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Abstract

A significant portion of energy losses in industrial systems arises from the inefficient use
of high-temperature exhaust gases, emphasizing the need for enhanced heat recovery
strategies. This study aims to improve energy efficiency by examining the effects of
radiation-intensifying inserts on combined radiative and convective heat transfer in flue-gas
heated channels. A systematic literature review revealed a research gap in understanding
the interaction between these mechanisms in flue-gas heat exchangers. To address this,
analytical calculations were conducted for two geometries: a radiation-intensifying plate
between parallel plates and the same insert in a circular pipe. The analysis covered a
range of gas-flue and wall temperatures (560-1460 K and 303-393 K, respectively), flow
velocities, and spectral emissivity values. Key performance metrics included Reynolds
and Nusselt numbers to assess flow resistance and heat transfer. Results indicated that
flue-gas temperature has the most significant effect on total rate of heat transfer, and
the insert significantly enhanced radiative heat transfer by over 60%, increasing flow
resistance. A local Nusselt number minimum at a length-to-diameter ratio of approximately
26 suggested transitional flow behavior. These results provide valuable insights for the
design of high-temperature heat exchangers, with future work planned to validate the
findings experimentally.

Keywords: turbulator; insert; energy efficiency; flue-gas flow; radiative heat transfer;
convection; passive heat transfer enhancement

1. Introduction

In recent years, the rising global population, combined with efforts to improve liv-
ing standards, has led to an unprecedented increase in energy demand [1]. Significant
amounts of energy from energy-intensive industries are lost through flue-gas emissions.
According to the U.S. Department of Energy (US DOE), industries lose nearly half (~50%)
of their input energy via exhaust gases and cooling water [2]. Perhaps the most significant
topic discussed in recent decades is the limited amount of fossil fuels, which, at current
consumption rates, may be depleted within the next century, depending on the type of
fuel [3,4]. In the context of modern economic development, it is critical to find ways to
combine growth with environmental goals. Thus, sustainable economic growth can only be
achieved by enhancing energy efficiency through technologies that improve heat transfer
and consequently reduce industrial heat production emissions [5].
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Active and passive heat transfer improvement techniques are commonly applied to
enhance energy efficiency. Active heat transfer enhancement methods involve supplying ex-
ternal energy to boost the thermal efficiency of latent heat thermal energy storage (LHTES)
systems. Such methods encompass mechanical devices, vibrations, jet impingement, injec-
tion, and other externally powered interventions [6]. On the other hand, passive methods
enhance thermal efficiency without needing extra power, making them economical and
dependable in energy conversion systems [7,8]. These techniques effectively improve
thermal performance in systems without increasing energy usage or requiring additional
energy [9].

Passive heat transfer enhancement methods involve the application of inserts
like twisted tapes, conical strips, baffles, and winglets, as well as porous materials,
coil/helical/spiral tubes, roughened surfaces (corrugated or ribbed), extended surfaces
(fins), and nanofluids [7,10]. Twisted tape inserts are particularly effective at improving
heat transfer performance without negatively affecting the overall system efficiency [11].
Passive techniques create swirl flows, decrease thermal resistance, and extend fluid res-
idence times, significantly benefiting both laminar and turbulent flow conditions [12].
However, it should be noted that using inserts leads to increased pressure drop, so it
is essential to evaluate the overall enhancement of thermal performance carefully. Both
active and passive heat transfer enhancement methods are critically important in industrial
sectors, including thermal power plants, to achieve higher energy savings and enhance the
economic efficiency of thermal systems [13].

Many researchers analyze the heat transfer and fluid dynamics in various engineering
systems, often using numerical modeling (CFD) and analyzing different ways to enhance
heat transfer in pipes and channels [14-16]. The field most studied when improving heat
transfer efficiency using passive techniques is convective heat transfer, as most deal with
the heat exchange between a moving fluid and a solid surface. Convection is the main heat
transfer mechanism in such situations. Significantly few authors have addressed radiative
heat transfer [14,17,18].

A systematic literature review was used to determine whether increasing heat transfer
efficiency using radiation-enhancing inserts has been sufficiently studied. A systematic
literature review (SLR) is a rigorous and methodologically structured approach used to
identify, select, and critically evaluate existing studies to address a clearly defined research
question [19]. This process is guided by a predefined protocol, including explicit inclusion
and exclusion criteria established before the review. An SLR involves a comprehensive and
transparent search across multiple academic databases, thereby ensuring reproducibility
and enabling verification by other researchers. The method requires a well-defined search
strategy tailored to the specific research objective, and the retrieved data are systematically
organized and analyzed within a specified timeframe. To ensure methodological trans-
parency, the review must provide detailed documentation of the search terms, strategies,
database sources, platforms used, search dates, and any limitations applied during the pro-
cess. The research question was chosen using the PICO method, a structured approach that
aids in formulating research questions [20]. This method is popular in many fields, from
medicine to social sciences and thermodynamics. PICO stands for population, problem,
source of information (P), intervention, factors (I), comparison, circumstances, situation
(C), and outcome, the main point of interest (O). Researchers widely utilize this framework
to develop precise research questions and streamline literature reviews. In this study, the
research question formulated using the PICO strategy was, “How does the heat transfer
change due to radiation when a radiation-intensifying turbulator is placed in the fire-tube
at high temperature?”
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Once the research question was formulated, the next step involved identifying relevant
scientific articles. The term “eligibility” is defined as the fact of having the necessary
qualities or satisfying the required conditions [21]. Selecting appropriate articles requires
determining the most relevant keywords. These keywords were established based on
predefined inclusion criteria, which in this context included the application of turbulators,
heat transfer methods, heat transfer intensifier, article type, the purpose of the applied
technology, the fluid used in the system, and the search area. Inclusion criteria define an
article’s essential elements to qualify it for inclusion in a systematic literature review. The
number of articles was reduced by using inclusion and exclusion criteria.

Appropriate articles were examined again carefully to ensure a deeper analysis. As
a result, it was decided to read the selected scientific publications more comprehensively,
which allowed to identify several key ideas. These articles focus on different aspects of
heat transfer enhancement and system performance, each addressing specific issues and
challenges relevant to the field.

