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Abstract 

Tunable diode laser absorption spectroscopy (TDLAS) is employed for simultaneous 

detection of gas temperature, water vapor (H2O) and gas-phase atomic potassium, K(g), 

in an atmospheric, research-scale entrained flow reactor (EFR). In situ measurements 

are conducted at four different locations in the EFR core to study the progress of 

thermochemical conversion of softwood and Miscanthus powders with focus on the 

primary potassium reactions. In an initial validation step during propane flame 

operation, the measured axial EFR profiles of H2O density-weighted, path-averaged 

temperature, path-averaged H2O concentration and H2O column density are found in 

good agreement with 2D CFD simulations and standard flue gas analysis. During 

biomass conversion, temperature and H2O are significantly higher than for the propane 

flame, up to 1500 K and 9%, respectively, and K(g) concentrations between 0.2 and 270 
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ppbv are observed. Despite the large difference in initial potassium content between the 

fuels, the K(g) concentrations obtained at each EFR location are comparable, which 

highlights the importance of considering all major ash-forming elements in the fuel 

matrix. For both fuels, temperature and K(g) decrease with residence time, and in the 

lower part of the EFR, K(g) is in excellent agreement with thermodynamic equilibrium 

calculations evaluated at the TDLAS-measured temperatures and H2O concentrations. 

However, in the upper part of the EFR, where the measured H2O suggested a global 

equivalence ratio smaller than unity, K(g) is far below the predicted equilibrium values. 

This indicates that, in contrast to the organic compounds, potassium species rapidly 

undergo primary ash transformation reactions even if the fuel particles reside in an 

oxygen-deficient environment.  

 

 

Keywords: Tunable diode laser absorption spectroscopy (TDLAS); atomic potassium; 

entrained flow reactor; biomass combustion; thermodynamic equilibrium calculations; 

computational fluid dynamics (CFD). 
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1. Introduction 

Entrained flow powder combustion and gasification are efficient technologies for 

production of heat, power and transport fuel from coal and biomass [1, 2]. As a 

consequence of the current interest in renewable, CO2-neutral energy sources, the share 

of biomass in the fuel feedstock increases, and so does the demand for improved process 

efficiency and fuel-flexibility, which, in turn, requires a better understanding of 

thermochemical biomass conversion [3]. Research- and pilot-scale entrained flow 

reactors (EFRs) that resemble industrial systems with high heating rates and short 

residence times [4] are valuable tools to investigate fuel conversion [5] and ash 

formation [6, 7], and to improve process modelling by validation of kinetic models [8, 9] 

and computational fluid dynamics (CFD) simulations [10, 11]. If equipped with optical 

access windows, such droptube reactors allow studying the progress of fuel conversion 

online via in situ measurements in the reaction zone. 

Important physical and chemical parameters for characterization of biomass 

combustion and gasification comprise gas temperature and velocity, the concentrations 

of major (CO2, CO, CH4, H2, H2O, O2) and minor (e.g. SO2, HCl, NOx) species as well as 

gaseous alkali compounds (K, Na, KOH, NaOH, KCl), hydrocarbons, tars and soot. 

Compounds containing potassium (K) and sodium (Na) are of particular interest, as they 

can participate in various ash-forming reactions and thereby influence the ash 

properties and extent of operational problems, such as slag build-up and corrosion due 

to material interactions [7, 12], agglomeration [13, 14], and particle formation [15, 16]. 

Detailed knowledge of the alkali release forms and ash transformation reactions is 

needed to improve numerical models, identify suitable parameters for process 

optimization and control, and mitigate operational and environmental issues. During 



4 

 

devolatilization, high amounts of atomic potassium, K(g), may be present due to direct 

release or decomposition from larger molecules [7, 17-19]. The problematic K-containing 

species in the flue gas, KOH(g) and KCl(g,s,l), are likely formed through secondary ash 

transformation reactions consuming K(g) [3]. Thus, knowing the conditions in the 

reactor, the initial K(g) concentrations could be an indicator for K release, and the decay 

rate of K(g) could be a measure of how fast other K-containing compounds are formed. 

Assessment of the conditions in an EFR is today mainly based on invasive and 

extractive analytical methods. Temperature is usually measured with thermocouples 

(TCs), which respond slowly, have to be cleaned or replaced frequently and may be 

unreliable at high temperatures and soot concentrations due to radiative heat transfer. 

Suction pyrometers offer improved performance as the TC is shielded from radiation, 

but the other drawbacks remain. Fourier transform infrared spectroscopy (FTIR) and gas 

chromatography coupled to mass spectrometry (GC-MS) are employed to analyze the 

gaseous conversion end products found at the exhaust and in the flue gases. Particulate 

matter can be collected using total dust filters or impactor sampling systems and 

analyzed offline to e.g. estimate the amount of potassium in the solid phase. However, 

empirical data describing changes in gas composition in the reaction zone are scarce. In 

situ real-time process monitoring is especially important for the alkali reactants, which 

are difficult to quantify accurately with extractive techniques. 

