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Abstract: Gas-gas heaters (GGHs) are used to reheat gases through desulfurization in coal-fired
power plants to reduce low-temperature corrosion and white smoke. Wrinkled heating elements are
installed inside the GGH to perform effective heat exchange. An optimization study of the heating
element shape was conducted to reduce the differential pressure effectively and improve performance.
An integrated analysis model was applied. Based on actual operational data, a computational fluid
dynamic analysis was conducted on the L-type heating element and GGH system. The experiments
applied the optimal latin hypercube sampling method, and numerical analysis was performed for
each sample. Based on the response surface, the result of the sample was optimized through the
pointer algorithm. For the integrated analysis model, validation was performed by comparison with
the actual operational data, and the thermal-fluid characteristics of the heating element and GGH
system were analyzed to set three parameters: plate angle, undulated angle, and pitch 1. From
the optimization result, increases in the undulated angle and pitch 1 reduce the pressure drop by
widening the heating element cross section. By increasing the plate angle, the heat transfer area is
secured and the reduced heat transfer coefficient is compensated, improving the GGH performance.
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1. Introduction

Recently, studies on desulfurization technology have been actively carried out as the regulations
on sulfur oxides emitted from coal-fired power plants have become stronger [1]. Accordingly, to remove
sulfur oxides effectively, a flue-gas desulfurization system (FGD) was installed in a coal-fired power
plant, and related research is underway. There are various types of desulfurization units, but the wet
type is the most popular owing to its high efficiency and economy. In a wet desulfurization facility,
sulfur oxides from the untreated flue gas can be absorbed by injecting water and an alkali solution [2].
Water and the alkali solution react with sulfur oxides so that a sediment of sulfur is generated and
cleaned air is discharged from the reactor. However, the treated gas passing through the absorber has a
low temperature and a high water content, resulting in corrosion of the flow duct and reduction of the
flue-gas emission effect through the chimney. To prevent this phenomenon, and to effectively discharge
the treated gas, most wet desulfurization plants are equipped with a gas-gas heater (GGH) before the
stack to raise the temperature of the treated gas and lower its humidity, as shown in Figure 1a. Rotary
heat exchangers include the Ljungstrom type, where heat exchange takes place through a fixed duct
and a rotor, and the Rothemuhle type, which exchanges heat between a stationary matrix rotor and a
rotating hood [3].
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Figure 1. (a) Overall scheme of coal power plant duct system with flue-gas desulfurization system
(FGD) and rotary heat exchanger for gas reheating; (b) detailed composition of gas-gas heater (GGH)
and its flow region (untreated region and treated region).

Rothemuhle type GGH has less weight and volume than the Ljungstrom type GGH. However,
most power plants use the Ljungstrom type GGH than Rothemuhle type GGH, considering the
installation cost and operational efficiency [4]. To exchange heat, the Ljungstrom type GGH transfers
the untreated and treated gases through separate ducts and through the rotor [5]. To increase the
efficiency of heat exchange, a corrugated heating element is inserted, as shown in Figure 1b.

As the power plant starts to operate, water evaporates as the temperature rises, and the ash
contained in the gas gradually accumulates on the element, resulting in plugging that blocks the flow
path [6,7]. Plugging is a kind of fouling phenomenon, which is different from the slagging caused by
the deposition of ash in the boiler [8,9]. Frequent component replacement, owing to pressure drop in
the GGH, is caused by plugging and fouling and makes it difficult to operate the power plant. Many
related studies have been investigated to avoid the plugging phenomenon, and attempts have been
made to reduce plugging by periodically operating a soot blower that uses steam or air in an effective
manner [10,11]. However, recently, a case was reported in which the heating element was broken by
the strong pressure of the steam or air of the soot blower.
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In this study, optimization of the heating element is performed to improve the performance and
increase the part replacement cycle. There have been many efforts to prevent ash from adhering to the
enamel coating. Stasiek et al. studied corrugated passages by experiments using the thermochromic
liquid crystals method and numerical analysis [3,12]. Vulloju carried out a numerical study on the
heating element and performed a comparative study on the performance between heating elements [13].
Guo-Yan et al. performed a numerical analysis and an experimental study on heat transfer and pressure
drop for cross-corrugated elements [14]. Cho et al. conducted an experimental study on flow and heat
transfer inside a corrugated duct and wavy duct [15,16]. Dimple and protrusion arrays have been used
to increase heat transfer [17] and to incorporate them into heating element.

