbance spectrum and

not reliably extracted by the spectral fitting algorithm. Due to the weak absorbance of SO2,

it is likely that the limit of detection in this configuration is probably larger than 100ppm

and measurements at low concentrations are precluded. H2SO4 was consistently detected,

albeit with limited precision (10% standard deviation). The measured H2SO4 was generally

accurate with respect to the controlled condensation results, using the assumption of chemical

equilibrium. Some practical issues include the important window degradation occurring only

minutes after H2SO4 was present in the measurement cell and a laser signal drift in time.

While the laser drift issue can be solved by spectral fitting, the window degradation is a

significant issue that can prevent the possibility of continuous measurements.

The next section will analyze the performance of the two lasers under realistic flue-gas

conditions, increasing the concentrations of SO2 and H2O vapor to test the capabilities of the

two systems. The tests in Step 2 were focused on covering a wide combination of conditions,

and are therefore less structured. The limited number of test days available also precluded

the possibility of replicating the same conditions for every temperature. The investigation
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of the results of Step 2 tests will be more oriented to the feasibility of the measurement and

the spectroscopic limitations encountered, as not enough structured tests were available for

a statistical analysis like the one above for Step 1.

6.2.10 Step 2 experiment results

In this section, the structures of a single ECQCL 7 experiment and a single ECQCL 8

experiment are analyzed to investigate the feasibility of the two different spectroscopic mea-

surements in realistic coal-fired power-plant flue-gas conditions. In Step 2 experiments, the

system is operating at nominal expected power plants conditions, with 8% water, around

2500ppm of SO2, and 40 to 60ppm of SO3/H2SO4.

ECQCL 7 in realistic conditions

The data set for this section is the Step 2 ECQCL 7 08/13/2020 experiment, with T = 350C

and 8% water vapor. High concentrations of SO2 (larger than 1600ppm of SO2) cannot be

generated using a 1650ppm SO2 gas cylinder, and an additional gas cylinder, containing

1.0% SO2 in nitrogen, is used to feed SO2 to the measurement cell to reach the 2550ppm

SO2 level. The use of a 1.0% SO2 cylinder introduces a larger uncertainty on the generation

of high concentration of SO2.

As seen in Figure 6.37, no SO3 concentration short-term catalyst transient is present

(unlike Figure 6.5) since the high-temperature valve was added to the system, allowing for

continuous catalyst operations. A perturbation of SO2 concentration when the EPA Method

8A setup is activated is still present, and the effect could not be attributed to a precise cause.

The raw data from the detector (voltage signal V ), the absorbance (non-dimensional), along

with a description of the test conditions are collected in Table 6.10. The reference background

spectrum I0 is highlighted with a red-shaded area.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 06:45:02 PM

The raw detector signal in this test con-

ditions constitutes the background signal. The

absorbance spectrum (right) is a line at zero

absorbance (since this frame is taken as the

background signal).
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100ppm SO2 Bypass 06:47:51 PM

A low concentration of SO2 is present in

the cell. The spectral structures are not fully

visible since the y-axis scale is fixed among all

cases and it is determined by test conditions

presenting very large absorbance (such as high

SO2 concentrations).
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Description Raw detector signal [V] Absorbance spectrum [-]

500ppm SO2 Bypass 06:56:57 PM

500ppm of SO2 are present in the cell.

Notably, the SO2 concentration reading from

the data fitting process does not match the

expected value.
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Step 2, Regular 07:03:40 PM

In this conditions, SO2 and SO3 are present

in the measurement cell at low concentration

levels (<100ppm).
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Regular with 530ppm SO2 07:07:21 PM

With respect to the previous case, addi-

tional SO2 is injected in the cell to increase

the concentration of SO2 to around 530ppm (a

level of uncertainty is due to the unconverted

SO2 from the catalyst output). The SO3

contribution to the spectrum is not directly

visible, but its concentration is extracted by

the fitting algorithm.