Non-intrusive in situ measurements in EFRs can be performed using optical 

techniques, such as shadowgraphy for particle size and velocity [20], tunable diode laser 

absorption spectroscopy (TDLAS) for gas composition (atoms and small molecules) and 

temperature [21], and excimer laser induced fluorescence (ELIF) to determine total 

concentrations of alkali metals [22]. Laser absorption spectroscopy enables fast, selective 
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and accurate quantitative measurements without calibration procedures. Robust TDLAS 

setups have been applied in larger plants for analysis of temperature and major species 

in syngas and flue gas [23, 24], and are suitable for measurements in the harsh and sooty 

environments of EFR reactor cores [24-27]. The technique has also been used for 

detection of atomic potassium in entrained flow coal combustion [28] and biomass 

gasification [27].  

Typical TDLAS implementations provide path-averaged data and thus cannot 

account well for unknown temperature or species distributions along the line-of-sight. 

Moreover, the accuracy depends on how well the absorption path length is known. 

Inhomogeneous conditions may occur close to the fuel inlet of an EFR where the 

particles are entrained at the center and gas mixing is poor. Strategies to handle 

inhomogeneous conditions with TDLAS and map out distributions from line-of-sight 

data include tomography [29] and multi-line detection with advanced post-processing 

using regularization methods [30]. Another approach is to couple the experimental 

results to (two-dimensional) CFD simulations [31, 32]. Once validated, e.g. using the path 

length-independent column density [32, 33], the simulations can provide more detailed 

information regarding, temperature, major species and particle distributions. A 

prediction of the distribution of K species in the EFR, is, however, difficult with currently 

available computational power, as it would require multi-phase CFD simulations that 

involve a large number of fuel particles, the main ash-forming elements as well as the 

corresponding chemical reactions.  

In laminar EFRs with low particle Stokes number, the volatiles released from the fuel 

particles travel close to the remaining solid char during burn-out, which allows for 

continuous interaction between ash-forming elements, carbonaceous matrix and other 
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gaseous compounds originating from the same particle. This provides the possibility to 

compare experimental data with global thermodynamic equilibrium calculations (TEC) 

at certain locations (temperatures) [17, 34]. A comparison of TEC results with K(g) 

concentrations measured in the reaction zone can indicate whether the fuel conversion 

and ash transformation reactions are close to, or have reached, equilibrium.  

In this work, a recently developed TDLAS sensor was used to measure gas 

temperature, H2O(g) and K(g) in situ at four different locations of an entrained flow 

reactor core during combustion of propane and two different types of biomass, with the 

aim to study the fuel conversion. To aid interpretation of the TDLAS data, temperature 

and H2O measurements were first validated during propane flame (PF) operation by 

comparison to 2D CFD simulations as well as TC and FTIR data. Thermochemical 

conversion of softwood and Miscanthus powders was then investigated in situ in terms 

of residence time. The obtained K(g) concentrations were compared to equilibrium 

calculations performed as a function of oxygen-to-fuel equivalence ratio at the TDLAS-

measured temperatures and H2O concentrations. Implications for release and primary 

reactions of K compounds are discussed. 

2. Experimental setup and methods 

2.1 Entrained-flow reactor  

The research-scale, atmospheric EFR was made of an electrically heated 2 m tall steel 

(Sandvik 253MA, EN1.4835) tube with an inner diameter of 10 cm (measured at room 

temperature). Optical access port tubes with a length of 35 cm and inner diameter of 1.3 

cm were installed on each side of the EFR at 3, 13, 70, 127 and 184 cm distance down from 

the fuel inlet. The port tubes and attached quartz windows were flushed with nitrogen 
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(0.1 L/min per tube) to prevent intrusion of reactor gases and window fouling. The fuel 

feeding system (K-Tron, K-CL-SFS-KT20, Switzerland) consisted of a loss-in-weight 

feeder, an entrainment cone, and a McKenna-style flat-flame burner (Holthuis & 

Associates, USA). The burner had a central tube with 0.6 cm inner diameter for biomass 

powder supply, an inner annular flat-flame and an outer annular protective dry air 

shroud inlet (40 L/min) to prevent wall-particle collisions. The burner and fuel inlet 

were water cooled (2 L/min). A premixed propane/air fuel (with air-to-fuel equivalence 

ratio of 1.12 and total flow rate of 20.75 L/min) was used for the flat flame to ensure high 

particle heating rates. The Reynolds number calculated for the gas flow was ~300, well 

within the laminar regime for a tube (Re < 2300). Two stacked electrical clamshell 

furnaces were used to keep the surface temperature of the reactor wall close to 1273 K. 

The distance between the heaters and the reactor steel tube was approximately 10 cm, 

and the small gap between the heater sections (heater gap) above Port 4 tube was 

bridged with insulation material. A photograph and a schematic drawing of the EFR 

system, including the TDLAS setup, are shown in Fig. 1.  
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Fig. 1. Photograph (a) and schematic drawing (b) of the research-scale EFR at Umeå University. 

P – Port; PD – photodetector. The drawing also shows burner geometry, optical ports, TDLAS 

setup implementation and FTIR sampling point. Ports 2-5 were used in the experimental 

campaign.  

