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Abstract: The corrosion phenomenon is considered the 
main problems for air preheater in thermal power plant. 
The boiler flue gas contamination leads to decrease the 
air preheater performance and increases the 
maintenance cost, which causes the degradation of the 
cold end heating elements and thus leads to decrease 
the heat recovery rate. In this study, an experimental 
investigation was done for the transient thermal 
behavior and the pressure drop of the standard 
regenerative air preheater (Pmatrix) model, evaluating the 
performance factor, then modifying the air preheater 
(P+CG) model by changing the plates at the cold end last 
basket to the coarse gravel media. Since the gravel media 
have low thermal conductivity and predicted to give a 
high pressure drop, a new technique was done for the 
modified air preheater to compensate the low heat 
transfer rates and reduce the pressure drop in the gravel 
media by inserting bypass tubes at ratios (i and s), Which, 
the (i) model represents the inner aperture of tubes for 
the hot baskets facing to the inner aperture of tubes for 
the cold basket. While (s) model the insertion the tubes 
of the hot baskets as a staggered distribution with the 
tubes for the cold basket. The experimental investigation 
was carried out for the Reynolds number based on the 
test duct hydraulic diameter at a range of 24500<Re < 
98000 for each charge and discharge periods. The 

experimental results are presented in terms of the 
average heat transfer rate and the pumping power 
for matrix models. The experimental measured results 

corroborated that the bypass tubes have a significant 

impact on improving the heat transfer rate and the 
pressure drop reduction of the modified air preheater 
matrix. The results showed that the best performance 
factor was achieved in the air preheater (P+CG+Ts) model 

which found to be in the range of 0.7-0.31 at high and low 
Reynolds. However, this improvement increased the pumping 
power by 13% than the (Pmatrix) model. 
 

Keywords: Air Preheater, Modified, Gravel media, the 

Bypass tube. 

1. Introduction  

Air-pre heaters is a regenerative heat exchanger, 

which is used in many applications, such as in 

the industrial furnaces and in the boilers of a 

power plant to raise the temperature for the 

supply of cold air before entering to the 

combustors by recovering the exhaust hot gases 

temperature. That leads to improved combustion 

to the furnaces and thus improves the boiler 

efficiency. The air preheater heating elements 

are subjected to the continually separately 

periodic modes, in the one mode, the flue gas is 

passing through the heating elements matrix of 

air preheater in one direction to absorb more 

heat as called a charge period, then the fresh 
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cold air passes through the heating elements 

matrix in a counter direction that is heated by 

the accumulated heat of the matrix as called a 

discharge period. Each mode has the same 

periodic time depending on the air preheater 

design of the elements rotating actual in power 

plant at (1-3 rpm) [1]. The flue gases caused 

many problems of air-preheater efficiency 

which decrease the heat transfer and the 

reliability of power plants. One of these 

problems.is the flue gas ash particle that 

deposits and accumulated on the heating 

elements surface. The accumulated soot resulted 

in a decrease in heat transfer between the 

passing gases and the heating elements and 

caused the blockage. For this reason, a periodic 

cleaning medium such as soot blower by dry 

steam or air is provided to prevent the fouling. 

The other problems are Sulfuric acid dew 

corrosion stemming from the sulfur contained in 

the fuel oil that develops at the cold end zone of 

an air preheater which leads to breakdown of the 

metal plates and thus decreases the recovery 

heat rates [2]. Therefore, the cold end heating 

elements of the air preheater have to be more 

corrosion resistant to decrease both the 

corrosion rates and the maintenance cost. 