1280 1300 1320 1340 1360 1380 1400 1420 1440
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Wavenumber [cm -1 ]

S
ig

na
l [

V
]

1280 1300 1320 1340 1360 1380 1400 1420 1440

0.00

0.50

1.00

1.50

Wavenumber [cm -1 ]

A
bs

or
ba

nc
e 

[-
]

Step 2, Regular with 530ppm SO2 (controlled

condensation) 07:18:11 PM

When the EPA Method 8A system is ac-

tivated, the mathematical fit estimates an

increase in SO2 concentrations. The origins of

this influence are unclear.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Regular with 2550ppm SO2 07:48:19 PM

SO2 is further increased to around 2550ppm.

Under these conditions, the absorbance is

saturated at almost all wavelengths. No mea-

surement is possible. The result of the fit in this

test condition has to be discarded, since virtu-

ally no light from the laser reaches the detector.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Add 8% with 2550ppm SO2

07:53:57 PM

Part of the inert gas flow from the previ-

ous step is substituted with water, for a water

vapor concentration of 8% awith the same total

flow rate. The presence of 8% water vapor and

2550ppm SO2 is incompatible with the current

laser configuration. The result of the fit in

this regime has to be discarded, since virtu-

ally no light from the laser reaches the detector.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Add 8% with 530ppm SO2

08:03:16 PM

SO2 concentration is reduced to 530ppm,

with less than 100ppm SO3 and 8% H2O

vapor. Under this condition, it appears that a

measurement is possible. However, the signal

at the detector is greatly reduced, and some

areas related to water features are saturated

(as explained in Section 6.12).
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Air 08:13:46 PM

Air. No significant background changes

occurred.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Only 8% 08:21:08 PM

Water presents very sharp features that

saturate the detector in some regions (as

explained in Section 6.12).
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Step 2, Water 8% with 100ppm SO2 08:28:56

PM

8% water vapor and 100ppm SO2 are

present in the cell. SO2 concentrations can

be extracted successfully from the absorbance

spectrum, but it is not directly visible in the

absorbance spectrum.
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Description Raw detector signal [V] Absorbance spectrum [-]

Equalized Decay 08:41:11 PM

No SO2 is entering the catalyst, so only

air and SO3 are present in the cell. No issues

in this condition, previously analyzed also in

Step 1.
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Step 2, Regular with 530ppm SO2 and reduced

SO3 08:57:32 PM

Additional air and SO2 are added to re-

duce by 44% the concentration of SO3. At

these conditions, SO3 concentrations can still

be extracted from the fit of the absorbance

spectrum.
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Table 6.10: Description, raw detector signal, and absorbance for each test condition, for Step 2 ECQCL 7 08/13/2020 T = 350C
experiment, represented in temporal order.
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Some conclusions can be drawn from the data presented in Table 6.10, strictly related to

the current multi-pass laser configuration. Moderate concentrations of SO2 (around 500ppm)

do not saturate the absorbance and can be successfully characterized. However, the data fit

using the low concentrations library (Section 6.10) do not behave as expected. A different

data fit technique is required for high values of absorbance, possibly involving the capture

of several SO2 libraries for different concentration levels. It is possible that in the current

multi-pass configuration under moderate to high concentration of SO2, Beer-Lambert’s linear

relation between absorbance and concentration is not accurate. At high levels of H2O vapor,

measurements are still possible. However, due to the saturation of the absorbance at some

wavenumbers (as shown in Section 6.12), the spectrum is not reliable in some locations, that

should be properly excluded from the spectral fit.

At very high levels of SO2 (around 2500ppm) the measurement is not possible, as no

laser light reaches the detector. Measurements with any combination of very high SO2

concentration and high water vapor concentration are problematic as well.

The current ECQCL 7 test configuration does not appear to be a promising technique for

the accurate determination of SO2 and SO3 in realistic flue gas conditions typical of high-

sulfur coal firing (8% water, around 2500ppm of SO2, and 40 to 60ppm of SO3/H2SO4). The

main obstacle is the very high SO2 concentration, which completely saturates the absorbance.

