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Abstract: An inherent defect of the operating rotary air preheaters (RAPH) is known as leakage,
which seriously hinders the efficient and safe operation of RAPH. It is significant for the estimation
of the direct leakage to determine the effects of different structure parameters of sealing sheets and
different operation parameters of a RAPH. A direct leakage set-up was built and a three-dimensional
numerical model was established to explore the local direct air leaking process of rotary regenerative
air preheater and study the effects of geometrical and operational parameters on the leakage.
The numerical simulation using the transition k-kI-w turbulence model was verified by the experimental
results. The results show that the local direct air leakage mainly depends on the total pressure
difference between the two sides of the seal instead of the one-side pressure. The air leakage can be
significantly reduced by narrowing the leakage gap. The increase in the number of sealing sheets
can reduce the air leakage own to the increase in the leakage resistance. The increase in the spacing
between the adjacent sealing sheets can enlarge the recirculation zone and increase the energy loss of
mainstream, greatly reducing the local direct air leakage. Due to the different size recirculation zone
formation and streamline curvature induced by sealing sheet, the effect of bending angle on the direct
air leakage varies. To obtain lower leakage rate, it is recommended for the rotor of tri-sectional air
preheater to pass through flue gas section, secondary-air section, and primary-air section in sequence.

Keywords: rotary regenerative air preheater; local direct leakage; turbulent flow; energy loss

1. Introduction

The improvement of the energy conversion efficiency in the process of energy consumption is
of great significance and has attracted increasing attention in the global energy shortage scenario [1].
As an indispensable device in the coal-fired power plant, rotary air preheaters (RAPH) are widely
applied to recover the waste heat from flue gas and heat combustion air owing to its compactness and
superior performance [2,3]. The combustion air heated by RAPH can not only enhance the combustion,
but also is necessary for drying and transportation of the pulverized coal [4]. The efficient operation of
RAPH can improve the overall efficiency of the boiler by 5-10% [5]. However, an inherent defect of the
operating RAPH is known as leakage, which would seriously hinder the efficient and safe operation
of RAPH.

The leakage in the RAPH includes the direct and entrained parts. As shown in Figure 1a, there are
six general leakage paths in the RAPH. Under certain pressure differences, the leak streams 1-2 and 3—4
take place in the gap between the stationary and rotating structures, which are called the direct leakage.
The leak streams 5-6 represent the leakage carried by the rotor void during rotor rotation, called
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entrained leakage [6,7]. The air leakage of RAPH will cause a series of problems, such as the decrease
in heat transfer efficiency, increase in fan power consumption, and aggravation of low-temperature
corrosion [8]. To reduce the indirect leakage, the rotational speed of RAPH is usually set as low as
possible under the premise of efficient operation. By contrast, owing to the mushroom deformation
of the rotor and the fouling of the matrix, both of the leaking area and the pressure difference would
be enlarged [9-12], which would result in a large direct leakage accounting for almost 80% of the
whole [13]. To reduce the direct leakage, a number of methods have been proposed, among which
multi-seal sealing system (Figure 1b) has more advantages and is most widely employed.
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Figure 1. Sketch of (a) general leakage paths in the rotary air preheater (RAPH) and (b) tri-seal
sealing system.