In recent years, studies on GGH systems have been carried out with a single heating element.
Wang et al. conducted a heat transfer study on a three-dimensional model using a semi-analytical
method on a rotary air preheater [18]. The optimal operational conditions of the rotary heat exchanger
were found using the genetic algorithm by Sanaye et al. [19]. Moreover, leakage of the GGH system
has been studied by several research groups [20,21]. Heidari-Kaydan and Hajidavalloo conducted a 3D
simulation of a rotary heat exchanger and analyzed its performance based on the materials and rotating
speed [22]. A conceptual optimization of a rotary heat exchanger was performed by Dallaire et al. [23].
Recently, a rotary heat exchanger considering the shape of the heating element was studied [24].

In this study, an integrated analysis model that predicts the performance of the GGH system
based on the actual shape of the heating element was built and verified. The shape optimization of the
heating element was performed through a proven integrated analysis model. The actual operating
condition was applied to a simplified model of the GGH of a Korean coal power plant using the L-type
heating element. Based on the integrated analysis model between the heating element and the GGH
system, the thermal-fluid characteristics were analyzed and the performance verification performed.
The response surface method was used to optimize the geometry of the heating element, satisfy the
constraints of the GGH which are maximal pressure drop and minimal temperature change, reduce
the pressure drop, and improve its performance. This research article extends the work described in
ASTFE (American Society of Thermal and Fluids Engineers) Paper No. TFEC-IWHT2017-18168 of
the 2nd Thermal and Fluids Engineering Conference 2017 and 4th International Workshop on Heat
Transfer 2017 [25].

2. Research Method

2.1. Numerical Investigation with the Integrated Analysis Model

2.1.1. Integrated Analysis Model

An integrated analysis model was developed to analyze the pressure drop, temperature change,
and performance of the GGH with changing heating element geometry, as shown in Figure 2.
The integrated analysis model involves combining the numerical simulations of both the heating
element and the GGH system.

The numerical analysis of the heating element is performed and the obtained thermal-fluid results
can be substituted into the input values of the GGH system to predict the overall system performance.
As in the porous media approach of the rotating regenerator studied by Ahmed Alhusseny and Turan,
the rotor of the GGH system is assumed to be the porous media, and the input values of the porous
elements are replaced by the results of the heating element analysis [24]. Among the diverse types of
heating elements, in this study, the L-type heating element was used, owing to its efficient heat transfer
rate and low pressure-loss coefficient.
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2.1.2. Simulation Setup

In this study, the numerical analysis was performed with the commercial code ANSYS CFX 17.2
(ANSYS, Canonsburg, PA, USA) in both simulations. The flue gas is assumed to be an ideal gas, and
the corresponding expressions for temperature, thermal conductivity, dynamic viscosity, and heat
capacity are applied. Because the flue gas composition in the untreated and treated regions is different,
the fluid property expression according to each composition is constructed using REFPROP. In the
flow analysis, the Reynolds number is defined as follows:

Re =
ρuDh

µ
(1)

where ρ, u, Dh, and µ are the density, average velocity of main flow, hydraulic diameter, and
viscosity, respectively. All numerical analyses are interpreted as a steady flow, and the Reynolds
number of the heating element is over 2300, so that the flow in the heating element can be treated as
turbulent. For the turbulence model, the RANS k-ε SST model is applied and the turbulence intensity
is 5%. The unstructured meshes are constructed due to accuracy when used in combination with
inflation at the wall as well as simplicity in grid creation of a complex geometry. As presented in
result of grid test, showing the results of grid tests in the heating element and GGH, 20 million and
2 million meshes were placed in the heating element and GGH, respectively. For the heating element
simulation, the average y plus of the heating element is less than 1. Because the heating element
has periodicity, it is assigned periodic conditions on both sides, as shown in Figure 2. For the top
and bottom of the undulated plate and sides of the corrugated profile, constant wall temperature
conditions are assigned. The temperature values are calculated as the average temperature calculated
from the mean values of the inlet and outlet temperatures of untreated and treated regions. Based on
the actual operating data of a Korean coal power plant, information about the operating conditions and
minimum allowable condition for normal operation can be obtained. The inlet and outlet conditions
of the heating element are set based on the operating conditions of the untreated region. The total
pressure and temperature are inputs to the inlet and the mass flow rate is set at the outlet. As the
mass flow rate through the untreated region of the GGH passes through its heating element by an
amount relative to the area, the mass flow rate to be assigned to the outlet of the heating element can
be defined by the following equation:

Mass Flow Rate,
.

m =
.

mun × (Aoutlet/ AGGH) (2)
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where
.

mun, Aoutlet, AGGH are mass flow rates of the untreated region in the GGH, area of the element’s
outlet, and cross section of the GGH. The mass flow rate for the untreated region can be obtained from
operating conditions, and the cross sectional area of the flow through the outlet and GGH can be easily
obtained from the geometry. The rotor of the GGH, which is considered a porous medium, requires
four input parameters: friction coefficient, heat transfer coefficient, volume porosity, and interfacial
area density. The following two values can be obtained through numerical analysis using the equation
of pressure drop and heat transfer:

Sm =
dp
dx

= CR1U + CR2U2 (3)

∂γρh
∂t

+∇ × (ρKUHt)−∇ × (ΓeK × ∇Ht) = S (4)

where Sm, CR1, CR2, and U are the momentum source, linear resistance coefficient (viscosity over
permeability), quadratic resistance coefficient (pressure drop loss term), and fluid velocity, respectively;
γ, ρ, h, K, Ht, Γe, and S are the volume porosity, density, overall heat transfer coefficient between fluid
and solid, area porosity tensor, mean total enthalpy, effective diffusivity, and source term, respectively.
As the flow in the GGH can be assumed to occur in a direction parallel to the axis of rotation of the
rotor, the pressure loss occurs directionally. In this study, CR1 is negligible because momentum loss
is more dominant than pressure loss owing to the viscous effect because the entire flow is turbulent.
Therefore, only CR2 is used as the friction coefficient. The expression for CR2 is as follows:

Friction Coefficient, CR2 =
∆P

L
(

Uin
2
) (5)

where CR2, ∆P, L, and Uin are the friction coefficient, pressure drop, length of heating element, and
average velocity of fluid at the inlet, respectively. Because steady flow is considered, the term related
to time in the energy equation is deleted and the calculation for the remaining terms is performed.
The heat transfer coefficient is defined as follows:

Heat Transfer Coefficient, h =
qwall(

Twall − T f luid

) (6)

where h, q, and T are the heat transfer coefficient, heat flux, and temperature, respectively. The upper
bar indicates the mean value. T f luid is the bulk mean inlet fluid temperature. The interfacial area
density and volume porosity are determined by the following equations related to the geometry of the
heating element:

Interfacial Area Density, IAD =
Areaelement

Volume f luid+solid
(7)

Volume Porosity, VP =
Volume f luid

Volume f luid+solid
(8)

where IAD, VP, Areaelement, Volume f luid, and Volume f luid+solid are the interfacial area density, volume
porosity, area of the solid part in the single heating element, volume of the fluid part in the single
heating element, and sum of the fluid and solid volumes in the element. The friction coefficient and
heat transfer coefficient vary depending on the flow, and the interfacial area density and volume
porosity are values that vary depending on the shape of the element. The rotating speed of the GGH
is set at 1.52 rpm. The rotating speed is used only in the GGH simulation, and it does not apply to
the heating element simulation because the rotor rotates slowly. The performance of the GGH was
calculated as follows:

Performance, η =
Heat Transfer Rate

Pumping Power
=

.
Q
.