2.2 Biomass fuel feedstock  

The biomass feedstock used in this study included a woody-type fuel consisting of a 

blend of Norway spruce (Picea abies) and Scots pine (Pinus sylvestris L.), henceforth 

called softwood (SW), and Miscanthus x giganteus, a herbaceous energy crop (MC). 

These two fuels differ heavily in composition and ash content (Table 1). The amount of 

K(g) observed during thermochemical conversion of SW and MC can thus be expected 

to differ accordingly, but also depends on the other ash-forming elements that 

determine which ash transformation reactions take place. The average fuel feeding rate 

was set to 200 g/h for both fuels, corresponding to 100 mg K/h for SW and 556 mg K/h 

for MC. 
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Table 1. Physical and chemical fuel properties of softwood (SW) and Miscanthus (MC), including 

the lower heating value (LHV). 

Parameter Unit SW MC 

LHV MJ/kg dry 18.9 17.9 

Moisture wt % receiv. 2.8 5.5 

Ash 
content 

wt % dry 0.42 3.2 

C 

wt % dry 

50.07 47.58 

H 6.2 5.8 

N 0.042 0.24 

O 43.5 44.8 

Main ash-forming elements 

K 

mg/kg dry 

499 2780 

Na 29.9 87.1 

Ca 904 1110 

Mg 136 480 

Fe 46.7 233 

Al 76.6 191 

Si 308 10100 

P 47.5 298 

S 56.3 343 

Cl 23 239 

 

2.3 Tunable diode laser absorption spectroscopy 

Simultaneous real-time detection of H2O, temperature and K(g) in one beam path was 

achieved by combining two existing TDLAS instruments previously applied and 

validated in flat-flames [35], single pellet conversion experiments [19, 36] and pilot-scale 

entrained flow biomass gasification [27]. Calibration-free scanned wavelength 

modulation spectroscopy (CF-WMS) at 1398 nm provided path-averaged H2O 

concentrations and H2O density-weighted, path-averaged gas temperature [35, 36], 

whereas direct absorption spectroscopy (DAS) at 769.9 nm was used to obtain path-

averaged K(g) concentrations [19]. The laser beams were combined with the help of an 

optical fiber coupler (Newport, F-CPL-B12355), and, after passing the EFR, separated 
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again employing a beam splitter for subsequent detection with suitable photodetectors 

(Fig. 1b).  

Gas temperature was assessed calibration-free and independently of the absorption 

path length by two-line thermometry on H2O transitions with line strength maxima 

around 1100 K and linear line strength temperature dependence in the range 1200–1800 

K [36]. The latter allowed determination of the H2O density-weighted, path-averaged 

temperature even in the presence of temperature and species non-uniformities [33]. The 

obtained temperature was then used to calculate the species column densities or, 

assuming a certain path length, the concentrations. The detection limit for H2O at 10 cm 

path length was 0.1% and the measurement uncertainties were estimated to 25 K and 

0.5% H2O for temperature and water vapor, respectively [36]. The K(g) sensor was 

designed to allow operation under optically thick and partially opaque conditions, which 

enabled a dynamic range of 106, from 40 parts per trillion by volume (pptv)·cm to 40 

parts per million by volume (ppmv)·cm, while the measurement uncertainty could be 

up to 20% at high absorbance. The line strength temperature dependence of the D1 

potassium transition is weak, exhibiting a change of about 40% in the interval 1000-1800 

K. 

At each optical port and for each fuel type (propane flame, SW, MC), the three 

parameters were monitored for about 15 minutes under steady state combustion 

conditions. During this measurement sequence, absorption spectra were acquired using 

laser scan rates of 80 Hz for CF-WMS and 200 Hz for DAS. Assuming that the EFR 

operated at steady state, an average of 10 spectra was then saved at time intervals of 2-10 

s to enable the long measurement time period. Following temperature and 

concentration evaluation, the average over one sequence was taken as data point 
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representing the prevailing operating conditions (port and fuel type). The nitrogen flow 

applied to the optical port tubes helped to maintain an optical path length close to the 

inner diameter of the EFR, which was estimated to 10.5 cm at 1273 K, based on the 

thermal expansion properties of the steel. At Port 1, the uppermost optical access port, 

light transmission was severely disturbed by unconverted solid fuel particles entering 

the EFR and falling through the laser beam such that, in this study, with the employed 

laser scan rates, reliable measurements could not be performed at this port.  

2.4 Complementary analytical instrumentation 

In situ particle image velocimetry (PIV), also referred to as shadowgraphy, of the fuel 

particles falling through the reactor was realized using a LaVision ParticleMaster system 

(Imager SX 4M CCD camera) and a long distance microscope QM1 (LDM) [20]. 

