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Abstract: Inthe air conditioning, steel industry, and power plants, rotating heat exchangers are utilized
to preheat air for use in waste heat recovery or steam generators. In this article, various rotating heat
exchangers that are utilized in thermal power plants have been presented to preheat the air supplied to
the steam generators. The heat transfer between two fluid streams is accomplished in these devices via
a rotating matrix that functions as a thermal accumulator by alternatingly coming into contact with the
two fluid streams. Although a considerable number of studies have investigated the influence of types
of heating elements on the performance of air preheaters, there is a scarcity of exhaustive review articles
that encompass the latest developments in this domain. This paper provides a comprehensive review of
recent available studies that investigate the impact of flow configuration, material, and geometry of the
heating elements on the air preheater thermal hydraulic performance. It found that the replacement of
the air preheater's baskets with new ones featuring distinct profiles increased the heat transmission rate.
Also, the resistance coefficient and Nusselt number increased in tandem with the corrugation angle. The
heat regeneration temperature and the heat exchanger's efficiency were observed to decrease as the
matrix's rotating speed and the hot flow's mass flow rate increased, according to the results.
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1. Introduction

The majority of steam-generating facilities contain air preheaters, which function to elevate the combustion air
temperature and improve the overall combustion process. The majority of applications utilize flue gas as the
primary energy source, while the air preheater functions as a heat reservoir, capturing and transferring thermal
energy from the flue gas to the incoming air [1] The idea proposes that preheating the primary air acts as a
catalyst for grate ignition rather than just drying the trash [2]. Primarily, two categories of air preheaters exist
according to their operating principle. Recuperative and regenerative. Moreover, regeneration was separated
into stationary and rotating. The recuperation process was separated into tabular and plate types [3]. The rotary
air preheater, one of the techniques utilized in steam-based power plants to recover critical energy, was
implemented by Ljungstrom in 1920. Due to its compact volume, light weight, flexible design, and lower risk
of low temperature corrosion as compared to a uniform air preheater, the rotary type has been widely
utilized[4]. An energy transmission occurs between hot stream fluid and cold fluid through the utilization of a
rotating matrix composed of densely packed space plates [5].Figure 1 the composition of a RAPH, which is a
component utilized in power plants that use coal. It consists of segmental plates, beams, gas channels, and
sector gaskets.
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The matrix of the rotor consists of enormous heat-transfer elements. Heat is continuously transferred from the
heated flue gas to the matrix in the sector of gas and from the matrix to the cooled air in the sector of air as the
rotor rotates slowly [6].
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Figure 1. diagram of the rotary air preheater [6]

When assessing the performance and longevity of rotary preheaters, three critical factors must be considered:
thermal performance, leakage, and corrosion. The thermal performance of rotary preheaters can be assessed
by examining the heat transfer and temperature distribution in the heating elements. Leakage, in particular, has
the potential to compromise thermal performance and contribute to corrosion. Corrosion influences the lifespan
of thermal elements concurrently [7]

The ensuing literature comprises research articles that examine the thermal elements component. While
numerous studies have examined the impact of heating elements on the efficiency of air preheaters, there is a
dearth of comprehensive review articles that cover the most recent advancements in this field. While Modi et
al. [8] produce a review article on heat transfer elements; they omit a number of the papers. In addition, the
research methodology was not explicitly stated. The CFD analysis for the rotary air preheater was incorporated
by Patel et al. [9] without taking into account the other studies . Rajan et al.'s research [10] has focused on tri-
sector air preheaters (APH). The study employed the model to compute the temperature distributions and
pressure drop at the air preheater's flue gas exit. Baruah and Kumar [11] have highlighted several developments
in the numerical modeling of regenerative rotary heat exchangers in respect to fluid flow and heat transfer.
Also stated that, commercially available CFD codes are used by a number of industries to simulate fluid flow
and heat transfer as well as to research increased heat transfer. The most often utilized codes among them are
FLUENT, CFX, STAT-CD, FIDAP, PHOENICS, ADINA, and CFD2000.

This review integrates and synthesizes the current body of knowledge on how heating-element types affect air-
preheater (APH) performance. It provides a comprehensive overview of primary studies and their collective
findings while noting that, despite many individual investigations of heating elements and APH efficiency,
recent comprehensive reviews remain scarce. In response, the review specifically focuses on how element
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surface topology, material selection, and geometric configuration influence heat-flux distribution and overall
thermo-hydraulic performance within the APH. It identifies research gaps, highlights inconsistencies among
prior results with plausible explanations, and critically appraises study quality by evaluating the strengths,
limitations, and methodological choices in both experimental and computational work. It situates the topic in
its historical and conceptual context, proposes practical methodological guidance and a unifying framework to
reconcile divergent evidence, and outlines a clear research agenda with specific, testable questions and
hypotheses to advance design and evaluation practice and to help newcomers get up to speed efficiently.

2. Element surface

Early works such as Stasiek [12]and Ciofalo et al. [13] focused on cross-corrugated plate heat exchangers,
reporting that large-eddy simulation (LES) models yielded the most accurate predictions of Nusselt number
and friction factor when compared with experiments. At the laboratory scale, Ghodsipour [14] employed
triangular matrix regenerators and conducted ANOVA analysis, finding efficiencies ranging from 0.58 to
0.975. Zhang and Che [15] examined double notched plates, demonstrating up to £17% deviation in CFD-
predicted Nu and j-factors compared with experiments. An intriguing study by Sivageerthi et al. [16] proposes
to figure out and assess the important elements that must be addressed in order to improve the coal-fired
thermal power plant (CTPP) performance. Twenty-four critical factors are identified through a survey of the
literature and industrial interactions. The important factors are ranked using the fuzzy analytic hierarchy
process (FAHP), and the relationships between the important factors are revealed using the fuzzy decision-
making and trial laboratory (FDEMATEL). The first step of the study is devoted to identifying and compiling
a list of factors influencing the performance of CTPPs. After accumulating the factors influencing the
performance of the CTPP, the factors are assessed in order to determine their priority and establish their
relationship. Experts were tasked with conducting pairwise comparisons of the factors. Experts calculate the
relative weight of each factor's significance. According to this study, the heating element profile's relevance
ranks sixth among the 24 factors which means the importance of the geometry of the heating elements. Bu et
al. [17] introduced a split regenerative APH with double-undulated (DU) versus DU3E elements, achieving a
90% reduction in ammonium bisulfate (ABS) deposition with payback times of less than two years.