W
(9)
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where
.

Q and
.

W are the heat transfer rate and pumping power, respectively.

.
Q =

.
mCP∆T, ∆T = |Toutlet − Tinlet| (10)

.
W =

.
V∆P, ∆P = |Poutlet − Pinlet| (11)

where
.

m, CP and
.

V are the mass flow rate through the rotor, heat capacity of fluid, and volume flow
rate of gas, respectively.

2.2. Optimization of Heating Element

Designing optimization techniques is an important engineering process. In this study, the response
surface method (RSM) is effective for setting several variables. Therefore, a thermal-fluid analysis is
performed using ANSYS CFX to generate the response surface, and the optimization program Isight
(Dassault systemes, Vélizy-Villacoublay, France) is used to design the experiment and optimization
process. According to Myers and Montgomery, a polynomial is used to generate the response surface
using the approximation [26]. To generate samples, there are many types of experimental designs.
According to Lautenschlager et al., there are various types of experimental designs, such as the full
factorial design and orthogonal array [27]. In the past, the center composite design (CCD) technique,
which mainly captures the samples at the endpoint of boundary and midpoint of them, was often used.
Myers et al. have recently used latin hypercube sampling (LHS), an efficient method [26]. The LHS
is a method proposed by Mckay, which is efficient in that the parameters of the multi-objective
optimization are sampled so that they do not overlap with each other [28]. In this study, the design
of the experiment was set up using the optimal latin hypercube sampling method (OLHS), which is
an advanced LHS. Because there are three variables, a total of 27 samples were set up, and numerical
simulations were performed for each sample to generate the response surface from the obtained
results. The response surface type is set to kriging, which is a method of creating a response surface
by interpolating through random values generated by the experiment design. The optimum value
search uses a pointer algorithm that is easy to handle because there are several values to be found in
the result and there are many types of inputs for each value [29]. In the GGH, a constraint was set to
reduce the temperature change by less than 1% while generating a loss of 4%, less than the existing
pressure drop. The overall optimization procedure is outlined in Figure 3.

The heating element module is a periodic regular array of plates and profiles made of steel in an
intersecting fashion. As shown in Figure 4, the angle between the flow direction and the corrugation
direction of the plate is defined as α, the interval between the pleating period of the plate is defined as
pitch 1, P1, and the distance from one undulated plate to another undulated plate is defined as pitch 2,
P2. The perpendicular distance from the profile center line at the 0.5 P2 position between the plate to
the profile outer edge is designated as height, H. The height varies according to geometry, and it can
be expressed as follows:

H =
1
2

[
P2 −

P1

2 tan ( β
2 )

]
(12)

In the case of the heating element, the plate thickness is almost uniform to reduce the cost.
To achieve a thickness of 0.9 mm in the manufacturing process and to prevent scale formation, the enamel
coating is of 0.3 mm thickness. Therefore, the total thickness t of the test piece was set at 1.2 mm.

Further, it is assumed that the thickness is constant during operation without considering the
effect of fouling. To optimize the heating element as presented in Table 1, the bound values of each
parameter are given in consideration of the fabrication process, and the initial values are set as the base
values. The inlet and outlet areas of the flow were added for the heating element analysis. The width
of the element was 43 mm, the length of the element was 525 mm, and the length of the fluid area
added to the inlet and outlet was set to 100 mm.
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Table 1. Parameters of L-type heating element with lower and upper bounds for optimization.

