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Abstract: Flameless combustion has advantages such as low pollution and uniform temperature in
the combustion chamber, making it an excellent option for heat exchangers. Previous studies have
focused solely on the flameless combustion phenomenon, without considering its interaction with the
target being heated. In this study, we conducted experimental and computational fluid analyses on a
cylindrical reformer for reverse air injection flameless combustion. Typically, small-scale reformers of
10 kW or less are coaxial triple-tube cylindrical reformers. In contrast, multitubular reformers are
used for larger-scale applications, since the heat transfer rate in single-burner cylindrical reformers
decreases sharply as the scale increases. Flameless combustion, with high heat transfer efficiency,
helps overcome the limitation of premixed burner. Compared with conventional premixed burners,
flameless burner decreases the combustion gas outlet temperature by 30% at 25 kW while reducing
energy consumption by 24% (owing to the high heat transfer rate) for a given cooling fluid outlet
temperature. Furthermore, it is shown that introducing a ring at the combustion chamber exit can
enhance combustion gas recirculation. The experimental result was confirmed through computational
fluid analysis. It is concluded that for reverse air injection flameless combustion, the combustion gas
recirculation rate in the combustion chamber is strongly related to the heat transfer.

Keywords: flameless combustion; reverse air injection; cylindrical heat exchanger; heat transfer
efficiency; computational fluid dynamics; hydrogen reformer

1. Introduction

Hydrogen energy is a promising next-generation energy resource, as it is a clean and
sustainable alternative to fossil fuels for various applications, such as transportation and
power generation [1]. Proton-exchange membrane fuel cells have been widely researched
and developed, since they are environmentally friendly and have high energy conversion
efficiency [2]. They are expected to help address climate change and promote the transition
to a more sustainable energy landscape. In fuel cell operation, the reforming process is a
critical step, as it converts hydrocarbon fuels into hydrogen-rich gas [3]. To achieve better
performance, extensive research is being conducted on methods to enhance efficiency,
reduce emissions, and produce energy from alternatives to fossil fuels [4].

Reforming reactions generally occur at temperatures above 700 ◦C, at which the heat
generated by combustion in heat exchangers causes steam and hydrocarbons to undergo
catalytic reactions to produce hydrogen [5]. Therefore, the effective control of heat transfer
and enhancing the durability and safety of the heat exchanger of a reformer at high
temperatures are important research directions [6].

In this study, a flameless combustion technique called reverse air injection (RAI)
was used [7–9]. RAI maximizes the delay of meeting of air and fuel by injecting air and
fuel in opposite directions in the combustion chamber. The high recirculation rate of
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combustion gases in the combustion chamber reduces the fuel and oxidizer concentrations
immediately due to mixing with the recirculating gas, resulting in a finely dispersed
combustion. This ensures a uniform temperature distribution and increases the efficiency
of heat transfer to the heat exchanger surface [10]. Previous research has focused solely on
the flameless combustion phenomenon, without considering its interaction with the target
to be heated, since flameless combustion has an instability problem at low temperatures
under 800 ◦C [11–13].

In the selection of a computational fluid dynamics (CFD) simulation model for
RAI flameless combustion, an improved k-ε model with modified parameters was em-
ployed in the Reynolds-averaged Navier–Stokes (RANS) turbulence model to solve the
time-averaged equations of fluid motion [14]. As the radiation model, which plays a crucial
role in the analysis of the overall heat transfer and temperature distribution in the flameless
combustion zone, an accurate but computationally demanding discrete-ordinates (DO)
model was employed. This model discretizes the angular domain into a finite number of
directions to solve the radiative transfer equation [15].

The choice of an accurate species model is crucial for predicting species concentrations,
reaction rates, and pollutant emissions in flameless combustion. For operation in the
flameless combustion regime, where there is spread of elevated temperature and reduced
oxygen levels, the reaction rates are reduced, and the effect of molecular diffusion on flame
properties is large. The eddy dissipation concept (EDC) species model, which is widely
used for analysis of coflow flameless combustion, has several limitations when used for
simulation of the RAI method, owing to the reaction rates being limited by the turbulence
dissipation rates, simplified chemical reaction mechanisms, and the inability to accurately
capture downstream strain and dilution effects [16]. We attempted to use the equilibrium
probability distribution function (PDF) model and composition PDF model [17–20] (also
called the transport PDF model) instead of the commonly used EDC model to predict the
species reaction mechanisms in RAI flameless combustion, with the objective of identifying
the reasons and mechanisms underlying species reactions by comparing experimental and
CFD results [21].