Jordan White and Marco Vezza [18] have effectively modeled and validated experimentally and numerically
(STAR-CCM+ CFD) a Flat Notched Crossed plate. The effect of varying the Flat-Notched-Crossed's pitch and
radius element plate on heat transfer and pressure drop characteristics was evaluated. It was discovered that
both variables substantially affected the element's performance. While it is generally accepted that a larger
surface area facilitates greater heat transmission, it found that vortices and turbulence control are significant
design performance factors. This study seeks to optimize the element plate in the Flat Notched Crossed (FNC)
style using CFD techniques by changing its geometric dimensions. Modern optimization techniques typically
employ surrogate modeling to precisely identify the optimal solution. Constructing a function to roughly
represent the relationship between the variables (inputs) and the outputs (results) is a potent aspect of surrogate
modeling. Response Surface Methodology (RSM) and Kriging are the two most prevalent surrogate modelling
methods. RSM approximates the correlation with a polynomial function. Kriging employs a global polynomial
model in conjunction with a covariance matrix to account for local deviations. The authors then employed
Kriging with the MATLAB DACE utility. They conclude that: The optimized Flat Notched Crossed design
enhances heat transfer and decreases pressure drop. The primary driver of enhanced heat transfer is turbulence.
Certain elements contribute minimally to the heat transfer.

Bureska and Bundalevski [19] showed that the 30% expansion of the heating surface and replacement of the
baskets in the regenerative air preheater are among the measures to reduce the temperature of the flue gas. The
profiles of the plates in the new baskets diverge from the old ones. The old "N" profile from the first two levels
has been supplanted with the "DU" profile. In the intermediate and cold levels, "NF" profile is replaced the old
profile. Replacement of the air preheater's baskets with new ones featuring distinct profiles increased the heat
transmission rate while lowering the flue gas temperature from 207°C to 191°C. Reducing the flue gas
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temperature by 100 degrees’ Celsius increases boiler efficiency by 0.8 percent and decreases coal consumption
by 0.83 percent.

Gulluce and Ozdemir[20] showed theoretically that by just updating the existing matrix profile, a significant
amount of efficiency might be enhanced at a bearable cost penalty. Notched Undulated (NU) with corrugated-
undulated elements (CU), as illustrated in Figure 2. It is concluded that, as a result of optimized CU, and Rotary
Regenerative Heat Exchanger (RHEX) shape as well as the angular velocity, by simply substituting the current
matrix profile with CU elements, RHEX effectiveness can be increased by 92% at a cost of 66%. Furthermore,
the cost may be reduced by 46.11%, the efficiency increased by 32.02%, and the entropy generation number
reduced by 16.60%. There were two optimization issues taken into consideration: the first is the optimization
of the current design by substituting CU plates for the matrix elements, and the second is the optimization of
the design and operational conditions to design RHEX under the same boundary conditions, such as inlet
temperatures and mass flow rates using CU plates. For improved turbulence characteristics, greater values of
sinusoidal pitch, inner height, and undulation angle of the undulated plate are preferred. Similarly, increasing
the length of the matrix is required to increase the fluid's residence time and the heat transfer area. Yu et al.
[21] examine the effects of the enamel heat storage element's corrugated angle and width on flow and heat
transfer efficiency as illustrated in Figure 2. Upon varying the corrugation inclination (6) and ripple width (b),
the following outcome was observed: as the corrugation angle increased, so did the resistance coefficient and
Nusselt number. Both the resistance coefficient and the Nusselt number rise as the heat storage element's ripple
width does. There could be a noticeable inaccuracy with assumptions like constant wall temperature and zero
wall thickness of the heating storage. Wei et al. [22] made assumptions by modeling an air preheater's interior
circulation unit and only accounting for half of the wall thickness in their computation. Numerical investigation
using ANSY'S Fluent has been used to study the temperature distribution in the heat storage elements.
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Figure 2. (a) Schematic diagram of the APH (b) Heating element (c) profile of corrugated and undulated plates (d) cross
section of corrugated plate), and (e) cross section of undulated plate [15]
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Figure 3. Corrugated plate profile [16]

The authors were unable to locate any research that takes into account different thermal surfaces when
simulating the power plant's rotating regenerators (i.e., by accounting for typical surfaces in Ljungstrums).
This void was identified by H. Abroshan and M. Goodarzi[23] .To accomplish the greatest fuel savings, the
rotating speed and size of hot, intermediate, and cold end layers were optimized. These specifications
comprised hydraulic diameters, heating profile type, and layer length. Results indicated that CU, FNC, and DU
perform better at low Reynolds numbers. As Reynolds increased, the efficiency of FNC decreased
dramatically. From a thermal transfer perspective, CU and then DU performed significantly better than DU.
Despite the fact that corrugated undulated (CU) is the ideal heating surface for all Reynolds numbers, as shown
by Nu/f # graphs for different flow channels considered, in the majority of optimization sets, for hot and
intermediate layers, Flat Notched Crossed (FNC) was recommended. Due to the convenience of cleaning, only
two passages were considered for the cold end: notched flat (NF) and straight corrugated plate (CP). In the
majority of instances, the NF was chosen by the optimization algorithm

Five heating-element profiles were examined by Patel et. al. [24]. They were: (1) Corrugated undulated; (2)
Notched flat; (3) Notched corrugated; (4) Double undulated; and (5) Advanced clear element. An optimization
and CFD study of the profile elements of the Ljungstrom air-preheater demonstrated that.