Typically, the materials used for the heating 

elements are carbon steel at the hot end and 

low-alloy corrosion-resistant steel (Corten steel) 

for the cold end [3]. A good heating elements 

material and design led to improving the 

thermal performance; which has been the 

subject of various studies. For instance, 

Ghodsipour and Sadrameli [4] estimated the 

maximum regenerator effectiveness as a 

function of rotational speed as well as charge 

and discharge streams flow, a mathematical 

model was solved and optimized with the 

experimental design method. Al-Kayiem and 

Mahdi, 2010 [5] studied experimentally the 

performance improvement of rotary air 

preheater for roughening the heating elements 

by pin tabulator and compared with the standard 

heating elements. The results indicated that the 

roughness heating elements enhance the heat 

transfer and reach to the maximum at the pin 

pitch to pin height ratio = 10 for both charging 

and discharge periods. Vulloju et al., 2014 [6] 

conducted lab-scale experiments of air preheater 

to compare the two designs for the corrugated 

plate profile for better hydrodynamic. It was 

concluded that hydraulic diameter does not 

affect the performance between the two profiles, 

since the difference between the hydraulic 

diameters is small. Also, the fluid pumping 

power for the flat notched profile is less than for 

the double undulated profile. Heidari and 

Hajidavalloo, 2014 [7] modeled a full scale of 

the rotary air preheater using three-dimensional 

with treating the preheater matrix as a porous 

media. Many factors are tested, including the 

effect of changing matrix material for non-

corrosive materials, it was concluded that the 

difference between the selective materials is not 

very significant compared with the standard 

material. Baba et al. 2016 [8] conducted a 

numerical investigation for a full-scale air 

preheater model to test the influence of the 

ambient temperature and seal the leakage on the 

air preheater performance at different load 

conditions. A three-dimensional model of rotary 

air preheater under unsteady state has been 

carried out by using ANSYS FLUENT. The 

results cleared that increasing the ambient 

temperature leads to an increase in the pressure 

drop for both the air and the flue gases, the 

increasing of the seal leakage leads to 

decreasing the efficiency of the boiler. Wang et 

al., 2017 [9] compared experimentally the flow 

and the heat transfer performance between the 

standard metal matrix of the air preheater and 

for the honeycomb ceramics matrix which have 

good corrosion resistance. It was concluded that 

the standard matrix gives a higher discharged 

outlet air temperature and less pressure drop 
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than the honeycomb matrix. In many studies, 

the thermal enhancement for the air preheater 

has been done by modifying all the matrix 

without considering the high cost of the air 

preheater. So, the study focused on enhancing a 

part of the air preheater matrix that gives the 

lowest heat transfer and supposed to the dew 

point corrosion. Besides that, few researchers 

have taken into account the transient effect for 

the heat transfer rate calculation of the air 

preheaters. So, the main objective of this study 

is to investigate the pressure drop and the 

transient heat transfer performance of the 

standard matrix air preheater (P matrix) model, 

which has metal corrugated plates, and then 

compared with a modified air preheater matrix 

(P+CG) model by filling the last end part of the 

matrix by the gavel media instead of the plates. 

Many numbers of the by-pass tubes are inserted 

through the (P+CG) matrix in a proper 

technique, this is expected to provide more hot 

air to the gravel media at the charging mode and 

hence improve the heat transfer rate at the 

discharged mode. Besides that, the tubes 

lowering the high pressure drop for (P+CG) 

matrix result in an improve meant in the 

performance of the air preheater. 

 

2. Experimental Section 

The 90 cm long air preheater test section is 

placed in a vertical position for ease of changing 

the basket matrices. It consists of five frame 

baskets with dimensions of 50 cm width ×50 cm 

length ×17 cm height and is separated with 1.5 

cm between each other. This characteristic 

length is based on a real design of an air-

preheater installed in south Baghdad thermal 

power plant that was listed in the table (1). The 

basket frames are covered from all sides and 

insulated by glass wool from the inside and 

outside of the matrix. This was carried to 

prevent heat loss and to ensure that all the 

incoming air passes through the basket. One 

side of the basket provided with an access door 

to remove or insert the matrices. Normally, all 

the baskets are filled with corrugated plate 

sheets. Other cases include porous layers of 

gravel and also the addition of metal by-pass 

tubes, where BR is the tubes facing area relative 

to the matrix facing area. 