As feedstock for the reformer, in this study, we considered an ethanol–water mixture
instead of a methane–steam mixture. The advantages of this choice include its renewability,
lower carbon dioxide emissions, milder reaction conditions, higher hydrogen produc-
tion rates, reduced risk of carbon deposition, and better compatibility with small-scale
distributed power generation systems [22,23]. With the increasing demand for clean and
sustainable energy, ethanol steam reforming may play a significant role in hydrogen produc-
tion for various applications, such as fuel cells, transportation, and power generation [24].
However, in this study, water was used instead of ethanol to determine the heat transfer ef-
ficiency by measuring the heat transfer rate accurately with water evaporation phenomena
to improve the efficiency of the reformer and to reduce environmental pollution. Insights
into and perspectives on the design of a coaxial cylindrical reformer are provided on
the basis of experimental and simulation results, as well as on the basis of the theory of
flameless combustion.

2. Research Methods
2.1. Experiment
2.1.1. Experimental Equipment and Design

Figure 1 shows a schematic diagram of a 25 kW reformer. A porous plate-type
premixed burner is located at the bottom center. For flameless combustion, two high-speed
combustion air jets (>100 m/s) are injected upward from nozzles positioned at one-quarter
of the combustion chamber diameter at the bottom of the combustion area, while fuel is
vertically injected downward from the top center. Combustion gases recirculate within the
combustion chamber before being discharged at the bottom of the combustion chamber.
The cylindrical combustion chamber is surrounded by a coaxial triple-tube reformer used
for catalytic reactions. The raw gas enters from the top of the reformer, then returns to the
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top through the bottom porous plate into the inner side catalyst zone, eventually leaving
after passing through the catalyst (Ni-Al2O3) layer. The outermost and top insulation
prevent the overheating of the experimental apparatus, thereby enhancing the safety of
the experiment.
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Figure 1. Configuration of the 25 kW coaxial reformer.

Figures 2 and 3 show the geometric dimensions of the 25 kW hydrogen reformer
and the locations of internal thermocouples. The T.C.@1 and T.C.@2 thermocouples in
the combustion zone were positioned at the top and bottom, respectively, and the outlet
temperature of the catalyst layer was measured by T.C.@3. The temperature at the exhaust
gas outlet of the combustion zone was measured by four T.C.@4 thermocouples located pe-
ripherally, and the measurements were averaged. T.C.@5, which measured the temperature
of the outer wall of the reformer, was positioned at the center height of the reformer.
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Figure 3. Positions of temperature measurement.

Figure 4 shows the configuration of the burner, which includes a permeable ignition
burner and a pair of air nozzles designed for RAI flameless combustion. The internal
diameter of the air nozzles was 7 mm.
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Figure 4. Startup and flameless burner configurations. (a) Vertical cross section; (b) top view.

Figure 5 shows a schematic diagram of the entire 25 kW reforming experimental appa-
ratus. Mass flow regulators (Bronkhorst Inc., Ruurlo, The Netherlands) were employed
to regulate the flow of air (F-202AV: max flow = 250 L/min, precision = ±0.5%) and fuel
(F-201CV: max flow = 25 L/min, precision = ±0.5%). The catalyst zone was heated by the
premixed burner, and after the temperature of the reformer and the average temperature of
the combustion chamber reached 600 ◦C and 800 ◦C, respectively, the three-way valves of
air and fuel were switched to generate RAI flameless combustion. During the experiment,
temperature data of the reformer were collected under various experimental conditions in
the steady state using a Yokogawa MV2000 DAQ system; bare-bead K-type thermocouples
(ф1 mm, Tmax = 1360 ◦C, precision: ±1 ◦C) were used to minimize environmental interfer-
ence. Testo 330 LL (resolution: O2 = 0.1%, CO = 1 ppm, NO = 1 ppm) was employed to
monitor the concentrations of oxygen, carbon monoxide, and nitrogen oxides generated
during combustion.
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Figure 5. Schematic diagram of the experimental setup.

2.1.2. Experimental Conditions

To analyze the heat transfer characteristics of the 25 kW RAI flameless combustion
system, we first examined the results of previous experiments conducted with a 5 kW cylin-
drical flameless combustor [25]. In the experiment’s design and innovation, a recirculation
ring (shown in Figure 1) was added to the outer side of the air nozzle of the burner for com-
parison of heat transfer rate and NO emissions, with the aim of increasing the recirculation
rate within the combustion chamber and the heat transfer efficiency of the reformer. The
combustion modes and RAI configurations were categorized into three groups, as outlined
in Table 1. Groups A and B comprised instances of RAI flameless combustion, differing
by the presence or absence of a recirculation ring, and group C represented a premixed
combustion condition.
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Table 1. Operation conditions.