1) The element profile primarily determines how much heat is exchanged in an air preheater.

2) The Advanced Clear Element (ACE) model performs well when compared to the air and hot flue gas outlet
temperatures.

Manivel et al. [25] modify the profile by replacing the 0.8 mm DU profile with 1.2 mm thick NF components.
This increases the heat transfer area and lowers the flue outlet temperature by 40°C, resulting in a 0.2% increase
in efficiency.

By altering the height of the hot, intermediate, and cold layers, the overall weight of the heating elements has
been reduced, as proposed by Wang et. al. [26]. The suggested design was 0.3, 0.3, and 0.684 in height, whereas
the original height was 0.45, 0.9, and 0.7, respectively. When compared to the original design, the total weight
of the heat transfer elements was lowered by at least 26.5%. RAPH's capital cost might be significantly
lowered.

The geometry of the heating element was optimized by Lee et al. [27] in order to effectively reduce differential
pressure and enhance performance. The thermal fluid properties of the heating component and Gas- Gas
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Heater(GGH) system were investigated in order to determine the pitch, plate angle, and undulated
angle. Pressure drop is reduced as the undulated angle and pitch increase by increasing the heating element's
cross section, as determined by the optimization result. The performance of the GGH is improved by increasing
the plate angle because it secures the heat transfer area and compensates for the decreased heat transfer
coefficient.

For corrugated undulated (CU) heat transfer surfaces, to achieve a maximum heat transfer capacity and a low
pumping power, as illustrated in Figure 4, a multi-objective genetic algorithm was used by Wang et al. [28]
using the Pareto optimum technique to get the ideal values for the pitch and height of the corrugated plate (C-
plate) and the undulated plate (U-plate). Using three-dimensional numerical simulations, investigations were
conducted into how geometrical parameters affected the thermo-hydraulic effectiveness of the CU heat transfer
surface. When the Reynolds number changed from 1,500 to 10,000, the principal findings can be summed up
as follows:

(1) Due to the principal flows' frictional effect in the C-plate channel and the U-plate channel, intense
secondary flows occurred in both channels. Thus, the heat transfer surfaces and bases of the C- and U-channels
might receive the cold flow that is directed toward them from the passage's center.

(2) While an increase in Hy would result in more turbulence and mixing in the flow, an increase in Py would
decrease the frequency of U-plate disruptions to the primary flow. However, if the Py/Hy ratio was held
constant, the change in Hy would have a greater influence on the U-plate's perturbation influence than that of
Pu.
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Figure 4. Corrugated-undulated heating elements presented in [23].
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Mallikarjuna et al.[29] show that the 1.2 mm thick NF profile elements that are standard on old air pre-heaters
can be switched to 0.8 mm DU profile in the cold end baskets. Due to this, the temperature of the flue gas exit
will drop as the heat transfer area grows. A periodic flow regenerated APH's unsteady energy model, both
experimental and numerical, is described. The considerable thermal influence of the basket walls enclosing the
heating element matrices is being developed by Ghanim K. and Alhamdo [30]. Five types of plates were used:
parallel to the direction of flow, corrugated plate, (CP), corrugated plate with (0 =15% 0=30° 0 =459 and
flat plate, (FP). By combining the five plate types listed above, it is possible to generate seven geometric
configurations that can function as heat transfer matrices for APH. Variations are seen to be introduced when
basket wall surfaces are present in matrix and fluid temperatures across a given cross-section. The temperatures
near the wall differ substantially from those in the center. The basket wall is designed to induce a unique
thermal response for each tested material type. Consequently, ignoring the basket walls effect may result in
grave errors. The experimental setup plate is given in Figure 5.
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Figure 5. Experimental setup plate used in [25]

For the J-factor to precisely estimate a suitable temperature distribution within APH matrices across a range
of Reynolds numbers, new (13) correlations were derived.

The matrix metal experiences continual thermal fatigue stress as a result of the temperature differential between
the heating and cooling cycles. Determining the thermal fatigue stresses is essential in various regions of the
APH in order to predict the likelihood that one region will fail before another, as suggested by Vulloju et al.
[31]. Cold flow experiments are used to analyze two types of element profiles: flat notched crossed and double
undulated elements in a wind tunnel and their performance at various Reynolds numbers is compared. The
efficiency of heat transfer elements is evaluated using two tests, Residual Time Test and Cold Flow Studies.
The diagnostic result indicates;

1) The performance of DU and FNC elements is shown to be mostly unaffected by hydraulic diameter because
there is little variation in hydraulic diameter between DU and FNC elements.

2) The pair height of FNC elements is smaller than that of DU elements. In a given number of element pairings,
FNC elements occupy less volume than DU elements. Consequently, the size and weight of the APH can be
reduced by substituting DU elements with FNC elements. 3) It is determined that the heat transfer coefficient
of FNC elements is greater than that of DU elements because the residual time of FNC elements exceeds that
of DU elements. 4) The fluid pumping capacity is proportionate to the fluid across element pressure drop. FNC
element have less fluid pumping capacity compared to DU elements.