Much work has been done on the leakage distributions and their effects on the efficiency of the
RAPH. Faris et al. [14] proposed a method to measure the gap size of direct air leakage by installing
probes on each sector plate. Several studies have been conducted on air leakage by Skiekpo, including
the methods for the gap monitoring [15], the evaluation of leakage distribution [16], the effect of
leakage distribution on the thermal performance [17], as well as the effect of the reduction in sealing
gap size on RAPH [6]. They found that radial gap has a significant effect on leakage and the reduction
in radial gap size would improve the efficiency of the power plant. Shah et al. [18] showed that various
leakages could cause significant decrease in the heat transfer efficiency of the RAPH, and the decline
in effectiveness depends on the leakage type. Bostjan et al. [5] investigated the effect of air leakage
on the flue gas composition and the outlet temperature of the RAPH. Their results showed that the
cold end leakage could significantly reduce the flue gas temperature, whereas the hot end leakage has
less effect on the flue gas temperature. Maharaj et al. [19] established a simplified flow path model
for numerical calculation of direct air leakage. It is found that the results calculated by empirical
formula are lower than the simulated values due to the ignorance of the gradual change of the gap
size along the radial direction. Zhang et al. [20] proposed an online application approach to monitor
the gap size and estimate the direct leakage of the air preheater. Du et al. [21] established a model
by coupling the air leakage and the thermodynamics to investigate the leakage matter. The results
show that the total leakage of quad-sectional air preheater is less than that of tri-sectional by 33.1%.
Gao et al. [22] conducted an analysis of the air leakage on boiler efficiency, and indicated that the
change of the air leakage coefficient of the hot end has a greater impact on the boiler efficiency than
the cold end. However, several studies have considered the effects of different structure parameters
of sealing sheets, which are quite important for the estimation and calculation of the direct leakage.
Cai et al. [13] carried out numerical simulation and experimental research on the direct air leakage in
an RAPH. They assumed that the orifice coefficient and the engineering modifying factor are related
to the inlet pressure and sealing gap size, and neglected the effect of the spacing value of adjacent
sealing sheets, whereas some other factors, i.e., the bending angle of the sealing sheets and the spacing
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between the adjacent sealing sheets, could also greatly affect the direct leakage, which are not reported
in previous studies.

Therefore, the investigations on the multi-seal sealing system are far from meeting the application
requirements. In this study, the effects of the gap size, the pressure difference, the spacing between
the adjacent sealing sheets, the number and bending angle of the sealing sheets on the direct leakage
and the orifice coefficient of the preheater have been experimentally and numerically investigated.
The aim of this paper is to provide a reference for the accurate prediction of the direct air leakage of the
regenerative rotary air preheater.

2. Experimentation

2.1. Experimental System

As shown in Figure 2a, the experimental system is mainly composed of a centrifugal fan,
a developing section, a transition section and a test section. Driven by the pressure difference, direct
leakage occurs from the high pressure air side to the low pressure gas side through the gap between
the sealing sheets and the outer casing. The centrifugal fan can ensure adequate pressure and flow rate
of air. A butterfly valve by which the air pressure can be adjusted was installed between the outlet of
the centrifugal fan and the inlet of the developing section. The developing section was to ensure air
reach the fully developed state and ensure accurate measurement. The transition section was installed
between the developing section and the test section to ensure a good connection. In addition, a grid
was installed at the entrance of the transition section to obtain uniform and stable flow field at the inlet
of the test section. The test section (Figure 2b) is rectangular cross section with a width and a height of
400 mm and 175 mm, respectively. The inner upper surface of the test section was to model the inner
surface of the sector plate or circular arc plate of the actual air preheater. The distance between the
upper end of the sealing sheets and the inner upper surface of the cover plate could be adjusted to
model the leakage gap size of the actual air preheater. The relevant parameters of the sealing sheets
were also adjustable. Besides, all connecting flanges in the experimental system were sealed with
ethylene-vinyl acetate copolymer sponge. The practical sealing sheet (Figure 2c) was made of Corten
Steel and characterized by high strength and corrosion resistance.
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Figure 2. Sketch of (a) direct air leakage test system: (b) test section and (c) real sealing sheet.
The distance (d) between adjacent sealing sheets gradually increases along the radial direction,

so the sealing sheet length of 400 mm is selected to study the direct air leakage at different segmentation
in the radial direction. As shown in Table 1, the structural and operating parameters in the experiment,
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the distance between adjacent sealing sheets d, the sealing number Z, the gap size x, the bending angle
a, and the total pressure difference Apiot were set based on the widely used real RAPH.

Table 1. Conditions for experiments.

Description x/mm Apiot/kPa VA d/mm af°
Value range 15~25 3~7 1~3 150~450 -50~50

2.2. Experimental Principles

The air mass flow rate was measured by the Pitot tube installed on the fully developed region of
the round pipe. The static pressure on both sides of the sealing sheets was measured by using a U-type
pressure gauge. The temperature of the air was measured by a K-type thermocouple installed at the
entrance of the experimental section. The air density at the inlet of the test section can be calculated
based on the local absolute pressure and temperature.