Heat
Input

Fuel
Flow

Air
Flow

Water
Flow

Fuel
Nozzle

Diameter

Air Nozzle
Diameter

Fuel Flow
Velocity

Air Flow
Velocity

(kW) (L/min) (L/min) (cc/min) (mm) (mm) (m/s) (m/s)

Group A—RAI flameless

A-1 15.4 10 300 18
7 6

4.3 88.4
A-2 24.6 16 480 29 6.9 141.5
A-3 33.8 22 660 41 9.5 194.5

Group B—RAI flameless (with recirculation ring)

B-1 15.4 10 300 18
7 6

4.3 88.4
B-2 24.6 16 480 30 6.9 141.5
B-3 33.8 22 660 41 9.5 194.5

Group C—Premixed flame Burner diameter
(mm)

Burner flow velocity
(m/s)

C-1 15.4 10 300 15
38.9

8.9
C-2 24.6 16 480 26 19.5
C-3 33.8 22 660 37 26.8

2.2. CFD Simulation
2.2.1. CFD Models

In this research, ANSYS Fluent v.18.2 was employed to simulate experimental scenarios
for comparative analysis. The model equations used for CFD calculations are presented in
Table 2. The turbulence model adopted was the standard k-εmodel, which is suitable for
circular-hole planar jets [26]. To estimate the radiation heat transfer between the furnace
wall, flue gas, and cooling pipe, we used the DO model with a finite number of solid angles,
with both theta and phi divisions being set to 10 [27]. Additionally, the weighted sum of
the gray gas model was used to calculate the radiation transfer model.

Table 2. Equations to be solved for computational fluid dynamics.

Continuity equation ∂ρ
∂t +∇·(ρu) = 0 (1)

Momentum Conservation Equation ∂
∂t

(
ρ
→
v
)
+∇·

(
ρ
→
v
→
v
)
= −∇p +∇·

(
τ
)
+ ρ
→
g +

→
F (2)

Turbulent kinetic energy k ∂(ρk)
∂t +

∂(ρkui)
∂xi

= ∂
∂xj

[
µt
σk

∂k
∂xj

]
+ 2µtEijEij − ρε (3)

Dissipation ε ∂(ρk)
∂t +

∂(ρεui)
∂xi

= ∂
∂xj

[
µt
σε

∂ε
∂xj

]
+ C1ε

ε
k 2µtEijEij − C2ερ ε2

k
(4)

Energy equation ∂
∂t (ρH) +∇·

(
ρ
→
v H
)
= ∇·

(
kt
cp
∇H

)
+ Sh (5)

Discrete Ordinates (DO) Radiation model ∇
(

I
(→

r ,
→
s
)→

s
)
+ (a + σs)I

(→
r ,
→
s
)
= an2 σT4

π + σs
4π

∫ 4π
0 I

(→
r ,
→
s
)

Φ
(→

s ,
→
s
′)

dΩ′ (6)

Species transport ∂
∂t (ρYi) +∇

(
ρ
→
v Yi

)
= −∇

→
Ji + Ri (7)

2.2.2. Combustion Models

The RANS methodology involves subjecting species equations to Reynolds averaging,
which results in ambiguous terms for the turbulent scalar flux and the average reaction rate.
Turbulent scalar flux modeling calculates the gradient diffusion of gases, and turbulent
convection is treated as augmented diffusion. Conversely, the mean reaction rate is modeled
using the finite-rate EDC model, which requires precise turbulence prediction. However,
the RANS model has limitations, particularly downstream of the air jet, where it shows
reduced mixing and reaction rates [28]. In view of the high nonlinearity of reaction rates,
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the modeling of the mean reaction rate within turbulent flows is considerably challenging
and is prone to inaccuracies.

The equilibrium PDF model offers a cost-effective and efficient alternative for simulat-
ing RAI flameless combustion [25]. Huang et al. detailed numerical methods for moderate-
and low-temperature dilution (MILD) combustion simulations and introduced all-inclusive
tabulated chemistry known as the flamelet-generated manifold (FGM) model, which is a
sophisticated version of the chemical equilibrium model [29]. They argued that EDC-based
models have shortcomings in accurately simulating MILD combustion, whereas the FGM
model assures superior and more efficient prediction results [30].

Equilibrium PDF

The chemical equilibrium model for non-premixed combustion was used to simulate
flameless combustion. This model simplifies intricate chemical reactions by employing a
mixture function (f) and its variance and tabulated chemistry in the form of a PDF, and it
can provide detailed chemical composition on the basis of the equilibrium assumption. In
cases of intensely turbulent non-premixed combustion, the surface area where fuel and
oxygen interact increases significantly, leading to rapid reactions that closely approach
chemical equilibrium. Hence, the model is suitable for RAI flameless combustion, in which
turbulence is dominant throughout the chamber [25].

