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ABSTRACT

Shell-and-tube heat exchangers are widely used in many research fields and industrial production processes,
but little research has been conducted on the use of heat exchangers for drying crops. This study conducted
a numerical simulation of the temperature, velocity, and pressure fields based on the shell-and-tube fluids of
a heat exchanger in a biomass particle hot-blast stove. The correctness of the simulation results was verified
by test data before simulation, and the mesh was verified to be irrelevant. The application of a multi-objective
genetic algorithm in heat exchanger design and optimization was explored, considering five design variables,
such as hot tube diameter, transverse pitch, longitudinal pitch, cold flow velocity, and hot flow velocity for
optimization. The Nusselt number, friction factor, and comprehensive performance coefficient were used as
objective functions for 2D and 3D response surface analysis. The final design variables P1=74.91 mm,
P2=104.23 mm, P3=121.37 mm, P4=4.83 m/s, and P5=8.48 m/s were obtained to improve the comprehensive
performance coefficient by 16.11%. The heat transfer performance was improved by 9.55% and the resistance
performance was reduced by 15%.
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INTRODUCTION

Despite the global shortage of energy, most traditional drying devices are coal fired. As an alternative,
biomass pellet hot-air stoves are energy-saving and environmentally friendly drying devices that provide a heat
source for drying crops. These furnaces are fueled by renewable energy sources such as plants (including
algae, wood chips, and crops) and organic substances such as livestock manure, with improved combustion
conditions (Wickramaarachchi and Narayana, 2020; McKendry, 2002). The parts comprising these furnaces
include a heat exchanger, combustion chamber, and blower. The role of the heat exchanger is to transfer heat
from the hot fluid to the cold fluid device, and its performance directly affects the applicability and reliability of
the biomass pellet hot-air furnace. Many experimental and humerical methods have been proposed to obtain
the natural-convection heat transfer and fluid flow characteristics of shell-and-tube tube heat exchangers.

Numerical simulations and computer techniques are increasingly used by scholars to analyze and solve
a multifaceted range of drying problems. Numerical simulation has developed relatively quickly in China and
has evolved from being used to validating models to solving practical problems, which requires a rigorous
combination of theory with practice (Jiang et al., 2021).
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As for the structure of a heat exchanger, to improve performance to reduce the drop in the pressure of
the shell-side fluid, scholars have investigated the thermal performance of tie round tubes, embedded ties,
spiral ties, spiral bellows, and spiral folded plates at different shell velocity (Guo et al., 2011; Liu et al., 2015;
Tan et al., 2012; Sharifi et al., 2018; Dong et al., 2015). In addition, some scholars have studied the effect of
different heat exchanger tube diameters and different baffle sizes on the thermal performance of heat
exchangers at different shell velocity (Chen et al., 2016; Xie et al., 2019; Nagqvi et al., 2019; Shabhril et al.,
2017), and other scholars have studied the effect of different fluid materials on heat exchanger performance.
Sheikholeslami et al., (2015), studied the fluid flow and heat transfer in an air-water double tube heat
exchanger, and Heydari et al., (2018), used numerical simulations to study how the addition of different
nanoparticles to the fluid affects the performance of a folded plate shell and tube heat exchanger. Kim and
Cho (2018) analyzed the airside heat transfer and pressure drop of louver-finned parallel flow heat exchanger.
In summary, many scholars have formulated schemes to improve heat exchanger performance in terms of
structure, dimensions, and fluid materials—achieving great breakthroughs in numerical simulations, whether
in China or abroad. However, the final goal of these studies was to improve heat exchanger performance.