With very minor modifications to the heat exchanger surfaces' shape, the increase in matrix heat capacity was
investigated by Stupar et al. [32]. Simultaneously, the impact of reduced air leakage via the seals on the
efficiency of the facility was examined. Small variations in undulation height result in considerable changes in
features of heat exchange. As a result, the height of undulation throughout this research was modified within
the tight limitations allowed, as illustrated in Figure 6. For minimum changes to the geometry of the matrix
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sheets, an increase in the heating surface of the air preheater was explored. The improvements represented
enabled an increase in the rotary regenerator matrix mass, and hence its heat capacity. Analysis revealed that
increasing the matrix heat capacity under identical air infiltration conditions in the steam boiler invariably
leads to increased efficiency of the air preheater and the steam boiler. Constructed optimization approaches
introduced by Hajabdollahi [33] lead tom improve effectiveness by 7% while reducing total annual cost by
34%.
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Figure 6. Geometry of heating elements: double undulating in the upper right and notched plain on the lower right [27]

3. Element material

In terms of mechanical reliability, Wang [34] quantified stress and deformation in APH elements, reporting
small discrepancies (1-5%) between simplified numerical models and experiments. Ngo et al. [35] computed
and contrasted the thermal performance of APH composed of different materials with different flow channel
and matrix wall thicknesses. Due to its lightweight design, and robust resistance to corrosion, a polymer rotary
regenerator can reduce the operating costs, and maintenance requirements of a thermal system. To assess the
viability of using polymers in an air-preheater of a thermal power plant, the thermal performance of APH was
numerically studied using ANSYS Fluent based on the thicknesses of the flow channel, matrix, and matrix
material. Aluminum, polytetrafluoroethylene (PTFE), polyether ketone (PEEK), and corrosion-resistant low-
alloy steel (CRLS) flat-plate type APH were taken into consideration. Polymer materials, as opposed to
traditional metal materials, can be used as an APH matrix materials without significantly lowering its thermal
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performance. If an appropriate additive could be added to PTFE or PEEK to create a matrix for an APH, its
effectiveness would be on par with or even higher than that of metal APH s found in traditional TPPs.

Several air preheater matrix models have been investigated and contrasted by S. M. Hazim and M. H.
Alhamdo[36] utilizing the conventional air preheater matrix model so as to replace the final basket of the
original matrix with a material resistant to corrosives in the new matrix and to increase the pressure drop and
the heat transfer rates of the matrix by adding a bypass tube with an appropriate ratio. The experimental work,
as illustrated in Figure 7, of model of air preheater with periodic flow has been analyzed to determine the
optimal factor of performance.
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Figure 7. Schematic diagram of the experimental rig suggested by [29]
Based on the evidence, it is possible to draw a few findings:

Similar to the (P matrix) model, the (P+CG) model offers a high pressure drop and the similar rates of heat
transmission.

Using the (P+CG+Ts) and (P+CG+Ti) models, the bypass tubes raise the heat transfer rate (Qav.) by 22% and
16%, respectively, in comparison to the (P matrix) model.

Heat transfer quantity per unit volume and the temperature differential between the heating surface and the
working fluid are measured by Zhang et al.[37]. Numerical results indicate that the variations in heat transfer
performance between the cold and hot ends are due to different materials and types of heating surfaces. The
scouring velocity varies because of variations in the volumetric flow rate caused by temperature differences in
the working fluid between the hot and cold ends.

Wang et al. [38] compared the flow and heat transfer efficiency of honeycomb ceramic and metal corrugated
plates in rotary air preheaters. The influence of flue gas velocity and switching time on APH flow and heat
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transfer efficiency was investigated. They presented an experimental (Figure 8) method for obtaining
experimental correlations between convective heat transfer and the efficiency of rotational air preheaters that
do not rotate the heat transfer elements. As the transition time increased, the outlet-air temperature, thermal
effectiveness, and air-side pressure drop decreased, whereas the flue-gas pressure drop increased.

The output air temperature and effectiveness rose as the flow velocity increased; nevertheless, the pressure
decreases of both air and flue gas increased. The rotary air preheater with corrugated metal plates had a higher
outlet air temperature, greater efficiency, and a lower pressure drop under the same experimental conditions as
the rotary air preheater with honeycomb ceramics.
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Figure 8. Schematic diagram of experimental system suggested by [31].

A failure cause analysis of heating elements was conducted by Shayan et al. [39]. Depositions, heating
elements, and enamel coating were subjected to visual investigation, chemical analysis, and microscopic
examination. As heating elements, two kinds of plates were utilized. The first is a corrosion-resistant low-alloy
steel called Corten, the second material is enamel-coated basic carbon steel (also known as substrate). Because
of sulfuric acid dew-point corrosion and under-deposit pitting corrosion, the heating elements failed (Figure
9). Iron sulfate, iron oxide, and iron sulfide were the most common corrosion products. In reality, corrosion
issues at the power facility resulted from the usage of low-quality fuel. Choi et al.[40] have an experimental
investigation to remove NO from the air preheater and exchange heat simultaneously, a parallel passage type
reactor (PPR) consisting of a heating element with a V205-WO3/TiO2 catalyst coating has been created. The
effectiveness of the heating element method in the air preheater for concurrently exchanging heat and
eliminating NO as a PPR (parallel passage reactor). Because of the plate's thin layer of catalyst coating, the
element exhibits good performance of NO removal activity together with no discernible change in heat transfer
efficiency. Pongsaksawad and Kaewkumsai [41] stated that, according to the analytical data, the heating
element with a higher silica concentration showed less damage overall. As more pores formed in the coating
layer, the protective qualities of the coatings diminished. Less damage was done to the heating element that
was covered in a coating of tougher porcelain. After investigating how enameling parameters affect fresh
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porcelain-enamel coatings Cheli et al.[42] reported high resistance to acid corrosion, low bollosity (%),
excellent mechanical properties, and strong adhesion to the substrate. The technique for utilizing the air heater
as SCR reactor is described by Wejkowski and Wojnar Silesian[43] along with the anticipated advantages.
Catalytic components serve as both heating surfaces and carriers of catalysts in this technique. Heat transfer
and NOx reduction study of the catalytic elements is presented. Three types of catalysts were selected: one
containing 0.5% of Cu and 1.5% of Mn, another containing 0.5% of Cu and 0.5% of Mn. A 40% decrease in
NOx was the maximum that could be accomplished.

- | L
Figure 9. Heating element failure in an air heater setup: (a) bottom view of the baskets, and (b) failed heating
elements in the baskets [32].