In the chemical equilibrium model, it is reasonable to consider the momentary ther-
mochemical condition of the mixture as a function of the instantaneous mixture fraction,
expressed in terms of the mass fraction:

f =
Zi − Zi,ox

Zi, f uel − Zi,ox
(8a)

where Zi is the mass fraction.
The equation that governs the Favre mean (density-averaged) mixture fraction is

∂

∂t

(
ρ f
)
+∇·

(
ρ
→
v f
)
= ∇·

(
µt

σt
∇ f
)
+ Sm + Suser (8b)

Apart from providing the Favre mean mixture fraction, the model also solves the
conservation equation for the variance of the mixture fraction ( f ′2):

∂

∂t

(
ρ f ′2

)
+∇·

(
ρ
→
v f ′2

)
= ∇·

(
µt

σt
∇ f ′2

)
+ Cgµt

(
∇ f
)2
− Cdρ

ε

k
f ′2 + Suser (8c)

where Cg and Cd are constants with values of 2.86 and 2.0, respectively.
The probability density function, denoted as p( f ), can be conceptualized as the pro-

portion of time during which the fluid resides in state f :

p( f )∆ f = lim
T→∞

1
T ∑

i
τi (8d)

where T is the time scale (seconds). In practical applications, p( f ) is unknown and is
modeled using a mathematical function that provides an approximation of experimentally
observed PDF shapes.

Composition (Transport) PDF

An alternative approach to Reynolds averaging of the species and energy equations
entails formulating a transport equation for their single-point, joint-probability density
function (PDF). This PDF, denoted as P, is proportional to the amount of time the fluid
occupies specific states of species, temperature, and pressure.

By solving the transport PDF equation, we can efficiently compute various thermo-
chemical moments, such as mean or root-mean-square temperature and mean reaction rate.
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The composition PDF model is particularly useful for simulating turbulent non-premixed
combustion, where reactions occur in a thin reaction zone [31] and local conditions are
rapidly changing. The composition PDF model can efficiently handle statistical variations
in temperature, species concentrations, and other properties within the combustion zone.

The composition PDF model employs a statistical description of the reacting mixture,
and it involves a joint PDF of the thermodynamic properties and species mass fractions.
The joint PDF is a function of the mixture fraction and its variance and serves as a bridge
between turbulent fluid flow and chemical reactions. The model can provide detailed
information about the chemical composition.

The governing equation for the composition PDF model is

∂P(ξ, ζ; x, t)
∂t

+∇·(UP(ξ, ζ; x, t)) = ∇·(Γ∇P(ξ, ζ; x, t)) + S(ξ, ζ; x, t) (9)

where P(ξ, ζ; x, t) is the joint PDF of the mixture fraction (ξ), ζ is its variance at a spatial
location x and time t, U is the mean fluid velocity, and Γ is the diffusion coefficient. The term
S(ξ, ζ; x, t) represents the source term, accounting for the effects of turbulent fluctuations,
molecular diffusion, and chemical reactions.

By solving the PDF transport equation and using appropriate closure models for the
source term, the composition PDF model can capture the complex interactions between
turbulence and chemical reactions, providing detailed information about the chemical
composition during flameless combustion. This model is particularly useful for simu-
lating non-premixed combustion systems, such as RAI flameless combustion systems,
where accurate predictions of the reaction zone and species concentrations are crucial for
understanding the combustion process and optimizing performance [32].

2.2.3. Mesh

In CFD analysis, the quality of the mesh plays a crucial role in the accuracy and con-
vergence of simulation results. After inspection, the aspect ratio, skewness, orthogonality,
and non-orthogonal angle of the mesh used in the simulation were all maintained within
acceptable ranges. The connectivity of the mesh at various hanging nodes, overlapping ele-
ments, and gaps between adjacent elements was intact. Furthermore, a mesh independence
study based on previous research on a 5 kW RAI flameless combustion simulation indi-
cated that under the premise of an effective grid setting based on flow pattern prediction,
controlling the total number of cells in the mesh within the range of 100,000 to 400,000 did
not show significant differences in the simulation results for different mesh resolutions [33].
Therefore, the mesh shown in Figure 6 was developed accordingly to have enough cells to
generate precise simulation data.Energies 2023, 16, x FOR PEER REVIEW 9 of 21 
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2.2.4. Heat Transfer Efficiency Calculation

The procedure for computing the heat transfer and heat transfer efficiency of the heat
exchanger involves the following steps and consideration of water evaporation:

η =
m·
[ (

Cp(water)·∆Twater

)
+
(
hvaporization

)
+
(

Cp(vapor)·∆Tvapor

)]
Q f uel

(10)

where Qfuel is the fuel energy feed based on the lower heating value (LHV; kJ/s), m is
the mass flow rate of water fed to the reforming zone (kg/s), Cp is the specific heat
(kJ/kg K), ∆Ti is the temperature difference between the inlet temperature and the exhaust
temperature (K) of material i, and hvaporization is the latent heat of water vaporization (kJ/kg).