According the Bernoulli equation, the air mass flow rate can be calculated by using the measured
dynamic pressure and the cross-sectional area of the flow path. Due to the energy loss in the real
process, the measured flow rate is always not equal to the calculated one. The orifice coefficient Cq is
defined to correct the flow rate calculated from the Bernoulli equation:

Cq= Qexp/ Qide (1)
Qige = A Vszptot/Z (2)

where Qexp and Qjge are the mass flow rates of air leakage by the measurement and the calculation,
respectively; A is the leakage area; p is the air density; Z is the number of sealing sheets; and Apyot is
the total pressure difference between the inlet and outlet of flow path.

3. Simulation

3.1. Physical Model and Governing Equations

As shown in Figure 2b, a physical model used for numerical simulation is a rectangular cross
section flow path in which the sealing sheets are embedded. The flow path length L, the width W,
and the heights I, and h; are 1300 mm, 400 mm, 150 mm, and 120 mm, respectively. The height of the
flow path H can be adjusted to change the gap size.

The following simplifications and assumptions are made in the numerical simulation calculation.

e  Both the spacing of the adjacent sealing sheets and the gap size between sector plate and sealing
sheet top end keep constants at a position of short length along the radial direction.

e  The fluid is an incompressible Newtonian fluid.

e  The fluid flow is in a turbulent state.

Continuity, energy, momentum, and gas state equations to describe the leakage process are
as follows,

div(pl) =0 3)
div(pUT) = —pdivU + div(AgradU) + @ 4)
. e 1 0dp
div(UU) = div(vgradU) — oo ()
RT a

= - 6

where v, A, and @ are the kinematic viscosity, the thermal conductivity, and the dissipation function,
respectively; a and b are van der Waals constants. Other main symbols can be seen in the Appendix A.
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Because the pressure of leaking air is higher than that of atmospheric pressure, the ideal gas
state equation is not proper anymore in calculation the gas pressure. Equation (6) is also called the
R-K equation, which is generally used to predict the pressure of non-ideal gas and the prediction
accuracy is better for non-polar gas. As the air contains a lot non-polar gas N, and O,, almost 4 to
1 in volume ratio, we applied the R-K equation to calculate the air pressure. In the computation,
the quadratic upstream interpolation for convective kinetic scheme is used to interpolate the convective
terms. The semi-implicit method for pressure-linked equations consistent algorithm is used for the
pressure-velocity decoupling.

3.2. Turbulence Model and Boundary Conditions

Each turbulence model has its own application scope. The k-¢ model and the k-w model are
two-equation eddy viscosity models widely used for incompressible and compressible flow close to
the wall, and the accuracy and stability of the Transition-SST model in the near-wall region is superior
to the standard k-w model. The three-equation Transition k-kl-w model based on the standard k-w
model is applicable to wall-constrained and jet flow, as the effect of disturbance to the Reynolds stress
is added into this model [23].

The inlet and outlet of the flow path were set as the pressure inlet and the pressure outlet,
respectively. The wall surface is adiabatic. The inlet air temperature is 308.15 K. All the numerical
simulations will be performed on the software Fluent 16.0. The preparatory works before the simulation
are supported by the software SolidWorks and ICEM. The steady-state solver based on pressure is
used to solve the governing equations in this study.

3.3. Meshing and Independence Verification

In this study, the structured mesh (Figure 3a) is used and local mesh at the position of the gap is
refined (Figure 3b). As shown in Figure 3¢, mesh independence test is performed and the results show
that the grid-independent results can be obtained when the mesh element number exceeds 750,000.

-

Figure 3. Cont.
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Figure 3. Mesh management: (a) mesh generation, (b) local mesh refine, and (c)

mesh-independent verification.

To achieve the most suitable turbulence model, different turbulence models were used to perform
the simulation under same boundary conditions. The comparison between the simulation results of
different turbulence models and the experimental data was performed, and the leakage deviation
between the simulation value and the experimental data is shown in Figure 4. It can be found that the
simulation value of Transition k-ki-w model agrees well with the measured data. First, the Transition
k-kl-w model is generally applied in the simulation of jet flow and wall constrained flow. Then, it is
found that the difference is the least between experiment and Transition k-kI-w model. Therefore,
the Transition k-kI-w model is used for simulation.
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Figure 4. Comparison of simulation and experiment: Z = 2; d = 300 mm; x = 25 mm; Ap;ot= 4 kPa and
a = 25°,