The sources collectively explore methods and analyses to improve heat transfer in
various engineering applications, particularly within heat exchangers and thermoelectric
generator (TEG) systems. The research employs both experimental [17,22-28] and nu-
merical approaches, notably computational fluid dynamics (CFD) [14,17,23,24,26,27,29-31].
A detailed review of the selected articles reveals several recurring thematic areas, each
addressing specific aspects of heat transfer enhancement, system applications, and perfor-
mance evaluation methodologies.

A primary focus across the sources is enhancing heat transfer through various passive
strategies. Turbulators, or inserts, are widely recognized for their ability to create turbulent
motion and improve heat exchange [31,32]. Examples of inserts studied include twisted
tapes [23,31-39]. Twisted tapes combined with rings or other modifications like perfora-
tions [37,39], wire coils [28,29,40], ribs [30], vortex generators [41], winglets (such as delta
winglets) [26,42,43], obstacles [32], pin fins [32,44,45], dimples (spherical, cylindrical) [46],
and semi-circular inserts [30]. These inserts disrupt the flow and induce vortices, increasing
mixing and heat transfer, often at the expense of increased pressure drop [47].

Furthermore, porous media are investigated as a means to enhance heat transfer, po-
tentially acting as a convection-radiation converter in laminar flow [48]. The characteristics
of pulsating flows (frequency, amplitude, turbulence intensity) in pipes are also noted as
influencing gas-dynamic and heat-exchange perfection [49].

The research covers diverse heat exchange systems and their applications. Fire-tube
boilers/generators are analyzed through experimental studies and modeling [17,24,27],
particularly focusing on heat transfer (convective and radiative) and pressure loss in the
fire-tube [17]. Thermoelectric generator (TEG) systems are investigated for waste heat
recovery by converting temperature differences into electrical energy [22], with studies
focusing on configurations involving multiple TE modules placed between hot and cold
ducts, examined under varying inlet air temperatures, mass flow rates, module connection
types, and the presence or absence of turbulating inserts. These systems could also be
widely used in waste heat recovery, power plants, chemical reactors, cooling electronic
components, and turbine blades.

Numerical modeling, predominantly using computational fluid dynamics (CFD), is
a crucial tool for analyzing flow and heat transfer phenomena [17,26,30]. The Reynolds-
averaged Navier-Stokes (RANS) equations are commonly employed for turbulent flow
simulations [41,50,51]. A critical aspect of CFD is the meshing process, which must be
suitable for accurately calculating essential variables in the governing equations. Mesh
independence analysis is performed to determine an appropriate mesh structure that bal-
ances accuracy and computational efficiency [52]. The quality of the mesh is assessed using
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criteria like skewness and aspect ratio [52]. CFD models are often validated by comparing
their predictions with experimental data [17,27] or established empirical correlations [23,30].
Software like ANSYS Fluent 2025 R1 is used for simulations in [29].

Experimental investigations are conducted to gather data on the performance of heat
exchange systems and enhancement techniques [17,22,24-26,28,35]. These experiments
involve measuring key parameters such as temperature (inlet, outlet, wall, flue-gas, wa-
ter) [53], mass flow rate [15] pressure drop, current, and voltage. Specialized experimental
setups, such as those for testing TEG systems or fire-tube heat generators, are constructed.
The experimental setup is validated by comparing results for baseline configurations (e.g.,
smooth pipes).

Evaluating the effectiveness of enhancement methods involves calculating parameters
like the Nusselt number (Nu) for heat transfer [15,26,30,35,37,39,53]. While these inserts
effectively increase heat transfer, this typically comes at the cost of a higher pressure drop
due to increased flow resistance [16,37,40,46,54-56]. Various performance indicators are
used, such as the thermal enhancement factor (TEF), which considers the trade-off between
heat transfer enhancement and pressure drop increase [53]. Optimization processes are
employed to find the best parameters for heat exchanger designs, often utilizing techniques
like Genetic Algorithms (GA) [17,27,29,57]. Also, Artificial Neural Networks (ANN) can
be used to model performance characteristics to support optimization [37,57,58]. Different
objective functions are considered in optimization, aiming to maximize heat exchange,
minimize pressure losses, or optimize parameters based on thermal efficiency, exergy
efficiency, or economic considerations.

After conducting a systematic literature review and noting that there are too little
articles examining in detail the sum of convective and radiative heat transfer mechanisms
in the flue-gas/water exchanger’s tubes of boilers, it was decided to create a calculation
methodology to determine the influence of radiation. This study investigates how radiation
enhances heat transfer in two different scenarios. The first scenario calculates the sum
of convective and radiative heat transfer when a radiation-intensifying plate (shield) is
placed between two infinite plates, and the flue-gas passes through it. The second scenario
calculates the sum of convective and radiative heat transfer when the radiation-intensifying
plate is inserted into the tube of the fire-tube boiler. Both models were simulated, and
calculations were made, using the MATLAB 2025 R1 programming language. Analyti-
cal analysis and visualizations helped to comprehend the overall influence of using the
inserted plate.

Although passive heat transfer enhancement methods have been widely studied, the
combined effect of convection and radiation, particularly in flue-gas boiler tubes with
radiation-intensifying inserts, remains insufficiently explored. Most research focuses on
convective mechanisms, while radiation, which can significantly influence heat transfer at
high temperatures, is often overlooked. To address this gap, the present study develops an
analytical methodology using MATLAB to evaluate the combined heat transfer performance
in two configurations: between two infinite plates and within a flue-gas boiler tube. The
outcomes provide valuable insights into the role of radiation in overall heat transfer, offering
a foundation for more accurate thermal performance predictions and improved system
design. The following sections describe the mathematical modeling, simulation process,
and analysis of results.