The presence of water creates additional issues, but at a level that could be managed. Sulfur

trioxide readings do not create issues. The measurement could still be possible at 8% H2O

only if the levels of SO2 were lower than about 500ppm, typical of low-sulfur coal firing. A

possible solution to measure higher sulfur concentrations is in the dilution of the flue-gas with

air inside the measurement cell, but clean and dry air at the power plant testing site is not

always available. A second option is the reduction of the path length, however the solution

would have drawbacks in terms of limits of detection and accuracy of the measurement.

Operations at high water vapor and high sulfur dioxide levels needs the definition of

additional spectral libraries, as Beer-Lambert’s law (using low concentrations libraries) does
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not appear to predict well the concentration values when the absorbance levels are large.

ECQCL 8 in realistic conditions

The data set for this section is for Step 2 ECQCL 8 08/13/2020 experiment, with T = 350C

and 8% water vapor. As in Section 6.2.10, no H2SO4 concentration short-term catalyst

transient is present, since the high-temperature valve was installed in the experimental rig.

Figure 6.38 represents the SO2 and H2SO4 concentrations along the experiment timeline. A

close-up is provided for H2SO4 concentrations, since it is present at much lower levels than

SO2.
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(a) SO2 and H2SO4 concentrations.
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(b) Closeup of H2SO4 concentrations.

Figure 6.38: SO2 and H2SO4 concentrations for Step 2 ECQCL 8 08/13/2020 T = 350C experiment timeline.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 05:37:43 PM

For this test, the air background was cap-

tured at the 06:02:38 PM. The difference

between the current Air condition and the

background Air condition is not related to

window damage, as no strongly corrosive gases

have been present in the cell between the

two conditions. This absorbance behavior has

been noticed in all ECQCL 8 data sets and

it is attributed to a drift in the laser signal

generation (see Section 6.19).
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Only 8% 05:47:15 PM

High levels of water vapor (8%) create

sharp dips in the detector signal, even if water

is a weak absorber at this wavelengths. The

detector is yet not saturated at any wave-

length, and the laser does not experience any

measurement issues under these conditions.

Notably, the fitting algorithm is providing an

incorrect SO2 measurement (see Figure 6.38),

possibly interpreting some sharp water features

as SO2.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Only 8% with 270ppm SO2

05:52:40 PM

SO2 is added to the measurement cell.

The raw detector signal does not present any

issues under these conditions. The fitting

algorithm predicts quantitatively well the SO2

addition, albeit with an offset from the 8%

water vapor of the previous case. The SO2

absorbance spectrum is too weak to be visually

noticed in the overall absorbance spectrum,

that is dominated by the water vapor spectrum.
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Description Raw detector signal [V] Absorbance spectrum [-]

800ppm SO2 Bypass 05:57:52 PM

The sensor does not have any issues deal-

ing with 800ppm SO2. The SO2 absorbance is

directly visible from the absorbance spectrum

frame. The fitting algorithm output estimated

the presence of 759ppm SO2, with a standard

deviation of 25ppm (3.4%).
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Air 06:02:38 PM

The raw detector signal in this test conditions

constitutes the background signal for the whole

tests. Up to this point, no strongly corro-

sive SO3 or H2SO4 has been present in the cell.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Add 8% with 2550ppm SO2

06:13:28 PM

This is the nominal power-plant condition.

The sensor is not saturated at any wavelength,

so it is possible to apply a properly fit the

absorbance spectrum. The SO2 reading is

2350ppm±25ppm (1.1% standard deviation),

while the H2SO4 reading is 5.5ppm±1.6ppm

(30% s.d.). As seen in Figure 6.38, the H2SO4

measurement presents significant noise and

manifests a large standard deviation. At

high concentration, SO2 absorbance spectrum

is visible from the absorbance frame, while

H2SO4 spectral contribution is not.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Add 8% with 530ppm SO2

06:18:41 PM

SO2 is reduced to around 530ppm. The

SO2 reading is 553ppm±27ppm (5.0% s.d.),

while the H2SO4 reading is 8.2ppm±1.7ppm

(20.6% s.d.). Sulfuric acid concentration levels

should be the same as the previous case,

but the estimated value increased instead.