4. Results and Discussion

4.1. Effect of Pressure

As shown in Figure 5, the inlet pressure has little effect on the amount of direct leaked air in either
different sealing number case or different pressure difference case. By contrast, the leakage amount
gradually increases with the pressure difference. The leakage in the case of Apiot = 5 kPa is larger than
that of Apiot = 4 kPa and Apyot = 3 kPa by 10.6% and 28.9%, respectively. In the process of direct air
leakage, the pressure difference between air and flue gas is main cause of the leak. According to the
Bernoulli equation, a portion of the pressure energy will be converted into kinetic energy during the
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airflow passing through the gap of the sealing sheets [24]. Thus, in our study, the pressure difference
rather than the inlet pressure would be regarded as a factor affecting the direct leakage of the RAPH.

AP=3000 Pa
AP=4000 Pa (b)
AP=5000 Pa

3000 4000 5000 ' 3000 4000 5000
P_/Pa P_/Pa

Figure 5. Effect of inlet pressure on leakage in (a) different sealing number and in (b) different
pressure difference.

4.2. Effect of Sealing Gap

The effects of the gap size on leakage amount and orifice coefficient are shown in Figure 6a.
The results were obtained under the condition that the spacing of 300 mm, the total pressure difference
of 5 kPa, the sealing number of 2, and the bending angle of 25°. The abbreviation SIM, EXP, and IDE
refer to the leakage results by simulation, experiment, and ideal gas calculation, respectively. The results
show that both the leakage amount and the orifice coefficient increase with the leakage gap size. In the
operation of RAPH, thermal stress deformation of the rotor would cause an increase in the gap size and
lead to a larger leakage rate. The installation of sealing sheet in the flow path facilitates the formation
of throttling structure. The well-known continuum theory tells us that when the fluid flows through
a gap, the flow area gets smaller and the velocity gets larger at the gap position [25]. In the front of
gap, the flow is in a stable state, which means that the fluid particles are in a balanced state. At the
gap position, the fluid particles are sped up and fluid velocity is larger than that of the position in the
front of gap. It can be clearly seen from the velocity contours (Figure 6b) that the velocity at the gap of
25 mm is greater than that of 15 mm.

1.0 1.0
SIM.
EXP.
0.8 e (a) 108
Cd
=, 0.6 0.6
2 )
STV 0.4
0.2 0.2
0.0 0.0
15 20 25
x/mm

Figure 6. Cont.
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Figure 6. Effect of gap size: (a) numerical, experimental, and calculated results, and (b) contours
of velocity.

4.3. Effect of Sealing Sheets Number

Figure 7 shows the effect of the number of sealing sheets on air leakage under the condition that
the spacing, the total pressure difference, the gap size, and the bending angle are 300 mm, 5 kPa, 20 mm,
and —25°, respectively. Obviously, the effect of the number of sealing sheets can significantly influence
the air leakage. Compared with the single-seal and double-seal cases, the tri-seal has the best sealing
performance under the same total pressure difference Apio. The leakage of tri-seal is less than that of
the single and the double seals by 27.9% and 14.9%, respectively. Besides, the orifice coefficient would
decrease with the increase in the number of sealing sheets. Therefore, the increase in the number of
sealing sheets can reduce the leakage and enhance the sealing performance.

1.0 — 1.0
08 0.8
. 06 06
Z <
S04 0.4
02 02
0.0 0.0

Z

Figure 7. Effect of the number of sealing sheets on leakage.

If there is no throttling device in the flow path, the pressure drop is mainly caused by the viscosity
and roughness of the inner wall surface of the flow path. In the boundary layer, there is a high
velocity gradient perpendicular to the mainstream direction, and there is a high pressure gradient
in the mainstream direction. The presence of the sealing sheets in the flow path can have a large
disturbing effect on the incoming flow, vortexes will be generated in front and rear of the throttling
device [26]. The theory of wall vortex generation indicates that the fluid particles on the wall surface
cannot be linearly translated under viscous conditions, and they will rotate under the action of the
shear force [27]. The mainstream energy would be continuously reduced by the vortexes which are
generated by the viscous force [28].
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4.4. Effect of the Spacing of Adjacent Sealing Sheets