Silhouette images of suspended particles were captured to determine parameters such 

as particle velocity and size [37]. The observed average particle velocity at a given optical 

port was taken as the approximate velocity that prevailed between that and the 

preceding port (or the fuel inlet for Port 1). The average residence time was then 

calculated stepwise by dividing the distance between two consecutive ports with the 

corresponding particle velocity. Particle diameter and velocity allowed calculation of the 

average particle Reynolds number (Rep) and Stokes number (Stk), where Rep < 10 

indicates a laminar flow around the particle and Stk < 1 implies that the particle follows 

the gas flow. At Ports 2-5, the average Rep and Stk were << 1 for both fuels, which 

supports the assumption of entrained flow. The largest 5% of the observed particles 

(based on diameter) had Rep > 10 and Stk > 1 at Ports 2-3 for SW, and at Ports 2-4 for MC, 

indicating the occasional presence of particles large enough to disrupt the entrained 

flow. 
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Radial and axial temperature profiles were measured with a Type S thermocouple 

that had a weld point diameter of 0.6 mm. In addition, a portable FTIR instrument 

(Gasmet DX-4000) equipped with a ZrO2-cell for O2 measurement was used to 

determine the flue gas composition (O2, CO2, H2O, CO) at the exhaust.  

2.5 Two-dimensional CFD simulations 

Two-dimensional numerical simulations of the EFR system (excluding optical ports) 

with the burner operated on the propane/air mixture were carried out for different 

reactor core diameters using Fluent (Ansys Fluent 17.0). The gas flow was simulated 

using a k-ε model with non-equilibrium wall functions [38, 39]. The inner EFR diameter 

was initially set to 10.5 cm, taking the expected thermal expansion into account. An 

axisymmetric geometry with ~157000 cells and a fine mesh along the walls and centerline 

was chosen to describe the reactor tube. PF combustion was modelled employing non-

adiabatic probability density function tables of 20 species, with the rich flammability 

limit for propane in the fuel stream set to 0.1. The effect of radiation on the gas phase 

was incorporated using a domain-based, weighted-sum-of-gray-gases model, and 

radiation from surfaces was accounted for by a discrete ordinates approach [40]. All 

surfaces were ascribed an emissivity coefficient of 0.7. Since measurements of flat-flame 

burner and shroud inlet surface temperatures were not available, a one point 

temperature calibration was performed using the temperature measured by TDLAS at 

Port 2. The wall temperatures were approximated by a polynomial function based on 

measured TC values corresponding to the wall at Port 1, and TDLAS measurements from 

Port 2 to Port 5. 

From the full 2D simulation, the column density of H2O at each port was calculated 

as 
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  ,  (1) 

where k is the mesh cell number with values from 1 (EFR center) to n (adjacent to EFR 

wall), w is the radial width of cell k, and ck is the H2O mole fraction in the cell. The 

average H2O concentration was then determined by dividing the column density with 

the sum of the radial widths of all cells according to 
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  . (2) 

The H2O density-weighted path-averaged temperature was obtained from the 

simulation using 

    2 1 1

n n
H Ow k k k k kk k

T w c T w c
 

   ,  (3) 

where Tk is the simulated temperature in cell k. 

2.6 Thermodynamic equilibrium calculations 

Thermodynamic equilibrium calculations were carried out for the conditions at Ports 3 

and 5 as a function of O2-to-fuel equivalence ratio (lambda) using FactSage 7.0 [41] and 

the databases FactPS, FToxid-SlagB (MC), FToxid-SlagD (SW) and FTsalt-SaltB. The 

concentrations of all 14 elements provided in Table 1 as well as the moisture content 

were used as fuel composition input for SW and MC. The average temperatures 

determined by TDLAS at the respective ports were used in the calculations, so that the 

effect of fuel particle burnout and changes in O2 partial pressure during conversion 

could be used as variables to describe the partial pressure of K(g). Initial calculations 

were performed for the PF case to determine the oxidizing atmosphere available to the 

fuel particles, and the resulting gas stream was exported and used as O2 carrier stream 

in the calculations for SW and MC. The shift from an oxygen-deficient (gasification) to 
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an oxygen-rich (combustion) environment occurs at lambda equal to one. This is a 

coarse representation of the local conditions for the burning fuel particles, but provides 

global equilibrium predictions for the concentrations of various gaseous potassium 

compounds. 

3. Results and discussion 

A summary of the results obtained in this work is presented in Table 2. The table shows 

the average gas temperature, H2O and atomic potassium measured by the TDLAS sensor 

at the different optical ports and operating conditions, as well as the corresponding 

results for temperature and H2O obtained by the 2D CFD simulations.  

The TDLAS-measured temperature at Port 2 was used as calibration point for the 

numerical simulations. Temperature in units of Kelvin and column density in units 

of %·m were determined independently of the absorption path length. The 

concentration values in units of % and parts per billion by volume (ppbv) are given for 

a path length of 12 cm, which was identified as the most likely effective path length (see 

section 3.2 and Fig. 3). Since the actual fuel feeding rate was found to vary significantly 

(up to 50 g/h) [42], and the only source of potassium was the biomass, the K(g) values 

were normalized to an average fuel feeding rate of 200 g/h. At Port 5, still unconverted, 

burning fuel particles led to occasional high K(g) concentration outliers, which caused 

a non-normal distribution of K(g). For that reason, the median (instead of the average) 

K(g) values are given for this port. 