 The schematic diagram of the testing rig is 

illustrated in figure (1), while the experimental 

arrangement is shown in figure (2). The test 

duct is provided by variable speed blower's at 

one side of the duct for supplying cold air to the 

matrix (as a discharge period mode) and the 

other side is to provide hot air to the matrix at 

the same time of charging period (as a charging 

period mode), A (40 kW) thermal capacity of 

the electrical heater system was placed at the 

entrance far away from the blower by 60 cm to 

provide the hot air. The heaters have 12 heating 

coils with a thermal capacity of 3.3 kW each, as 

shown in figure (3 A). The coils were 

distributed equally in a section, as shown in 

figure (3 B). 

The hot duct is insulated with the glass wool 

material to stop the heating loss, while the cold 

duct was not. Three mixing baffles were placed 

on the duct after heaters as shown in figure (4), 

to ensure uniform temperature distribution of 

airflow in the hot duct. Moreover, Two layers of 

wire mesh (straightener) are provided to achieve 

a homogenous air velocity and it was is located 

before the entrance of the test section (15 cm 

between them), as shown in figure (5). The duct 

is supplied with four doors for a proper 

switching the periodic timing so that both the 

blowers are continually operating in each mode 

without interaction between them at the matrix 

where the doors were numbered in the 

schematic diagram as shown in figure (1). All 

the doors are provided with spring for quick 

response in shut off and opening when 

switching to another mode. The doors are sealed 

to prevent air leakages. The switching time 
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selected for change from the period mode to 

another mode is 90 sec. The matrix heating 

elements are divided into hot and cold plates.  

The test rig matrix contains five baskets having 

an equal size for easy human handling due to 

the heavyweight of the plates, each basket is 

spaced from another one about 15 mm. 

According to the design listed in the table (1), 

the upper three and the lower two baskets are 

filled with hot and cold plates types, 

respectively. Five baskets in equal size have 

been filled with corrugated plates when a 

(Pmatrix) matrix was tested. The modified matrix 

corrugated plates with coarse gravel (P+CG) 

was tested by changing the corrugated plates at 

the last cold plates basket (Pmatrix) matrix with 

the gravel media and placed inside the cold end 

air preheater basket, as shown in figure (6). It 

was occupied about 20% in volume of the total 

matrix, and the basket filling with the heating 

elements is shown in figure (7). Figure (8) 

displays the top view of tubes inserted along 

with the matrix where the tube length is equal to 

the 0.9 m matrix length. The tube internal 

diameter is 19 mm while the thickness is 1.5 

mm. The total by-pass tube facing area about 

6% of facing area matrix. The by-pass tubes 

were arranged inside the gravel basket with the 

corrugated plate baskets to allow a controlled 

amount of flow to pass inside tubes that 

permeate the gravel and corrugated plate matrix. 
The operation procedure listed in the table (2)  

 

 

 

 

 

 

Table (2): The test rig operations modes. 

Mode type Periodic 

time (sec) 

Door 

opening 

(No.) 

Door 

shut off 

(No.) 

Charging mode 

(hot flow) 

90 3 and 4 1 and 2 

Discharging 

mode 

(cold flow) 

90 1 and 2 3 and 4 

 

 

 

Table (1): The rotary air preheater matrix in south 

Baghdad thermal power plant technical parameters [10]. 

Region Plates  

material 

Layer 

height 

(mm) 

Plates 

Porosity 

(ε) 

Material 

specific heat 

capacity 

(Cp,)(J/Kg.K) 

Hot end 

side 

Carbon 

steel 

500 0.84 465 

Cold 

end side 

Corten 

steel 

350 0.77 460 

Cold 

end side 

gravel 150 0.41 840 

Figure 1. The schematic diagram of the test rig. 

 

Figure 1. The schematic diagram of the test rig. 
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Figure 2. Experimental arrangement. 