2. Analytical Model

An analytical model was developed and applied to two configurations to evaluate
the effect of radiative heat transfer on overall thermal performance. Initially, a simplified
geometry—an insert placed between two infinite parallel plates—was used to assess the
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fundamental impact of radiation enhancement. In the second stage, the model was extended
to a more practical configuration by placing the radiation-intensifying insert inside a pipe to
apply the results to shell boiler systems, where hot flue-gas typically flows through internal
tubes. The first model represents a simplified 2D configuration between infinite parallel
plates, while the second approximates a real 3D cylindrical pipe, modeled under axial
symmetry assumptions. These systems often employ turbulators to enhance convective
heat transfer; however, such elements significantly increase aerodynamic resistance and
energy consumption for flue-gas transport. Flat plate-type inserts in high-temperature
regions offer a potential solution by enhancing radiative heat transfer while minimizing
pressure losses.

Flue-gas is characterized by low emissivity, meaning that heat transfer from the gas to
the boiler tubes in conventional water-heating systems occurs primarily through convection.
When straight plate-type inserts are placed inside the tubes carrying the flue-gases, these
inserts absorb heat from the convective flow and subsequently transfer it to the water-
cooled tube walls via thermal radiation. Radiation-enhancing inserts can be effectively
applied in shell boilers and other similar thermal equipment to increase the overall heat
transfer efficiency. By promoting radiative heat exchange, such inserts help reduce the
energy required for flue-gas transport through the boiler, as their aerodynamic resistance is
significantly lower than conventional turbulators, which typically increase flow turbulence
through vortex generation or flow disruption.

Calculations were performed for a typical composition of combustion products, where
the flue-gas mainly consists of diatomic gases that do not radiate heat, meaning their
presence or changes in quantity have little effect on the radiation intensity of the flue-gas
flow. The radiating part of the flue-gas comprises only gases containing triatomic atoms or
more and solid particles. In our calculations, the composition of the radiating gases from
natural gas combustion products is CO, = 13%, HyO = 11%. The rest are non-radiative
diatomic gases, such as nitrogen.

In both modeled cases, the surrounding medium was hot flue-gas, with temperatures
ranging from 573.15 K to 1473.15 K. Simulations were conducted assuming a wall spectral
emissivity of € = 0.9, flue-gas spectral emissivity ed = 0.2, and flue-gas flow absorptivity
Ad = 0.2. The radiation-intensifying plate used in this study is made of steel, commonly
used in high-temperature heat exchangers due to its thermal stability and mechanical
strength. For radiative heat transfer calculations, the emissivity of the plate surface was
assumed to be 0.9, reflecting its high capacity to emit thermal radiation. The operating
conditions used in the analytical model were chosen to represent typical thermal and flow
parameters found in industrial flue-gas heat recovery systems. The temperature range of
560-1460 K for the flue gases and 303-393 K for the pipe walls corresponds to combustion
products from natural gas and standard cooling water temperatures, respectively. Emissiv-
ity and absorptivity values were selected based on the radiative properties of combustion
gases and commonly used metallic surfaces to ensure the model’s relevance to real-world
high-temperature applications.

Throughout this paper, the term “heat transfer rate” is used to denote the overall
thermal performance of the system, expressed in kilowatts (kW), including all modes
of heat transfer involved. It reflects the total heat transfer rate associated with the flue-
gas flow, accounting for both convective and radiative components and their combined
effect on heat exchange efficiency. The values were obtained by integrating the local heat
transfer over the surface area of the tube wall under different flue-gas flow conditions.
The plotted heat transfer rate values represent the net thermal output as a function of
flue-gas flow temperature and velocity. Presenting the results regarding heat transfer
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rate provides a comprehensive and quantifiable measure of heat transfer intensity across
various operating regimes.

2.1. Boundary Conditions When the Radiation-Intensifying Plate Is Placed Between Two
Infinite Plates

The radiation-intensifying plate is inserted between two infinite plates. To simplify
the simulations, the temperature of these plates is assumed to be equal to the temperature
of the fluid receiving the heat transfer. Flue-gas flows between the plates at temperatures
ranging from 573.15 K to 1473.15 K. The simulations are conducted under steady-state
flow conditions over a selected area of 1 m?. The spectral emissivity of the wall is set at
e = 0.9, the spectral emissivity of the flue-gas flow at ed = 0.2, and the absorption coefficient
of the flue-gas flow at Ad = 0.2. The geometry of the channel with an inserted infinite
radiation-intensifying plate is shown in Figure 1.

Infinite surface (plate 1)

’I;U,' EZU
_—
Tgﬂs_ o> Epas? A, —— Weaeflo = 20m/s d;
—oC +oc
= Tspieid; Enieta
Tgnsﬂow; ggas; An’ - /= di
- > Weaeflon =0 +20mls

Radiation-intensifying plate Infinite surface (plate 2)

Figure 1. Geometry of a channel with infinite plates with an inserted plate.

2.2. Governing Equations for Heat Transfer Calculations

Calculations of Reynolds number:

‘LU'di
v

Re = @
where w—velocity of flue-gas (m/s), di—characteristic dimension of channel (m) or the
distance between the wall and the shield, v—kinematic viscosity (m?/s) [59,60].
Calculations of Nusselt number:
When the flow is laminar, Re < 2000:

0.25
Nu = 0.15-Re3.py043.Gr01. ( FT )
f f Pr
P
where Pr—Prandtl number.
Grashof number is defined:
.o d3-AT
Gr = PEGET ©

where 3—thermal expansion coefficient of the fluid volume (1/K), g—the acceleration due
to gravity (g = 9.81 m/s?), AT—the temperature difference that results in natural convection
(K). Index f and p show at which temperature the physical parameters of the fluid are taken
in the criteria, i.e., either at the fluid or surface temperature.
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When the flow is transitional, 2000 < Re < 10,000:
Pr 0.25
Nu = (0.026-Re{® — 8)-Pr{*. <> (4)
( ) Prp
When the flow is turbulent, Re > 10,000:
Py, 025
Nu = 0.021-Re®S- P43, <f> )
Pry
Heat transfer coefficient by convection:
Nu-A
a=n (©)
1

where A—thermal conductivity coefficient (W/m-K).

