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ABSTRACT

In order to study the influence of the corrugated angle and width of enamel heat storage element on the flow and
heat transfer performance, a certain enamel heat storage element was numerically simulated by FLUENT software, and
the variation curves of internal flow field velocity, temperature distribution, Nusselt number and drag coefficient with
Reynolds number were obtained when the corrugated angle and width of the heat storage element were different. The
simulation results show that when the ripple inclination increases from 20° to 60°, the resistance coefficient of the heat
storage element increases, and the Nusselt number increases, and the increase of the resistance coefficient is greater
than that of the Nusselt number; when the ripple width increases from 6 mm to 10 mm, the increase of resistance coeffi-
cient is small, and the increase of Nusselt number is large.
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1. Introduction

Rotary air preheater is a kind of heat exchange device, which is
widely used in thermal power plants. Its core component is the heat
storage elements arranged in the rotor. The flow and heat transfer char-
acteristics of the heat storage elements determine whether the rotary air
preheater can operate safely and efficiently™?. Therefore, studying the
heat transfer and resistance characteristics of heat storage elements and
the distribution of internal temperature field under different structural
parameters is of great significance to improve the flow and heat transfer
performance of rotary air preheater and ensure the safe and efficient
operation of boiler. Scholars at home and abroad have studied the flow
and heat transfer performance of heat storage elements. Wang!® found
that controlling the frictional resistance along the way is the key to re-
ducing the flow resistance of heat storage elements through a
large-scale hot air tunnel experimental system. Chi® proposed a
scheme to measure the temperature of the low-temperature heating sur-
face of the rotary air preheater. Mohammed™ found that the effect of
convective heat transfer can be enhanced by adding ripple to the heat
storage element. Focke!® found that when the corrugation angle is large,
the increase of the corrugation angle is small, and the increase of the
convection heat transfer coefficient is small. Yang!” conducted enamel
transformation on the heat storage element and found that the compre-
hensive convective heat transfer performance was significantly im-
proved.
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This paper studies the heat storage elements
with different corrugated structure parameters by
numerical simulation, analyzes the temperature and
velocity distribution of the internal flow field, and
obtains the influence of the corrugated inclination
and width on the flow and heat transfer perfor-
mance of the heat storage elements.

2. Numerical simulation

2.1 Rotary air preheater

Rotary air preheater is mainly composed of
rotor, heat transfer element, shell, beam, sector plate
and sealing device!®. The boiler flue gas flows in
through the flue gas channel from top to bottom,
and the air flows out of the primary air and second-
ary air outlets from bottom to top. Each revolution
of the rotor, the heat storage element absorbs and
releases heat once®'?. There are two 30° transition
zones in the rotor, in which neither flue gas nor air
passes through, which plays the role of separating
flue gas and air. The structure is shown in Figure 1.

Rotor

Rotor hou %ing
Central truss

Figure 1. Structure of rotary air preheater.

2.2 Simulation objects and model assump-
tions

2.2.1 Simulation object

The simulation object is an enamel heat stor-
age element, the structure is shown in Figure 2, and
the structural parameters are shown in Table 1.

t
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Figure 2. Structure of enamel heat storage element.

Table 1. Structural parameters of heat storage elements

Plate thick- Equivalent di- Ripple gap - 1 Corrugated plate corru- Ripple width of corru-
ness 8/mm  ameter d/mm Span t/mm c/mm Surface density/m gated wave height a/mm gated plate b/mm
1.15 12.54 65.9 5.3 398.8 3.03 8

Table 2. Structural parameters for different inclination of corrugation

Corrugation inclination 6/(°)

Equivalent diameter D/mm

Ripple axial pitch s/fmm

20 12.48
30 12.54
40 12.60
50 12.64
60 12.75
70 12.27

8.62
9.35
10.51
12.6
16.2
23.68

Table 3. Structural parameters for different ripple width

Ripple width b/mm Equivalent diameter D/mm

Ripple axial pitch s/mm

6 12.27
7 12.53
8 12.75
9 12.9
10 13

12.1
14.3
16.2
18.1
20.4

Under the condition that the ripple width and
height of the heat storage element remain un-
changed, change the ripple inclination angle to 20°,

30°, 40°, 50°, 60° and 70° in turn, and the changed
structural parameters are shown in Table 2.
When the corrugation angle of the heat storage
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element is 60° and the height remains unchanged,
the corrugation width is changed to 6, 7, 8, 9 and 10
mm in turn. The changed structural parameters are
shown in Table 3.