Thus, in this study, the boundary conditions were calculated for a heat exchanger according to the
design requirements of a biomass pellet hot-blast furnace. Ansys Fluent software was used to perform
numerical simulations of two-phase flow heat transfer, and the structural and flow parameters of the heat
exchanger were optimized with multi-objective optimization methods (Kamiyama et al., 2022; Tharakeshwar
et al., 2017; Mirzaei et al., 2017; Raja et al., 2017a, 2017b; Gu et al., 2019). The optimal parameters under
different operating conditions were summarized by response surface analysis, and the adequacy was analyzed
to prove the reliability of the results; the sensitivity was analyzed to determine the weights of the design
variables on the output parameters. For single-objective optimization problems, it is difficult to weigh the
contradictions of multiple objective functions, whereas multi-objective optimization methods can solve such
problems. This method enables simultaneous optimization of multiple variables, with a high degree of
continuity in optimization, and provides good predictability and intuition for heat exchanger design, which
ultimately leads to optimal design parameters.

MATERIALS AND METHODS
Establishment of heat exchanger model

The focus of the research was on heat exchangers in biomass particle hot-blast furnaces. In this study,
the heat exchanger was composed of four tube processes and one shell process. The gas in the tube side
was a high-temperature flue gas produced through combustion in a biomass pellet furnace, and the air in the
shell side was at room temperature. High-temperature air is obtained through heat exchange in a hot tube,
and at a certain temperature, the air enters the dryer to dry the grain. The total length of the heat exchanger
was 1,900 mm, the total width was 610 mm, the total height was 1,540 mm, and the tube diameter of the heat
exchanger tube was 76 mm. The computational domain in this paper consists of a solid domain and two fluid
domains (air domain and flue gas domain) as shown in Fig. 1. The simplified model of heat exchanger is mainly
consisted of shell, heat transfer tube bundle and baffle plate.
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Fig. 1 - Simplified heat exchanger model
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Setting materials and boundary conditions

The heat exchanger of the biomass pellet hot-blast stove was made of Q235 steel, when analyzing the
flow field of the heat exchanger model, the material properties of the air and high-temperature flue gas should
be fully considered. The materials were defined through the Fluent software, and the specific material
parameters (Zhang et al., 2009) are presented in Table 1.

Table 1
Material characteristics set
. Density | Specific Heat | Thermal conductivity | Viscosity
Materials 3 2
(kg/m>) [J/(kg-K)] [W/(m-K)] (m*/s)
Steel 7850 502 48.6
Air 1.205 1005 0.0259 1.81x10 -5
Flue gas 0.363 1239 0.0827 4.07x10 5
According to the design requirements, 200,000 kcal of heat is generated per hour:
W = Qout = 200000 kcal / h =232.60 kW (1)

Because of the design of the hot-air stove, the thermal efficiency cannot reach 100%. Due to the thermal
resistance between the solid wall of the heat exchanger and the fluid, and the heat loss from the environment
was considered. Thus, a 20% heat transfer loss was therefore considered:

Qin=W x (1— 20%) = 186.08 KW @)
Qin= CairmairAt1 (3)
Qout = CfumemfumeAt2 4)
Mair = pairVairAin (5)
Mfume = pfumerumerut (6)
43S
D= T (7)

where:

Qin, Qout is the heat absorbed by air per hour and the heat emitted by the flue gas per hour, (kW).
Cair, Crume IS the average specific heat capacity of air and the average specific heat capacity of flue gas,
[kJ/(kg/K)]. mair, Mume is the mass flow of air and the mass velocity of flue gas, (kg/s). Ati, Atz is the air
temperature difference and the flue gas temperature difference, (°C). pair, pume IS the average density of air and
the average density of flue gas, (kg/m?). Vair, Viume is the air velocity and the flue gas velocity, (m/s). Ain, Aout is
the air inlet area and the flue gas inlet area, (m?). D is the hydraulic diameter, (m). S is the effective area of
total flow, (m?), and L is the wet circumference, (m).
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Heat pipes