Table 2. Summary of the experimental (TDLAS) and numerical (2D CFD) results per optical port 

and operating condition (EFR mode). PF-propane flame; SW-softwood; MC-Miscanthus. 

Measurement uncertainties of TDLAS-derived temperatures and H2O concentrations are around 

25 K and 0.5% H2O, respectively. 
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Parameter Unit Method 
EFR 

mode 
Port 2 Port 3 Port 4 Port 5 

FTIR 
exhaus

t 

Temperatu
re 

[K] 

TDLAS PF 1314 1228 1228 1268  

2D CFD PF 1314 1226 1234 1260  

TDLAS 
SW 1473 1400 1305 1316  

MC 1477 1472 1301 1314  

H2O(g) [%] 

TDLAS PF 6.6 5.0 4.6 4.7 
4.7 

2D CFD PF 6.7 4.9 4.8 4.8 

TDLAS 
SW 8.3 8.1 7.7 7.6 7.9 

MC 8.4 9.2 7.3 7.4 7.6 

H2O(g)  [%∙m] 
TDLAS PF 0.79 0.60 0.56 0.57  

2D CFD PF 0.80 0.58 0.57 0.57  

K(g) [ppbv
] 

TDLAS 
SW 88 50 23 1.7  

MC 101 80 6.3 0.2  

 

3.1 Propane flame CFD simulations 

Figure 2 displays the simulated temperature and H2O distributions in the EFR during 

propane flame operation assuming an inner EFR diameter of 10.5 cm (expected diameter 

at 1273 K).  
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Fig. 2. (a) 2D Fluent simulation of gas temperature and H2O distributions in the PF-operated 

EFR. (b) Simulated radial temperature profiles at Ports 2, 3 and 5 (solid lines) together with TC-

measured profiles (solid markers). (c) Simulated radial H2O profiles at Ports 2, 3 and 5.  

Close-ups on the regions around the port locations (indicated by arrows) are shown for 

clarity. For both temperature and H2O, steep gradients are present at Port 2, since the 

hot propane combustion products are concentrated at the EFR center, while the cold 

shroud gas resides near the reactor wall. At Ports 3-5, the gases are well mixed, leading 

to more uniform conditions across the reactor tube.  

Simulated radial temperature and H2O profiles (lines) are shown for some of the 

ports in Figs. 2b and 2c, respectively. The temperature profiles are compared to TC 

measurements (markers), which capture the general shape, but, at Port 2, agree poorly 

with the simulations. This suggests that, even with thin-wire S-type TCs, a small weld 

point and in the case of PF combustion without biomass, TC measurements are 

unreliable in environments with complex radiation balance. Radiation effects and 

temperature and species gradients probably play an even larger role when firing biomass, 

especially in the gasification regime, when soot particles can form deposition layers on 

the TC junction, increasing its emissivity [43]. 

3.2 Reactor gas temperature and H2O(g) – propane flame 

Figure 3 presents a comparison between measured and simulated axial temperatures 

(Fig. 3a) and H2O profiles (Figs. 3b-d) as a function of reactor length for the PF-operated 

EFR. In Fig. 3a, the average temperature measured by TDLAS at each port is shown 

together with the corresponding TC data (radial average and center temperature, see Fig. 

2b) as well as the average H2O density-weighted, centerline and maximum axial 

temperature profiles (lines) extracted from the 2D simulation for an EFR diameter of 
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10.5 cm. Fig. 3b displays the TDLAS-measured path-averaged H2O levels together with 

average and maximum axial H2O profiles from the simulation. The H2O concentration 

quantified by FTIR at the exhaust is shown for comparison. In Fig. 3c, experimental and 

simulated H2O results assuming optical path lengths of 10.5, 11 and 12 cm are compared. 

Finally, Fig. 3d presents the TDLAS-measured column density together with the column 

density obtained from the 2D CFD simulations for EFR diameters of 10.5, 11 and 12 cm. 

In all four figures, the error bars represent the measurement uncertainties stated in 

section 2.3.  

The TDLAS results fit well to the simulated temperatures beyond Port 2. The steep 

decrease in temperature between Ports 2 and 3 is due to the mixing of hot flue gas with 

the colder shroud gas. Around Ports 3 and 4, the temperature is lower than the nominal 

heater temperature (1273 K), likely because heat is not efficiently transferred to the EFR 

as a consequence of the heater gap and the 10 cm distance between the heaters and the 

reactor tube. Approaching Port 5, the temperature rises again as the wall is fully exposed 

to the heating elements. The small difference between experimental results and 

simulated center, maximum and H2O-weighted temperatures suggests that TDLAS gives 

a good estimate of the temperature in the hot EFR center, where most of the water 

resides. Cooler water vapor near the walls, even in low concentrations, may, however, 

bias the TDLAS results as the maxima of the H2O employed transitions lie around 1100 

K [36]. Due to radiative heat transfer to the water-cooled burner, the TC average and 

center values do not accurately represent the gas temperatures at Port 2, even in the 

absence of soot and ash particles. At Ports 3-5, for laminar flow and homogenous 

conditions, both TDLAS and TC results are reliable and agree to within 25 K.   