Calculations of the shield wall temperature:

The temperature of the inserted infinite shield (plate) is found by balancing the heat
received by the shield and the heat given to the shield. The shield receives the heat by
convection from the flue-gas flow:

Qcon = Fshield- - (Tgasﬂow - Tshield) 7)

where Fy,jojg—surface area of shield (m?), a—heat transfer coefficient (W/m?2-K), Tgasfiow—
temperature of flue-gas, and Tgp;ejg—temperature of shield (K).
The shield receives the heat by radiation from flue-gas:

Q= Fd'0'5'(£shield + 1)'60' (‘C'gaS'Téasﬂow - Ad'Tihield) 8)

where egsow—flue-gas spectral emissivity egasfiow = 0.2, Ag—absorption of flue-gas
A4 = 0.2, ggpielq—spectral emissivity of shield egpielq = 0.9, 0p—Stefan—Boltzmann constant
(09 = 5.67 1078 W/m?2-K*) [24]

The shield radiates the heat to the walls:

Tonieta \*_ ( Tw \*
Qrshield = Fshield'at'(pShield.CO W B ﬁ ®)

where @ghieig—angular coefficient of radiation from the shield @gpielg = 1, Co—absolutely
black body radiation coefficient Cy = 5.67 W/m?-K*.

In this analytical model, the view factor between the radiation-intensifying plate and
the adjacent wall is assumed to be ¢ = 1. This assumption is appropriate for idealized
geometries where the radiating surface faces a large, unobstructed opposing surface. It sim-
plifies the radiative exchange calculation and allows direct analytical expressions without
complex numerical integration.

er—the supposed emissivity of the surface system:

1 -1
& = |: +—— 1] (10)
€shield Ew

where ¢, emissivity of wall surface ¢,, = 0.9.
Calculations of the shield temperature:
Balance equation for calculating the temperature of the shield:

Qcon + Qrad = Qrshield (11)
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Qcon—heat transfer rate from flue-gas flow by convection, Q,,q—heat transfer rate
from flue-gas flow by radiation, Q.shielg—heat transfer rate from shield to wall by radiation.

Calculations of heat flows:

Heat transfer rate from the shield to the wall by radiation:

() -G)] e

Heat transfer rate from flue-gas flow by radiation:

Qshield = Fshield €t Fshield €t ©shield Co

where Ty—temperature of the wall (K).

Qr = Fur05- (e +1)-00° (£gas Thastion — Aa-Th) (13)
where ¢ is the emissivity of the wall, and Fw is the wall surface area, m2.
Heat transfer rate from flue-gas flow by convection:

Qcon = Fw-ax- (Tgasﬂow - Tw) (14)

2.3. Boundary Conditions When the Radiation-Intensifying Plate Is Placed into the Tube of the
Flue-Gas Boiler

The radiation-intensifying plate is inserted into the tube of the flue-gas boiler, as
shown in Figure 2. The calculations are made by varying the flue-gas flow rate, the pipe
diameter, and the water temperature to which the heat is transferred. The flue-gas flow
temperature is varied from 573.15 K to 1473.15 K, the flue-gas flow velocity is varied from
5 m/s to 10 m/s, the diameter of the pipe is varied from 0.05 m to 0.1 m, and the wall
temperature is varied from 303.15 K to 393.15 K. The calculations assume that the wall
temperature of the pipe is the same as the temperature of the water cooling the pipes, the
body spectral emissivity of the inserted plate and the wall is € = 0.9, the spectral emissivity
of the flue-gas is ed = 0.2, and the flue-gas absorption coefficient Ad = 0.2.

Steel tube \ {

Tspiotd: €0

Radiation-
intensifying plate
Tgafgﬂow ;&1 Aa'

Tgas_ﬂow; &ar Ad

Figure 2. Geometry of a channel with a radiation-intensifying plate into the tube of the flue-gas boiler.
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2.4. Governing Equations for Heat Transfer Calculations

Calculations are made by dividing the pipe into individual sections, the length of the
sections being 0.1 m; see Figure 3.

/ Domain discretized into 0.1m segments for sectional analysis

—_—
Flue-gas
flow

G 1m,
Sm

-
. e
e

Figure 3. Schematic of the computational domain with flue-gas flow, radiation-intensifying plate,
and discretization into 0.1 m segments for sectional analysis.

Calculations of Reynolds number:

w~d€k
1%

Re = (15)

where w—velocity of flue-gas (m/s), dexk—characteristic dimension of channel (m) or the
distance between the wall and the shield, v—kinematic viscosity (m?/s)
Calculations of characteristic channel dimension:

du="2 16)

where f is the cross-sectional area of the channel (m?):

- d?
f=" (17)
P is the perimeter of the channel (m):
P= %’d +d (18)
where d is the diameter of the channel (m):
Calculations of Nusselt number:
When the flow is laminar, Re < 2000:
Pry 0.25
Nu = 0.15-Reo'33-PrJ9'43~Gr?;1~ <P> €] (19)
Tp
Grashof number is defined:
-g-d3 AT
Gry = P8 AT o (20)

where 3—thermal expansion coefficient of the fluid volume (1/K), g—the acceleration due
to gravity (g = 9.81 m/s?), AT—the temperature difference that results in natural convection
(K).

The multiplier ¢; evaluates the variation of the heat release coefficient in the stabiliza-
tion section, and its values are given in Table 1.
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Table 1. Multiplier ¢; values for laminar flow.
I/d 1 2 5 10 15 20 30 40 50
€] 1.9 1.7 1.44 1.28 1.18 1.13 1.0 1.02 1.0

When the flow is transitional, 2000 < Re < 10,000, the Nu number can be calculated by
the Equation (4).
When the flow is turbulent, Re > 10,000:

0.25
Nu = 0.021-Re®8. pr943. Pry £ (21)
’ f Pry, !

The multiplier &; evaluates the variation of the heat release coefficient in the stabiliza-
tion section, and its values are given in Table 2.

Table 2. Multiplier &; values for turbulent flow.