 
Figure 3. A-Electrical heater B- Distribution of heaters 

inside ducts. 

 

 
Figure 5. The Mesh Wire. 

Figure 6. The gravel size of the matrix that has chosen. 

 

 

Figure 7. The corrugated plates profile filled inside the 

basket at (a) hot basket, (b) cold basket. 

 

B 
A 

Figure 4. Mixing Baffles 
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Figure 8. Geometry by-pass tubes distribution which is 

inserted between the corrugated A- Symbols B-by pass 

tube inside the basket. 

 

3. Measuring Devices 

Two data loggers (model: BTM-4208 SD) were 

employed. Each one contains twelve channels to 

record the temperature in an SD card with time, 

as shown in figure (9). Twenty-two 

thermocouple sensors have been used to 

measure and record both hot and cold 

temperature of metal and air for corrugated plate 

and gravel in the test section. The temperature 

recorder time intervals were taken every 10 

seconds during the processes. The length of the 

thermocouples wires was 2 and 3 m and 

consisted of two wire legs. The wire's legs are 

welded together at one end creating a junction. 

The type of thermocouples is Type K (Nickel-

Chromium /Nickel-Aluminium) with a 

temperature range of -50℃ to 370℃. The 

accuracy of thermometer sensors was (±0.1⁰C). 

The thermocouples were fixed at different 

locations, the distribution inlet, outlet of the test 

section and between the baskets are given in 

figure (10) [11]. 

For checking the temperature profiles inside the 

cross-sectional plane of the duct, two-bracket 

frames were fixed between the wire-mesh and 

test section at the top and bottom of the test 

section. Seven thermocouples for each frame 

were fixed by wire in a horizontal plane on the 

frame. The thermocouples sensor distribution on 

the frame was fixed and arranged, as shown in 

figure (11). The average and maximum 

temperatures were measured. The results 

concluded that the duct hot air temperatures at 

each point were nearly constant except a little 

increase in temperatures at the core of the duct 

by about 2 ⁰C among the others.  

 
Figure 9. Digital data loggers. 

 
Figure 10. The side view position of thermocouples 

distribution in the test section. 
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Figure 11. The thermocouples sensor distributed at the 

inlet and outlet test section. 

 

The average air velocities were measured by a 

hot-wire anemometer (model AM-4214SD), as 

shown in figure (12), the percentage of errors 

did not exceed (0.0534 %). 

 

Figure 12. The hot wire meter 

The pressure drop across the test section was 

measured through digital pressure manometers, 

model (HT-1890 LCD Digital Gauge 

Differential Air pressure meter manometer) as 

shown in figure (13) with accuracy ±0.55%. 

Figure 13. Digital Pressure manometer. 

4. The Test Procedures 

The essential procedures for doing the 

experimental tests are illustrated as below:  

1- Opening the door No.2 figure (1) to allow the 

surrounding cold air to pass through the 

matrix and ensure that the temperature of the 

domain is uniform. 

2- Opening the door No.1 to charge hot air to 

the out, turn on both blowers and set the 

required flow rates, as the adjustment is 

discussed in previous sections. Measure the 

pressure drops and the averages velocity in 

cold airside. Turn on the switches of the 

heaters sequentially. After that, wait about 2 

min to ensure that the charged hot air reaches 

steady-state conditions. The system now is 

ready for the test. 

3- Press the recording in the data loggers and 

then quickly opening the door No. 4 and 3. 

Following that, closing door No. 2 and 1 

sequentially for equipment safety. The hot air 

will be charged passing through the matrix 

and flow out from the door No. 3. The cold 

air should be still in flow leaving out from 

door No. 4. For the charging hot air, we need 

to wait to the end time the charging period. 

4- After charging time is finished, quickly open 

the door No. 1 and 2 then close No. 3 and 4 

sequentially. This will take the hot air 

charged out from door No.1 and the cold air 

passes to the matrixes lead to flow out at door 
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No.2. Wait then to complete the discharging 

period.  