When changing the ripple parameters, the
equivalent diameter of the heat storage channel will
change, and the calculation formula™ is:
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Where: A—sectional area of flow channel be-

tween corrugated plate and flat plate of heat storage

element, mm?, L—wet perimeter of flow chan-

nel between corrugated plate and flat plate of heat
storage element, mm.

2.2.2 Model assumptions and simplification

For the convenience of numerical simulation,
the following assumptions and simplifications are
made:

Because the internal structure of the heat stor-
age element is complex, and the waveform changes
periodically. Therefore, a flow unit of heat storage
element is taken as the research object!*; the wall
thickness of heat storage element is 0% air is re-
garded as compressible Newtonian fluid; the heat
storage element is simplified into a constant wall
temperature model; the length of the heat storage
element is 500 mm (the inlet effect can be ig-
nored)™4,

2.3 Physical model and boundary conditions
2.3.1 Physical model and grid division

The required model is established in CREO
software, tetrahedral mesh division is adopted for
all plate heat storage elements, and an expansion
layer is set near the wall to solve the high gradient
flow change and complex physical characteristics
near the wall. When the inclination is 20°, the
number of grid units is 1.1962 million, when the
inclination is 50°, the number of grid units is 1.097
million, and when the inclination is 70°, the number
of grid units is 1.054 million, which has passed the
verification of grid independence. The grid division
is shown in Figure 3.

(a) 20° (b) 50° (c) 70°

Figure 3. Grid division.

2.3.2 Boundary conditions and model set-
tings

Fluent software is used for three-dimensional
numerical simulation, using mass conservation
equation, momentum conservation equation, and
slip free boundary conditions. The inlet temperature
is 293 K, the wall temperature is 373 K, and air is
used as the flowing medium (density p 1.225 kg/m?,
dynamic viscosity p is 1.75 x 10®° Pa-s, thermal
conductivity A is 0.0242 W/(m-K)), and other pa-
rameter settings are shown in Table 4.

Table 4. Parameter settings
Settings
k-¢ Model

Parameter

Viscous model
Near wall treatment Enhanced wall treatment
Pressure velocity coupling Simple format

Discretization of momentum equation Quick format
and energy equation

Wall thermal boundary condition
Inlet boundary conditions
Exit boundary conditions

Constant temperature
Speed inlet
Free outflow

2.3.3 Evaluation method

The flow and heat transfer performance of the
regenerative element of the rotary air preheater
mainly depends on the resistance coefficient and
convection heat transfer coefficient between the
medium and the regenerative plate™. The greater
the resistance coefficient is, the worse the flow per-
formance of the heat storage element will be. The
convective heat transfer coefficient of the heat
storage element refers to the heat transfer capaci-
ty between the air and the surface of the heat stor-
age element. The higher the value, the better the
heat transfer performance of the heat storage ele-
ment. Further, the variation law of Nusselt number
Nu with Reynolds number Re can be used to indi-
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cate the intensity of convective heat transfer of the
heat storage element!*®). The resistance coeffi-
cient!*¥ is:

_ 2dAp

e

)

Where: Ap—frictional resistance of air flowing
through the heat storage element, Pa; p—air density,
kg/m?®; v—actual flow speed of air flowing through
the element, m/s; d—equivalent diameter of heat

storage element, m; |—length of heat storage ele-
ment, m.
The Nusselt number formula™ is:
_adg
-1
@)

Where: a—Convective heat transfer coeffi-
cient, W/(m?-K); dg—equivalent diameter of heat
storage element, m; A—Thermal conductivity of
fluid medium, W/(m-K).

Reynolds number is calculated as:

_pvd
o

Re

4)

Where: v—actual flow speed of air flowing

through the flow channel of the element, m/s;
u—Dynamic viscosity of air, Pa-s.

3. Results and analysis

3.1 Influence of corrugation angle
3.1.1 Velocity nephogram

When the inlet wind speed is 10 m/s, the outlet
velocity nephogram of the heat storage element
with the wavy inclination of 20°, 30°, 40°, 50°, 60°
and 70° is shown in Figure 4.