2.2.5. Recirculation Ratio Calculation

An important aspect of RAI flameless combustion is the recirculation of internal flue
gas through the use of high-speed air jets. A high recirculation ratio leads to a high degree
of preheating and extensive dilution of reactants, reducing emissions and preventing
the formation of hot spots, thereby significantly improving the efficiency of flameless
combustion. Therefore, determining the level of internal flue gas recirculation is necessary
to evaluate the performance of flameless combustion [34]. In this study, we calculated the
recirculation ratio for five horizontal planes, as shown in Figure 7, through the exported
computational results of CFD and Equation (11a), and the flue gas recirculation ratio (Z)
for the entire combustion space was obtained through averaging [7,34].
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where mgas represents the integrated mass flow across a cross-sectional area and is given by

.
mgas =

∫
ρgas

∣∣vy
∣∣δA (11b)

where |vz| is the absolute velocity of the combustion gas in the z-axis direction (m/s).
Owing to the presence of a return flow pattern within the combustion chamber, the

basic mass flow rate in an xy plane is twice the input flow rate of air (
.

mair
)

and fuel (
.

m f uel).
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The recirculation ratio can serve as an indicator of the gas movement’s strength, which
contributes to the occurrence of flameless combustion.

3. Results and Discussion
3.1. Experimental Results

The experimental results are presented in Table 3. Experiments were conducted
thrice for each condition to check the repeatability of temperatures and species concen-
trations, then averaged. Although theoretical predictions suggest that higher reforming
temperatures lead to increased hydrogen production, on the basis of the durability of the
experimental equipment and the reduction in thermal NOx emission, the reformer zone
outlet temperature (T.C.@3) was controlled at around 700 ◦C in the experiment. As the heat
transfer rate of group C was lower than that of groups A and B, the cooling water flow rate
was lower, as shown in Table 1, to set the outlet temperature at around 700 ◦C.

Table 3. Experimental results. Equivalence ratio: φ = 0.8.

Temperature Distribution Emission Heat Transfer

Heat
Input

T.C.
@1

T.C.
@2

T.C.
@3

T.C.
@4

T.C.
@5 O2 NOx CO

Reformer
Zone Heat
Transfer

Heat
Transfer

Efficiency

(kW) (◦C) (◦C) (◦C) (◦C) (◦C) (%) (ppm) (ppm) (kW) (%)

Group A—RAI flameless

A-1 15.4 1005 857 698 460 422
3.3

19 3 12.4 80.5%
A-2 24.6 1025 840 702 504 495 23 6 20.6 83.7%
A-3 33.8 1090 895 722 574 576 33 14 28.4 84.0%

Group B—RAI flameless (with recirculation ring)

B-1 15.4 975 880 702 458 468
3.3

17 3 12.6 81.8%
B-2 24.6 1000 898 723 482 536 22 7 20.8 84.6%
B-3 33.8 1055 952 717 542 598 33 12 28.5 84.3%

Group C—Flame (premixed burner)

C-1 15.4 752 1150 687 595 423
3.3

145 9 10.5 68.2%
C-2 24.6 1005 910 696 617 495 79 18 17.9 72.8%
C-3 33.8 1025 925 695 641 535 97 15 25.9 76.6%

Group B, which involved RAI flameless combustion and a recirculation ring, showed
the lowest nitrogen oxide emissions, the most uniform temperature, the lowest exhaust
gas outlet temperature, and the highest heat transfer efficiency. Group A, with RAI flame-
less combustion and without a recirculation ring, exhibited a slightly lower heat transfer
efficiency than group B; however, the overall combustion performance and heat transfer
performance were considerably higher than those of group C. In contrast, group C, repre-
senting traditional premixed combustion, produced a large amount of thermal NOx owing
to the uneven temperature in the burner front, especially for the low-heat-input case (C-1).
However, the experimental results suggest that the porous burner design may enhance
the turbulent mixing of fuel and air with increasing burner nozzle velocity, improving the
combustion stability and increasing the internal flue gas recirculation rate, which, in turn,
reduces thermal NOx emissions [34]. Although C-2 and C-3 had improved combustion
quality, their performance was much lower than that of RAI flameless combustion.