4. Configuration of flow

Subsequent industrial-scale studies highlighted the issue of leakage; for example, Drobni¢ et al. [44] analyzed
leakage in a 275 MW air preheater, showing a 1.5-2% increase in CO: emissions in “leaky” versus “tight”
operation. Further sealing strategies, such as the low-leakage system (LLS) studied by Wang [45], decreased
leakage by 66% with only modest increases in pumping power. Similarly, leakage-focused CFD studies
introduced by Zhu et al. [46] confirmed that optimized sealing geometries improved efficiency by about 6%.
Results based on Akbari et al.[47] showed that the heat regeneration temperature and the heat exchanger's
efficiency were shown to decline as the matrix's rotating speed and the hot flow's mass flow rate increased.
The most useful metric for determining the efficiency and regeneration temperature was the inlet hot flow
temperature. Furthermore, there was a nonlinear increase in the regeneration temperature and efficiency as the
inlet hot flow temperature was raised. A modified single-blow technique was introduced and expressed by
Butrymowicz et al. [48]. For the examined matrices of the regenerative gas heater, the exemplary
dimensionless relationships between the Reynolds number, Darcy flow resistance factor, and Colburn heat
transfer factor were shown. It was shown that the measured and theoretically predicted temperature profiles
agreed. Figure 10 shows the schematic daigram of the experimental facility. Babu et al. [25] used (CFD- fluent)
to run computational simulations of air passing over heat transfer elements with various configurations, such
as a rectangular vortex generator, a trapezoidal vortex generator, an isosceles triangular vortex generator, and
an inward line right angle triangle vortex generator. The thermal fatigue stress caused by the temperature
difference between heating and chilling cycles has a negative impact on the overall efficiency of the metal
matrix. In comparison to other types of vortex generators, the performance ratio of the rectangular type vortex
generator is the highest, and its surface heat transfer coefficient is also the highest, tying it with the isosceles
triangle type vortex generator. VVarious inlet conditions and flows result in a lower pressure decrease compared
to other configurations. Patil et al. [9] determine the outflow temperatures of various profiles (CU, NF, NC,
DU, and Advanced Clear Element (ACE)).
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Figure 10. Schemtic daigram of the experemental facility suggested by [38]

The heat exchange of an air preheater is primarily determined by the element profile. Comparing the outlet
temperature of heated flue gases and air, Advanced Clear Element (ACE) demonstrates favorable results. Wang
et al. [49] used the finite difference approach to compute the temperature distribution of the matrix in an air
preheater, and then used the finite element method to calculate the thermal stress-induced deformation based
on the obtained temperature distribution. The effects of operating parameters, inlet-gas temperature, geometric
parameters (including rotor radius and height), and sealing systems were investigated. The key findings were
as follows:

Temperature distributions oriented axially were nonlinear on the matrix as well as the segmental plates. The
existence of the gaps between the heat-transfer matrix layers significantly affected the temperature distribution
on the segmental plate; therefore, these gaps must be accounted for when estimating the temperature of the
segmental plate. The effect of Tg,in on the temperature distribution decreased as the height coordinate
decreased, while the effect of Tg,0u increased. At various tangential coordinates, the temperature distributions
overall along the height coordinate were comparable and almost autonomous of the rotor's height. The
aggregate temperature peaked at the interface between gases and air and dropped to its lowest point at the
interaction of air and gas. The viability of the experiment system research on the heat transfer and flow
characteristics is confirmed by an experiment by Jiangiang and Xingpeng [50] using NF heat transfer
components to determine the convective heat transfer coefficient and resistance coefficient of this heat transfer
element at varying wind speeds. The effect of increasing the primary air inlet opening, which minimizes the
primary drop in air pressure across the air preheater, has been studied by Mohit Rajput [51] in order to
overcome the high drop in pressure across the air preheater. As the primary air opening increases, the pressure
drop across the air preheater's primary section is significantly reduced. The air preheater's thermal performance
is enhanced by expanding the primary air opening. Du et al. [52] compared quad-sector to tri-sector RAPH
designs, reporting a 33.1% reduction in leakage.

Chen et al.[53] primarily study the fly ash deposition characteristics on the heat transfer element's surface using
a tiny simulated air preheater. The overall ash deposition intensity on the heat transfer element's plate surfaces
steadily increases as the gas velocity drops. This is because fly ash particles have a longer residence period in
the channel at lower gas velocities. This increases the likelihood that the fly ash particles will settle on the heat
transfer elements' surfaces, increasing the total ash deposition intensity.

According to Zhang and Che [54] measured data, the performance of the DN plate is in between that of the
cross-corrugated (CC) plate and the parallel plate, Figure 11, and it is similar to that of the double undulated
(DU) plate. There is no discernible whirling flow pattern in the anticipated velocity fields. In essence, two
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different forms of flow are seen: pipe flow and wavy channel flow. Undulations and notches on the luff or lee
side yield high or low Nusselt numbers, Nu, respectively. As Reynolds numbers rise, Nu values rise and Nu
distributions become more homogeneous. shows the experimental apparatus.

Honeycomb Contraction Pressure Taps Orifice Pressure . Gate Valve
Section / -

Taps ———
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|
-

| Test Core /

; " Orifice
Wire gauze  Heater Thermocouples Thermocouple Standard Orifice

Figure 11. The experemental apparitus used in [43]

Usually, the air preheater receives the boiler combustion air at 600 K and allows it to cool down to 400 K.
Figure 12 displays the temperature profile along the air preheater[55].
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Figure 12. Temperature profile along a three layer air preheater [44]

A comparative analysis of the air and gas temperatures computed using the 1-D and 3-D models have been
developed by Alagic et.al[56]. The regenerator's whole height is shown in the temperature distribution. A high
degree of agreement is attained between the two models, yet the finest knowledge of the flow behavior is
provided by the 3D model. In order to compare the outcomes of theoretical modeling with experimental data
that was directly measured on a full-scale working air preheater, Skiepko and Shah[57] conducted a
comparison. Data from experiments are compared with the estimated temperature distributions. Findings show
that theory and experiments accord fairly well, with the right tendencies emerging.