Possibly at very high SO2 concentration the

SO2 absorbance starts to impact the accuracy

of H2SO4 , when H2SO4 is present at very low

concentration levels.
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Description Raw detector signal [V] Absorbance spectrum [-]

Step 2, Water Add 8% 06:23:40 PM

No additional SO2 is injected in this case, and

the SO2 presence is uniquely due to uncon-

verted SO2 from the catalytic oxidation. From

the data fit, SO2 concentration is quantified

at 134ppm±26ppm (19.6%), while the H2SO4

concentration is unaltered with respect to the

previous case.
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Description Raw detector signal [V] Absorbance spectrum [-]

Air 06:28:52 PM

Air is flowing in the measurement cell.

The window damage (in the form of a layer

of BaSO4) is clearly visible, even if H2SO4

has been present in the cell for only about

15min. Moreover, the current test temperature

of 350C minimizes H2SO4 and the consequent

BaSO4 formation on the windows.
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Table 6.11: Description, raw detector signal, and absorbance for each test condition, for Step 2 ECQCL 8 08/13/2020 T = 350C
experiment, represented in temporal order.
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Some conclusions can be extracted from the data presented in Table 6.11, strictly re-

lated to the current multi-pass laser configuration. SO2 can be sufficiently well character-

ized at concentrations between 500ppm and 2500ppm. However, low concentrations of SO2

(<300ppm) present very large measurement uncertainties. It may be possible to improve

the fitting performance by defining different spectral libraries correspondent to different con-

centrations, as the absorbance dependence on concentration over broad ranges might not be

linear.

The presence of water can alter the prediction from the data fit. The phenomenon can

depend on the fitting of the sharp features characterizing both water and SO2, but also from

window damage. For example, a 250C test case is represented in Figure 6.39. For that case,

the SO2 concentration are correctly predicted up to about 3:20 PM, when H2SO4 is added

to the cell. At 250C, almost all SO3 is in the form of H2SO4, so the window damage occurs

rapidly. The SO2 concentrations start to misrepresent the physical conditions, possibly

because the absorbance spectrum of BaSO4 is very similar to the one of SO2.

H2O vapor concentration of up to 8% does not constitute a problem for the ECQCL

8 laser in this configuration. Low H2SO4 concentration is extracted successfully from the

absorbance spectrum, since H2SO4 is a strong absorber. The standard deviation for the

350C case was around 20%, that was less than 2ppm for the analyzed case. For the 250C

test of Figure 6.39, the standard deviation was 5%, (2.6ppm) with respect to the 56ppm

mean H2SO4 concentration value in Water Add conditions. It would be ideal to operate

the measurement at low temperatures, where all the SO3 is in the form of H2SO4, and

the H2SO4 absorbance spectrum is strong and more reliable. However, at low temperature

conditions the H2SO4 attack on the window is very swift, and it would rapidly invalidate not

only SO2 measurements but the full data set in minutes. The preliminary analysis of Figure

6.38 shows that the data fit for low H2SO4 concentrations and very large SO2 concentration

lacks in accuracy. The reason is unclear. The variation between the two cases (Step 2, Water

Add 8% with 2550ppm SO2 and Step 2, Water Add 8% with 530ppm SO2) is larger than the
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standard deviation of the measurement. It is possibly due to a difference in the experimental

condition, but it could also mean that at very large SO2 concentrations its absorbance is so

strong that the H2SO4 contribution is hindered and cannot be properly accounted for.
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Figure 6.39: SO2 and SO3 concentrations in the Step 2 ECQCL 8 08/11/2020 T = 250C experiment timeline
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The ECQCL 8 techniques does not present spectroscopic problems in realistic flue gas

conditions (8% water, around 2500ppm of SO2, and 40 to 60ppm of SO3/H2SO4), as the

issues related to SO2 estimation uncertainty and noisy measures could likely be solved. The

very important problem in the use of ECQCL 8 is the window material. This laser relies on

the measurement of H2SO4, but H2SO4 is directly responsible for the extremely fast window

damage process that can easily invalidate the measurements. To fully realize the potential

of this technique, a window material that has high transmissivity in the Mid-IR and does

not react with SO2, SO3, H2O, and most importantly H2SO4 is needed.
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Chapter 7

Summary

This chapter summarizes the efforts described in this dissertation and provides the key con-

clusions resulting from the work. Recommendations for further work complete the chapter.

