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Abstract

Combustion of wood logs continues to improve despite the diversification and standardization of wood-derived fuels. Gasification boilers—
featuring separate gasification and combustion chambers—are widely used to meet stringent environmental requirements, yet they remain
underrepresented in the engineering and scientific literature. To bridge this gap, 146 simulations were conducted to assess how refractory size,
position, inclination angle, producer gas quality, and gas-inlet location affect flue-gas residence time, temperature fields, and heat transfer
to boiler water. An 18-kW boiler is experimentally characterized with respect to producer-gas composition and temperature under varying
gasification conditions. These data are used as boundary conditions for a CFD model that features non-premixed combustion and is described
using the standard k-¢ turbulence model, the Discrete Ordinates radiation model, and a domain-based weighted-sum-of-gray-gases model for
radiative properties. Refractories not only protect metal surfaces, enable complete combustion, and aid particulate removal, but also enhance
heat transfer. In total, 8 different combustion chamber designs are analyzed. Compared to the best refractory-free case, a combustion chamber
with a U-shaped flue-gas flow path and two additional refractory-coated surfaces achieves 22% higher heat transfer despite a 17% smaller
heat-exchange area. Refractories that create a U-shaped flow path extend flue-gas residence time, span at least half the chamber length, and
feature an asymmetric channel height that favors a smaller flue-gas cross-section at the exit. Finally, combustion chamber design depends on
upstream gasification performance—specifically, producer-gas composition and temperature, and air-preheating temperature.
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1. Introduction requirements, the efficient and clean utilization of wood fuel

remains a technical challenge. In conventional combustion

The transition toward low-carbon and renewable energy sys-
tems has significantly increased the importance of biomass as
a sustainable energy source. Biomass currently accounts for
approximately 8.8% of the total global primary energy supply
[1], making it one of the most widely used renewable energy
carriers worldwide. Within this category, fuel wood represents
nearly 60% of traditional biomass consumption [2], particu-
larly in residential and small-scale heating applications. De-
spite its widespread availability and relatively low processing

systems, incomplete oxidation, high particulate emissions,
and ineflicient heat transfer are still common issues. For this
reason, modern biomass boilers increasingly rely on gasifica-
tion-based combustion concepts, which enable better control
of the combustion process and significantly lower emissions.
Gasification boilers represent the most advanced technology
for wood-log combustion and currently hold an estimated
20% share of newly sold solid-fuel boilers [3]. These boilers
operate with two distinct zones: a gasification chamber and
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a combustion chamber. In the gasification chamber, wood logs are
converted into producer gas with a calorific value of 4.5-6 MJ/Nm®
using 30-60% of stoichiometric air [4]. This gas is then combusted
in the combustion chamber. In small-scale boilers with a thermal
capacity under 100 kW, fixed-bed gasification designs (downdraft,
updraft, cross-draft), as shown in Figure 1, are dominant, with
downdraft being the most common.

Figure 1. Multistage wood combustion. Designs with a) updraft, b)
downdraft, and c) crossflow gasification. 1) gasification chamber, 2)
combustion chamber, 3) refractory elements [5]

To enhance combustion stability, separate particulates, improve
heat transfer, and protect metal surfaces, refractory materials are
used to shape the combustion zone [6]. These materials withstand
high temperatures and corrosive environments without deforma-
tion [7]. Refractories are classified by refractoriness (1580-1770 °C,
1770-2000 °C, >2000 °C), chemical composition (oxide, non-oxide,
composite) [8,9], and form (shaped bricks vs. monolithic concretes)
[6,7,10,11]. Although refractory elements are widely used, their ge-
ometry and positioning are still largely based on empirical design
rules rather than on systematic engineering methodologies, and
their selection and configuration strongly depend on the specific
combustion chamber geometry and operating conditions.

Although the performance of the gasification chamber has been
extensively studied (including the effects of primary air and fuel
moisture on producer gas composition [12], tar behavior [12,13],
and comparisons of different biomass types [14,15]), most available
data concern traditional updraft or downdraft gasification reactors
[12,16,17]. Crucially, the downstream combustion chamber and its
refractory elements have received far less attention. Current designs
rely on empirical rules and manufacturer experience, using volumet-
ric heat release rate as the main parameter [18-20]. The combined
influence of refractory geometry (length, position, inclination) and
variable producer-gas properties on heat transfer and flue-gas resi-
dence time has not been systematically quantified. This problem is
exacerbated by the practical difficulty of measuring producer gas
composition in situ and by its natural variability.

This study aims to bridge the identified gap by systematically quan-
tifying the impact of both producer gas composition and refractory
element design on heat transfer and combustion chamber perfor-
mance. To achieve this, an 18kW wood-log gasification boiler was
investigated experimentally to determine the producer gas compo-
sition, gas temperature, and tar content under realistic operating
conditions.

The experimentally obtained data were used as boundary conditions
for a validated Computational Fluid Dynamics (CFD) model of the
combustion chamber. A comprehensive parametric study cover-
ing 146 configurations was conducted, varying refractory ceramic
length, position, and inclination angle, as well as producer-gas inlet
location. The response variables evaluated were flue-gas residence
time, temperature fields, and heat transfer to boiler water.

The obtained results establish quantitative design guidelines for
optimizing refractory configurations and enhancing the thermal
performance of biomass gasification boilers. Their applicability is
not limited to the investigated case study because energy density is
a fundamental parameter in combustion chamber sizing. Conse-
quently, the findings can be extended to similar boiler designs across
a broad range of thermal capacities.

2. Experimental investigations

Experimental investigations were conducted on a wood-log gasifica-
tion boiler with a nominal thermal power of 18-kW. The main com-
ponents of the boiler are a gasification chamber (410x520x700 mm),
a combustion chamber, and a convective section (Figures 2 and 3b).
The gasification chamber simultaneously serves as fuel storage.
Preheated primary air is added through inlets located on the side
walls of the chamber at a height of 150 mm above its bottom, and
the producer gas is combusted in the zone between the gasification
and combustion chambers. The refractory plate (3 in Figure 3b),
located between the gasification and combustion zones, supports
the gasified fuel bed, provides heat for endothermic reactions, and
channels combustion air. The other refractory element (5 in Figures
2 and 3b), together with the plate, forms a combustion zone for the
producer gas and serves to ensure as complete as possible combus-
tion of the producer gas laden with particulates, to facilitate the
removal of ash through the cleaning doors, to enhance heat transfer
within the combustion chamber, and, through a combination of
velocity changes and inertial forces, to promote particle deposition.
Apart from these refractory elements and the door, the chamber is
largely surrounded by channels through which the water flows. The
convective section of the boiler (6 in Figure 2) consists of three par-
allel pipes, each with an inner diameter of 82.5 mm and equipped
with a wire-coil turbulator. The fan (7 in Figure 2) creates a slightly
negative pressure inside the boiler, which is automatically regulated
by two valves and the exhaust fan. The primary air valve, in combi-
nation with the variable-speed fan, attempts to achieve the desired
thermal output, whereas the secondary valve maintains a constant
oxygen concentration in the flue gas, typically targeted at 7%. The
boiler is designed to provide near-constant thermal power and to
couple with a buffer tank, but variations in downdraft gasification
and in water inlet temperature lead to quasi-steady-state operation.
Unsteadiness in the gasifier is primarily caused by its batch-type
operation, bridging in the fuel bed, and the fuel’s variable moisture
content.
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2.1. Fuel properties

For experimental investigations, beech wood was used as the test
fuel. Table 1 shows its proximate and ultimate analyses, lower heat-
ing value (LHV), and applied measurement standards.

Table 1. Proximate and ultimate analysis of the fuel. 1) on a dry
basis, 2) as ash, 3) on a dry ash-free basis, 4) average value

mater AW pos © B 0% N e W
ISO ISO cale. 1SO cale. ISO ISO  ISO ISO
18123 18122 16948 16948 16994 18134 18125
85.9 0.57 13.4 49.1 57 445 0.15 0.045 12.85 14540

After three years of natural drying, the beech wood used for testing
was exceptionally dry. Manufacturers typically require the moisture
content to fall within the range of 15 wt% to 20 wt%, though some
even recommend a broader upper limit of 25 wt%. Compared with
wood density and chemical composition, moisture content is the
most significant factor influencing the combustion quality of wood
logs. This implies that the findings of this analysis are applicable to
wood logs combusted in gasification boilers, provided the wood is
naturally well-dried to within the recommended moisture content
ranges and irrespective of species or density.

2.2. Measured quantities and measurement procedure

In the examined boiler, in-situ measurements in the gasification
chamber are not feasible because water flow channels occupy most
of the chamber volume, imposing spatial limitations. To obtain a
more realistic simulation of operating conditions, the measurements
were carried out cyclically: after every 25 minutes of operation, the
chamber was investigated during a 10-minute interval. During
sampling, the fan (7 in Figure 2) operated at a constant rotational
speed, while the primary air flow rate was maintained at an approx-
imately constant level by a manual control valve (16 in Figures 2
and 3a). Despite continuous variations in flow resistance within the
chamber, the air flow rate was maintained within +0.1 1/s using the
control valve. This valve is necessary because closing the secondary
air supply (3 in Figure 2) disturbs the flow pattern in the boiler and
increases the flow rate through the gasification chamber by closing
the parallel secondary air branch. A volumetric flow meter (15 in
Figures 2 and 3a) and the aforementioned control valve were used at
this measurement location. To ensure measurement accuracy, both
the flow meter and the control valve were installed on a straight pipe
section with a minimum upstream length of 5D from the nearest
local flow disturbance. The primary air mass flow rate was calculat-
ed based on the measured ambient air temperature and humidity
(measurement point 4 in Figure 2 and Table 2).