Fig. 2 - Heat exchanger boundary condition profile

The air inlet is calculated using a normal air temperature of 20°C. However, according to the design
requirements of the hot-air outlet, the temperature must reach 80°C. The temperature difference is therefore
60°C. If the average specific heat of the air is 1.007 kJ/(kg/K), the density of the imported 20°C air is 1.205
kg/m3, and the air inlet cross-sectional area is 0.6 m?, using equations (1), (3), and (5), the air inlet velocity is
approximately 4.26 m/s.
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During the heat exchange between the flue gas and air, the temperature of the flue gas changes with
time. According to the test experience, the temperature of the flue gas produced by the combustion of biomass
particles can reach 700°C. According to the design requirements, to make full use of the heat generated by
the high-temperature flue gas, the flue gas outlet temperature must be below 100°C. The temperature
difference is therefore 600°C. If the average specific heat is 1.1535 kJ/(kg/K), the density of the 700°C flue gas
is 0.363 kg/m3, and the flue gas inlet cross-sectional area is 0.1125m?, using equations (2), (4), and (6), the
flue gas inlet velocity is approximately 8.23 m/s.

The hydraulic diameter is a common physical quantity used when dealing with flow in non-circular pipes
and is defined as four times the ratio of the total flow effective area to the perimeter. It is necessary to calculate
the hydraulic diameter because of the setting requirement during the simulation. According to equation (7), the
hydraulic diameter of the air velocity inlet can be calculated as 0.75 m and the hydraulic diameter of the flue
gas velocity inlet is 0.3263 m. The boundary condition profiles are indicated in Fig. 2.

Method for evaluating the heat transfer performance of the heat exchanger

Researchers continually strive to improve heat exchange with less power consumption, and humerous
evaluation indexes to assess the performance of heat exchangers have been proposed. The main parameters
evaluated are Nusselt number, pressure drop, heat transfer factor, friction factor, etc. The standard for
measuring heat exchangers investigates heat transfer and resistance performance. The balance between the
two has attracted much attention. The heat transfer factor and friction factor comparison method was proposed
by Kays and London (1984).

In this paper, the optimized output parameters: the heat transfer performance is evaluated by the Nusselt
number Nu, the resistance performance by the friction factor f, and the comprehensive performance by Pec,
which are denoted by P6, P7, and P8, respectively.

hD
Nu=— 8
u=- (8)
2D/ Lo)
f :Ap( 9
— )
Nu
PECZW (10)

where: h is the convective heat transfer coefficient, D is the hydraulic diameter, K is the thermal conductivity
of fluids, p is the fluid density, V is the fluid inlet velocity, Ap is the differential pressure between the fluid inlet

and outlet within the unit, and Lo is the heat exchanger tube length (1m).
The convective heat transfer coefficient:

_Q
Aatm
where: Q is the heat flux of fluid, A is the heat transfer area, Atm is the logarithmic mean temperature difference.

(11)

RESULTS
Grid independence verification

Fluent meshing is a powerful and highly robust mesh generation software with high-quality tetrahedral
mesh and hexahedral core mesh generation algorithms. To get the grid-independent results, different cell sizes
were set and the mesh models with 390W, 261W, 197W and 128W grid cells were obtained.

Setting the same boundary parameters, the shell-side outlet temperature and the pressure drop are
obtained as shown in Table 2.

Table 2
Result of grid-independence
Grid number/(W) | Pressure drop/(Pa) | Relative error/(%) | Outlet temperature(°C) | Relative error/(%)
390 372.12 — 88.71 —
261 377.55 1.46 88.33 0.43
197 386.73 3.93 87.53 1.33
128 419.62 12.76 90.04 1.50
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It can be found from Table 2 that the relative error of the grid model with a grid number of 261w is the
lowest at 1.46% and 0.43%. It indicated that the difference between the calculation results of the two grid
models was small, which reduced the number of grids by about 130W and shortened the calculation time.
Therefore, the final heat exchanger was calculated using the 261W cell grid model.