Parameters Units Lower Bound Base Upper Bound

Plate angle, α 30 30 60
Undulation angle, β 72 78 90

Pitch 1, P1 mm 15 17.2 19
Pitch 2, P2 mm - 12.6 -

Element length, L mm - 525 -
Thickness, t mm - 1.2 -

The GGH is designed by simplifying the shape using a rotor, which has a diameter of
approximately 13 m, and a duct system, as shown in Figure 2. As a flue gas, the untreated gas
passing through the boiler and electrostatic precipitator (ESP) as presented in Figure 1a enters from the
lower part of the duct, passes through the rotor, which is the rotating area, loses heat, and escapes to
the pink outlet. The gas that has escaped goes to the absorber, passes through the absorbent, becomes
a low-temperature treated gas, and enters the sky blue GGH inlet through the blower. The treated gas
passes through the rotor again and receives heat from the untreated gas and is exhausted to the treated
gas outlet having a yellow color.

3. Results and Discussion

3.1. Thermal-Fluid Characteristics

For the numerical analysis, a grid test was performed on the heating element and the GGH system.
Table 2 presents the result of the grid test for the heating element and GGH system. The number of
grids is increased, and the difference from the previous value is less than 1%.

Figure 5 shows the results of the heating element analysis for the section cut at regular intervals
(7.5 mm) within y = 185 mm to y = 225 mm. Figure 5 shows the flow characteristics of the heating
element with a cross sectional streamline and turbulence intensity at a specific location. Near the wall,
the velocity is low owing to the boundary layer caused by the no-slip condition, and the flow part far
from the wall has a high velocity. The near wall flow is formed by the geometry of the undulated plate,
which causes the rotating flow. The near wall flow and the rotating flow show that the turbulence
intensity is high on the wall of the plate and profile. The equation of turbulence intensity is as follows:

Turbulence intensity =

√
(u′)2

u
=

[ 1
T0

∫ t0+T0
t0

(u′)2dt]
1/2

u
(13)

where u, u′, t0, T0, and upper bar are the velocity of the fluid, fluctuation of velocity, initial time, final
time, and mean value of the specific parameter, respectively.

Table 2. Friction coefficient of heating element and average performance of gas-gas heater (GGH)
system in accordance with number of cells.

Target Grids Values Error [%]

Heating Element (Friction Coefficient, kg/m4)

3.58992 × 106 2.60217 21.2
6.86075 × 106 2.35021 9.50
1.42655 × 107 2.16611 0.93
2.01201 × 107 2.14663 0.02
2.18297 × 107 2.14624 -

GGH system (Average Performance)

1.14401 × 106 53.52307 12.0
1.52084 × 106 57.8901 4.82
1.65237 × 106 59.37745 2.38
1.92192 × 106 60.7366 0.14
6.50828 × 106 60.82319 -
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The distribution of the heat transfer coefficient can be deduced from the turbulence intensity
analysis, as shown in Figure 5. Figure 6 shows the heat transfer coefficient distribution for some areas
of the heating element. The above contour shows the heat transfer coefficient distribution on the wall
surface of the undulated plate and the contour below shows the heat transfer coefficient distribution
on the wall surface of the corrugated profile. The distribution of the heat transfer coefficient depends
on the shape of the undulated plate, plate angle, and pitch 1. In the geometry of undulated plate,
a combination of plate angle and undulation angle functions as a rib in a channel. These results are
similar to those of previous studies conducted by Cho et al. [30–35]. The high value can be understood
by analyzing the turbulence intensity in Figure 5. The heat transfer coefficient is high at the point
where the turbulence intensity is strong, which depends on the shape. In addition, the impinging point
shown in Figure 5 results in a locally high heat transfer coefficient. After the impinging point formation,
the flow is turned back, and this also depends on the shape of the plate. It is found that the geometry
of the undulated plate is important in parameter setting when optimization is performed. Therefore,
the plate angle, undulation angle, and pitch 1, which influenced the flow of the undulated plate, were
influenced by the heat transfer coefficient. Figure 7a shows the overall temperature distribution of the
GGH rotor. The untreated inlet with hot air and the lower surface with the heated outlet where the
cold air is reheating have a relatively higher temperature than the upper surface with the flow of cold
air. This can be seen from the analysis according to the height direction, as shown in Figure 7b. The left
side of Figure 7b shows the treated region and treated gas flows from the bottom to the upper of the
rotor. The blue arrow is a treated gas inlet flow direction and the yellow arrow is a treated gas outlet
flow direction. The right side of Figure 7b shows the untreated region and untreated gas flows from
the upper to the bottom of the rotor. The red arrow is an untreated gas inlet flow direction and the
pink arrow is an untreated gas outlet flow direction. Moreover, the temperature gradient according
to the position of the rotation direction is generated according to the rotation direction, as shown in
Figure 7c. Solids in the rotor heated in the untreated region gradually cool down to the treated region.
The average temperature of the rotor decreases along the axis z from 262.5 mm to −262.5 mm because