The objectives of this experimental study were the investigation of the feasibility of using

spectroscopic techniques for continuous measurements of SO3, SO2, and H2SO4, and the

direct verification of chemical equilibrium between SO3 and H2SO4 in flue-gas conditions. A

continuous and direct measurement of the specified sulfur species would allow the fine tuning

of sorbents used for flue-gas desulfurization (FGD), thereby reducing operational costs and

emissions, particularly considering the increasingly common power-plant flexible operations,

where power-plants load and emissions vary in time. If the chemical equilibrium between SO3

and H2SO4 is verified, the optical measurement of only one species would suffice to determine

the concentration of the other, assuming that temperature and water vapor concentration

are known. Two distinct techniques were used for optical measurements, one targeting the

UV wavelength region (Differential Optical Absorption Spectroscopy, DOAS) and the other

focused on the mid-IR region (External Cavity Quantum Cascade Laser, ECQCL).

An experimental facility able to replicate temperature and sulfur species composition of

typical flue-gas was hence built. The setup includes a high-temperature measurement cell

carefully designed and characterized, with an accurate thermal control system. The system

241



was used to generate an array of measurement conditions at ambient pressure over the range

of temperature from 250 to 350C (523K to 623K) and over the key species ranges from 0-

100ppm SO3/H2SO4 and 0-2500ppm SO2, with up to 8% water vapor. Operations proved

stable, reliable, accurate, and repeatable.

7.1 Conclusions

The experimental results combined with the use of chemical kinetics and equilibrium analysis

for the conditions simulating coal-combustion flue-gas have led to the following significant

conclusions:

1. The SO3 desorption using VK59 and VK48 vanadia catalysts permitted unadulterated

SO3 mid-IR library spectra capture at ambient pressure and temperatures of 250C,

300C, and 350C. The contribution of this work is that it does not rely on the spectral

subtraction of other species such as SO2. Moreover, the species concentrations based

on optical absorption from the recorded SO3 spectra were validated by the industry-

standard EPA Method 8A sampling technique to avoid relying on a sulfur balance.

2. For the first time, the expectation of chemical equilibrium between SO3 and H2SO4

at flue-gas temperatures has been investigated experimentally with spectroscopic mea-

surements at 3% water vapor concentration. The equilibrium between the two species

has been verified within a 12% uncertainty level, which is in line with the uncertainty

related to the cell temperature readings and flow generation. Since the approach to

chemical equilibrium is favored as water vapor is added, the assumption that SO3

and H2SO4 are in mutual equilibrium is a good one even for the higher water vapor

conditions of flue gas.

3. A high-temperature spectral library for H2SO4 in the mid-IR region near 8 micron

was also recorded. The detection of a sulfuric acid spectral fingerprint using ECQCL
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between ∼250-350 degree C is novel. There remains a level of uncertainty of the

absorbance magnitude at 300C but the spectral signature is clear.

4. BaF2 windows installed on the measurement cell rapidly degraded in transmission

performance when sulfuric acid was present. The degradation is attributed to the

formation of a BaSO4 layer on the windows. The recorded H2SO4 and SO2 spectra

have been processed to eliminate the BaSO4 interference effectively.

5. The DOAS technique is found to be unsuitable to measure SO3. It was experimen-

tally verified that the absorbance of sulfur trioxide in the UV consists of a broadband

contribution. There were no detectable narrowband features as would be essential for

DOAS measurements.

6. The ECQCL 7, sensing SO2 and SO3 at 7 micron, in conjunction with a multi-pass

configuration (16-pass, 5.6m path length) has the capability of detecting flue-gas con-

ditions up to 8% water vapor when SO2 concentration is below 500ppm.