As the relative position of the sealing sheets is determined by the arrangement of the radial
segmental plates in the RAPH, the spacing between adjacent sealing sheets would gradually increase
in the radial direction. Figure 8a shows the effect of the spacing on air leakage under the condition
that the number, the total pressure difference, the gap size, and the bending angle are 2, 5 kPa, 25 mm,
and —25°, respectively. According to the ideal calculation results, the spacing value does not affect the
air leakage, whereas the air leakage and the orifice coefficient decrease dramatically with the spacing
value. In Figure 8b, when fluid passes through a slit, part of the streamlines will curve under the
velocity gradient perpendicular to the mainstream direction. The vortex in the flow boundary layer
will also diffuse into the mainstream region under the action of a velocity gradient perpendicular to the
mainstream direction. The loss of mainstream energy would be enlarged by the streamline curvature,
the recirculation zone and vortexes [27]. The vortex converts the kinetic energy of the gas into other
forms of energy, resulting in a reduction of the leakage amount.

1.0

150 300 450
d /mm

Velocity [ms*1]
Streamline |

Figure 8. Sketch of (a) the effect of spacing of adjacent sealing sheets on direct leakage and
(b) fluid streamline.

4.5. Effect of the Bending Angle of Sealing Sheets

The sealing sheet usually has a bending angle (Figure 2b) along the rotation direction of the
rotor to prevent mechanical wear between the sealing sheets and the sector plate. Figure 9 shows the
effects of different bending angle on the air leakage in different pressure difference cases. Obviously,
the leakage amount at the negative bending angle is smaller than that at the positive bending angle.
When the fluid flows to the second sealing sheet, a recirculation zone was formed between the sealing
sheets under the action of the bending angle, where the energy of mainstream was dissipated and the
leakage was reduced. For the tri-sectional RAPH, the direct radial leakage takes place at two locations.
One is the interface between the primary air and the flue gas section and the other is the interface
between the secondary air and flue gas. The leakage at the former location should be handled first,
because the higher primary air pressure can cause more serious leakage problem. Therefore, it is
recommended for the rotor of tri-sectional air preheater to pass through flue gas section, secondary
air section, and primary air section in sequence. In addition, with the pressure difference increasing,



Appl. Sci. 2020, 10, 1523 10 of 14

the inertial force gradually becomes much larger than the viscous force. As a result, the air leakage
gradually increases.

A AP=3000Pa | m’=4nnn|’a '
m'—aumm AP=6000Pa
0.8 AP=7000Pa

-50 =25 0 25 50

a/°

Figure 9. Effect of different bending angle on leakage.

Figure 10 shows the contours of velocity at different bending angles. The bending angle has
great effect on the distribution of flow field and the generation of recirculation zone, resulting in the
difference of leakage. In the positive bending angle case, the streamlined structure cause less energy
loss. By contrast, the sheets with negative bending angel would generate a local recirculation zone in
front of the sealing sheet, resulting in greater resistance.

Velocity
80.0
738
67.7
61.5 a=-50"
554
49.2
431
36.9
308
24.6 a=0°"
18.5
12.3

a= 50" [ 0200 0400 m)
]

0.160 0300

Figure 10. Contours of velocity at different bending angles.

4.6. Correlation for Orifice Coefficient

Engineers usually pay more attention to the correlation between the orifice coefficient and the
geometrical and operational parameters in application. Though the orifice coefficient was usually
expressed as the function of Reynolds number [26], which is not easy to obtain in the leakage process
of RAPH, a dimensionless correlation was proposed to evaluate effects of the gap size, seal sheets
number, spacing of adjacent sealing sheets, and the total pressure difference on the orifice coefficient.

x A(Aptot )B C( d )D
Ci= (—) Z) = 7
=\, o (2) W )
where pg (101.325 kPa) is the ambient pressure; 11, (150 mm) and W (400 mm) are the height and weight
of the seal sheet, respectively; and the power values of A, B, C, and D are assumed constant. These

values were determined by using nonlinear fitting according to the data obtained. Table 2 presents
the power values in Equation (7) for the most common cases of & = +25° in application, which would
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provide theoretical reference for the design and improvement of seal system in the rotary regenerative
air preheater.