Energies 2017, 10, 1932 10 of 19

the outlet gases of both regions are colder than the inlet gases. The lower region near the FGD shows
a low temperature distribution owing to the influence of the heat taken by the reheating, the wet
desulfurization in the FGD, and the influx of moisture and cold gas. For a more specific analysis, cross
sections of the middle span of the rotor are shown, such as A to A and B to B. The A–A plane shows
identical temperature contours for both the untreated and treated regions. At the B–B plane, the right
side of the figure is cooler than the left side, owing to the change of flow region. The hot gas of the
untreated region makes the rotor warm, while the cooled, treated gas decreases the rotor temperature.
Figure 7d shows the temperature gradient inside the rotor. Overall, the temperature at the top is hot
because the hot flue gas enters the untreated region, is reheated, and then the heated gas exits the duct
outlet. It can also be seen that the heat exchange rate is greater inside the rotor than outside of it.
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In the inner region, the temperature gradient in the z direction is large, but the temperature
difference becomes smaller as the temperature increases toward the outer region. Therefore, it can be
deduced that most of the heat exchange takes place in the inner region of the rotor.

The validation of the GGH system performance using the integrated analysis model was
performed with the actual operational data of a Korean coal-fired power plant, as shown in Figure 8.
In the validation, the actual operational data of pressure drop and temperature change in the untreated
and treated regions, from 20 to 26 March 2015, was utilized. In that period, the measuring equipment
stabilized immediately after the heating element replacement owing to overhaul. OPE means the
operational data and CFX means the result of numerical analysis.

Because of the validation, it can be seen that the pressure difference does not vary significantly
and the temperature variation also follows the same trend. This is because the heat transfer coefficients
used in the single heating element analysis are the result of using the average value, which is analyzed
as an error caused by the porous analysis. Therefore, it can be solved if the heat transfer coefficient is
multiplied by the same value for validation, and it is confirmed that the temperature change is well
suited to the actual performance. Therefore, the integrated simulation between the heating element
and GGH proposed in this study shows performance prediction capability.
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3.2. Optimal Design

As shown in Figure 9, response surfaces can be drawn from the optimization procedure. The figure
shows the dimensionless parameter of the heating element for the GGH performance with constraints
of pressure drop and temperature change. Figure 9a shows that the increase of the undulation angle
improves the GGH performance but the influence of pitch 1 is relatively insignificant. Figure 9b shows
that decreasing pitch 1 and the plate angle improves the GGH performance. Figure 9c shows that
increasing the undulation angle and plate angle improves the GGH performance. The polynomial
equations for the dimensionless parameters can be obtained by combining the cases as below.
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The optimal design of the heating element was obtained from the polynomial equation by
considering the constraints of pressure drop and temperature change. All variables were increased,
and especially the plate angle was increased by approximately 66%. The undulation angle was
increased by approximately 7%, and pitch 1 was increased by 0.6%.