5- For the [(P+CG+Ts) and (P+CG+Ti) models], 

steps No. 2 and No. 3 are repeated six times 

aiming for achieving steady-state results in 

the transient temperature distributions of the 

matrix.  

All the experiments were carried out in the cold 

and hot air temperatures ranged between 18 to 

22.5 and 58 to 62.5 ⁰C, respectively. To 

maintain stable hot air temperature at each 

specific flow rates, the heaters are switch on 

sequentially as flow rates increased. 

5. The performance indicator for the air pre-

heater 

The air-preheater models in this study are a 

complex matrix containing different materials 

and different porosities of the heating elements. 

Besides that, the bypass tubes are embedded 

through the matrix. So, the simplest method to 

determine the performance of the different 

matrix models is by calculating the average heat 

transfer rates (Qav) and the pumping power (PP) 

[12]. Since, the interesting thing for the air 

preheater performance is to increase the 

discharging outlet temperature, so all the 

equations were calculated during the 

discharging period as given in the following: 

The heat transfer rate at a certain time (Qt) is 

Qt = ṁ Cp,a ('Tin-'Tout)                                     (1) 

In which 

'Tin = ∑(𝑇𝑖𝑛 1 + 𝑇𝑖𝑛 2 +∙∙∙∙∙∙ +𝑇𝑖𝑛 7)/7           (2) 

And, 

'Tout=∑(𝑇𝑜𝑢𝑡 1 + 𝑇𝑜𝑢𝑡 2 +∙∙∙∙∙ +𝑇𝑜𝑢𝑡 7)/7     (3) 

Where, 'Tin and 'Tout are the average inlet and 

outlet air bulk temperatures of the duct, 

respectively at the discharging mode and the 

vice versa at the charging mode. The average air 

bulk temperature from equations 2 and 3 is 

calculated by the average of the seven points 

local temperatures at Tin and Tout 

Thus, the average time heat transfer rate is 

Qav=
1

𝑡
∫ Q𝑡 𝑑𝑡

𝑡

0
                                                (4) 

The Reynolds number based on the duct 

hydraulic diameter is given by 

Re = VD/v                                                      (5) 

In which V is the air average velocity in the 

duct, D is the hydraulic diameter of the duct. All 

of the thermo-physical properties of the air are 

determined at the overall bulk air temperature. 

The pumping power is measured by the pressure 

drop across the matrix (ΔP) multiplied by the 

volumetric flow rate (Ṽ) is written as: 

PP = Ṽ ΔP                                                      (6) 

In which    Ṽ = VA                                         (7) 

Where: A is the duct cross-sectional area.  

To assess the practical use of the enhanced 

matrix model, the performance is evaluated 

relatively by the average heat transfer rate 

dividing by pumping power in the form of 

thermal performance factor (Ƞ), which can be 

expressed as: 

Ƞ =
Q𝑎𝑣

𝑃𝑃
                                                          (8) 

6. Results and Discussion 

6.1 Pumping Power and the Heat Transfer Rate 

The variation in pumping power along the 

different matrix models with the Reynolds 

number is shown in Figure (14). The pumping 

power in the (P+CG) model is higher than the 

other models due to that the low porosity of the 

gravel leads to increase the obstruction to flow 

and hence increase the pressure drop. The 

bypass tubes insertion is more effective for 

decreasing the pumping power, so more fluid 

flow passes through the smooth tubes without 

any obstruction. In the matrix (P+CG+Ti) 

model, the pressure drop is less the than 
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(P+CG+Ts) model, so more fluids pass on tubes 

without heat exchange. However, the (P matrix) 

model is given less pressure drop. 

 
 Figure 14. Variations of the pumping power with 

Reynolds number for different matrix models. 