Table 2. Power values for the correlation at different restrictions.

a A B C D R?
25° 0.17234 0.00238 0.0914 —0.2396 0.924
—25° 0.20501 0.0124 0.14665 —0.2452 0.951

5. Uncertainty Analysis

As the experimental data were obtained in such a non-universal setup in somewhere experiment
operated, the uncertainty analysis can be of great significance in each part of the measurements.
The uncertainty analysis can offer an effective way for the people who will read the work credibly
to judge if the information presented is helpful. Also, the analysis of the experimental data is a
crucial method to valid the measurement. Moffat [29] has proposed an uncertainty analysis method,
the overall uncertainty can be expressed as a function of individual terms need to be measured in the
experiment. The individual terms are generally combined by a root-sum-square method, which is
expressed as the following equation,

N P 2 1/2
6Qu — {Z(a—géxi) } ®)

i=1

where the partial derivative of QO with respect to Xi is the sensitivity and the term 6Xi is the uncertainty
of variable Xi.

In our experiment, the variables gap size x, the pressure p, and the air temperature T are directly
measured. The uncertainty of response parameter mass flow rate Qm can be expressed as a function of
aforementioned variables. The accuracy of tape, pressure gauge, and thermocouple are 0.001 m, 10 Pa,
and 0.1 °C, respectively, based on which the maximum uncertainties of fluid density p (the effect of
pressure on p is neglected) and mass flow rate Qr, are 0.03% and 5.8%, respectively. Table 3 shows the
measured parameter, the used devices and its range, accuracy and the corresponding uncertainty.

Table 3. The main parts for the uncertainty analysis.

Parameter Device Used Device Range Device Accuracy Uncertainty
Gap size Tape 0-5m +0.001 m 0.02%
Static pressure Pressure gauge 0-99,990 Pa +10 Pa 0.01%
Air temperature Thermocouple -50-150 °C +0.1°C 0.05%

6. Conclusions

In this study, the effects of the gap size, spacing between the adjacent sealing sheets, sealing
number, bending angle of sealing sheets, and pressure difference on direct air leakage and orifice
coefficient are experimentally and numerically studied. The numerical results using the Transition
k-kl-w turbulence model are in good agreement with experimental data.

The flow resistance decreases with the gap size, which leads to an increase in direct leakage.
The sealing performance is enhanced by increasing the spacing of adjacent sealing sheets. The sealing
sheets with positive bending angle have less air resistance in the flow path, which would lead to
larger leakage. The increase in the number of sealing sheets gives rise to an increase in the generation
probability of recirculation zone and vortex, which aggravates the mainstream energy loss.

To obtain lower leakage rate, it is recommended for the tri-sectional air preheater that the rotor
passes through flue gas section, secondary air section, and primary air section in sequence.
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As listed in Table 2, we can rank all parameters base on its absolute value. Thus, the pressure
difference has a dominant position, the next are the number of sealing sheets and the spacing of
adjacent sealing sheets, the last is the gap size. Here, we do not consider the importance of bending
angle, which remains to be further studied.
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Appendix A
a van der Waals constant
A leakage area, (m?)
b van der Waals constant
Cq orifice coefficient
d spacing of adjacent sealing sheets, (mm)
hy straight height of sealing sheet, (mm)
hy total height of sealing sheet, (mm)
H height of flow path, (mm)
L length of flow path, (mm)
Om mass flow rate, (kg~s_1)
Qexp mass flow rate of experimental measurement, (kg-s_l)
Qide mass flow rate of ideal gas, (kgs™?)
p pressure, (Pa)
Pin inlet pressure of flow path, (Pa)
Ap pressure difference, (kPa)
Aprot total pressure difference, (kPa)
R molar gas constant, (J-K1mol™1)
T fluid temperature, (K)
u fluid velocity, (m-s1)
Vin molar volume of the actual gas, (m3-mol1)
144 width of flow path, (mm)
X gap size, (mm)
zZ number of sealing sheet
Greek symbols
a bending angle of sealing sheet, (°)
A thermal conductivity energy dissipation, (W-m~!1-K=1)
p fluid density, (kg:m~)
v kinematic viscosity, (m2s71)
o dissipation function
Subscripts
d discharge
tot total
exp experiment

ide ideal
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