1/d
Re
1 2 5 10 15 20 30 45 50 and More
1-10% 1.65 1.50 1.34 1.23 1.17 1.13 1.07 1.03 1.0
2-10* 1.51 1.40 1.27 1.18 1.13 1.10 1.05 1.02 1.0
5.10* 1.34 1.27 1.18 1.13 1.10 1.08 1.04 1.02 1.0
1-10° 1.28 1.22 1.15 1.10 1.08 1.06 1.03 1.02 1.0
1-10° 1.14 1.11 1.08 1.05 1.04 1.03 1.02 1.01 1.0

The calculation of the plate temperature is based on Equation (11).

Calculations of the heat flows in the pipe are performed using Equations (12)-(14),
which estimate the heat flow from the shield to the wall by radiation, the heat flow from
the gas by radiation, and the heat flow from the gas by convection.

2.5. Limitations of the Analytical Approach

While the analytical model provides valuable insights into radiative and convective
heat transfer mechanisms, several limitations should be acknowledged. The geometries
were simplified using two-dimensional or axially symmetric assumptions, which may not
capture complex three-dimensional flow structures or localized effects. Material proper-
ties such as emissivity and absorptivity were assumed to be constant, although in real
systems they can vary with temperature and surface conditions. The use of a grey-body
radiation model excludes spectral variations, which may be significant in high-temperature
gas mixtures. Additionally, the absence of experimental validation means the model’s
predictive accuracy remains theoretical. These simplifications are necessary for analytical
tractability but should be considered when interpreting the results and applying them to
real-world systems.

3. Results
3.1. The Case of the Radiation-Intensifying Plate Is Positioned Between Two Infinite Plates

The graph presented in Figure 4 illustrates the variation of heat transfer rate (W)
as a function of flue-gas flow temperature (K) for different flue-gas flow rates (w = 5,
10, 15, and 20). The x-axis represents the flue-gas flow temperature in K, ranging from
approximately 550 K to 1500 K, while the y-axis represents the heat transfer rate in watts
(W), spanning from approximately 5 kW to 155 kW. The data show a positive correlation
between flue-gas flow temperature and heat transfer rate, indicating that as the flue-gas
flow temperature increases, the heat transfer rate also increases for all tested flue-gas flow
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140

Heat transfer rate, kKW
[y —_
N B D oo} ] N
(. | { o o o oo} =

o

rates. The plotted curves demonstrate that higher flue-gas flow rates (W) produce greater
heat transfer rate values at any given temperature. Notably, the difference in heat transfer
rate between different flue-gas flow rates becomes more pronounced at higher temperatures.
The correlation suggests that convective heat transfer is significantly influenced by both flue-
gas flow temperature and flue-gas flow rate, with increasing flue-gas flow rates amplifying
the heat transfer rate. This behavior aligns with expectations based on convective heat
transfer principles, where an increase in mass flow rate enhances the convective heat
transfer coefficient, thereby augmenting the overall heat transfer rate.

550

650 750 850 950 1050 1150 1250 1350 1450 1550

Flue-gas flow temperature, K

—&— w=bm/s —X— w=10m/s —@&— w=15m/s - A w=20m/s

Figure 4. Total heat transfer rate comparison at different flue-gas flow rates.

Figure 5 illustrates the relationship between heat transfer (W) and flue-gas flow tem-
perature (K) under varying wall temperatures (Ts = 303 K, 333 K, 363 K, and 393 K). The
x-axis denotes the flue-gas flow temperature, approximately 550 K to 1550 K, while the
y-axis represents the corresponding heat transfer rate, ranging from 5 kW to 125 kW. The
results indicate an exponential increase in heat transfer rate with rising flue-gas flow tem-
perature. This increase becomes more significant at higher temperatures, reflecting an
intensification of convective and radiative heat transfer processes. Although the influence
of wall temperature is observable, it remains relatively small; higher wall temperatures
give slightly increased heat transfer rate values at a given flue-gas flow temperature, but
the change is insignificant. The close clustering between the data curves shows that the
flue-gas flow temperature significantly influences the heat flow, whereas changes in wall
temperature produce only marginal effects. This behavior is consistent with established
heat transfer theory, which posits that convective heat transfer rate is predominantly de-
termined by the temperature gradient between the gas and the wall, in conjunction with
the convective heat transfer coefficient. Closer analysis reveals a transition region around
900-1000 K, where radiative heat transfer begins to dominate over convection. Below this
range, convection remains the main mechanism, while above it, the rapid increase in heat
transfer rate reflects the growing influence of radiation, consistent with its T* dependence.
This shift is evident from the widening separation between heat transfer rate curves at
higher gas temperatures, despite minimal changes in wall temperature.

Figure 6 illustrates the dependency of heat transfer rate (W) on flue-gas flow tem-
perature (K), comparing it in two cases: with an inserted radiation-intensifying plate and
without a plate. The x-axis represents the flue-gas flow temperature in K, while the y-axis
shows the corresponding heat transfer rate in W. The data clearly indicate that heat transfer
rate increases with rising flue-gas flow temperature in both cases, following an exponential



Energies 2025, 18, 3383

12 of 23

dependence. However, a significant enhancement in heat transfer is observed when a
radiation-intensifying plate is inserted into the system. Across the entire temperature range,
the configuration with the inserted plate consistently exhibits higher heat transfer values
than without a plate. For instance, at approximately 1350 K, the heat transfer rate with the
inserted plate exceeds 105,000 W. In contrast, the value without the plate remains around
65,000 W. From this, we can conclude that the heat transfer at the mentioned temperature
increased by more than 60%. This significant change is due to the radiation-intensifying
surface, where the hot flue-gas heats the plate, and it starts radiating. As we can see from
the graph, the impact of radiation is perceived from ~600 K, but its influence increases as
the flue-gas flow temperature increases. In conclusion, the calculation results support the
hypothesis that inserting a plate into the heat exchange system significantly improves heat
transfer efficiency over the examined temperature range.
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Figure 5. Total heat transfer rate comparison at different wall temperatures.
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Figure 6. Total heat transfer rate comparison when using a radiation-intensifying plate vs. without a
radiation-intensifying plate.