7. With the same multi-pass cell configuration, the ECQCL 8 can measure SO2 and

H2SO4 in the 8µm spectral region in flue-gas conditions up to 8% water vapor, albeit

the SO2 measurement is affected by a large uncertainty margin.

7.2 Recommendations and future work

A further expansion on the techniques used in this work, together with some recommen-

dations, is provided in this section. The DOAS technique is not promising under flue-gas

conditions. Aside from the broadband absorbance of SO3 mentioned previously, another

possibly insurmountable issue is the overlap of SO3 spectrum with the SO2 spectrum, with

the latter being up to ten times as strong for equal concentrations. Under flue-gas conditions,

not only is SO2 a much stronger absorber, but it is also present in flue-gas at more than ten

times the concentration of SO3.
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The ECQCL 7 technique is promising. It provided stable and reliable measurements, and

it was able to meet the requirements on detectability and accuracy in the specific configu-

ration that was analyzed (16-pass, 5.6m path length). In order to additionally improve the

measurement readings from the instrument, especially at higher absorbance levels, the spec-

tral fit algorithm needs to be improved, possibly to include piece-wise libraries for different

concentration of absorbers and/or account for non-linearity effects. In the current configu-

ration, the system operations were bound by SO2 levels. The measurements are successful

at SO2 levels below 500ppm, typical of low-sulfur coal flue gas. However, moderate to high

SO2 concentrations (>500ppm) – a regular occurrence for high-sulfur coal flue-gas – would

saturate the absorption so that no light would reach the detector and no measurement would

be possible. Two different solutions can be the addition of an air dilution flow to the flue-gas

or the reduction of the path length. The former would decrease the negative influence of high

SO2 and water concentrations, but it is difficult to implement in the field, where the access

to dry and clean air is limited. It would also require very high sensitivity for SO3 measure-

ments, as its levels would decrease with dilution as well. The latter is easier to implement,

but it would sensibly decrease the measurement accuracy and limits of detection. Both so-

lutions should be investigated to determine the best trade-off. Another strategy could be an

increase in lasing power, even if the repercussions would likely extend to the performance

and capabilities of each component of the laser system, possibly generating a different set

of problems. Water is a strong absorber at 7 micron, and while water vapor concentrations

have been limited to 8% in this work, it is expected that concentrations higher than 8%

would saturate the absorbance and yield unsatisfactory measurement performances.

The ECQCL 8 technique offers some advantages over ECQCL 7. For example the detec-

tion of SO2 and H2SO4 was not spectroscopically limited by the saturation of the absorption

and was successful in all the analyzed flue-gas conditions. Water is a weak absorber in this

spectral region, therefore water vapor should not be an issue even at concentrations larger

than 8%. More work is needed to increase the lasing stability (eliminating the signal genera-
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tion drift). In turn, the laser will provide more accurate measurement of SO2 concentrations,

that are currently offered with large margin of uncertainty. The engineering challenge asso-

ciated with the ECQCL 8 laser is the mitigation of window damage. New strategies to avoid

sulfuric acid attack on windows are needed to operate this laser successfully. While operating

at high-temperature decreases the extent of the damage, it also decreases the concentrations

of H2SO4, which is the target molecule for this laser and this study.

The Lasers, Flames, and Aerosol (LFA) Laboratory at UCI is now equipped with a state-

of-the-art facility for the generation of SO2, SO3, and H2SO4 at simulated-flue gas conditions

in a stable and controlled environment. While the data collected in this work is already of

scientific importance, the facility has the potential of further investigating issues associated

with the measurement of flue gas species by current and future techniques.
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Appendix A

ECQCL experiment log

The experiment log details the chronological sequence of ECQCL tests and the parameters

that characterize them. The following tables include also notes and comments on each

experiment set. Table 6.9 collects the data set for Step 1 tests, while Table A.2 and Table

A.3 detail the Step 2 tests for ECQCL 7 and ECQCL 8 respectively.
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A.1 Step 1