18 

 

     

Fig. 3. Comparison between TDLAS data and 2D CFD simulations as a function of reactor length 

of the PF-operated EFR. (a) Axial temperature profiles, (b) axial H2O concentration profiles, (c) 

H2O concentration profiles for EFR diameters of 10.5, 11 and 12 cm, (d) experimental H2O column 

density compared to simulated column density for the different EFR diameters. The error bars 

represent the TDLAS measurement uncertainties. 

The TDLAS-measured H2O concentrations in Fig. 3b indicate an axial profile shape 

similar to the simulated average H2O profile, but the absolute concentrations are 

somewhat higher than the model prediction and the exhaust FTIR data. The discrepancy 

may partly stem from uncertainties in the spectroscopic parameters of the H2O 

transitions, but are most likely due to a systematic error in the assumed absorption path 

length. In the upper part of the reactor, the maximum simulated H2O is considerably 

higher than the TDLAS-derived concentration, owing to the prevailing inhomogeneous 

conditions.  

The effect of a change in absorption path length of up to 1.5 cm (or 14% of the initial 

EFR diameter) on the experimental and simulated H2O concentrations is illustrated in 
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Fig. 3c. The 2D simulations show only a minor dependence on the EFR diameter due to 

slight differences in chemistry and flow dynamics. On the other hand, as expected 

according to Beer-Lambert’s law in the optical thin limit, the concentrations determined 

by TDLAS change linearly with path length. A good agreement with 2D CFD is observed 

for a path length of 12 cm. This observation is confirmed by looking at the path length-

independent TDLAS column density (Fig. 3d), which again agrees well with the 

simulated column density for an EFR diameter of 12 cm. Here, the simulated column 

density shows a strong dependence on the EFR diameter, because the same average 

water vapor concentration is observed over a larger domain. Since the actual EFR 

diameter must be close to 10.5 cm, this indicates that the hot gases slightly (by less than 

1 cm) penetrate the optical access port tubes. Deviations could mean that tube diameter 

or penetration depth varied slightly from port to port, probably dependent on local 

temperature or gas velocity.  

Overall, in the PF case, a very good agreement between experiment and simulation 

was achieved under homogeneous conditions (Ports 3-5). In the upper, heterogeneous, 

part of the EFR (Ports 2), the comparison can give an idea about the actual temperatures 

and species distributions. The difference between TDLAS and simulated maximum H2O 

(Fig. 3b) may give an indication of the diameter of the entrained reaction zone in the 

center of the EFR.  

3.3 Gas temperature and H2O(g) in the biomass-fed reactor  

Average TDLAS temperatures and H2O concentrations measured in the EFR at the four 

optical ports during conversion of SW and MC are shown as a function of particle 

residence time in Fig. 4, calculated as outlined in section 2.4. For comparison, the values 

obtained during PF combustion (Fig. 3) are also displayed. The H2O data are evaluated 



20 

 

for a path length of 12 cm. Due to the large variations in fuel feeding and resulting 

changes in O2-to-fuel equivalence ratio [42], corresponding fluctuations were also 

observed in the measured parameters. Therefore, in contrast to Fig. 3, here, the error 

bars represent the standard deviations of these fluctuations, which were largest at Port 

3.  

      

Fig. 4. Average TDLAS-measured gas temperatures (a) and H2O concentrations (b) during SW 

and MC combustion in the EFR, displayed as a function of particle residence time. The error bars 

show the standard deviations of the fluctuations due to variations in the fuel feeding rate. 

At all ports, both temperature and H2O were higher than in the PF case. Temperature 

increased by up to 200 K at the upper ports and around 50 K at the lower ports, whereas 

H2O increased by 2-5%. This is reasonable given the added heating value, moisture and 

bound hydrogen from the biomass. Devolatilization occurred around Ports 2 and 3, 

which was visually confirmed by looking into the EFR through the optical ports tubes, 

where burning fuel particles could be observed. The differences between the fuels were 

largest at Port 3. As opposed to the PF case, during biomass combustion, the flow 

entrainment and thus the temperature and H2O gradients were more severe and 

probably extended down to Port 4. Temperature is less affected, since water-weighted, 
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but the average H2O represents global conditions and may underestimate the water 

concentrations close to the biomass.  

3.4 Gaseous atomic potassium in the biomass-fed reactor 

The average/median K(g) concentrations measured by TDLAS at each port during 

combustion of SW and MC are displayed as a function of residence time in Fig. 5a. The 

values are given for an absorption path length of 12 cm and are corrected for changes in 

the average fuel feeding rate observed in the different experimental runs. The error bars 

represent the maximum measurement uncertainty stated in section 2.3. Despite the 

much higher initial potassium content in MC (Table 1), only slightly higher K(g) 

concentrations were observed compared to SW at Ports 2 and 3, and even lower values 

than for SW at Ports 4 and 5.  