These findings are relevant in applications involving high-temperature flue-gas flow
systems, such as industrial heat exchangers, combustion chambers, and thermal energy re-
covery systems. The observed tendency provides insights into optimizing heat transfer per-
formance by adjusting operational parameters such as flue-gas flow rate and temperature.
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3.2. The Case of the Radiation-Intensifying Plate Is Positioned in the Pipe

Figure 7 illustrates the correlation between heat transfer rate and flue-gas flow temper-
ature in a pipe fitted with a radiation-intensifying plate, showcasing the roles of various
heat transfer mechanisms. The x-axis denotes the flue-gas flow temperature in kelvins,
ranging from 560 K to 1460 K, while the y-axis represents the heat transfer rate in watts,
peaking at 2500 W. The data reveal that total heat transfer rate, which includes radiation
from flue-gas, convection, and radiation from the radiation-intensifying plate, significantly
decreases as gas temperature declines, demonstrating the strong relationship between heat
transfer efficiency and thermal conditions. Radiative heat transfer from flue-gas exhibits
a similar downward trend and constitutes the largest share of the total heat transfer rate,
especially at higher temperatures. In contrast, convective heat transfer is notably lower and
diminishes with temperature, emphasizing its limited impact on the overall heat transfer
process. The radiative contribution from the radiation-intensifying plate is also significant,
particularly at elevated temperatures, indicating a notable performance in light of the ther-
mal gradient. Figure 7 establishes that radiation, mainly from flue-gas, is the primary heat
transfer mechanism at high temperatures. Conversely, at lower temperatures, convection’s
role becomes more pronounced in sustaining the total heat transfer rate. These insights are
crucial for the design of industrial tubular heat exchangers operating at high temperatures.
Recognizing the dominance of radiative heat transfer above approximately 1000 K enables
engineers to optimize exchanger surfaces and materials for maximum radiative efficiency.
The continuous contribution of the radiation-intensifying plate indicates that such inserts
can be tactically employed to improve performance without increasing surface area. More-
over, understanding the limited influence of convection at elevated temperatures can assist
in avoiding over-sizing the system’s convective components, resulting in more compact
and cost-efficient heat exchanger designs.

Heat transfer rate, W

560 660 760 860 960 1060 1160 1260 1360 1460

Flue-gas flow temperature, K

--------- Total heat transfer rate = — = Radiation from flue gas Convection — - — Radiation from plate

Figure 7. Amount of heat transferred by different heat transfer methods.

3.2.1. Heat Transfer Rate Comparison at Different Temperatures of the Pipe Wall

Figure 8a—c provide a comprehensive analysis of the effect of pipe wall surface temper-
ature on total heat transfer rate and the corresponding percentage increase in heat transfer
under varying flue-gas flow temperatures. The four different cases of wall temperature
are analyzed: 303 K, 333 K, 363 K, and 393 K, covering a flue-gas flow temperature range
from approximately 1460 K to 560 K. Figure 8a,b illustrate the total heat transfer rate at
different wall temperatures; it is evident that total heat transfer rate decreases with decreas-
ing flue-gas temperature across all cases. This pattern highlights the essential role of the
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Heat transfer rate, W

Heat transfer rate, W
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——Heat transfer rate, Tw=303K
——Heat transfer rate, Tw=363K

960

temperature gradient between the hot flue-gas and the pipe wall in governing radiative and
convective heat transfer. While increased wall temperatures (Ts = 393 K) lead to a modest
reduction in heat transfer rate compared to lower wall temperatures (Ts = 303 K), the
resulting differences are minimal at elevated flue-gas temperatures but become increasingly
significant as the gas temperature declines. Figure 8c quantitatively captures this difference
by presenting the percentage increase in heat transfer rate when comparing the lowest
and highest wall temperatures (393 K vs. 303 K). The results show an exponential rise in
percentage gain as the gas temperature decreases. The percentage difference is minimal
at the highest flue-gas temperatures (around 3-5%). Still, as the gas temperature drops
below approximately 900 K, the influence of wall temperature becomes more substantial,
with the heat transfer rate increase exceeding 40% at the lowest measured gas temperature
(560 K). This behavior can be clarified by the decrease in the driving temperature gradient
at higher wall temperatures, which suppresses radiative and convective transfer rates.
However, the relative effect of increasing wall temperature becomes more significant at
lower gas temperatures, where the absolute temperature difference between flue-gas and
wall becomes less significant, leading to a substantial percentage gain in heat transfer rate.
This effect can be explained by the fact that, although the absolute heat transfer rate is
lower at reduced gas temperatures, the relative impact of wall temperature becomes more
pronounced, leading to a significantly higher percentage increase.
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Figure 8. Heat transfer rate comparison at different temperatures of the pipe wall. (a) Heat transfer
rate comparison to varying temperatures of the pipe wall, (b) heat transfer rate comparison in
different pipe wall temperatures (flue-gas flow temperature varies between 560 K and 1460 K), and
(c) percentage increase in heat transfer rate, comparing 393 K vs. 303 K wall temperature.
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3.2.2. Heat Transfer Rate Comparison in Different Spectral Emissivities of Flue-Gas Flow

Figure 9 presents the effect of flue-gas spectral emissivity ¢4 on the total heat transfer
rate across a range of flue-gas flow temperatures. The x axis shows gas temperature
in Kelvin, spanning from 560 K to 1460 K, while the y axis indicates total heat transfer
rate in Watts, with values reaching up to 2500 W. The data include four distinct curves
corresponding to emissivity values of 0.10, 0.15, 0.20, and 0.25. The results show that the
total heat transfer rate decreases in the same pattern with decreasing flue-gas temperature
for all considered emissivity values. This behavior indicates the strong dependence of
radiative heat transfer on the fourth power of temperature, as the Stefan-Boltzmann law
describes. Higher emissivity values result in significantly higher heat transfer rate at any
flue-gas temperature. For example, when flue-gas temperatures rise above 1200 K, the
heat transfer rate corresponding to . = 0.25 significantly exceeds that for e, = 0.10. The
divergence between the curves becomes more noticeable at higher flue-gas temperatures,
indicating that the effect of emissivity on heat transfer intensifies with increasing thermal
radiation potential. Conversely, at lower gas temperatures, the curves converge, and
the influence of emissivity becomes less dominant. This is consistent with the reduced
contribution of radiation at lower thermal levels, where convective mechanisms may
become comparatively more relevant.
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Figure 9. Heat transfer comparison in different spectral emissivities of flue-gas flow.