It can be seen from Figure 4 that the maxi-
mum speed at the outlet of the heat storage channel
is the maximum when the ripple angle is 20°, and
the value is 31.118 m/s. The maximum speed at the
outlet of the heat storage channel with the ripple
angle of 70° is the minimum, and the value is
17.539 m/s. According to the report function in
Figure 4 in fluent software, the average speed at the
outlet of 20°-70° heat storage channel is 10.48,
10.09, 10.05, 9.91, 9.87 and 9.99 m/s respectively.
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Figure 4. Contour of outlet velocity of thermal storage element.
When the ripple angle increases from 20° to 60°,

the average speed at the outlet of heat storage
channel decreases in turn. With the increase of cor-
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rugation angle, the number of oblique corrugations
decreases, the resistance of heat storage channel to
air decreases, and the speed gradually decreases.
The corrugated channel of the 70° corrugated heat
storage element is narrow and close to vertical, and
part of the air flows directly from the channel, so
the speed increases.

3.1.2 Temperature nephogram

When the inlet wind speed is 10 m/s, the tem-
perature nephogram at the inlet of the heat storage
channel with different corrugated inclination is
shown in Figure 5.

Using the report function in Figure 5 in fluent
software, the average temperature at the 16 mm
section at the inlet of the heat storage element with
a ripple inclination of 20°-70° is 318.84, 319.90,
320.75, 321.68, 323.58 and 320.10 K respectively.
The heat exchange performance of the heat storage
element is the best when the ripple angle is 60°, and
the worst when the ripple angle is 20°. When the
wavy angle is 20°, the disturbance in the direction
of temperature gradient is very small, and there is
not enough convective heat transfer between the air
and the wall. When the corrugated angle is 60°, the
contact area between the air and the heat storage
element is the largest, which is conducive to en-
hancing convective heat transfer.
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Figure 5. Temperature contour at 16 mm from the inlet of
thermal storage element.

3.2 Influence of ripple width
3.2.1 Velocity nephogram

When the inlet wind speed is 10 m/s, the ripple
angle is 60°, and the outlet velocity nephogram of
the heat storage channel when the ripple width is
6, 7, 8, 9 and 10 mm is shown in Figure 6 respec-
tively.

It can be seen from Figure 6 that with the in-
crease of ripple width, the outlet velocity of the heat
storage channel increases. When the ripple width is
6-10 mm, the average velocity of the outlet section
of the heat storage channel is 9.48, 9.64, 9.87, 9.98
and 10.01 m/s respectively.
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Figure 6. Contour of lateral velocity at the outlet of thermal
storage element.
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When the ripple width is 10 mm, the outlet
speed of the heat storage channel is the highest, be-
cause the heat transfer effect is good, the air volume
expands more, and the cross-sectional flow rate in-
creases. According to the field synergy theory?®,
compared with other ripple widths, the velocity
field and temperature gradient field of the 10 mm
width heat storage element have better coherence
and stronger convective heat transfer performance.

3.2.2 Temperature nephogram

When the inlet wind speed is 10 m/s, the cor-
rugated angle is 60°, and the corrugated width of
the heat storage element is 6, 7, 8, 9 and 10 mm, the
14 mm temperature cloud diagram at the inlet of the
heat storage channel is shown in Figure 7.
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Figure 7. Temperature contour at 14 mm of the inlet of thermal
storage element.

In fluent software, using the report function in
Figure 7, the average temperature at the 14 mm
section at the inlet of the heat storage channel with
a ripple width of 6, 7, 8, 9 and 10 mm is 316.80,
318.78, 319.00, 319.44 and 319.75 K respectively.
When the ripple width is 10 mm, the heat exchange
performance of the heat storage element is the best,
and the heat exchange performance of the 6 mm
heat storage element is the worst. Increasing the
ripple width can increase the contact area between
air and heat storage elements, which is conducive to
enhancing convective heat transfer.

4. Heat transfer and flow charac-
teristics

4.1 Influence of corrugation angle on heat
transfer coefficient and resistance coefficient

Numerical simulation is carried out by chang-
ing the inlet velocity of the heat storage element
with a corrugated inclination of 20°-70°. Then use
the report function in fluent software to obtain the
parameters such as pressure loss and convective
heat transfer coefficient of all heat storage elements.