Comparing the experimental results within each group, we found that increased heat
input did not lead to reduced combustion or reduced heat transfer efficiency; although
NO emission increased slightly because of the increased temperature, it was still under
the national emission regulation (50 ppm) in the flameless condition and one-third of the
emission for the premixed burner. CO emission also increased slightly because of the
shortening of the residence time. The air jet velocity can be varied to control the combustion
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process, as it drives the flue gas recirculation. Further study is required to determine the
critical point at which air jet velocity results in incomplete combustion and high thermal
NOx emissions and to identify the optimal velocity and recirculation ratio in practical
applications and designs of RAI flameless combustion systems [35].

3.2. Simulation Results
3.2.1. Selection and Evaluation of Combustion Models

For the CFD simulation of flameless combustion, the equilibrium PDF model is com-
monly used as a very economical and fast universal model [25]. However, because this
model employs a simplified turbulence–chemistry interaction model, there was a dis-
crepancy between the simulation results and the experimental results for RAI flameless
combustion [25]. Therefore, in this section, by comparing equilibrium PDF with the de-
tailed turbulence–chemistry interaction model and composition PDF and by comparing
the results of CFD with experimental results, we discuss the appropriate species model
with the highest degree of coupling with the experimental results and its advantages
and disadvantages.

Table 4 presents a comparison of experimental results with the CFD of both models
for group A. After noting that composition PDF showed better agreement with the group A
experiments, the center case of group B (B-2) was examined to check its repeatability. The
comparison temperature of CFD was calculated by surface averaging at the same level of
the experimental position to eliminate the temperature deviation caused by overly precise
temperature extraction in the CFD simulation compared with the actual experiment’s
thermocouples. The data showed that most of the results of the composition PDF model
were closer to experimental results compared with the extent of agreement between the
equilibrium PDF model’s results and experimental results. However, the computational
time was more than 10 times longer.

Table 4. Comparison of results of different models used in CFD and experimental results (including
the iteration speed and total number of iterations).

Group Species
Model

T.C.@1 T.C.@2 T.C.@3 T.C.@4 T.C.@5 Emission Computational
Speed

Total
Iteration
Steps for

ConvergenceTop Bottom Catalyst Gas Wall NOx CO

(K) (K) (K) (K) (K) (ppm) (ppm) [s/Iteration] (Iteration)

A-1

Experimental
data 1278 1130 971 733 695 19 3 - -

E-PDF 1545 1488 1035 1011 998 33.6 14.4 3.3 38,445
C-PDF 1352 1359 1013 814 859 8.5 19.2 46.2 16,959

A-2

Experimental
data 1298 1113 975 777 768 23 6 - -

E-PDF 1605 1508 961 1229 1075 47.4 15.8 2.3 39,454
C-PDF 1389 1486 965 1017 891 33.1 16.7 47.5 24,956

A-3

Experimental
data 1363 1168 995 847 849 37 22 - -

E-PDF 1788 1655 1034 1437 1250 89.5 23.9 2.3 60,652
C-PDF 1496 1513 955 1221 1019 97.5 18.5 55.7 19,775

B-2

Experimental
data 1273 1171 996 755 809 22 7 - -

E-PDF 1657 1588 1032 954 923 57.5 23.8 3.5 55,482
C-PDF 1634 1552 1057 907 833 21.3 17.9 47.9 17,757

From the bar graph comparison in Figure 8, it can be intuitively observed that for RAI
flameless combustion, the composition PDF model showed a higher degree of fit with the
experimental results in terms of the temperature and outlet emissions. However, with an
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increase in the heat input, the deviation between the CFD results and the experimental
results increased slightly, probably because of the inaccurate setting of the heat loss value
in the CFD simulation, which should be improved in the future.
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Figure 9 shows the internal temperature distribution for A-2 and B-2 for the equi-
librium PDF and composition PDF models, and Figure 10 shows the wall heat transfer
coefficient in the reforming region. Overall, the equilibrium PDF model showed a broader
temperature distribution than the composition PDF model, especially at the top area of the
combustion chamber, indicating higher diffusion of species and their chemical reactions.
In comparison, the composition PDF model showed more uniform temperature, which
resulted in a higher heat transfer rate to the reformer and a lower temperature at the exhaust
of the combustion chamber.