After the secondary air supply was closed, gas sampling and tem-
perature measurement probes were installed at sampling point 2
(Figures 2 and 3b). A K-type thermocouple was positioned adjacent

to the gas sampling probe and housed in a stainless-steel tube, which
served as a barrier against thermal radiation from the surrounding
ceramics. Gas sampling was performed using a water-cooled probe
(1 in Figure 2), with cooling water supplied at approximately 12 °C
(2) and discharged at position 3. The probe was slightly inclined to-
ward a condenser cooled with ice water at 0 °C (4 in Figure 2). The
cooled gas was then directed from the condenser to gas-washing
bottle 5 (Figure 2), which had a volume of 0.25 dm® and contained
0.15 dm?® of isopropanol. The washing bottle was immersed in ice
water at 0 °C throughout the entire procedure. The main portion of
the moisture and tar was separated from the gas in the condenser.
Figure 4a, taken during the measurements, shows the collected con-
densate, which represents a mixture of water, tar, and solid particles.
The latter predominantly consists of ungratified carbon entrained
in the gas flow. In study [21], Hasler and Nussbaumer presented
an absorption-based method for sampling and separating tar from
producer gas. Using this method, Buchmayr et al. [12] sampled tar
from gas produced by the gasification of wood chips in a small-scale
boiler. Unlike study [12], in which two water-filled and five isopro-
panol-filled washing bottles were used(three of which were placed
in a vessel maintained at —10 °C),in the presented measurement,
considering its specific objectives, required accuracy, the use of a
water-cooled probe, and a large condenser, only a single washing
bottle was employed.

wood log gasification boiler
with a nominal thermal power
of 18 kw'

1

oopoooooodo

Figure 2. Experimental set-up. In squares: 1) gasification chamber,
2) primary air inlets, 3) secondary air, 4) gasification chamber
outlet (secondary air inlet), 5) refractory brick in the combustion
zone, 6) convective section of the boiler with wire coil turbulators.
Measurement points shown by triangles: 1) primary (gasification)
air, 2) gas sampling and temperature measurement, 3) measurement
of flue gas characteristics at the boiler outlet, 4) ambient conditions,
5) moisture content of the wood logs. Measuring equipment
indicated by circles: 1) gas sampling probe, 2,3) cooling water

inlet and outlet of the probe, 4) condenser, 5) washing bottle

filled with isopropanol, 6) silica gel filter, 7) glass fiber filter, 8)

dry gas flow meter, 9) vacuum pump, 10) CO measurement, 11)
CH4 measurement, 12) gas analyzer, 13) gas dilution air, 14)
anemometer, 15) flow meter, 16) manual control valve, 17) wood
moisture meter, 18) temperature and O, sensors in the flue gas, 19)
temperature measurement, 20) isokinetic particle sampling, 21)
producer gas temperature [5]
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Downstream of the washing bottle, which was used to remove re-
maining moisture and particles, silica gel filters (6 in Figure 2) and
glass-fiber filters (7 in Figure 2) were employed. After the filters,
the volumetric flow rate and temperature of the sampled gas were
measured using a Zambeli ZB1 device (Tab. 2). The dry producer
gas was then split into three lines: two were directed to automatic
gas analyzers for measuring high concentrations of CH, and CO
(Tab. 2), and the third was routed to a Testo 350 XL gas analyzer (12
in Figure 2). These devices (10 to 12) are equipped with their own
vacuum pumps, which have been omitted from Figure 2 for clarity.
Using the gas analyzer, the dry fuel gas was diluted with ambient air
by a factor of 40 (ratio 1:39), and the concentrations of O,, CO,, and
CO were measured. The N, concentration was calculated based on
the primary air flow (15 in Figure 2) and the ultimate composition
of the beech logs. As in the study by Buchmayr et al. [12], it was
assumed that all tar was in the form of heptane(C,H,s).The H, con-
centration was determined under the assumption that in the dry gas,
after removal of moisture and tar, no components other than CO,
CO,, CH4, O,, and N, were present.

At the measurement point 3 (Figure 2 and Table 2), flue gas tempera-
ture and O, concentration was continuously checked by the boiler
control system (19). Prior to the measurements described above,
boiler performance tests by EN 303-5 were conducted at the same
measurement point (see Table 3). The gas temperature within the

sampling line was controlled at the volumetric flow measurement
location (8 in Figure 2).

(b S8 b SR b

Figure 3. a) The tested boiler with part of the measuring equipment,
b) Cross-sectional view of the boiler through the gasification
chamber (labels correspond to those in Figure 2) [5]

Table 2. Measuring points, quantities and characteristics of the applied measuring equipment

MP Number

Quantity and device

Primary air volumetric flow meter Flowatch, measuring range 1 - 30 m/s,

Error (abs. or rel.)

1 1 +2% F
> @20 mm, resolution 0.1 m/s, 3 cm/s, operating temperature — 50 to 100 °C %o ES
2 8 Volumetric flow rate of the producer gas - Zambe- +3%
li ZB1 - min 16 dm’/h, maximum flow rate 4 m’/h =0
5 10 CO concentration in dry producer gas. Gas analyzer Uras 3E (manufacturer 1%
Hartmann & Braun). Measurement range: 0-25% CH,, 0-50% CH, =7
5 1 CH, concentration in dry producer gas. Gas analyzer Uras 3E (manufac- 1%
turer Hartmann & Braun). Measurement range: 0-10% CO, 0-40% CO =0
2 12 CO concentration in dry producer gas +5%
2 12 CO, concentration in dry producer gas +0.3 vol%+1
2 12 O, concentration in gas +0.8%
) 45 M.(nsture and tar c.onten.t indry prod.ucer gas — deter- +0.2 mg
mined by the gravimetric method using JEX-200
5 ’1 Temperature of dry producer gas at the outlet of the gasification +1°C
chamber - Type K thermocouple (NiCr-Ni) max. 1370 °C -
3 18 Flue gas temperature and oxygen concentration — mon- +1°C
itored by the boiler control system +0.1 vol%
3 1920 Volumetric composition and particulate matter con- 0,+0.8%, CO+10 ppm,
’ tent in the flue gas - Horiba ENDA 5000 NO,+5%, SO, +10 ppm
. . o
4 14 Ambient air temperature and relative humidity relative humidity iZ.EA) H
temperature +0.5 °C
5 17 Wood moisture — Testo 616 (<50% moisture), resolution 0.1% rel.=0.1%/DB%
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Table 3 presents the main technical specifications for the tested
gasification boiler. Except for excess air (which is always within the
reported range) and primary air, other data and their corresponding
uncertainties were taken from official testing performed by a cer-
tified company according to EN 303-5. In this type of boiler, the
control system regulates the secondary air flow so that the oxygen
content in the flue gas is approximately 7% or, alternatively, is set
to another value that ensures high efficiency with the lowest possi-
ble emissions. Consequently, the most common air excess ratio is
around 1.5. In most cases, the primary air, expressed as the excess
air ratio, ranged from 0.35 to 0.45. The uncertainties in the excess
air are calculated based on the relative errors in the determination
of actual air (2%, see Tab. 1) and stoichiometric air (3.5%).

Table 3. Technical data of the tested boiler

Nominal power 18.07 £ 0.08 kW
Efficiency 90.3 +£0.81%
- o O
CO emission (corrected to 10% O, in 12657 + 1,70 mg/Nm3
dry flue gas)
NOX emission (10% O,) 175.75 + 2.6 mg/Nm’
OGC emission (10% O,) 5.02 +0.22 mg/Nm’

Particulate matter emission (10% O,) 18.44 + 0.55 mg/Nm3

A - most common 1.5+1.6 (£ 0.06)

0.22+0.67 (min+max), (average 0.39+

\ primary air (during testing) 0.02)

Table 4 presents the results of four testing sessions. The last two
columns show the composition of producer gases at the optimal
gasification points for beech wood with 12.85 % moisture, under a
pressure of 0.1 MPa. CBP - SRC denotes optimal gasification with
air at standard reference conditions [22], while CBP - PA represents
optimal gasification with air preheated to the gasification tempera-
ture [23]. The optimal point is also referred to as the carbon bound-
ary point [24]. At this stage, the gasification process is described as
a chemical evaporation process in which the minimum amount of
air required to convert all carbon into the gaseous phase is added.
Under these conditions, the gas retains the maximum amount of
chemical energy from the original biomass. Compared to the values

and experimental results reported in [12] and [15], unexpected gas
compositions were measured. Column 1 shows the gas obtained at
the start of the tests, when the boiler was filled with fuel to a level
below the primary air inlet (line A-A in Figure 3b). In this case, the
boiler was unable to reach its nominal thermal power. Subsequently,
the fuel level in the chamber was raised to the height corresponding
to the line B-B in Figure 3b. The obtained values are shown in col-
umns 2-4. Column 3 corresponds to the most frequently obtained
gas composition. These are average values; their variation during
sampling is illustrated in Figure 4b.