Figures 10 and 11 compare the distribution of heat transfer coefficients and pressure in the
undulated plate and corrugated profile for the base and the optimal designs of the heating element.
In Figure 10a, the heat transfer coefficient is distributed according to the shape of the plate angle of
the undulated plate. In the contour of the corrugated profile, a high heat transfer coefficient occurs
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near the stagnation point caused by the contact surface of the undulated plate and the corrugated
profile, respectively.

Figure 10b shows the pressure distribution in the base and optimal heating element designs.
In both cases, the pressure tends to decrease along the y-direction. The pressure drop of the base
heating element was found to be larger than that of the optimal heating element.
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For the quantitative comparison of the heat transfer coefficient and pressure, the local data about
the central point of the flow direction of the heating element can be obtained as shown in Figure 11.
Figure 11a shows that the heat transfer coefficient tends to oscillate according to the measurement
position x in the flow direction. This oscillation is due to the influence of the undulated plate and a
result of the complex interaction between the near-wall and rotating flows. The heat transfer coefficient
in the optimal design appears to vibrate more than the base design. This is because the plate angle
of the optimal design is larger than that of the base design, which causes more undulation and more
flow disturbance. Both the base and optimal designs of the heating element have generally a higher
heat transfer coefficient on the undulated plate than on the corrugated profile. This is because the
turbulence intensity near the undulated plate is higher than that in the corrugated profile, as shown in
Figure 5. Owing to the increase of the undulation angle in the optimal design, the flow cross-sectional
area becomes wider and the intensity of the rotating flow caused by the near-wall flow becomes
weaker. As a result, the heat transfer coefficient of the optimal design is reduced overall compared
to the base design. However, the expanded cross-sectional area owing to the change in undulation
angle and pitch 1 benefits from the pressure drop because of smooth flow, as shown in Figure 11b.
It also shows an oscillation in pressure owing to the effect of the undulated plate. The larger pressure
oscillation in the optimal design is owing to the plate angle being larger than the base design, resulting
in additional undulation.
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Table 3 gives the results of the GGH system using the base heating element and the GGH system
using the optimal heating element. Analysis of the thermal-fluid characteristics of the heating element
showed that the area-average heat transfer coefficient decreased in the optimal design versus the
base design. Moreover, as the pressure drop decreases, the friction coefficient in the optimal design
also decreases. Additionally, as the plate angle increases, the heat transfer area increases, and the
optimal design of the Interfacial Area Density, IAD and Volume Porosity, VP becomes larger than
that of the base design. Because of substituting the single element simulation results of the optimal
heating element into the GGH rotor, the differential pressure decreased in both the untreated and
treated regions.

Table 3. Thermal-fluid characteristics comparison of base and optimal design on heating element and
GGH system.

Target Object Base Design Optimal Design

Heating Element

Area average heat transfer coefficient, h 35.07 W/m2 K 34.04 W/m2 K
Friction coefficient, CR2 2.75 kg/m4 2.37 kg/m4

Interfacial area density, IAD 315/m 322/m
Volume porosity, VP 0.68 0.74

GGH system

Average pressure drop at untreated region 220 Pa 198 Pa
Average pressure drop at treated region 357 Pa 335 Pa

Average temperature change at untreated region 16.3 K 15.9 K
Average temperature change at treated region 15.6 K 15.4 K

Average performance, η 60.7 65.4

This is because the friction coefficient of the optimal design is smaller. In terms of pressure drop,
it is better to use the optimal design, but it is better to use the base design in terms of temperature
change. It can be seen that the temperature change is larger in the GGH using the base design than
when using the optimal design. This is because the heat transfer coefficient of the base design is larger.
However, the difference in temperature change is not large because the heat transfer area is increased
in the optimal design, which reduces the heat transfer coefficient reduction effect owing to the decrease
in the heat transfer coefficient. Consequently, the performance of the GGH system using the optimal
design was improved by approximately 7.7%, because of the reduction effect of the pressure drop.