The results showed that the composition PDF model’s results were closer to the exper-
imental results than those of the equilibrium PDF model, and the former model showed
a higher overall heat transfer efficiency and a more uniform temperature distribution.
This might be due to the composition PDF model capturing the statistical distributions
of material concentration and temperature under turbulence more accurately than the
equilibrium PDF and EDC models, thereby providing a more precise representation of
turbulent–chemical interactions [36]. Furthermore, the composition PDF model solves
the transport equation for the joint-probability density function of material concentration
and temperature, which is helpful in reducing numerical diffusion, which is frequently
observed in the EDC and equilibrium PDF models. Therefore, the model predicts pollutant
emissions and the flame structure more accurately [37].
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The composition PDF model is applicable to various combustion states, including
premixed, non-premixed, and partially premixed flames, making it highly suitable for
RAI flameless combustion simulations that involve different fuel and oxidizer injection
strategies [38]. However, it is noteworthy that, as shown in Table 4, because of the higher
complexity involved with the detailed chemistry and solving of PDF transport equations,
the composition PDF model requires a significantly longer iteration time than the EDC
and equilibrium PDF models. The choice between these models depends on the specific
problem, required accuracy, and available computational resources.

3.2.2. Effect of Recirculation Ring on RAI Flameless Combustion

In the design of a cylindrical hydrogen reformer with RAI flameless combustion,
a recirculation ring was incorporated in the combustion zone for group B. This design
modification was aimed at increasing the recirculation of flue gas in the combustion area,
thereby promoting more thorough reactions of species, which consequently enhanced
the heat transfer efficiency of the reformer [39]. This section discusses the use of a faster
and more economical equilibrium PDF model for CFD analysis to relatively evaluate and
analyze the effects of introducing a recirculation ring and to determine its mechanisms [40].

As shown in Figure 11, the presence or absence of a recirculation ring did not sig-
nificantly influence the fluid flow and vertical velocity (z-vel) in the combustion zone.
However, as indicated by the results shown in Figure 12, the concentration of hydroxyl
(-OH) radicals in the combustion area showed an overall upward and increasing trend
within the combustion zone. The increasing concentration of OH radicals implies increased
reactivity in the combustion zone, especially near the reformer wall. Concurrently, as
shown in Figure 13, the position of the H2 (active intermediate fuel species) contour shifted
upward of the combustion chamber, signifying more uniform temperature distribution in
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the combustion chamber, as shown in Figure 8 and as similarly depicted by the OH radical
(signifying active reaction zone) in Figure 12 [41,42]. This is likely to contribute to higher
heat transfer efficiency and more uniform temperature when a recirculation ring is used, as
shown in Figures 8 and 9.
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3.2.3. Difference between RAI Flameless and Premixed Burners

In this section, we present a comparison of simulation results between A-2, which
involved RAI flameless combustion, and C-2, which employed traditional premixed com-
bustion. The composition PDF model, which is the most accurate according to experimental
results, was chosen for group A-2, and the EDC model, which is commonly used for pre-
mixed combustion, was chosen for group C-2.

As evidenced by the comparison shown in Figure 14, CFD simulation results suggest
that flameless combustion leads to more rapid and more complete consumption of oxygen.
The difference in oxygen concentration within the combustion chamber primarily stems
from the distinct combustion mechanisms of the two models. Flameless combustion is a
high-temperature, low-oxygen, diffusion-controlled process, which implies that the fuel
and oxygen do not mix thoroughly before being burnt; instead, they undergo combustion
and oxidize in the diffusion layer. This mode of combustion is characterized by significant
gradients in fuel and oxygen concentrations, leading to rapid oxygen depletion. Further-
more, the uniform temperature and low-oxygen conditions in flameless combustion reduce
the amount of some combustion byproducts (e.g., NOx) [43].

Figure 15 shows the difference in high-temperature regions (above 1400 K) within
the combustion chamber. Clearly, for given heat input, the high-temperature zone is
significantly reduced for the RAI flameless burner compared with the premixed burner.
This is because of the absence of a distinct flame front, which is observed in traditional
combustion. Furthermore, the high recirculation of gas flow increases mixing, as well as
heat transfer, which reduces the hot temperature zone because of the low reaction rate and
increased heat transfer to the reformer zone. This leads to a reduction in the production of
harmful byproducts (NOx) and simultaneously improves the energy efficiency.
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Figure 16 shows the magnitude of the vertical downward velocity in the combustion
chamber. Evidently, owing to the high-speed jet air, RAI shows a very strong convection
phenomenon in the near-wall area. This strong convection enhances heat transfer between
the combustion region and the reforming region, leading to the difference in the wall heat
transfer coefficients shown in Figure 17.
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3.2.4. Flue Gas Recirculation Characteristics