N S

560
h_§ : / temperature * | 55
H

b) I‘ime (min)

Temperature (°C)

Figure 4. a) collected condensate (mixture of water, tar and solid
particles), b) changes in the volumetric concentrations of CO, CH,,
0O, and flue gas temperature during Test 3 [5]

Figure 4b shows the average-minute values obtained as the mean of
four measurements taken during a one-minute sampling interval. In
Figure 4b, relatively small variations in the results can be observed
within a single measurement session. The masses of moisture and
tar, determined using the described gravimetric method, indicate
that the tar content in the producer gas is relatively high. Tar was the
main contributor to the gas heating value. The amounts of H,O and
tar in the gas were measured for all testing sessions and subsequent-
ly allocated to individual gas compositions, assuming that the same
quantities of H,O and tar were emitted during each session. The ob-
tained moisture-to-tar ratio is consistent with the values reported in
[12] for an air excess ratio of 0.25. The same study demonstrated that
the tar content decreases with increasing primary air supply, while
the gas temperature at the chamber outlet generally increases with
higher airflow. The obtained results are similar to the theoretical
values reported in [17], but differ in terms of significantly lower gas
temperature and increased tar content. This is also influenced by the
gasification chamber being largely surrounded by water channels,
thereby reducing gas temperature and altering its composition.

Table 4. Obtained experimental and theoretical model results

Test 1 2

A 0.28 £ 0.01 0.43 +0.02
CO % 2.4+0.19 4.1+£0.20
CO2 % 19.5 +0.25 14.7 £ 0.25
CH4 % 0.3 £ 0.009 1.0 £0.013
Hz% 02+1.1 1.1+£1.3

H,0 % 22 +0.43 15.5+0.29
N, % 552+ 1.1 62.8+1.3

3 4 CBP - SRC CBP - PA

0.30 £ 0.01 0.28 +0.01 0.285 0.239
53+0.21 54+0.21 22.2 26.2
15.7 £0.25 17.2 £ 0.25 10.3 8.4
1.1£0.014 1.3£0.016 1.3 1.3

1.1+1.2 1.2+1.1 22.8 25.5
18.2+0.34 20.0 +0.39 5.4 4.6
58.1+1.2 545+1.1 38.0 34
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0, % 0.3+0.04 0.6 +0.04 0.5+0.04 0.4 +0.04 0.0 0.0
LHW MJ/kg, . 0.69 +0.28 2.25+0.32 2.21+0.30 214 +0.28 12.64 13.53
LHW including tar MJ/kg, 11.5+3.25 11.5 % 3.39 11.5+3.13 11.143.12
Moisture mass kg/m’ dey_producer_gas 0.152 £ 0.003
Tar mass kg/m’ dry_producer_gas 0.109 £ 0.032

°C 497+ 1 618+ 1 556 + 1 570 + 1 674.5 698.6

producer_gas

In the first test series (Tab. 4), low values of combustible compo-
nents are due to a thin layer of gasified biomass and the formation
of channels (the interstitial voids within the wood-log fuel bed).
In this case, nearly complete combustion occurs in the channels,
which represent a form of fluid short circuit for the airflow and,
subsequently, the gas flow. Smaller amounts of air pass through the
remaining part of the fuel bed, causing gasification of the biomass.
Fuel devolatilization, which results in tar formation, depends on the
rate at which the heat flux spreads from the interstitial voids within
the wood-log fuel bed to the remaining fuel.

The gas temperature at the outlet of the gasification chamber did
not exhibit significant oscillations during the sampling period (see
range in Figure 4), and was generally higher when more primary
air was supplied. More air releases more energy during oxidation
reactions, resulting in increased gas temperature. The measured val-
ues were lower than those corresponding to the optimal gasification
point, due to heat losses to the boiler water, secondary air, and the
surroundings, and are consistent with the results reported in [12].
Anomalies observed during tests with smaller fuel loads were caused
by the formation of the interstitial void space within the wood-log
fuel bed, as previously mentioned. These channels disappear after
several fuel batches as a result of fuel fragmentation induced by
shrinkage and thermal degradation, as described in more detail in
[13].

Table 4 presents the standard uncertainties for the measured and cal-
culated product gas components and properties. These uncertainties
are derived from the data in Table 2 and from the results of the wood
analysis. Most gas species, CO, CO,, CHy, O3, N,, and H,O, have ac-
ceptable standard uncertainties. Because its low concentration and
it is determined by subtracting the volume fractions of the other gas
species, the hydrogen volume fraction in the producer gas exhibits
a substantial standard uncertainty. The 2% uncertainty associated
with the high volume fraction of nitrogen is the predominant con-
tributor to this uncertainty. This effect, together with a substantial
standard uncertainty for tar (29.7%), leads to relatively high uncer-
tainties in the LHVs. Nevertheless, because most gaseous species
have low uncertainties and the energy balance of the boiler agrees
with the presented values, these data are used as input for the CFD
model of the combustion chamber.

3. The CFD model

The commercially available ANSYS software and its integrated mod-
ule FLUENT 18.1 [25] were employed for the numerical simulation
of the producer gas combustion within the combustion chamber.
The simulations were performed based on the defined geometry,
generated computational mesh, and boundary conditions. Different
turbulence models [26,27] were preliminarily tested to assess their
impact on the simulation results. Among the tested models, the
Standard k-¢ turbulence model [28,29] provided results that were
in the closest agreement with the experimental measurements (see
Appendix B). For this reason, the standard k-¢ model was selected
for the final simulations. In developing the non-premixed combus-
tion model, the energy equation was solved, the selected standard
k-¢ turbulence model was adopted, and the discrete ordinates (DO)
radiation model was applied. The non-premixed combustion model
in ANSYS Fluent is based on the mixture fraction/PDF approach. In
this model, the thermo-chemical state of the reacting mixture is de-
scribed by the mixture fraction and its variance, while turbulence-
chemistry interaction is accounted for using a presumed probability
density function (PDF). The chemical-state relation was defined
using the chemical-equilibrium option, such that species composi-
tion and temperature are obtained from equilibrium calculations as
functions of the mixture fraction. Therefore, the combustion pro-
cess is represented using an equilibrium flamelet approach. The oxi-
dation of the main fuel species (CO, H,, CH,, and tar compounds) is
determined by equilibrium chemistry incorporated into the flamelet
library. The DO radiation model, which solves the radiative transfer
equation for a finite number of discrete directions, is well suited
and frequently recommended for combustion simulations where
high solution accuracy is required [30]. For radiation modeling,
the WSGGM-domain-based approach was employed to determine
the absorption coefficient. Figure 5a illustrates the CFD model of
the combustion chamber of the investigated wood-log gasification

boiler.
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Figure 5. a) CFD model of the combustion chamber of the
investigated wood gasification boiler, b) The computational mesh
represented by a cross-section of the combustion chamber. 1)
producer gas inlet, 2) combustion air inlet, 3) refractory ceramics,
4) combustion chamber, 5) flue gas inlet into a tubular heat
exchanger that consists of three parallel pipes, 6) boiler water inlet,
7) boiler water outlet, 8) boiler steel plate.

Figure 5b illustrates the computational mesh represented by a
cross-section of the combustion chamber. The mesh consists of
55547 nodes and 275310 elements. The minimum length of a side
of an element is 0.538 mm, whereas the maximum length is 20 mm.
The mesh quality is considered satisfactory, as the average values of
y-plus, element quality, aspect ratio, orthogonal quality, and skew-
ness fall within acceptable limits, amounting to 31.9, 0.814, 1.97,
0.741, and 0.258, respectively [31,32].

The numerical discretization schemes used in the present simula-
tions were as follows. The pressure equation was solved using the
PRESTO! scheme, while the momentum, turbulent kinetic energy
(k), turbulent dissipation rate (¢), energy, Discrete Ordinates (DO)
radiation, mean mixture fraction, and mixture fraction variance
equations were discretized using second-order upwind schemes.
The gradient terms were evaluated using a least-squares cell-based
method, and the cell-face fluxes in the solver were treated using the
SIMPLE pressure-velocity coupling algorithm. Under-relaxation
factors for all solved variables were set to 0.3, providing stable con-
vergence throughout the simulations. Residual targets of 10° for
energy and 10~ for do-intensity were used.