     

Fig. 5. (a) Average TDLAS-measured K(g) concentrations at Ports 2-5 as a function of residence 

time for SW and MC combustion in the EFR. Error bars represent the estimated measurement 

uncertainty. (b) Real-time TDLAS data for all three parameters measured at Port 5 during SW 

conversion. Occasional fluctuations due to variations in feeding rate (and lambda) can be 

observed even at this port. 

Similar to what was observed for temperature and H2O, fluctuations due to variations 

in the fuel feeding rate (and lambda) were also observed for K(g), even at Port 5, as 

evident from Fig. 5b, which displays a few minutes of online data for all three parameters 
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recorded during SW combustion. Here, the fuel feeding system was turned on at 230 s. 

A stable base K(g) level of around 2 ppbv was then established and a correlation between 

K(g) and temperature could be observed. The extent of the fluctuations was probably 

not fully resolved since, in this work, a relatively low overall data acquisition time 

(varying between 2-10 s) was employed. While the fluctuations led to normally 

distributed K(g) concentrations at Ports 2-4, the occasional outliers in K(g) 

concentration at Port 5 due to high K(g) in the vicinity of not yet fully converted, burning 

fuel particles (also observed visually when looking into the EFR through the optical port) 

caused a non-normal distribution. Thus the median values were considered more 

representative for Port 5. 

As for H2O(g), and as was evident from the 2D CFD simulations of the water vapor 

distribution in the PF-operated EFR, the average/median K(g) concentrations represent 

the global conditions and may underestimate the local concentrations. In the vicinity of 

the fuel particles entrained in the EFR center, local temperature and K(g) could be 

higher and the path length smaller (but difficult to define). 

3.5 Atomic potassium – comparison to equilibrium calculations 

Thermodynamic equilibrium calculations were performed for both fuels for the 

conditions at Ports 3 and 5 using the TDLAS-measured temperatures given in Table 2. 

Figure 6 presents the calculated dominant gas phase K compounds and water vapor as a 

function of O2-to-fuel equivalence ratio at each of the ports, together with the 

experimental average (or median for Port 5) K(g) mole fractions, marked at a lambda 

that was matched to the measured H2O concentration. Fuel-rich conditions were 

assumed at Port 3, whereas an oxygen-rich atmosphere was supposed at Port 5. In 

general, shifting towards lower lambda can be interpreted as moving axially higher up 
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in the EFR as well as radially closer to the entrained fuel particles. The TEC-predicted 

and measured K(g) mole fractions can be compared since the equilibrium was calculated 

taking the biomass, the propane flame products and the shroud gas into account. This 

provides the average partial pressure of K(g) at the given average port temperature, 

which corresponds to the average K(g) concentrations determined by TDLAS. 

The error bars on the experimental K(g) values in Fig. 6 show the standard deviations 

and recorded maxima as a result of the overall concentration variations that were mainly 

caused by fluctuations in fuel feeding and lambda, as exemplified in Fig. 5b. Note that 

the maximum K(g) values are generally associated with a higher temperature and, 

therefore, cannot directly be compared to equilibrium calculated at the average 

temperature. Evidently, the fluctuations were largest during devolatilization (at Port 3), 

but occasional peaks were observed at Port 5. For lambdas around one (at constant PF 

and shroud combustion), an increase in fuel supplied to the system, shifts the 

equivalence ratio to lower values, which dramatically increases K(g), much more than 

what can be explained by changes in temperature or optical path length.  
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Fig. 6. Thermodynamic equilibrium values of K compounds and water vapor for SW (a, b) and 

MC (c, d) for Ports 3 and 5, plotted as a function of lambda and calculated using the TDLAS-

measured temperature at the respective port. The blue dots indicate the measured H2O 

concentration, to which the measured K(g) concentrations (red star markers) were matched. 

The errors bars represent the standard deviations and maxima due to fuel feeding fluctuations.  

The equilibrium calculations revealed several key parameters affecting the amount 

of K(g) for these fuels at the conditions prevalent in the EFR. Firstly, as opposed to 

KOH(g) and KCl(g), the predicted amount of K(g) changes significantly with lambda, in 

particular around stoichiometric conditions, and is much higher in gasification mode 

(lambda<1) than in combustion mode (lambda>1). Secondly, K(g) increases with 

temperature at any given lambda. Thirdly, in the combustion regime, the amount of 

K2SO4(g) formed increases, which directly decreases the amount of K(g) in the system. 

However, K2SO4 may be over-predicted in TEC as its production is strongly affected by 

the oxidation from SO2(g) to SO3(g), which can be slow [44, 45]. Finally, the interaction 

with other ash-forming elements is very important for K(g). Although the MC used in 
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this study contains 5.5 times more potassium than SW (Table 1), lower mole fractions of 

K(g) are predicted by TEC for this fuel.  