The accuracy of the simulation was verified, the air outlet temperature was monitored, and the outlet
temperature reached stability at about 300 steps (Fig. 3) and 88°C. This temperature deviates slightly from the
calculated value of 80°C obtained under ideal conditions but meets the design requirements; thus, the
simulation results are credible.
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Verification of numerical simulation correctness
In order to verify the correctness of the numerical simulation, the temperature variation of the hot air

stove from ignition to hot air outlet temperature stabilization in 60 min was collected during the test of the hot
air stove product as shown in Fig. 4.
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Fig. 4 - Variation of air outlet temperature with time  Fig. 5 - Biomass pellet hot air stove test device

The biomass pellet hot air stove test device is shown in Fig. 5. The temperature was measured every
5 min during the machine operation. The temperature was stabilized at about 100°C after 50 min of machine
operation, and the temperature at 60 min was 100.7°C. The cold flow rate under this test condition is 4.5m/s,
the ambient temperature is 23°C, and the hot flow rate is 7.8m/s. The simulation of this test condition results
in an outlet temperature of 90.67°C. The difference between the simulation result and the test result under this
condition is about 10.03°C, and the error is about 9.96%. The temperature difference of simulation result is
70.67°C in this condition, and the temperature difference of test is 77.7°C, and the error of both is 9.05%.
Although there are some errors between the simulation results and the experimental results, these differences
are attributed to the simplification of the model and the unavoidable measurement errors, which are also within
the error tolerance. In the simplification of the heat exchanger model, the features irrelevant to the simulation
will be reasonably deleted, simplified as follows: 1. Hot blast stove in the process of combustion, the ash
cleaning port is closed, so the ash cleaning port at the bottom of the heat exchanger will be simplified. 2. The
connection of the hot tubes will appear welded seams, the impact of the weld is ignored. 3. The bottom of the
hot blast stove is connected by the channel steel, this paper analyzes the heat exchanger flow field, so the
impact of the bottom channel steel is ignored. It is necessary to ensure the accuracy of the measurement, and
high-precision sensors should be used to reduce the instrument error.

249



Vol. 69, No. 1/2023 INMATEH - Agricultural Engineering

Numerical simulation results of the shell side

After modeling, meshing, determining the solution model, and defining the boundary conditions, the
model was imported into a computational fluid dynamics program to obtain a numerical solution. The
distribution of the temperature, air velocity, and pressure field inside the tube and shell side of the heat
exchanger were obtained, and the accurate temperature distribution required for the finite element structural
analysis was obtained for fluid mechanics and heat transfer. The temperature, velocity, and pressure field
distribution in the middle section of the heat exchanger shell (Y = 0 mm) is presented in Fig. 6.
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(c) Velocity vector diagram of shell section  (d) Pressure field distribution of the shell section

Fig. 6 - The result of shell side simulation

The clouds for the distribution of the cross-sectional temperature of the heat exchanger shellat Y =0
mm are illustrated in Fig. 6(a). The change in the temperature of the shell side was large; the temperature of
shell-side fluid increased after absorbing heat along the direction of fluid flow; and room-temperature air rushed
toward the heat exchanger tube wall surface from the inlet to the outlet, which lowered the temperature inside
the heat exchanger tube while initiating the process of heat exchange with the high-temperature flue gas. The
lowest temperature at the inlet end of the heat exchanger was approximately 20°C, which was the boundary
temperature set before the heat exchanger calculation, whereas the highest temperature at the outlet end
reached approximately 98°C and the high-temperature region was concentrated on the first tube section. The
average surface temperature at the outlet was calculated to be approximately 88°C in Fluent software. The
end product was high-temperature air of 80°C, indicating that the product met the design requirements under
the speed conditions.

The cross-sectional velocity of the heat exchanger shell at Y = 0 mm and the distribution clouds of the
velocity vectors are presented in Fig. 6(b) and (c). Due to the obstruction of the heat exchanger tube when the
air flowed through the heat exchanger tube bundle, the air on either side of the heat exchanger tube entered
the narrow space between the two heat exchanger tubes separately. Because of the rapid decrease in flow
space, the velocity of air in this narrow channel then suddenly increased. At the back of each heat exchanger
tube, the speed value was low and the degree of thermal mixing was therefore small, resulting in poor local
heat transfer and the formation of a flow “dead zone.” In this zone, the heat exchanger heat transfer area could
not be fully utilized; thus, the heat transfer coefficient and heat transfer efficiency decreased and this area was
easy to scale.