3.1. Boundary conditions

The inlet to the combustion chamber was defined as a producer-gas
inlet boundary, with the producer gas flow specified as a mass flow
rate, uniformly distributed across the cross-sectional area (1 in Fig-
ure 5). The combustion air inlets to the combustion chamber are
defined at two locations, each specified with an inlet boundary con-
dition at which the combustion air flow is prescribed as a mass flow
rate uniformly distributed over the corresponding cross-section
(2 in Figure 5). The flue gas outlet from the combustion chamber
(which effectively corresponds to the flue gas inlet to the tubular
heat exchanger shown as 5 in Figure 5) was defined as an outlet-type
boundary. The boundary condition was specified by selecting the
static pressure option and setting a relative pressure of 0 Pa. The
boiler water inlet was defined as an inlet boundary, with the water
flow specified as a mass flow rate, uniformly distributed across the
cross-section (6 in Figure 5). The water outlet (7 in Figure 5) was de-
fined as an outlet boundary, where the boundary condition was set
by selecting the static pressure option and assigning a relative pres-
sure of 0 Pa. All remaining surfaces were assigned wall boundary
conditions. Under real operating conditions, heat losses through the
doors are approximately 400 W/m”. However, due to the small area
of the doors and the right-hand closed surface in the flame zone,
which together total 0.13 m?, the resulting heat losses are negligi-
ble, at approximately 52 W. Therefore, the doors and the right-hand
closed surface in the flame zone were modeled as adiabatic. Table
5 presents the boundary conditions used in the numerical simula-
tions. As previously noted, all tar was assumed to be in the form of
heptane (C;H;6). The parameters used in the numerical simulations
for the refractory ceramics (corundum 90) were taken from [33] and
are as follows: A=2.33 W/mK, Cp=1.118 kJ/kgK, and p=2.83 g/cm3.
Like any refractory material, this material has pros and cons: good
wear and abrasion resistance required in this case (Figures 2, 3, 5,
6), high volume stability (low creep), and high thermal conductivity,
but also high vulnerability to alkali attack and poor thermal shock
resistance [34-36]. To balance these pros and cons, modern boiler
designs rarely use pure corundum 90 but rather corundum-mul-
lite composites that improve thermal shock resistance, or versions
blended with chromium oxide or silicon carbide to block pores and
prevent alkali vapor penetration [37].

Table 5. Boundary conditions used in the numerical simulations

Test 1 2
CO % 2.344 4.004
CO, % 19.043 14.355
CH4 % 0.293 0.977
H2 % 0.195 1.074
HZO % 21.484 15.137
N, % 53.906 61.328
0, % 0.293 0.586
CH, % 2.442 2.539

kg/s 0.00373 0.00385

producer_gas

3 4 CBP-SRC CBP-PA
5.176 5.273 22.2 26.2
15.332 16.797 10.3 8.4
1.074 1.27 1.3 1.3
1.074 1.172 22.8 25.5
17.773 19.531 5.4 4.6
56.738 53.223 38 34
0.488 0.391 0 0
2.345 2.343 0 0

0.00373 0.00357 0.00322 0.00291



Journal of Thermal Engineering, 12(6), 2026

2037

producer_gas °C 497 618
combuston_air <8/S 0.00713 0.00834
combustion_air °C 300 300
bailer_ater K8/S 0.2 02
T C 55 55

boiler water

556 570 674.5 698.6
0.00784 0.00763 0.00724 0.00774
300 300 300 300
0.2 0.2 0.2 0.2
55 55 55 55

The surface emissivity values used in the radiation model were ad-
opted from the literature. The emissivity of the refractory ceramic
and steel surfaces was set to € = 0.9 and & = 0.8, respectively, based
on data reported in [38,39]. In the present simulations, all emissivity
values were assumed to be constant and independent of tempera-
ture.

Soot and particulate matter are neglected in the model because they
have dual effects on heat transfer in the combustion chamber that
cancel each other out. Namely, they enhance heat transfer when sus-
pended in the flame [40] but inhibit it when deposited, in this case
particularly on the bottom surface.

3.2. Validation of the CFD model

The CFD simulation results were compared with in-situ measure-
ments of the same boiler [41], focusing on the flue gas temperature at
the inlet of the tubular heat exchanger that consists of three parallel
pipes, with the temperature measured at the central pipe (5 in Figure
5). The simulation was performed on a PC workstation equipped
with an AMD Ryzen 5 7500F processor (6 cores, 12 threads, 3.70
GHz), 64 GB of RAM, and an AMD Radeon RX 7800 XT graphics
card. During the simulation, an average of 32 GB of RAM was uti-
lized, while the CPU operated at full capacity. Figure 6 illustrates
the results of the CFD simulation, showing the temperature field
within the flue gas domain. The flue gas temperature obtained from
the CFD simulation (324.5 °C) was compared with the experimental
value (297.8 °C) reported at the boiler thermal output of 18.11 kW
in Tab. 4 in [41], yielding a deviation of nearly 9%. However, because
radiative heat transfer, which depends on absolute temperature, is
dominant inside the combustion chamber, the deviation becomes
4.7%. This is satisfactory, as the discrepancy can also be influenced
by the inherently unsteady (quasi-steady-state) boiler operation
(explained in Section 2), measurement uncertainties (flue gas com-
position, Tab. 2 in [41]; boiler capacity: 18.11 kW + 0.38% [41];
and the reported efficiency: 90.3% + 0.81%), and simplifications in
the model development. The main simplification is that the model
neglects heat loss through the front door, which could lead to over-
estimation. The value of 297.8 °C [41] used for comparison is an
average obtained over a 23-minute interval. As the boiler operates
in a quasi-steady-state manner, the variation of this temperature is
depicted in [41].
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Figure 6. Flue gas temperature field (a cross-section of the
combustion chamber and a top view of three parallel pipes)

4. Proposed new technical design

This section presents the investigated combustion chamber con-
figurations for producer gas combustion in wood-log gasification
boilers. The optimal size and positioning of the refractory ceramics
and the location of the producer gas inlet were determined using a
boiler with a nominal thermal power of 18-kW as a reference case.
Based on the combustion chamber volume of 0.083 m3 (calculated
from the proposed dimensions of 900x303x303 mm) and a boiler
thermal power of 18-kW, the heat transfer rate from the flue gas to
the boiler water per unit volume of the combustion chamber was
determined to be 216 W/m®. In engineering practice, this parameter
is of particular importance for the design of combustion chambers.
Compared with values characteristic of log wood gasification boilers
with thermal powers of 18, 25, 26, and 30-kW [42-44], which range
from 208 to 225 W/m?, the differences are negligible. This compari-
son confirms that the proposed combustion chamber volume is ap-
propriate for the specified boiler thermal power. In the subsequent
section of the paper, the influence of different configurations of re-
fractory ceramics on heat transfer from the flue gas to the boiler wa-
ter was examined. Figure 7 illustrates the 3D model of the proposed
combustion chamber design for a wood-log gasification boiler. The
CFD simulations were performed using the methodology described
in Section 3.

4.1. Influence of refractory ceramic length and producer gas
inlet position on heat transfer

The goal was to determine the optimal size of the refractory ceramic
and position of the producer gas inlet in the combustion chamber.
A total of 25 combinations were analyzed, comprising five different
lengths of the refractory ceramic and five different positions of the
producer gas inlet, as shown in Tab. 6. The position of the producer
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gas inlet is denoted by the symbol p, while the length of the refracto-
ry ceramic is denoted by the symbol I. The individual configurations
are labeled in the form pili, where the index i ranges from 1 to 5,
starting from p 1, p /L, ... up to p.l.. Figure 8a illustrates the two
dimensions that define the examined designs. The design is charac-
terized by a U-shaped flow path within the combustion chamber.

Table 6. Combinations pili used in the numerical simulations

Producer gas inlet position (p.)

i

Refractory ceramic length (1))

p,=150 mm 1,=300 mm
p,=250 mm 1,=375 mm
p,=350 mm 1,=450 mm
p,=450 mm 1,=525 mm
p,=550 mm 1,=600 mm
pi pi
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Figure 8. Examined combustion chamber designs. 1) producer
gas inlet, 2) combustion air inlet, 3) refractory ceramic, 4) fluid
domain, 5) flue gas outlet, 6) boiler water inlet, 7) boiler water
outlet, 8) boiler steel plate, 9) adiabatic wall

Figure 9 shows the results obtained from the numerical simulations
of the design illustrated in Figure 8a. The set convergence criterion
(< 1x107*) was met shortly before the 13000" iteration, correspond-
ing to a total computational time of approximately 35 minutes.
Figure 9 presents the total and radiative heat transfer from the flue
gas to the boiler water. In all examined cases, the total energy input

into the combustion chamber is the same. Based on the simulation
results, it can be concluded that the most favorable effect on heat
transfer is achieved for configurations in which the producer gas
inlet is positioned closest to the flue gas outlet and the refractory
ceramic has a minimum length of approximately half the chamber
length (configurations p L, p1,, and p L, highlighted in gold). This
can be explained by the longer refractory ceramic, which directly
lengthens the flow path and consequently increases the residence
time of flue gases within the firebox. The total heat transferred from
the flue gas to the boiler water shows minimal variation among these
three configurations, ranging from 13329 to 13498 W. The least fa-
vorable configurations can also be observed in Figure 9 (highlighted
in green) and are denoted as p.l, p.l,, p,L, and p 1. This indicates
that the heat transfer decreases as producer gas inlet approaches the
boiler water inlet. As in the previous case, the total heat transferred
among these configurations shows minimal variation, ranging from
10912 to 10990 W. Consequently, the difference between the most
and least favorable configurations amounts to approximately 2.5
kW.
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Figure 9. Influence of the length and producer gas inlet position on
heat transfer for ceramic elements that create a U-shaped flue gas
flow path