Through the use of pin-shaped turbulators (promoters), a systematic artificial roughening of the heat
transmission elements is studied by Al-Kayiem and Mahdi[58] in order to improve the system's performance.
Based on efficiency index values, the results showed that artificial roughening by pins improved performance.
When the pitch /pin-to-height ratio is 10, the results showed a larger augmentation. Most recently, Chen et al.
[59] evaluated soot-blowing in 600 MW APHSs, showing a 22% reduction in vibration amplitude and a 25%
increase in cleaning coverage at full-load conditions
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5. Mathematical relations

In this section, the fundamental mathematical relationships governing heat transfer and fluid flow in rotary air
preheaters are presented. The purpose of including these formulations is not only to provide the theoretical
basis of the study but also to serve as a useful reference for future researchers and engineers interested in
analyzing or designing RAPH systems. Mathematical modeling offers a systematic framework to quantify
parameters such as heat transfer coefficient, Nusselt number, friction factor, and thermal effectiveness, which
are essential for predicting system performance under different operating conditions. Moreover, these
relationships bridge experimental findings with computational fluid dynamics (CFD) simulations, enabling
accurate validation and optimization of design parameters. By explicitly stating the governing equations and
assumptions, this section ensures transparency, reproducibility, and comparability with other studies. Rosu and
lonel [60] emphasized that a Rothemuhler-type rotating-plate regenerative air preheater was suitable for
validating mathematical models, since the choice between a mobile (Ljungstrém type) or stationary
(Rothemuhler type) rotor had little influence on the temperature distribution of air and flue gases. This is
mainly because the heat transfer process is governed more by the thermal mass and geometry of the metal filler
than by the rotational speed. In practical terms, this finding highlights that both configurations can be reliably
used for model verification, ensuring broader applicability of the mathematical formulations. While
experimental techniques for determining heat transfer coefficients are often limited to indirect measurements
such as evaluating inlet/outlet temperature differences along with flow rate, surface area, and density
computational fluid dynamics (CFD) provides a more versatile approach. In CFD, the local heat transfer
coefficient can be directly calculated through integrated functions, allowing not only for validation of
theoretical models but also for practical design optimization. Thus, the mathematical relationships are not
merely abstract, but serve as a basis for developing reliable predictive tools with direct implications for
improving RAPH efficiency.

In the experimental calculation, the heat transfer rate can be found from the following equation [61].
Q= me,air (T;n - Tt;ut) 1
The overall model's mean heat transfer coefficient is computed from Newton law of cooling [62].

— 9con 2
(T_Tref)

A fluid boundary's ratio of convective to conductive heat transfer is known as the Nusselt number, and
calculated by the equation [63].

Nu = p 3
Where: hydraulic diameter is given by equation 3 [64].

Dy =2 4
The Reynolds number is a representation of the fluid's inertial to viscous force ratio [65].
Re = £2%Pn 5

u

The ratio of thermal diffusivity to momentum diffusivity is known as the Prandtl number [66].
Pr = ) 6

k
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The Colburn factor, J, is the relationship between mass transfer coefficients, heat transfer coefficients, and
friction factor which measures efficiency per unit pressure drop [67].

_ Nu
" Re.pri/3

Ji 7

The "friction factor" is used to calculate the pressure drop characteristics and it is given by Darcy equation
[68].

2.4p.Dp,

L.pgir-u?

f= 8

The e-NTU technique for the design of a heat exchanger introduces the number of transfer units (NTU) and
the effectiveness of heat transfer (g) as two crucial criteria. This is how they are defined[69]:

_ Tin—ToutImax
Tg,in_Ta,in

NTU = 24

10

Cmin

6. Heating elements specifications

The primary crucial factors of a Ljungstréom regenerative APH pertain to the heating element shape. In fact,
they must be selected to enhance heat transfer, minimize pressure drop, and to ensure that the matrix can be
cleaned, and the ashes removed[70]. Corten steel, also known as HSLA (High strength low alloy steel), is the
material used to make the heating components in air preheaters. Because of its strong heat conductivity and
high resilience to corrosion and erosion, corten steel is the material of choice for heating element. An air
preheater's performance is also significantly impacted by the shape of the heating elements that are utilized. It
is divided into eight familiar categories according to the profile as shown in Table 1

Table 1 Profile of the heating elements.

Name of | Symbol Geometry Reference
element

Double DU S.Babu[71]
Undulated AL\ gl ) s

Se———rtis
. ¥ -1 " W\ '-I, \ i\ __1\'1,,"‘““"<
S| s S. Vulloju [31]

808
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Double DN R.Raj and Modi et al.
Mo Al el L
Double DL R.Raj and Modi et al.
Notched [5], [8]

Loose .
Packed

Flat Notched | FNC

Crossed R.Raj and Modi et al.
= A AV

ANV S
ﬁ;ﬁ}m LT\" S. Vulloju[31]

Notched Flat | NF

j\—\/\—v\- R.Raj and Modi et al.

e (5], [8]

Stuper et al. [32]

Notched NU

Undulated f\ \ Z : 3! :

Corrugated Cu
Undulated R.Raj [5]
CASASATA TS S5 VAT e

Leeetal. [12]

Modi et al. [8]

low direction
(Inlet)

Advanced ACE Patel et.al [7]
Clear -
Element P e ™ y

54



Misan Journal of Engineering Sciences
Vol. 4, No. 2, Dec 2025

ISSN-E: 2957-4250
ISSN: 2957-4242

According to their usage, heating elements can be classified into hot, intermediate, and cold layers. They differ
in metal, profile and height. Although most researchers have reported that cold and intermediate layers are
identical but R.Pachaiyappan and J. Dasa Prakash[72] showed that heating elements at hot end and intermediate
end are the same. Table 2 shows the specifications of the three layers.