From Table 1 it is evident that the SW ash has a clear deficit of Lewis base forming 

elements (Si, P, S, Cl) compared to Lewis acid forming elements (K, Na, Ca, Mg, Fe, Al) 

[46], which directly affects the ratio between KOH(g) and KCl(g) (Fig. 6). For example, 

little chlorine is available in SW to form KCl(g), whereas much larger amounts of KCl(g) 

compared to KOH(g) are predicted for MC in the combustion regime. Thus, while the 

potassium in SW is probably bonded in alkali carbonates at temperatures lower than 

those observed in the EFR it will to a large extent be released as K(g) at elevated 

temperatures. The lower amount of K(g) predicted and measured for MC at the end of 

the conversion (Ports 4 and 5) may partly be explained by secondary ash transformation 

reactions consuming KOH(g) to bond K in silicates (including slag), phosphates, or 

sulphates, which pushes the equilibrium for K(g) to lower concentrations. 

At Port 3, devolatilization was still ongoing and lambda was probably below unity as 

indicated by the low experimental H2O concentrations. The fact that, for both SW and 

MC, the measured amounts of K(g) were much lower than those predicted by TEC at 

lambda<1 suggests that primary ash transformation reactions have taken place to 

produce KOH(g), possibly reacting further through secondary reactions to form other 

K-containing compounds [3]. This conclusion holds even though TDLAS may somewhat 

underestimate the local K(g) and H2O concentrations, as discussed above. At Port 5, the 

calculated and measured K(g) values were in excellent agreement for both SW and MC, 

suggesting that even the secondary and tertiary ash transformation reactions [3, 46] 

affecting K(g) were close to – or at – global equilibrium. The slightly higher experimental 

value for MC could be related to slow oxidation reactions (SO2 oxidation to SO3 for 
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subsequent formation of sulphates) and possibly the somewhat slower alkali silicate 

forming reactions. 

The measured K(g) concentrations and temperature profiles also provide 

information regarding the fuel burnout. As evident from Table 2 and Figs. 4 and 5, MC 

combustion first (at Port 3) results in higher K(g) concentrations and temperatures than 

observed for SW conversion. Towards Port 4, K(g) then drops sharply to 6.3 ppbv for 

MC, whereas for SW the compound decreases linearly to 23 ppbv at similar temperatures. 

This confirms the TEC prediction of lower K(g) in MC conversion and suggests faster 

burnout for this fuel. 

The in situ TDLAS measurements of K(g) during combustion of the two different 

fuels in the EFR have provided empirical support for, and valuable new information on, 

the conceptual model for ash transformation reactions [3], which was developed and 

investigated primarily using extractive techniques. Importantly, it has been shown in 

this work, that global equilibrium models may overestimate K(g) at reducing conditions, 

which is probably related to different reaction rates for the inorganic and organic 

matrices, as has previously been suggested in the literature [3]. TEC assumes that all 

reactants are available for reaction, which is not true during a real fuel particle 

conversion. Overall, the results presented here support the assumption that K(g) rapidly 

undergoes primary ash transformation reactions to form KOH or KCl even if the global 

atmosphere for the fuel particles exhibits a lambda smaller than unity. It cannot be 

stated with certainty that KOH and KCl are at equilibrium levels, even at port 5, without 

further empirical studies. 

This information was obtainable only by in situ measurements of K(g) with the fuel 

particle in close proximity to the flue gases, where a global equilibrium could be 
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established. In cases where the fuel particle is separated from the gas phase, e.g. in grate 

fired combustion, it is still reasonable to assume that K(g) undergoes primary reactions 

quickly and then interacts with other ash-forming elements through secondary 

reactions close to the fuel bed. The current work also demonstrates the importance of 

accurate in situ measurements of process parameters, such as temperature and major 

species, in addition to alkali compounds in fuel conversion studies.   

In future investigations, it will be beneficial to be able to conduct measurements even 

closer to the fuel inlet, quantify carbon-containing species, and determine the degree of 

fuel conversion and total K release by established experimental methods. CFD 

simulations that include biomass particles and potassium reactions can improve our 

understanding of the local conditions experienced by the fuel. Without doubt, in situ 

detection of other potassium species, such as KOH(g) and KCl(g), is of great importance 

to track the secondary ash transformation reactions and assist the development of 

kinetic models. 

4. Conclusions  

In this work, a first step has been taken towards investigating potassium chemistry in 

situ during thermochemical conversion of powdered biomass in settings resembling 

industrial facilities. By comparison with 2D CFD simulations and standard gas analysis, 

the suitability of TDLAS for calibration-free measurements of average temperature and 

species concentrations in the hot reaction zone of an atmospheric entrained flow reactor 

was confirmed. Absolute concentrations of elemental potassium were for the first time 

detected in an EFR core during biomass combustion. Only small differences in K(g) were 

observed between softwood and Miscanthus along the EFR. At the end of the reactor, 
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the measured K(g) concentrations were in excellent agreement with thermodynamic 

equilibrium. The fact that, in the upper part of the EFR, K(g) was significantly lower than 

predicted by TEC for reducing conditions points to inorganic ash-transformation 

occurring faster than organic reactions. Although K(g) changes significantly around 

stoichiometric conditions, the most important factor determining the concentrations of 

gaseous K compounds in general is the fuel composition, especially the concentrations 

of the other ash-forming elements. The combination of laser-based diagnostics and 

modelling approaches has the potential to provide unique insights into fuel conversion 

and ash-related chemistry. 
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