4. Conclusions

In this study, optimization of heating element shape was performed to improve the performance
of the GGH system. For this purpose, an integrated analysis model was used to build a GGH system
performance prediction method considering the heating elements, and verification with the actual
operational data of a coal power plant was carried out. The four input variables, namely the friction
coefficient, heat transfer coefficient, interfacial area density, and volume porosity of the porous GGH
system rotor were obtained from the single channel simulation result of the heating element, with
specific variables under constraints. The four variables were inputs to the GGH rotor, and a simulation
was performed on the GGH to calculate the performance. The plate angle, undulation angle, and
pitch 1 were selected as the parameters of the heating element. The four input variables including
friction coefficient, heat transfer coefficient, interfacial area density, and volume porosity were changed
according to the geometrical parameters which are the plate angle, undulation angle, and pitch 1.
Then, the performance of the GGH system changed accordingly. A total of 27 samples was constructed
and a numerical analysis was performed for each sample. We optimized the response surface through
kriging and found an optimal heating element with a pitch 1 similar to the base, with a plate angle 66%
larger, and an undulation angle 7% larger than the base design. The GGH system with the optimal
design showed a 10% decrease in pressure drop, relative to the base design, on the untreated region and
a 2% decrease in temperature change. We also showed a 6% reduction in pressure drop versus the base
design in the treated region and a 1% decrease in the temperature change. From this, we determined
that the performance of the GGH system improved by approximately 7%.
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By increasing the plate angle of the heating element, it is possible to improve the performance of
the GGH system, by reducing the undulation angle while increasing the heat transfer area, and by
increasing pitch 1 to increase the cross-sectional area of the flow. Using the procedure employed in this
study, it is possible to optimize the GGH system performance with a different type of heating element
and duct system for both Ljungstrom and Rothemuhle type GGH.
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Nomenclature

FGD flue gas desulfurization system
GGH gas-gas heater
Re Reynolds number
u average velocity of main flow (m/s)
Dh hydraulic diameter (m)
RANS Reynolds averaged Navier-Stokes equations
.

m mass flow rate (kg/s)
.

mun mass flow rate of untreated region in GGH (kg/s)
Aoutlet the area of heating element’s outlet (m2)
AGGH cross section of GGH (m2)
Sm momentum source (Pa/m)
CR1 linear resistance coefficient (kg/m3)
CR2 quadratic resistance coefficient (kg/m4)
U fluid velocity (m/s)
h heat transfer coefficient between fluid and solid (W/m2 K)
K area porosity tensor (m2/K s)
Ht mean total enthalpy (J)
Γe effective diffusivity (m2/s)
S source term (kg W/m K s)
∆P pressure drop (Pa)
L length of heating element (mm)
Uin average velocity of fluid at inlet (m/s)
q heat flux (W/m2)
T temperature (K)
T f luid bulk mean temperature (K)
IAD interfacial area density (1/m)
VP volume porosity
Areaelement area of solid part in single heating element (m2)
Volume f luid volume of fluid part in single heating element (m3)
Volume f luid+solid sum of the volume for fluid and solid in element(m3)
.

Q heat transfer rate (W)
.

W pumping power (W)
.

M mass flow rate through the rotor (kg/s)
CP heat capacity of fluid (J/kg K)
.

V volume flow rate (m3/s)
RSM response surface method
CCD center composite design
LHS latin hypercube sampling method
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OLHS optimal latin hypercube sampling method
P1 pitch 1 (mm)
P2 pitch 2 (mm)
t thickness (mm)
H height of corrugated profile (mm)
u′ fluctuation of velocity (m/s)
t0 initial time (s)
T0 final time (s)

α
αbase

non-dimensional plate angle
β

βbase
non-dimensional undulation angle

P1
P1,base

non-dimensional pitch 1
h area average heat transfer coefficient
η average performance
x coordinate in the x-direction
y coordinate in the y-direction
z coordinate in the z-direction
Greek Symbols
ρ density (kg/m3)
µ viscosity (Pa s)
γ volume porosity
η performance of GGH
α plate angle (◦)
β undulation angle (◦)
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