The variation of resistance coefficient of heat
storage elements with different corrugated inclina-
tion with Reynolds number is shown in Figure 8. It
can be seen from Figure 8 that the resistance coef-
ficient of heat storage elements with different cor-
rugated angles decreases with the increase of Reyn-
olds number. When the corrugated angle is 20°—60°,
the resistance coefficient of heat storage elements
increases with the increase of the degree of corru-
gated angle, of which 40° and 50° increase rela-
tively more. The drag coefficient decreases when
the ripple angle is 70° compared with 60°, less at
low Reynolds number and more at high Reynolds
number. When the corrugated angle is 70°, the in-
ternal structure of the heat storage channel is not
easy to cause air vortex, and the local pressure loss
is small. Therefore, the resistance coefficient is re-
duced. The flow performance of the heat storage
element is the best when the ripple angle is 20° and
the worst when it is 60°. Comparing Figure 8 with
moody figure, the results are consistent, which
proves that the results are reliable.
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Figure 8. Relationship between resistance coefficient and cor-
rugation angle.

The variation of Nusselt number with Reyn-
olds number of heat storage elements with different
corrugated inclination is shown in Figure 9. It
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can be seen from Figure 9 that the Nusselt number
of heat storage elements with different corrugated
inclination increases with the increase of Reynolds
number. When the corrugated inclination is 20°-60°,
with the increase of the degree of corrugated incli-
nation, the Nusselt number of heat storage elements
increases and the convective heat transfer perfor-
mance improves. Taking the working condition of
inlet speed of 10 m/s as an example, compared with
20°, the Nusselt number of 30°-70° corrugated heat
storage elements increases by 1.22%, 5.01%, 8.62%,
12.37% and 2.33% respectively. When the corru-
gated angle is 70°, part of the air flows directly
from the heat storage channel, with less heat ex-
change, so the Nusselt number increases less. The
heat transfer performance is the best when the wavy
angle is 60°. The wavy angle is more conducive to
the disturbance of the air, making the boundary lay-
er smaller and the heat transfer more sufficient.
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Figure 9. Relationship between Nusselt number and corrugation
angle.

4.2 Effect of ripple width on heat transfer
coefficient and resistance coefficient

Change the inlet velocity of heat storage ele-
ments with different ripple widths, and conduct
numerical simulation respectively. The change of
resistance coefficient of heat storage elements with
different ripple widths with Reynolds number is
shown in Figure 10. It can be seen from Figure 10
that the resistance coefficient of the heat storage
element increases with the increase of the ripple
width. Taking the inlet speed of 10 m/s as an exam-
ple, compared with the ripple width of 6 mm, the
resistance coefficient of 10 mm heat storage ele-
ment increases by only 0.83%, indicating that the

ripple width has little effect on the flow resistance
of heat storage element.

008 e
W N
0.07 -
D
0.06
0.05 ! L ‘
4000 5000 6000 7000

Re
Figure 10. Relationship between resistance coefficient and
ripple width.

The relationship between Nusselt number and
Reynolds number of heat storage elements with
different ripple widths is shown in Figure 11. It
can be seen from Figure 11 that with the increase of
ripple width, the Nusselt number of heat storage
elements increases, especially when it increases
from 6 mm to 7 mm, an increase of 23.9%.
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Figure 11. Relationship between Nusselt number and ripple
width.
4.3 Numerical simulation reliability verifica-
tion

In order to verify the reliability of the numeri-
cal simulation, the simulation results are compared
with the simulation experimental results in litera-
ture™?. When the ripple angle increases from 15° to
60°, the resistance coefficient increases and the
Nusselt number increases. The simulation results
are basically consistent with this paper, indicating
that the conclusion is reliable.

5. Conclusion

(1) When the corrugation angle increases from
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20° to 60°, the resistance coefficient increases, the
Nusselt number increases, and the heat transfer
performance of the heat storage element improves.
When the inlet speed is 6 m/s, compared with the
ripple inclination of 60°, the resistance coefficient
of 70° is reduced by 11.3%, and the Nusselt number
is reduced by 9.81%.

(2) When the ripple angle is 60°, when the rip-
ple width of the heat storage element increases from
6 mm to 10 mm, the resistance coefficient increases
and the Nusselt number increases, and the increase
of Nusselt number is much higher than that of the
resistance coefficient.

(3) Both the corrugation angle and the corru-
gation width are important factors affecting the
Nusselt number of heat storage elements. Compared
with the corrugation width, the corrugation angle
has a greater impact on the resistance coefficient.
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