In Figure 9, the radiative heat transfer from the flue gas to the boiler
water is indicated by the red dashed line. These values were also ob-
tained from CFD simulations and can be read on the left ordinate.
Regression analysis was used to interpret the results. All regressions
were performed using the ordinary least squares (OLS) method. The
data used consist of 146 CFD simulation runs covering the full range
of operating conditions described in Section 3. No cross-validation
was performed, as the primary objective was to obtain the best pos-
sible fit to the available CFD data; however, detailed fit statistics were
provided to assess model quality. Although the use of nondimen-
sional groups (e.g., Biot-like numbers or Stefan-Boltzmann scaling)
is often desirable for enhancing the physical interpretability and
generality of correlations, their introduction in the present study
did not yield satisfactory statistical performance. Several alternative
formulations incorporating physically motivated dimensionless
parameters were tested, but they consistently resulted in lower R?
and higher RMSE compared to the polynomial expressions reported
here. This outcome highlights a well-known characteristic of re-



Journal of Thermal Engineering, 12(6), 2026

2039

gression-based modeling: a model can provide excellent predictive
capability even if its individual terms lack direct physical meaning.
The strength of ordinary least squares regression lies in its ability to
capture complex relationships purely from data, making it a valuable
tool for interpolation within the calibrated range. Therefore, while
the final equations (Eqs. 1-8) are empirical, their high accuracy (as
evidenced by the fit statistics in Table 1) justifies their use for the
intended purpose. Future work may explore hybrid approaches that
combine physical principles with data-driven techniques to further
improve both interpretability and predictive performance. In all re-
gression equations considered, temperature is expressed in degrees
Celsius. Although radiative transfer is fundamentally dependent on
absolute temperature (given its proportionality to the fourth power
of temperature), the choice of temperature scale in the proposed for-
mulations does not influence the result. This is because temperature
appears in the equations exclusively as a dimensionless ratio or a
temperature difference, thereby neutralizing the effect of the abso-
lute scale. Consequently, the equations are invariant under linear
transformations of the temperature scale, rendering conversion to
absolute units unnecessary.

By applying regression analysis in MS Excel [45], a mathematical
equation describing the heat transferred by radiation, in watts, from
the flue gas to the boiler water was obtained, which is expressed as
follows:

p: Y AT, Y

Qu=c+c pra-Lte-(T)+a |z

Tasmean > r 3
+Cs * (ATgas - ATwater)z +Cs * ( T £ : > +C, e <Il)_>

ATgas ’ Tgasmm )3 (p, )"
e (ATwm> o < T ) TS0 T
( AT, > < T )

o\ AT ) T T, 0

Where c, are the constants listed in Tab. 7, p =p/L is the relative posi-
tion of the fuel gas inlet, 1 =I/L is the relative length of the refractory
ceramic, with L=900 mm being the length of the combustion cham-
ber. AT __denotes the temperature difference between the producer
gas at the chamber inlet and the flue gas at the chamber outlet, AT
.is the temperature difference of the water between inlet and outlet,

tes

T is the mean flue gas temperature, and T is the mean
gas mean water mean
boiler water temperature.
Table 7. Constants used in equation 1
CO Cl c2 C3 C4 CS C6
32283499 36441  -399.67 -8198.92  15.55 0215  -267997.93
C7 CS c9 Cl(:l Cll ch
8131.51  -26.1 13377272 -2197.23  3.465  -18662.94

Configuration p 1, was selected as optimal for two reasons. The
first reason is the previously noted negligible difference in total
heat transfer from the flue gas to the boiler water, compared with

other favorable configurations (Figure 9). The second reason relates
to the length of the refractory ceramic and the associated potential
for material savings when this configuration is adopted. Figure 10a
presents the results of the numerical simulation for the optimal con-
figuration, with particular emphasis placed on the temperature field
of the flue gas. The flue gas temperatures at the outlet of the com-
bustion chamber ranged from 425 to 549 °C. The simulation results
indicate that an extended flow path, i.e., a prolonged residence time
of the flue gases within the combustion chamber most favorably af-
fects heat transfer. The primary function of the refractory ceramic is
to separate the gas inlet from the gas outlet. However, from a heat
transfer perspective, positioning the ceramic closer to the outlet
side is more advantageous, as it promotes convective heat transfer
and enhances radiative heat exchange from hotter to cooler regions.
Furthermore, the simulations showed that the water temperature
increases on average by 9 to 20 °C during heat exchange within the
combustion chamber. Figure 10b illustrates the p I, configuration,
which has an unfavorable effect on the heat transfer. In this config-
uration, distinct colder zones, which result from the more distant
position of the producer-gas inlet, can be clearly identified.
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Figure 10. Results of CFD simulations for ceramic elements that
create a U-shaped flue gas flow path. a) the best configuration p 1
b) the least favorable configuration p 1
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4.2. Influence of the producer gas inlet position on heat
transfer without the use of refractory ceramic

A total of 5 configurations were analyzed, corresponding to 5 po-
sitions of the producer gas inlet, as presented in Tab. 6. Figure 8b
illustrates the dimension of the variable in the examined design.

The results obtained from the numerical simulations are shown in
Figure 11. The set convergence criterion (< 1x10™*) was met short-
ly before the 18750" iteration, corresponding to a total computa-
tional time of approximately 45 minutes. Based on the simulation
results it was found that the most favorable impact on heat transfer
is achieved by configuration p, (highlighted in gold), in which the
producer gas inlet is located closest to the boiler water inlet, i.e. at
the opposite to the flue gas outlet. In this case, the flue gas has the
longest residence time in the combustion chamber and the highest
temperature difference between the flue gas and the boiler water.
This results in the maximum heat transfer from the flue gas to the
boiler water of 13176 W. In contrast, in the least favorable configura-
tion p , a larger portion of the gas (approximately 50%) immediately
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exits the combustion chamber, and consequently decreases radiative
heat transfer. As a result, in the total heat transfer from the flue gas
to the boiler water, the convective mechanism contributes 10365
W, representing 36.3%. The difference between the most and least
favorable configurations is 2.8 kW. Therefore, without refractory
ceramic, the effect of extended gas residence time is eliminated, and
the most efficient configuration positions the producer gas inlet op-
posite the combustion chamber gas outlet.
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Figure 11. Influence of the producer gas inlet position on heat
transfer without the use of refractory ceramic

By applying regression analysis, a mathematical equation describing
the heat transferred by radiation (in watts) from the flue gas to the
boiler water was obtained and is expressed as follows:

Qirg=CotCi " prtC» ATg + ¢ * AT vuer (2)

Where c, are the constants listed in Table 8.

Table 8. Constants used in equation 2

) < ) G

5288.05 15740.59 45.94 -318.98

Figure 12a presents the results of the numerical simulation for the
most favorable configuration p_, with emphasis on the flue gas tem-
perature field. In this optimal configuration, the producer gas inlet
is positioned farthest from the outlet of the combustion chamber to
ensure sufficient residence time for heat transfer from the gas to the
boiler water. The flue gas temperatures at the outlet of the combus-
tion chamber ranged from 432 to 498 °C. The simulations showed
that the water temperature increases, on average, by 10 to 16 °C
during heat exchange within the combustion chamber. Figure 12b
presents the results of the numerical simulation of the least favorable
configuration, p,.
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Figure 12. Results of the CFD simulations for the heat transfer in
the combustion chamber without refractory ceramics. a) the most
favorable configuration p_, b) the least favorable configuration p,

4.3. Influence of the inclination angle of the refractory
ceramic on heat transfer

For the producer gas inlet position p, (see Tab. 6), a total of 18 con-
figurations were analyzed. These configurations include seven incli-
nation angles of the refractory ceramic relative to the longitudinal
axis of the combustion chamber, and three lengths of the refractory
ceramic, as presented in Tab. 9. Figure 8c illustrates the variable pa-
rameters that define the examined designs.

Table 9. Angles at which the refractory ceramic is positioned
relative to the longitudinal axis of the combustion chamber, and the
corresponding lengths of the refractory ceramic

Angles at “;}sll;,:f)lstlltl::);eef;a(;t;)ry ceramic Refractory ceramic length (1)
0,=0° 1,=250 mm
0,=5° 1,=375 mm
0,=10° 1,=500 mm
6,=15°
0.=225°
6,=30°
0. =45°

The results obtained from the numerical simulations are shown in
Figure 13. The set convergence criterion (< 1x10~*) was met shortly
before the 14800" iteration, corresponding to a total computational
time of approximately 40 minutes. Based on the simulation results,
two configurations (6.1, and 81 , highlighted in gold) were identified
as the most favorable from the perspective of heat transfer. The total
heat transferred from the flue gas to the water differs only slightly
between the two variants, ranging from 12445 to 12477 W. In wood-
log gasification boilers, the producer gas may contain significant
amounts of particulates and tar. To promote the separation of parti-
cles carried by the producer gas stream leaving the gasification zone,
the refractory ceramic is often installed at an angle to the combustion
chamber’s longitudinal axis. For this reason, configuration 6,1 was
selected as the optimal solution, in which the refractory ceramic is
inclined at an angle of 5°, with a ceramic length of 250 mm. The least
favorable configurations are also shown in Figure 13 (highlighted in
green) and are denoted as 0.1 and 6_1.. As in the previous case, the
total heat transfer values for these variants differ only slightly, rang-



Journal of Thermal Engineering, 12(6), 2026

2041

ing from 11148 to 11155 W. Consequently, the difference between
the most favorable and the least favorable configurations amounts
to 1.33 kW.
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Figure 13. Influence of the inclination angle of the refractory
ceramic on heat transfer