Figure (15) depicts the average heat transfer rate 

(Qav) for different matrix models, as seen, there 

is no difference between (P matrix) and (P+CG) 

models, so that the gravel media have no effect 

on the improved heat transfer to the matrix. The 

two models increased linearly with the Reynolds 

number. For other models, it shows that the 

bypass insertion (P+CG+Ti) and (P+CG+Ts) 

models have more signified for (Qav) improved 

in (P+CG) model, but the (Qav) increased 

slightly with Reynolds number when compared 

to previous models. This is because more 

amount of passing gases through the tubes 

without heat exchanged with the matrix as 

Reynolds number is increased. This issue gives 

a negative factor for the (Qav) improvement rate 

for the inline model (P+CG+Ti) less than the 

staggered (P+CG+Ts) model, This confirms that 

the arrangement of tubes in this way is an 

important factor in improving heat transfer. 

 Figure 15. Variations of the average heat transfer rate 

with Reynolds number for different matrix models.  

6.2 Thermal Performance factor 

The variation of the thermal performance factor 

(η) with bypass tubes is depicted in figure (16). 

In this figure, the η tends to decrease with the 

Reynolds number. It is seen that the (P+CG+Ts) 

model gives the highest η along the range of 

Reynolds numbers and it shows the (P matrix) 

model is higher than the (P+CG+Ts).  

 

 
 Figure 16. Variations of the performance factor with 

Reynolds number for different matrix models.  

The outlet air temperature of the matrix for the 

models indicated that the (P+CG+Ts) model 

gives a higher outlet temperature during the 
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time as shown in figure (17).

 
 Figure 17. Variations of outlet discharge temperature 

with dimensionless time for different matrix models.  

 

7. Conclusions 

In this study, different models of air preheater 

matrix have been studied and compared with the 

standard air preheater matrix model, for proper 

change the last basket of the standard matrix to 

a corrosive resistance material in the modified 

matrix and to enhance the pressure drop and the 

heat transfer rates of the matrix by inserting a 

suitable ratio for bypass tube. The experimental 

work of a periodic–flow air preheater models 

have been studied to find the best performance 

factor. The following conclusions can be 

derived as : 

•The (P+CG) model gives a high pressure 

drop and the same heat transfer rates as 

compared with the ( P matrix.) model, which is 

that the average pumping power of the 

(P+CG) model is 23% higher than the (P 

matrix ) model . 

•The bypass tubes give a significant 

improvement for the heat transfer rate (Qav.), 

The increased by 22% and 16% when 

compared to the (P matrix) model with the 

(P+CG+Ts) and (P+CG+Ti) models, 

respectively. 

•According to the range of Reynolds number 

the range of the performance factor (Ƞ) varies 

for the (P+CG+Ts) model from (0.7 to 0.31), 

meanwhile, for the (P matrix), it varied from 

(0.57 to 0.29).for low to high Reynolds 

number, respectively. 

•The temperature of the discharge outlet 

temperature for the (P+CG+Ts) model stays 

higher than other models during the 

discharging period, while the (P matrix) model 

loses the energy before reaching the last time 

(0.75 t*) 
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9. Nomenclature 

Qav      Average heat transfer rate, w 

Qt         Heat transfer rate at a certain time, W 

Re        Reynolds number 

Cp, a        Specific heat capacity of air, kJ/ kg K 

Cp,m      Specific heat capacity of the material, J/ 

kg K  

BR        Relative bypass tubes facing area to the 

matrix facing area ratio% , 

'Tin       Average inlet air bulk temperatures, °C 

'Tout Average outlet air bulk temperatures, °C 

D          Hydraulic diameter of the duct, m 

v Mean velocity in the duct, m /s 

Ṽ volumetric air flow rate, m³/s. 

PP Pumping power, w 

A  The duct cross-sectional area, mm² 

t* Dimensionless time 

 η        Thermal performance factor, (= Qav/ PP) 
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9.1Greek letters 

 v Kinematic viscosity, m²/s 

ΔP        Pressure drop, Pa 

ε Porosity  

 

9.2 Subscripts 

matrix.          Standard matrix model 

av               Average 
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