Table 5 presents the recirculation rate in the combustion chamber obtained from
simulation results. The configuration’s xy_plane_5 located at the bottom showed the
highest recirculation rate, whereas xy_plane_1 located at the top exhibited the lowest value
because of the limited penetration of the air jet. There is a stark fivefold difference in the
recirculation ratio between the flameless group (A and B) and the conventional burner
(C). The recirculation rate is closely associated with the heat transfer efficiency. A higher
recirculation rate leads to considerable preheating and dilution of the reactants, as well as
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increased flow velocity near the wall. This can significantly enhance the overall combustion
efficiency and reduce emissions and the heat and mass transfer rate, thereby preventing
the formation of hot spots and reducing the risk of nitrogen oxide (NOx) formation. Group
B showed the highest recirculation rate, which is the reason for the highest heat transfer
coefficient and low NO emission in the experimental results.

Table 5. Results of recirculation ratio calculation.

Recirculation Ratio of Each Plane Space Average
Recirculation Ratioxy_Plane_1 xy_Plane_2 xy_Plane_3 xy_Plane_4 xy_Plane_5

Group A—Flameless

A-1 0.26 1.73 5.17 6.92 9.77 4.77
A-2 0.28 1.77 5.21 6.88 9.75 4.78
A-3 0.29 1.80 5.21 6.79 9.68 4.61

Group B—Flameless (recirculation ring)

B-1 1.15 2.16 5.54 7.26 9.55 5.13
B-2 1.14 2.21 5.63 7.25 9.55 5.16
B-3 1.12 2.28 5.66 7.21 9.56 5.17

Group C—Flame (premixed)

C-1 0.02 0.37 1.02 1.33 1.85 0.92
C-2 0.04 0.37 1.03 1.38 2.03 0.97
C-3 0.04 0.38 1.01 1.38 2.01 0.96

4. Conclusions

This study provides design ideas for the enhancement of the heat transfer performance
of a cylindrical reformer with RAI flameless combustion on the basis of experimental and
simulation results. Experimental results showed that RAI flameless combustion could
enhance the heat transfer efficiency, resulting in expansion of the cylindrical design of
the reformer to a higher capacity. Compared with a premixed burner, RAI flameless
combustion improved the heat transfer efficiency by up to 20%. CFD simulation results
supported the experimental results and indicated the detailed mechanism of heat transfer
enhancement. Uniform high temperature and high flow velocity near the heat exchanger
surface were the most distinguished features of RAI flameless combustion. Uniform low
oxygen concentration was also caused by highly recirculating flow, realizing flameless
combustion. The recirculation ratio calculated from CFD results showed that the RAI
flameless combustion had fivefold higher recirculation compared with the premixed burner.
Installing a recirculation ring at the exit of the combustion chamber influenced the flow
pattern in the case of RAI flameless combustion by increasing the recirculation ratio by
about 8%, which resulted in a higher heat transfer coefficient.

Despite showing good agreement with experimental results, the combustion model of
turbulence interaction requires further study. The effect of turbulence is reflected in the
EDC model, but the correctness of the turbulence model, which employs two equations,
is not sufficient to simulate flameless combustion accurately. A high-speed air jet and
induced high-turbulence flow recirculation can be assumed to provide the required turbu-
lent intensity for combustion. Therefore, reaction kinetics represent the most important
parameter controlling flameless combustion, which is why the composition PDF model
showed the best fitting performance among the three tested models. However, owing to
its long iteration time, the equilibrium PDF model can be used as an alternative model to
economically generate reasonable initial data for RAI flameless combustion.

The findings from this study are expected to contribute to a broader understanding of
the heat transfer mechanism of RAI flameless combustion, and they show the feasibility of
the application of this type of combustion to the design of commercial reformers to produce
hydrogen. The incorporation of a recirculation ring in the combustion area to improve heat
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transfer efficiency in a hydrogen reformer is promising, and it should be explored further
in future research.
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Nomenclature

Eij is a component of the rate of deformation;
→
F contains other model-dependent source terms

(porous media and user-defined sources); H is the enthalpy (kJ/kg); I is the radiation intensity (W/sr);
kt is the turbulent thermal conductivity; n is the refraction coefficient; p is the static pressure (mo-

mentum conservation equations) (Pa);
→
r is the position vector;

→
s
′

is the scattering direction;
→
s is the

direction vector; Sh includes the heat of chemical reaction and any other volumetric heat sources (kJ);
T is the local temperature (discrete-ordinates (DO) radiation model) (K); ui is the velocity component
in the i direction (m/s); Y*

i is the fine-scale species mass fraction after the reaction progresses for time
τ*.
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