3.2.3. Heat Transfer Rate Comparison in Different Body Spectral Emissivity of Pipe and
Inserted Plate Material

Figure 10 presents the relationship between flue-gas flow temperature (K) and heat
transfer rate (W) for different emissivities (¢) of the surfaces of a pipe and an inserted
plate. The x-axis shows the flue-gas flow temperature in kelvins, while the y-axis shows the
corresponding heat transfer rate in watts. Four emissivity values are compared: ¢ = 0.75,
0.8, 0.85, and 0.9. The results indicate a clear correlation between flue-gas flow temperature
and heat transfer rate. The heat transfer rate decreases significantly as the flue-gas flow
temperature decreases, following a nonlinear correlation. This behavior is consistent across
all considered emissivity values. Comparing the total heat transfer rate when the emissivity
is 0.75 and 0.9, the values differ from 1.29% to 1.48%. Thus, it can be concluded that
the emissivity of the pipe surface and the inserted plate do not significantly impact the
total heat transfer rate. This graph demonstrates that while the emissivity of the surface
materials has a minor effect on heat transfer rate, particularly at higher gas temperatures, the
dominant factor affecting heat transfer in this configuration is the flue-gas flow temperature.
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The results suggest that optimizing emissivity does not significantly influence thermal
performance, but controlling temperature is more critical for maximizing heat transfer.
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Figure 10. Heat transfer rate comparison in different body spectral emissivity of the pipe and the
inserted plate material.

3.2.4. Correlation of Reynolds and Nusselt Numbers with Geometrical Ratios

Figure 11 presents the Reynolds number (Re) variation as a function of the dimension-
less geometrical parameter 1/d for two cases: with and without a radiation-intensifying
plate. The x-axis represents the ratio of characteristic dimensions, while the y-axis indicates
the Reynolds number, characterizing the flow regime within the system. In both config-
urations, the Reynolds number increases with increasing 1/d, which suggests that larger
cross-sectional dimensions show higher flow velocities or reduced viscous effects. However,
there is a striking difference between the two cases under consideration. The system with-
out the radiation-intensifying plate consistently exhibits higher Reynolds numbers across
the entire range of 1/d values. This decrease in Re when the plate is inserted represents that
the plate creates additional flow resistance or disrupts the velocity profile, lowering the
overall flow rate. At the maximum investigated 1/d value (~160), the Reynolds number ex-
ceeds 11,000 without the plate, whereas it only reaches approximately 6700 when the plate
is present. These results demonstrate that inserting a radiation-intensifying plate leads to
noticeable changes in flow dynamics, particularly in reducing the Reynolds number, which
could shift the flow toward a more laminar regime depending on operating conditions.

Figure 12a,b illustrate the Nusselt number (Nu) variation concerning the dimensionless
parameter 1/d, for configurations with and without an inserted radiation-intensifying plate.
These figures provide insights into the convective heat transfer performance under varying
geometric ratios. As shown in Figure 12a, the Nusselt number shows an increasing tendency
with rising 1/d for both examined configurations. Nevertheless, the research without the
radiation-intensifying plate consistently gives higher Nu values throughout the entire 1/d
interval. This disparity becomes particularly significant at higher 1/d values, where Nu
exceeds 28 in the absence of the plate, while remaining below 20 when the plate is present.
Including the radiation-intensifying plate appears to disrupt the flow and increase hydraulic
resistance, which diminishes the efficiency of convective heat transfer, as indicated by the
reduced Nusselt numbers. Figure 12b provides a magnified view of the lower 1/d region
(0-30), where the differences in Nu are more subtle. In this range, the Nusselt number with
the inserted radiation-intensifying plate initially decreases to Nu = 6.09, at which point
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1/d equals 26. Afterwards, the Nu values start to increase. In contrast, the configuration
without the plate gradually increases Nu with increasing 1/d. These results suggest that
the inserted plate causes local flow instabilities, leading to oscillations in Nu, particularly
noticeable for 1/d < 30.

13,000
11,000
9,000

7,000

Re

5,000

3,000

1,000
0 20 40 60 80 100 120 140 160

I/d

Re with inserted radiation-intensifying plate «-++--+-+ Re without radiation-intensifying plate

Figure 11. Variation of the Reynolds number with and without a radiation-intensifying plate.
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Figure 12. Nu number comparison when using and without radiation-intensifying plate: (a) variation
of Nu number with and without the radiation-intensifying plate; (b) variation of Nu number with
and without the radiation-intensifying plate when 1/d varies between 0 and 30.

3.2.5. Comparison of the Overall Heat Transfer Rate Increase

Figure 13a presents the total heat transfer rate (W) as a function of the dimension-
less length-to-diameter ratio (1/d). Two cases are compared: with and without using a
radiation-intensifying plate. The results show that using the plate significantly increases
the total heat transfer rate across the entire range of 1/d values. As1/d increases, the total
heat transfer rate decreases in both cases; however, the configuration with the radiation-
intensifying plate consistently exhibits higher heat transfer rate values. This demonstrates
the effectiveness of the inserted plate in enhancing heat transfer, particularly in regions
closer to the channel inlet.
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Figure 13. Total heat transfer rate comparison when using a radiation-intensifying plate vs. without
a radiation-intensifying plate in the tube. (a) Total heat transfer rate comparison when using vs.
without radiation-intensifying plate; (b) percentage increase in heat transfer rate when using a
radiation-intensifying plate in the tube.

Figure 13b illustrates the relative percentage increase in heat transfer rate due to using
the radiation-intensifying plate, again plotted against the 1/d ratio. The data indicate that
the enhancement effect is most pronounced at lower 1/d ratios, reaching up to approxi-
mately 40%, and gradually diminishes with increasing 1/d. Despite the decreasing trend,
the use of the plate yields a substantial improvement in heat transfer performance even at
larger 1/d values, indicating its potential benefit for longer tubes or channels.