Table 2. Specifications of the three air pre heater layers

Reference Characteristics Hot layer Intermediate layer Cold layer

Hajebzadeh Profile DU NF NF

and. Ansari[7] | Thickness(mm) 0.6 0.6 1.25
Height(mm) 762 438 305
Material Mild steel Mild steel Corten steel

Zhang etal. [37] | Profile DU - DU
Thickness(mm) 0.5 - 0.8
Height(mm) 1200 400

Wang et al. [38] | Height(mm) 450,300 900,300 700, 684
Heat transfer | Nu Nu Nu
correlation = 0.083Re®%pro4 = 0.266Re > pro4 = 0.112Re®6*1pr04
Friction factor | f = 2.641Re™037¢ f = 8.488Re 0538 f = 2.63Re™0373
correlation

Stupar etal. [32] | Profile DU DU NF
Thickness(mm) 0.6 0.6 1
Height(mm) 1400 - 300

S.Babu et al. | Profile DU DU NF

[71] Thickness(mm) - - 1.214
Height(mm) - - 100

Abroshan and | Profile DU DU NF

Goodarzi [23] Height(mm) 800 450 305

Bureska  and | Profile DU DU NF

Bundalevski

[19]

Shaya n et al. | Profile DU DU DU

[39] Height(mm) 1250 - 650

Hazem and Profile CP CP Gravel

Alhamdo[36] Height(mm) 500 350 150
Material Carbon steel Corten steel Gravel

Table 3. Summary of review papers investigated the performance of heating elements considering the statistical.

Paper (year) Geometry / Re Investigated Comparison Study outcomes Porous
perly Conditions range parameters aspects y media
Stasiek (1995) Cross-corrugated | 102-10* Nu, f Exp. vs Num. LES best No
[12] models
Ciofalo et al. Cross-corrugated 3 10
(1996) [13] plates 103-10 Nu, f LES vs exp. LES matched best No
. Ljungstrém B

Alagic et al. T distribution Heat transfer 13.2%

(2005) [56] APH;nloge‘l’s 3D - error 0.8-6% 1D vs 3D at 3 rpm No

Choi et al. PPR vs .

(2005) [40] PPR catalyst - NO removal honeycomb Predicted well No
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Drobnic et al.

275 MW APH

Tout, CO2

_ i -20,
(2006) [44] leakage fraction Tight vs leaky CO=11.5-2% No
. Small PHE, 400- Correlations vs 0
Jain (2007) [73] chevron 1300 Nu, f exp. Nu under by 13% No
Skuep|[<§7§2004) 5.3 m APH - 1 ~88% Model vs exp. Error <7% No
Ghodsipour Lab regenerator, | 3000- Exp. vs Num Thermal efficiency: Yes
(2003) [74] triangular 10,000 i P- ' 0.58-0.98
Wan%SOOB) RAPH exergy - E, Zo Ideal vs real Opt. hot end ratio No
Wang (2009) Stress,_ B A, stress Simplified vs Error 1-5% No
[34] deformation exp.
13 matrix
configs:
Abdulsada & i . Corrugated vs Corrugated 125-
Alhamdo (2013) |  Sorrugated 680 J-factor wireand stone | 30%, SWM 140%, | No
plates, wire 10,100 correlations . .
[30] configurrations small stone 170%
mesh, stone
media
Sreedhar (2013) FNC vs DU, 0
[31] wind tunnel 5k-50k h, PP FNC vs DU PP [19.3% No
Wei (2013) [22] | 275 35eCtr _ Tout Sim vs plant Dev. 5 °C No
Zhang & Che Double notched | _ : 0
(2012) [15] plates 4700 Nu, j, f DN vs DU, CC CFD dev +17% No
Zhan[%ﬁOll) DU plate APH - Tout, ¢ Exp. vs sim Good match No
Gao & Gu 5-14
(2014) [50] NF plates m/s h, f - h10.036—0.050 No
Mabharaj (2015) Seal leakage, Leak mass 50
1] APH CED - flow CFD vs exp. CFD under by ~24% Yes
Shayan (2015) DU-type APH, ADPT, ADPT vs CFD vs 400
[39] corrosion - failure field ADPT 138-142°C es
Corsini et al. 15 m RAPH, 20
(2015) [70] CED - Tout, AP CFD vs Enel exp. Error ~3% Yes
Menasha (2011) N ABS T 500- . .
[55] Bench ABS test 1600 520K Prior studies Good agreement No
Wang (2015) FEM/FDM A max. ~60 o
[49] RAPH - mm FEM vs plant Error <7% No
Wan?z(sﬁom) CU plates, SVR 1i?)kk_ Nu, f vs Stasiek exp. Dev £13% No
Rajput (2016) Tri-sector RAPH o o
[51] CED - AP, T Angles, rpm Opt. 70°, 2-3 rpm Yes
GGH,
Base vs
Lee (2017) [27] corrugated L- >2300 h, CRz, n imized n17.7% Yes
type optimize
Wang (2017) Exp APH 1.5k— . o
[38] ceramic vs metal £ 7k Nu, f, & Metal vs ceramic Metal € 18.6% No
. Food dryer - .
'?;é’fé; EEZ?; _regenerator, - H avg. 38.9% EffECtsgl;;‘:jow, T, | nt V;;(};eg/l?lotv with No
zigzag Al sheets
Wejkowski .
(2018) [43] CFD frost wheel - g, frost area - ¢ 7 with rpm No
Buetal. (2019) | Split RAPH, DU Split vs ABS |90%, payback
[17] vs DU3E - & AP, ABS traditional <2 yr. No
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Du et al. (2019) Quad vs tri Leakage, . 0
[52] RAPH - Tout Quad vs tri Leakage [33.1% Yes
Wan?zgow) Tri-sector RAPH - e, AP, weight | Pareto optimized Weight |43% No
Zhan[%%om) 3-layer RAPH - g, AP, ABS Pareto optimized Weight |30% No
Hazim (2020) Exp. APH gravel 25k- . o
[36] + bypass 98k Qav., PP, P matrix vs mods Qav.122%,m 1 Yes
Abroshan & L'S:agtiirjm wto | Nup fuel | CYsDULFNC CU30 best; CFD
Goodarzi (2020) Jung P ! profiles; plant overestimated Nu by No
23] RAH, CFD 13 10,000 saving validation 30-56%
passages
Gulliice (2020) RHEX CU 1000 €, Cost, Baseline vs 0 o
[20] plates, NSGA-Il | 10,000 entropy optimized & 1927%, cost |46% No
. . Constructal
Hajabdollahi Constructal vs o 0
(2020) [76] rotary — g, TAC conventional € 17%, TAC |34% No
regenerator
Wang (2020) . With vs without Leak |66%, PP
[45] GGH with LLS - Leak, €, PP LLS L12kW Yes
Zhu (2020) [46] Leakage CFD — Tout, — n 16% Yes
Hajebzadeh 320 MW RAPH, | 2500- n, Tout, 0 ,
(2021) [7] DU+NE 6000 leakage Exp. vs CFD n 16%, leakage |% Yes
Subramaniyan 250 MW APH,
(2021) [6] VED - Q.1 Full vs part load Opt. 62 MW No
You (2021) [21] Honegamb ve - Nu, AP Honegﬁmb ve AP |10% No
Babu et al. CFD, vortex 2300— h, exit T,
(2021) [71] generators vs NF | 8000 enthalpy VG vs NF Rectangular VG best No
Chen et al. Tri-compartment - h, T Analytical vs Faster convergence, No
(2020) [53] APH distribution numerical adaptable
Chen et al. CU element, Adhesion %, | With vs without : 0
(2023) ABS deposition - deposition ABS Max adhesion 31.7% No
White (2023) New CFD soot :
[18] model - Coverage, AT - Valid vs exp. Yes
Chen et al. 600 MW APH 3 AV, AT, Loads 300-600 V [22%, coverage Yes
(2024)[59] soot-blowing coverage % MW 125%