By applying regression analysis, a mathematical equation describing
the heat transferred by radiation, in watts, from the flue gas to the

boiler water was obtained, which is expressed as follows:
Qr_reg =Co+C;°* 1+ Cy* e +Cs ATgas +Cy ATwamr

4
AT, Teasrn
+C5 * Taasmen + C6 * Tvatermen + €7 ° +Cs * T
‘waterm

AT e
(3)
Where c, are the constants listed in Table 10.
Table 10. Constants used in equation 3
Cl) Cl CZ c3 C4 CS CG C7 CS
36030.4 1.2385 1.2573 -10.387 429.695 44.855 -197.342 0.457 -144.388

Figure 14a presents the CFD simulation results of the optimal con-
figuration 6.1 , with emphasis on the flue gas temperature field. The
5° inclination primarily promotes radiative heat transfer rather than
convection. In this configuration, the slight tilt toward the chamber
door is advantageous, as it facilitates the accumulation of particles
and ash in close proximity to the refractory ceramic. The flue gas
temperatures at the outlet of the combustion chamber ranged from
386 to 445 °C. The simulations showed that the water temperature
increased, on average, by 16 to 18 °C during heat exchange within
the combustion chamber. Figure 14b presents the CFD simulation
results of the least favorable configuration 6.1,. The temperature field
is less uniform, with cold zones beneath the refractory ceramic. Ad-
ditionally, the gas flow deviates to the right through a “short-circuit”
path, preventing sufficient residence time for effective heat transfer.
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Figure 14. Results of the CFD simulations for the influence of the
inclination angle of the refractory ceramic on heat transfer. a) the

best configuration 6 1, b) the least favorable configuration 6,1,

4.4. Influence of the refractory ceramic distance from the
combustion chamber walls and the position of the producer
gas inlet on heat transfer

A total of six combinations were analyzed, comprising two distanc-
es of the refractory ceramic from the two sides of the combustion
chamber and three positions of the producer gas inlet, as presented
in Tab. 11. The combinations are denoted in the form p.AB. Fig-
ure 8d illustrates the variable dimensions that define the examined
designs. The designs examined divide the flue gas into two streams
within the combustion chamber.

Table 11. Distances of the refractory ceramic from the combustion
chamber walls and the positions of the fuel gas inlet into the
combustion chamber.

Distance of the

refractory ceramic Distance of the refractory

Producer gas inlet

N from the left wall of the ceramic from the right wall of
position (p) combustion chamber the combustion chamber (B))
A)
p,=300 mm A =150 mm B =50 mm
p,=450 mm A,=200 mm B,=100 mm
p,=600 mm

The results obtained from the numerical simulations are shown in
Figure 15. The set convergence criterion (< 1x107*) was met shortly
before the 12900" iteration, corresponding to a total computational
time of approximately 35 minutes. Based on the simulation results,
the configuration denoted as p,A B, (highlighted in gold) proved
to be the most favorable from the perspective of heat transfer. This
configuration achieves the highest heat transfer from the flue gas to
the boiler water, amounting to 13176 W. It is characterized by the
producer-gas inlet being located on the side opposite the boiler-wa-
ter inlet, and by smaller distances between the refractory ceramic
and the combustion-chamber walls. In addition, Figure 15 shows
the least favorable configuration (p,A B, highlighted in green),
which results in the lowest heat transfer from the flue gas to the boil-
er water, amounting to 11670 W. This configuration is characterized
by larger distances between the refractory ceramic and the com-
bustion chamber walls, a slightly shorter refractory ceramic length
compared to the optimal configuration (a difference of 100 mm),
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By applying regression analysis, a mathematical equation describing
the heat transferred by radiation, in watts, from the flue gas to the
boiler water was obtained, which is expressed as follows:

B
Qug=cotci g +C petC ATu+ ¢t AT (4)

Where c, are the constants listed in Table 12.

Table 12. Constants used in equation 4

) < < G <

10756.88 -2426.87 -2308.37 2.491 74.31

Figure 16a presents the results of the numerical simulation for the
most favorable configuration, p,A B, with emphasis placed on the
flue gas temperature field. The p A B, configuration enables pro-
longed residence time of the flue gas within the combustion chamber
and, in combination with the asymmetric spacing of the refractory
ceramic (A B,), provides the most efficient heat transfer from the
flue gas to the boiler water. The asymmetric clearance of the refrac-
tory ceramic in configuration p A B, enables a more uniform tem-
perature distribution. The flue gas temperatures at the outlet of the
combustion chamber ranged from 382 to 450 °C. The simulations
showed that the water temperature increased, on average, by 15 to
18 °C during heat exchange in the combustion chamber. Figure 16b
presents the results of the numerical simulation for the most unfa-
vorable configuration, p,A B,. The temperature field is less favorable
because a cold zone forms beneath the refractory ceramic. This issue
arises because the left-directed flow achieves efficient heat transfer,
whereas the right-directed flow follows a “short-circuit” path and
does not remain in the chamber long enough to achieve effective
heat transfer.

transfer

For the producer gas inlet position p, (see Table 6), a total of 24
configurations were analyzed. Two different refractory ceramic
thicknesses, two different heights, two different widths, and three
different lengths of refractory ceramic were examined, as presented
in Table 13. The configurations are denoted in the form thw . Fig-
ure 8e illustrates the varying dimensions of the examined design.

Table 13. Different thicknesses, heights, widths, and lengths of the
refractory ceramic used in the numerical simulations

Refractory . . Refractory
ceramic thickness Refract.ory ceramic Refrac‘tory ceramic ceramic
() height (h,) width (w,) length (1)

t,=25 mm h,=150 mm w,=180 mm 1,=300 mm

h,=200 mm w,=230 mm 1,=450 mm

1,=600 mm

t,=50 mm h,=200 mm w,=230 mm 1,=300 mm

h,=250 mm w,=280 mm 1,=450 mm

1.=600 mm

The results obtained from the numerical simulations are shown in
Figure 17. The set convergence criterion (< 1x107*) was met shortly
before the 18100" iteration, corresponding to a total computational
time of approximately 45 minutes. Based on the simulation results,
it can be concluded that the most favorable impact on heat transfer
is achieved by the configuration denoted as t,h,w 1, (highlighted in
gold). This configuration yields the highest heat transfer rate from
the flue gas to the boiler water, amounting to 13337 W. It is charac-
terized by a smaller refractory thickness, greater height and width,
and the maximum refractory length considered. Furthermore, Fig-
ure 17 also presents the least favorable configuration (t,h,w 1, high-
lighted in green), which results in the lowest heat transfer rate from
the flue gas to the boiler water, equal to 11864 W. This configuration
is characterized by reduced thickness, height, and width, and a re-
fractory length approximately equal to one-half of the combustion
chamber length. Comparing the most and least favorable configura-
tions shows that the difference in total heat transfer rate is 1.47 kW.
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Figure 17. Influence of the geometry of the box-shaped refractory
ceramic on heat transfer

By applying regression analysis, a mathematical equation describing
the heat transferred by radiation, in watts, from the flue gas to the
boiler water was obtained, which is expressed as follows:

AT as >
Qeg=Cot+Ci L+c L ATy + o * AT uier + Cs < s >
t AT\‘V\"HCI’

T aSmean :
+C6 * (ATgas - ATwater)z + Cy ( T B > + Cs * (Tgasmun - Twa(ermm)z + Co
water,

xxxxxx

AT as ’ T aSmean ’
+ ( ATgaS >4 + < Tgasmcan )4
Ci2* Ciz *
ATWS(EI‘ Twalermmn ( 5)

Where c, are the constants listed in Tab. 14, and the h/t represents the
height-to-width ratio of the refractory ceramic.

Table 14. Constants used in equation 5

CO cl C2 C3 C4 CS cﬁ
-1433898  -800.687  239.075 8.065 353.769  12.1798  -0.094

c7 CB C9 ch cll Clz clS
1481990  -12.183  3.104  -625992.6  0.02399  -0.2084 71577.172

Figure 18a presents the results of the numerical simulation of the
optimal configuration t h w 1, with emphasis placed on the flue
gas temperature field. Owing to the greater length of the refractory
ceramic, configuration t h w |, enables prolonged residence of the
flue gas within the combustion chamber and, in combination with
the increased height and width of the refractory ceramic, achieves
the most efficient heat transfer from the flue gas to the boiler water.
The dominant contribution to heat transfer arises from radiation
emitted by the ceramic and from the narrow gap between the box-
shaped ceramic and the combustion-chamber walls; the gap increas-
es gas velocity and consequently enhances convective heat transfer.
The primary function of the refractory ceramic is to increase the
gas velocity in the region where the coldest flue gas exits the cham-
ber, thereby promoting more effective heat transfer. Based on the
simulation results, configuration t h_w 1, (with twice the refractory
ceramic thickness) achieves a slightly lower heat transfer from the

flue gas to the boiler water, amounting to 12427 W, compared to
the optimal configuration t h,w l.. The flue gas temperatures at the
outlet of the combustion chamber ranged from 301 to 503 °C. The
simulations showed that the water temperature increased on aver-
age by 15-17 °C during heat exchange in the combustion chamber.
Figure 18b presents the results of the numerical simulation of the
least favorable configuration, t h,w 1. The smaller dimensions of the
box-shaped refractory ceramic result in a shorter residence time of
the flue gas in the combustion chamber, consequently reducing heat
transfer from the flue gas to the boiler water.
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Figure 18. Results of the CFD simulations for the influence of the
geometry of the box-shaped refractory ceramic on heat transfer.
a) the most favorable configuration t h_w 1., b) the least favorable
configuration t h w L,

4.6. Influence of the producer gas composition and
combustion air preheating temperature on heat transfer

A total of 18 combinations were analyzed, considering six producer
gas compositions and three temperatures of preheated combustion
air. The compositions and temperatures of the producer gases were
taken from Tab. 5, while the preheated air temperatures were as-
sumed to be T =150 °C, T,=300 °C and T,=450 °C. The combinations
are denoted in the form gc T, where gc, represents the producer gas
composition, and T, represents combustion air temperatures. Figure
10a illustrates the geometry used in the examinations.