3.3. Summary of the Results

The results provide a comprehensive understanding of how various thermal and
geometric parameters influence heat transfer performance in systems with and without a
radiation-intensifying plate. The calculations demonstrated that flue-gas flow temperature
is the dominant factor affecting total heat transfer rate, while flue-gas flow rate and wall
temperature also play significant, though secondary, roles. The insertion of a radiation-
intensifying plate significantly enhances radiative heat transfer, especially at higher flue-
gas temperatures, but simultaneously introduces flow resistance, reducing convective
effectiveness, as reflected by lower Reynolds and Nusselt numbers. The influence of
material emissivity was found to be minimal for the pipe and plate surfaces, yet more
pronounced for the flue-gas itself at elevated temperatures. Additionally, the analysis
of dimensionless parameters revealed that the radiation-intensifying plate changes flow
behavior and convective dynamics, particularly in the transitional 1/d range. A comparison
of total heat transfer rates for configurations with and without the radiation-intensifying
plate across different 1/d ratios demonstrates the plate’s ability to enhance heat transfer,
particularly in the inlet region of the channel. The greatest improvement is observed at
smaller 1/d ratios, reaching around 40%. Yhe effect remains notable even at higher 1/d
values, indicating that the radiation-intensifying plate provides consistent benefits across a
broad range of geometrical configurations.

These results establish a solid foundation for further analysis and interpretation. The
following section discusses the physical implications of these findings, evaluates potential
trade-offs between radiative and convective performance, and outlines recommendations
for thermal system optimization in practical engineering applications.
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4. Discussion and Key Findings

The results of this study highlight the dominant role of flue-gas flow temperature
in determining total heat transfer rate, with both convective and radiative contributions
increasing significantly at high temperatures. Integrating a radiation-intensifying plate
led to an over 60% improvement in heat transfer at high temperatures due to enhanced
radiation, notably when the gas temperature exceeded 1000 K. However, this enhancement
introduced additional flow resistance, reducing the Reynolds and Nusselt numbers and
compromising convective efficiency, especially at higher 1/d ratios.

A local minimum in the Nusselt number observed around 1/d ~ 26 suggests transi-
tional flow behavior and boundary layer disturbances caused by the plate. As the flow
developed downstream, Nu values increased again, highlighting the influence of geometric
design on flow stability.

At lower flue-gas temperatures, wall temperature effects became more pronounced.
An increase from 303 K to 393 K resulted in an over 40% gain in heat transfer rate at 560 K,
emphasizing the importance of surface temperature control in low-temperature regimes.
This relative impact is greater when the absolute heat transfer rate is low, making wall
temperature a critical factor under part-load or fluctuating conditions.

Furthermore, gas spectral emissivity had a notable impact on radiative heat trans-
fer, while variations in surface emissivity showed only marginal effects (<1.5%). These
findings suggest that optimization should focus on gas-phase radiative properties for
high-temperature applications.

Overall, the study demonstrates the potential of radiation-enhancing components in
improving thermal system performance and identifies key trade-offs in convective behavior
that must be addressed during design.

5. Conclusions and Future Scope

This study presented a comprehensive analysis of radiative and convective heat
transfer in gas-heated systems with and without a radiation-intensifying plate, based on a
systematic literature review that helped identify key knowledge gaps and define the scope
of the analytical investigation. The results revealed that flue-gas flow temperature is the
key parameter influencing total heat transfer, with exponential growth in heat transfer rate
observed as temperature increases. Inserting a radiation-intensifying plate significantly
improved radiative heat transfer, resulting in over a 60% increase in heat transfer rate at
elevated temperatures. However, this enhancement was accompanied by increased flow
resistance, as evidenced by reduced Reynolds and Nusselt numbers, indicating a lower
convective heat transfer.

Wall temperature and flue-gas flow emissivity also affected heat transfer, particularly
under lower wall temperature conditions, where their relative influence became more signif-
icant because of the higher temperature gradient. The analysis of dimensionless parameters
(Nu and Re) revealed transitional flow behavior and local instabilities, emphasizing the im-
portance of geometric optimization when incorporating radiation-enhancing components.

These findings are significant for developing industrial applications like heat ex-
changers, combustion chambers, and waste heat recovery systems. These systems require
enhanced thermal efficiency, and these findings could be one of the passive heat transfer
enhancement methods. The combined results of the systematic literature review and ana-
lytical analysis emphasize the complicated character of coupled heat transfer mechanisms
in high-temperature systems.

Future work will focus on experimental and numerical validation of the presented
results, essential for verifying model accuracy and further analyzing flow and thermal
behavior under real operating conditions. These experimental studies will support model
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refinement and contribute to developing practical design guidelines for thermal systems
utilizing radiation-enhancing elements.
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Nomenclature
Aq absorption coefficient of the flue-gas flow Re Reynolds number
Co absolutely black body radiation coefficient, W/ m2.K* SLR systematic literature review
d characteristic dimension of channel, m Tgasiow  flue-gas temperature, K
dex characteristic dimension of channel, m Tshield temperature of inserted shield, K
f cross-sectional area of the channel, m? Tw temperature of wall, K
Fs wall surface area, m? w velocity of flow gas, m/s
Fehield surface area of shield, m? 1d heat transfer coefficient, W/K
Fehield surface area of shield, m? B thermal expansion coefficient of the fluid volume, 1/K
g gravity acceleration, m/s? A difference
Gr Grashof number € spectral emissivity of the wall
1 length of pipe, m €4 spectral emissivity of the gas flow
Nu Nusselt number €] multiplier for laminar flow
P the perimeter of the channel, m £t emissivity of the surface system
Pry Prandtl number of flue-gas flow £t multiplier for turbulent flow
Pry, Prandtl number of wall A thermal conductivity coefficient, W/m-K
Qcon amount of heat received by convection from the flue-gas flow, W oy Stefan-Boltzmann constant, W /m?2-K*
Qr amount of heat received by radiation from the flue-gas flow, W v kinematic viscosity, m?%/s
Qrhield  amount of heat radiated from shield to the walls, W ©shield angular coefficient of radiation from the shield
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