7. Conclusions and future work

This review has included some essential details and perspectives about heating elements in the rotary air
preheater. This paper's major contribution is offering an opinion regarding the effect of heating elements on
the performance of air preheater working principle and further enhancements to increase the heat transfer rate,
decrease pressure drop and maintain low fouling. A summary of the review papers are given in Table 3 which
summarizes the results and the heating elements profile in addition to the papers method. The effect of element
surface, material, and configuration on the flux of heating element in the APH is the focus of this study.
Additionally, the research work includes the mathematical relations and heat transfer correlations used to
analyze the performance of the heating elements. The notable improvement is the usage of FNC profile in the
cold layer since these plates have a smaller pressure drop and better thermal performance. While, in hot and
intermediate layers, DU utilized in high fouling applications because cleaning some parts of it is easy.
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Further improvement on heating elements can be made using different material to resist corrosion or changing
the profile dimension to enhance heat transfer. Also, the effect of the wall of the basket on the temperature
distribution in the heating elements doesn’t take in account in the most studies. Also, future studies should
explore the use of Artificial Intelligence (Al) and Machine Learning (ML) to optimize the design of rotary air
preheater elements, particularly in predicting and improving the balance between heat transfer and pressure
drop. AI/ML can accelerate the design process by identifying optimal corrugation profiles and flow
arrangements from large CFD and experimental datasets. At the same time, the development of hybrid
materials-combining metals with ceramics, composites, or coatings-offers opportunities to enhance thermal
performance, reduce fouling, and increase durability.
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Nomenclature

Symbols

A area (m?)

Chin the air and flue gas minimum heat capacity rate
Cp specific heat (j /kg-K)

Dh hydraulic diameter (m)

h coefficient of heat transfer (W/m?K)
Hu wave height of the plate, mm

k thermal conductivity (W/m-K).
NTU Number of transfer units dimensionless
P wetted Perimeter (m).

Pr Prandtl number dimensionless

Pu wave pitch of the plate, mm

Q Heat transfer rate (w)

q heat flux at the boundary (W/m?)
AP pressure drop (Pa)

L length (m)

Nu Nusselt number dimensionless

Re Reynolds number dimensionless

T temperature (K)

f friction factor dimensionless

u velocity (m/s)

Greek symbols
€

the effectiveness of heat transfer

n thermal efficiency
u dynamic viscosity (Pa-s).
p density (kg/m?®)

Abbreviations
ACE

advanced clear element
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ADPT
Al
AvV.
CcC
CFD
CP
CRLS
Cr2
CTPPs
CuU
DEV.
DN
DU
Exp.
FAHP
FDEMATEL
FDM
FEM
FNC
FP
GGHs
HSLA
LES
LLS
ML
NC
NF
Num.
Opt.

P matrix
P+CG
P+CG+Ti
P+CG+Ts
PEEK
pp
PPR
PTFE
RAPH
RHEX
RRs
RSM
SWM
TAC
Yr.

Subscripts
a
cond.

g
in

acid dew-point temperature

artificial Intelligence

average

Cross corrugated
computational fluid dynamics

Corrugated plate

corrosion-resistant low-alloy steel
Quadratic resistance coefficient(kg/m?)
coal-fired thermal power plants
Corrugated undulated

deviation

Double notched

Double undulated

experimental

fuzzy analytic hierarchy process

fuzzy decision-making and trial laboratory
finite difference method

finite element method

Flat notched corrugated

Flat plate

gas-gas heaters

high strength low alloy steel

large turbulent eddies

low-leakage system

machine Learning

Notched corrugated

Notched flat

numerical

optimum

standard air preheater matrix

the corrugated plates with gritty gravel in the modified matrix
corrugated plates with coarse gravel and bypass insertion
corrugated plates with coarse gravel in staggered
polyether ether ketone

Pumping power

parallel passage type reactor

Polytetra fluoro ethylene

Regenerative Air Preheater

Rotary regenerative heat exchanger geometry
rotary regenerators

response Surface Methodology

Staggered wire mesh

total annual cost

year

air
conduction
gas

inlet
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max. maximum
min. minimum
out outlet
Ref. reference
u undulation
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