The results obtained from the numerical simulations are shown in
Figure 19. The set convergence criterion (< 1x107*) was met between
10700 and 15400 iterations, corresponding to a total computational
time of approximately 25 to 35 minutes.

Combustion air temperature ['C] =0 Qr_reg[W] ~ =#=Q_CFD[W]  +A-The total energy brought in the firebox at T2 [W]
20000 500

18000

16000

14000

12000

10000

Qr_reg, Q_CFD, The total energy brought in the firebox atan T2 (W]

6000 O

Figure 19. Influence of the producer gas composition and
combustion air preheating temperature on heat transfer in the
design illustrated in Figure 10 a
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Simulation results indicate that air preheating positively affects heat
transfer in the combustion chamber. Increasing the combustion air
temperature from 150 to 300 °C increases heat transfer by an aver-
age of 22.5%. A further increase from 300 to 450 °C adds another
16.1%. The configurations gc. T, and gc,T,, corresponding to the gas
compositions at CBP-SRC and CBP-PA listed in Tab. 5, achieve a
significantly higher heat transfer from the flue gas to the boiler water
at a preheated air temperature of 300 °C compared to the other con-
figurations with gas compositions given in columns 1-4 of Tab. 5.
This behavior can be attributed to the substantially higher fractions
of carbon monoxide and hydrogen in the fuel gas. Excluding the
producer gas compositions corresponding to the optimal gasifica-
tion points, the most favorable configurations for each preheated air
temperature are those with the gas composition listed in column 2 of
Tab. 5, denoted as gc, T , gc, T, and gc, T.. The total heat transfer from
the flue gas to the boiler water for these configurations amounts to
11308 W, 14200 W, and 17087 W, respectively. This can be explained
by the highest producer-gas temperature (618 °C; Tab. 5) compared
with the values in columns 1, 3, and 4, and by a slightly higher tar
content. Comparison of the most and least favorable configurations
at different preheated-air temperatures revealed that the difference
in total heat transfer ranges from 0.9 to 1.7 kW. The least favorable
configurations are identified as gc, T, gc, T,, and gc T, which cor-
respond to the gas composition presented in column 1 of Tab. 5.
From the heat transfer perspective, these configurations perform the
worst due to the relatively lower fuel gas temperature (497 °C, Tab.
5) and significantly lower contents of combustibles (CO, CH,, H,) in
the producer gas.

By applying regression analysis, a mathematical equation describing
the heat transferred by radiation, in watts, from the flue gas to the

boiler water was obtained, which is expressed as follows:
Qurg=CotCi* Teco+ € * Temy+Ca* Ty + Co * Tomye + Cs * T

ATgas + < ATgas >3 + < Tgasmw )3 + ( Tgas.nm >4
Cy Cs * Co *
7 ATwater N Twntermm ’ Twater xxxxxx

AT\er
Where c, are the constants listed in Tab. 15, r, represent the volumet-
ric fractions of the combustible components in the producer gas,
and T, denotes the temperature of the preheated combustion air.

+Ce *

Table 15. Constants used in equation 6

C() Cl CZ C3 C4
2807.435 -1429.229 -11627.498 -1036.993 -37724.378
CS cﬂ c7 Cs c9
5.369 256.673 -0.13297 64.02 91.163

Figure 20a presents the results of the numerical simulation of the
most favorable configuration, gc,T,, corresponding to a preheated
combustion air temperature of 450 °C. This configuration is charac-

terized by a higher flue gas velocity (i.e., enhanced convective effects)
at the outlet of the combustion chamber than in the least favorable
configuration. Emphasis is placed on the flue-gas temperature field.
The analyzed variant achieves the highest heat transfer rate from the
flue gas to the boiler water, equal to 17087 W.
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Figure 20. Results of the CFD simulations for the influence of the
producer gas composition and combustion air preheating tempera-
ture on heat transfer in the design illustrated in Figure 10a. a) the
most favorable configuration gc, T, for preheated combustion air
temperature of 450 °C, b) the least favorable configuration gc T, for
preheated combustion air temperature of 150 °C

Ideally, the air should be preheated for both gasification and com-
bustion, while the gasification process should operate as close as
possible to its optimal conditions. Furthermore, the producer gas
with a higher heating value is desirable because it enables greater
heat transfer in the combustion chamber. The flue gas temperatures
at the outlet of the combustion chamber ranged from 288 to 770
°C. The simulations showed that the water temperature increased,
on average, by 11 to 28 °C during heat exchange in the combustion
chamber. Figure 20b presents the results of the numerical simula-
tion for the least favorable configuration, gc T,. This configuration
achieves the lowest heat transfer from the flue gas to the boiler water,
amounting to 9593 W. It is characterized by a lower producer gas
temperature at the inlet of the combustion chamber and the lowest
combustion air temperature (150 °C).

4.7. Effect of adding a 50 mm thick refractory at the boiler
door to the existing U shaped flow path refractory

Following the approach adopted in Section 4.1, a total of 25 config-
urations were analyzed, comprising combinations of five refractory
ceramic lengths and five producer-gas inlet positions. Compared
to the aforementioned section, the only difference is an additional
50-mm-thick refractory ceramic installed on the boiler door. Figure
8f illustrates the examined design.

The results obtained from the numerical simulations are shown in
Figure 21. The set convergence criterion (< 1x107*) was met shortly
before the 13000" iteration, corresponding to a total computational
time of approximately 35 minutes.
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Figure 21. Influence of the addition of the 50 mm thick refractory
at the boiler door to the existing U-shaped flow path refractory

Similarly to Section 4.1, the most favorable configurations in this
case were those in which the producer gas inlet is positioned clos-
est to the flue gas outlet and the refractory ceramic has a minimum
length of approximately half the chamber length (configurations
pl, pl, and p L, highlighted in gold). The total heat transferred
from the flue gas to the boiler water varies minimally among the
three configurations, ranging from 14653 to 14787 W. The least fa-
vorable configurations can also be observed in Figure 21 (highlight-
ed in green) and are denoted as p 1, p.1,, p,1,, and p L, with total heat
transfer values varying only slightly, ranging from 11796 to 11979
W. Consequently, the difference between the most and least favor-
able configurations amounts to approximately 3 kW.

The radiative heat transfer is calculated using the same eq. (1) as
presented in Section 4.1, with different constant values listed in Ta-
ble 16.

Table 16. Constants used in equation 1

C C C C C C C

0 1 2 3 4 5 6
-393553.71  -486.25 2021.56  -1680.71  32.422 0.1965 352100.35
C7 CS c9 clO cll ch
2706.91 -17.349  -180367.34 -921.58  1.6521  26082.31

Similarly to Section 4.1, configuration p I, was selected as optimal.
Comparison of the optimal configurations identified in this section
with those reported in Section 4.1 shows that the additional refrac-
tory ceramic installed at the boiler door improves heat transfer by
approximately 9.9%. Figure 22a presents the results of the numerical
simulation for the optimal configuration, with particular emphasis
placed on the temperature field of the flue gas. The flue gas tem-
peratures at the outlet of the combustion chamber ranged from
425 to 546 °C. The simulations showed that the water temperature
increased on average by 9-20 °C during heat exchange in the com-
bustion chamber.
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Figure 22. CFD simulation results showing the influence on heat
transfer of adding a 50-mm-thick refractory at the boiler door to
the existing U-shaped flow path refractory. a) the best configuration
p,L,, b) the best configuration p 1, (see. 4.8)

4.8. Effect of adding added refractory elements to the existing
U-shaped flow path refractory

The subsection analyzes the case in which the majority of the com-
bustion chamber is coated with refractory elements. Figure 8g illus-
trates the design. Following the approach adopted in Section 4.1, a
total of 25 configurations were analyzed, including five refractory
ceramic lengths and five producer gas inlet positions. Compared
with the aforementioned section, two differences can be identified:
an additional 50 mm-thick refractory ceramic installed at the boiler
door and additional refractory installed along the entire length of
the combustion chamber.

The results obtained from the numerical simulations are shown in
Figure 23. The set convergence criterion (< 1x107*) was met shortly
before the 13000" iteration, corresponding to a total computational
time of approximately 35 minutes. Similarly to Section 4.1.1, the
most favorable configurations were p L, p 1, and p 1. (highlighted in
gold). The total heat transferred from the flue gas to the boiler wa-
ter varies minimally across the three configurations, ranging from
16265 to 16539 W. The least favorable configurations were p,1,, p.l,,
p,, and p 1, (highlighted in green), with total heat transfer values
varying only slightly, ranging from 12900 to 13388 W. Consequently,
the difference between the most and least favorable configurations
amounts to approximately 3.64 kW.
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Figure 23. Influence of coating the majority of the combustion
chamber with refractories



Karamarkovi¢, et al.