Day SOx

[ppm]

β [%] T [C] Path

length

[m]

ECQCL Notes

05/12/2020 300 8 350 2.14 7 CaF2 Silconert windows installed

Path length shorter than expected

05/15/2020 300 8 300 2.14 7 Software problems. Only partial experiment completed

05/18/2020 300 8 250 2.14 7

05/19/2020 150 8 250 2.14 7

05/25/2020 150 8 250 5.60 7 Laser re-aligned. Window polished

05/25/2020 150 8 300 5.60 7

05/26/2020 150 3 350 5.60 7 Window polished. One window broke. One CaF2 and one BaF2

window installed. Switched to 3% H2O

05/27/2020 50 3 250 5.60 7 SO2 and SO3 larger than expected. Catalyst is possibly not yet

equilibrated

05/27/2020 50 3 300 5.60 7 As 05/27/2020

05/28/2020 50 3 350 5.60 7 As 05/27/2020

05/29/2020 100 3 250 5.60 7
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Day SOx

[ppm]

β [%] T [C] Path

length

[m]

ECQCL Notes

06/09/2020 100 3 300 5.60 7

06/13/2020 100 3 350 5.60 7

06/16/2020 50 3 250 5.60 7

06/18/2020 50 3 300 5.60 7

06/29/2020 50 3 350 5.60 7-8 Replaced and polished windows. Two BaF2 windows installed

for ECQCL 8

06/30/2020 50 3 300 5.60 7-8

06/30/2020 50 3 250 5.60 7-8

07/02/2020 50 3 350 5.60 7-8

07/06/2020 100 3 350 5.60 7-8

07/07/2020 100 3 350 5.60 7-8

07/07/2020 100 3 300 5.60 7-8

07/07/2020 100 3 250 5.60 7-8

07/09/2020 100 3 300 5.60 7-8 Polished windows

07/13/2020 100 3 250 5.60 7-8 Polished windows

07/14/2020 150 3 350 5.60 7-8
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Day SOx

[ppm]

β [%] T [C] Path

length

[m]

ECQCL Notes

07/14/2020 150 3 300 5.60 7-8

08/06/2020 150 3 250 5.60 7-8 New cell insulation installed (improved temperature uniformity).

Main flow high-temperature valve installed. One new window

installed. Polished windows. Strong etaloning.

08/09/2020 150 3 350 3.65 7-8 Polished windows. Lost laser alignment. Re-aligned to lower

path length. Strong etaloning

Table A.1: Step 1 Experiment runs
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A.2 Step 2

Day SO2 [ppm] SO3 [ppm] β [%] T [C] PathLength[m] Notes

08/10/2020 50 - 530 50 8 350 5.40 Laser re-aligned

08/11/2020 50 - 530 50 8 300 5.40

08/11/2020 50 - 530 50 8 250 5.40

08/13/2020 50 - 530 - 2550 30 - 50 8 350 5.40 Windows polished

08/15/2020 30 - 40 - 510 - 520 - 530 10 - 2030 - 40 1.6 - 8 350 5.40 8

08/15/2020 30 - 40 - 510 - 520 - 530 10 - 2030 - 40 1.6 - 8 350 5.40

Table A.2: Step 2 ECQCL7 Experiment runs

Day SO2 [ppm] H2SO4 [ppm] β [%] T [C] PathLength[m] Notes

08/10/2020 50 25 8 350 5.40 Laser re-aligned

08/11/2020 50 - 530 40 8 300 5.40

08/11/2020 50 - 530 47 8 250 5.40

261



08/13/2020 50 - 530 - 2550 25 8 350 5.40 Windows polished

08/18/2020 20 - 1010 10 8 350 5.40

08/18/2020 20 - 1010 15 8 300 5.40

08/18/2020 20 - 1010 20 8 250 5.40

08/22/2020 100 - 1100 50 8 350 5.40 Windows polished

08/22/2020 100 - 1100 80 8 300 5.40

Table A.3: Step 2 ECQCL8 Experiment runs
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