Figure 22b presents the results of the numerical simulation for the
best configuration, with particular emphasis on the temperature
field of the flue gas. The flue gas temperatures at the outlet of the
combustion chamber ranged from 418 to 545 °C. The simulations
showed that the water temperature increased, on average, by 8 to
20 °C during heat exchange within the combustion chamber. Com-
parison of the optimal configurations identified in this section with
those reported in Section 4.1 shows that adding refractory ceramic
to the boiler door and to the entire top length of the combustion
chamber improves heat transfer by approximately 22%, despite a
17% smaller heat-exchange surface area. While both cases exhibit
identical convective heat transfer, the additional ceramic elements
in this configuration enhance radiative heat transfer. These elements
help equalize temperatures across a larger volume of the combustion
chamber and are directly exposed to heat transfer surfaces.

The radiative heat transfer is calculated using the same eq. (1) pre-
sented in Section 4.1.1, but with different constant values listed in
Tab. 17.

Table 17. Constants used in equation 1

C() Cl CZ C3 C4 CS c6
-928530.81 606.944  467.46  -9063.54 106.175  0.0321  -928530.81
c7 Cs CQ ClO C” Clz
9078.63  -43.786 -398876.68 -2483.277  4.47  56211.865

The fit statistics for the eight regression equations are summarized
in Table 18. All models exhibit high coeflicients of determination
(R?), ranging from 0.947 to 0.999, indicating that they capture a large
fraction of the variance in the CFD data. A more comprehensive
assessment is provided by the adjusted R? which accounts for the
number of predictors, and by the error metrics (RMSE and MAPE).
Equations 2, 6, and 7 demonstrate excellent performance, with both
R? and adjusted R? being above 0.989 and with relatively low RMSE
and MAPE. Equation 3, while exhibiting a slightly lower adjusted R?
(0.970), achieves the lowest RMSE (76.53 W), making it the most
accurate in terms of absolute error. Equation 8 also exhibits high R?
values (0.987/0.975), but it's RMSE (212.65 W) is the highest among
the models, indicating a poorer fit despite good explanatory pow-
er. In contrast, Eqs. 4 and 5 exhibit a more pronounced drop from
R? and adjusted R* (from 0.954 to 0.771 and from 0.947 to 0.827,
respectively), suggesting that these models may include terms that
do not substantially enhance predictive capability. Overall, while all
models achieve high R?, the combined metrics suggest that Egs. 2, 3,
and 7 offer the best balance between accuracy and complexity. Equa-
tions 4 and 5 could be further simplified in future work to improve
parsimony without significantly compromising accuracy.

Table 18. Fit statistics for the regression equations (Equations 1-8)

Equation R? adjusted R* RMSE (W) MAPE (%)
1 0.981 0.961 196.50 0.94
2 0.998 0.992 102.78 0.37

2046
3 0.984 0.970 76.53 0.49
4 0.954 0.771 189.05 0.71
5 0.947 0.827 105.92 0.45
6 0.999 0.998 168.91 1.92
7 0.994 0.989 127.44 0.61
8 0.987 0.975 212.65 0.96

Equations 1-6 are applicable to all wood-log gasification boilers with
boxy combustion chambers operating with approximately 7% of O2
in dry flue gas.

In the presented results, the combustion chamber volume heat re-
lease rate corresponds to the literature [42-44]. It is even slightly
lower than the value of 250-330 kW/m?® recommended by Wang et
al. [46], who experimented with corn straw briquettes and a different
combustor design. Additionally, the average convective heat transfer
coeflicient across all simulations is 7.6 W/m’K, which corresponds
to the recommended values [47].

5. Conclusion

The paper analyzes practical issues concerning the design of com-
bustion chambers in wood-log gasification boilers, a topic well
known to boiler manufacturers but scarcely addressed in the scien-
tific literature. The main conclusions are:

. Both experimental and CFD results indicate that the op-
timal shape and placement of ceramic elements and the
overall thermal performance of the combustion chamber
depend on the design of the gasification chamber. This
dependency exists because the producer gas composition,
which is determined by the gasification chamber design,
plays a crucial role in heat transfer.

. For a given combustion chamber, optimal thermal perfor-
mance is achieved with the theoretical producer-gas com-
position corresponding to the carbon-boundary point.
This indicates that higher chemical energy content in the
gas (resulting from complete gasification), together with
elevated gas temperature and the use of preheated com-
bustion air, significantly increases radiative heat flux. This
enhanced radiation, in turn, enables a more compact and
efficient chamber design.

. A comparison of the results shows that refractory ele-
ments that create a U-shaped flue-gas flow path inside the
combustion chamber (Figures 9, 10, 17, 18, 20, 21) are the
most effective for overall heat transfer. To establish this
U-shaped flow path, the element must extend at least half
the length of the combustion chamber. This configuration
places the producer gas combustion zone above the flue
gas outlet (Figures 10, 18, 20) and prolongs the flue gas
residence time. The heights of the producer-gas combus-
tion zone and the flue-gas channels on the element should
be asymmetric, with the flue-gas channel having the
smaller flow cross-section (Figures 10, 18). In this case,
both radiative heat transfer from the refractory element
and convective heat transfer from the cooler flue gas are
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increased.

. The total heat transfer values for the U-shaped flow path
elements, the elements that divide the flue gas stream
(Figures 13-16), and the case without ceramics are sim-
ilar: 13498 W, 13176 W, and 13176 W, respectively. Nev-
ertheless, the U-shaped flow path is slightly advantageous
not only for total heat transfer but also for particulate and
ash removal, owing to the U-turn in front of the chamber
opening.

. If ceramic elements are omitted, the producer gas inlet
should be placed on the side opposite the flue gas outlet.
To protect the metal surface of the bottom wall directly
opposite the gas inlet, a small ceramic piece should be in-
stalled, preferably inclined by 5° away from the flue gas
outlet. This slight inclination promotes the agglomeration
of fly ash and particulates near the chamber door and in-
creases the flue gas residence time.

. Additional refractory elements installed at the boiler door
and separating the gasification and combustion chambers
further enhance heat transfer, indicating that new refrac-
tory elements should be positioned within the field of
view of the heat transfer surfaces. The conclusion is sup-
ported by the observation that, in the analyzed case, the
additional ceramic elements in the combustion chamber
reduce the heat exchange surface area by 17% while simul-
taneously improving heat transfer by 22%.

Future work to extend the scientific impact of this study includes the
mathematical description of the use of ceramic elements in alterna-
tive combustion chamber designs and in vortex combustion. Such
work should specifically address the effects of these elements on heat
transfer, emissions, and combustion completeness.
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Appendices

Appendix A. CFD model

Figure A1. Mesh of 3D model

Appendix B. Turbulence model

Table B1. Comparison of turbulence models

standard k-¢ realizable k-¢ RNG k-¢ k-w SST

Q=1333kW  Q=12.68 kW Q=13.13kwW Q=14.08 kW
Qr=11.07kW  Qr=11.2kw Qr=12.01 kW Qr=10.67 kW
Tgas_out- _ o Tgas_out- Tgas_out-
let=468.6°C  |gas-outlet=4245°C 0 f97eC let=486.1 °C
Twater_out- _ o Twater_out- Twater_out-
let=72.30c  water_outlet=744°C o5 gec let=73.3 °C

Appendix C. Mesh independence

A mesh refinement study was conducted using four grids, and
the results for total heat transfer, flue gas outlet temperature, and
representative wall heat flux are summarized in Table C1. It can
be observed that the variation between the medium (M2) and fine
mesh (M4) is below 3% for all monitored quantities, indicating
mesh-independent results. Therefore, the medium mesh was adopt-
ed for further simulations as a compromise between accuracy and
computational cost.

Table C1. Mesh refinement study

Mesh Mesh size (cells) Q[kW] Tgas_outlet [°C] q [W/m2]
M1 44680 13.6 515.8 13592
M2 172862 13.33 468.6 13331
M3 951195 13.25 464.22 13248
M4 1469751 13.28 457.6 13277

Since the selected representative surface area is approximately 1 m’,
the reported wall heat flux values closely follow the total heat trans-
fer results. Therefore, both quantities exhibit similar convergence
behavior, as expected.
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Appendix D. A sensitivity analysis of the angular
discretization of the Discrete Ordinates (DO)

A sensitivity analysis of the angular discretization of the Discrete
Ordinates (DO) radiation model was performed. Simulations
were carried out using 2x2, 4x4, and 6x6 angular divisions. The
results showed that the variation in maximum temperature, aver-
age temperature, and radiative heat flux between the 4x4 and 6x6
discretizations was below 1%, confirming angular discretization in-
dependence. Therefore, a 4x4 angular discretization was used in all
simulations to ensure accurate prediction of radiative heat transfer.

DO angular o o
discretization (8 x ¢) Tgas_max [°C] Tgas_mean [°C] Qr [kW]
2x2 1457.77 611.85 11.07
4x4 1457.76 611.84 11.05

6x6 1457.74 611.84 11.04