The distribution cloud of the cross-sectional pressure of the heat exchanger shell side at Y = 0 mm is
presented in Fig. 6(d). Air flowed in the shell side of the heat exchanger, and the effect of the blockage on the
heat exchanger tube bundle became increasingly obvious, gradually decreasing the shell side pressure. From
the perspective of the Bernoulli equation (equation 12), the total energy of the inlet section is equal to the total
energy of the outlet section, which includes pressure potential energy, position potential energy, and kinetic
energy. In the same section, the position potential energy is equal, and the loss of pressure reflects the change
of kinetic energy at the inlet and outlet.

P1+ %pvl2 + pghi= P2+ %pvg + pgh2 (12)

where: P1, P2 is the inlet and outlet pressure, hs, hzis the position height.
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Numerical simulation results of the tube side

The temperature, velocity, and pressure field distribution in the middle section of the heat exchanger
tube side (Z = 0 mm) is illustrated in Fig. 7.
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Fig. 7 - The result of tube side simulation

Fig. 7(a) presents the distribution of the temperature of the heat exchanger tube in the section at Z =
0 mm. The high-temperature flue gas moved in the flow direction, and the temperature differences in the
different tube side were clearly observable. When the high-temperature flue gas was in the narrow flow
channel, the heat transfer through the wall of the heat exchanger tube could increase the shell side air
temperature. In the Z = 0 mm cross-section of the first, second, third, and fourth tubes, the temperatures were
676°C and approximately 400°C, 300°C, and 160°C, respectively.

The velocity and the distribution of the velocity vectors of the heat exchanger tube in the Z =0 mm
section are illustrated in Fig. 7(b) and (c). The distribution of the tube range velocity was relatively uniform, and
the velocity above the heat exchanger tube was less than the velocity inside the tube. This was because the
cross-sectional area decreased when the high-temperature flue gas entered the heat exchanger tube, thus
increasing the velocity of the tube. There are low-velocity areas at the corners of the heat exchanger, which
are dead angles of the flow, which leads to uneven velocity field distribution. This was because the flue gas
rotated and could not flow out. These areas can accumulate dust. Therefore, a switch-type door plate should
be added above this area in the structure design, which makes it easy to clean to prevent the heat exchanger
tube from becoming blocked. An ash cleaning port should be installed below the heat exchanger tube to allow
the furnace ash in the flue gas to be regularly removed to extend the service life of the equipment, reducing
the impact of dirt on product performance and improving the product’s efficiency. Fig. 7(c) depicts the heat
exchanger tube side with high-temperature flue gas flowing from the fourth tube to the outlet, reaching its
maximum flow at the outlet.

Fig. 7(d) presents the pressure distribution in the Z = 0 mm section of the heat exchanger tube, the
pressure decreases gradually from the first to the fourth tube section. The overall pressure of the tube side is
larger than that on the shell side. This was because the tube-side fluid velocity was greater than the shell-side
fluid velocity, which resulted in the tube-side pressure being greater than the shell-side pressure.
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Multi-objective optimization of shell and tube heat exchangers

The project input parameters include three structural dimensional design variables (hot tube diameter,
transverse pitch, and longitudinal pitch) and two boundary parameter design variables (cold flow and hot flow
velocity), denoted by P1, P2, P3, P4, and P5, respectively. In addition, the horizontal spacing between the
circle centers of two hot tubes is defined as the transverse pitch; the vertical spacing between the circle centers
of two hot tubes of the same centerline is defined as the longitudinal pitch. The diagram of the structure of the
tube bundle arrangement is shown in Fig.8. In the optimization process, the number of hot tubes is 68 and the
three parameters a, b, and c are constant values of 62 mm, 62 mm, and 342 mm, respectively. The variation
of transverse pitch and longitudinal pitch will change the overall length and width of the heat exchanger but
not the overall shape. The range of values of the design variables is shown in Table 3.

Transverse pitch
F‘ ep

|
(
|

itudinal pitch

Lon?
\

{
1

c

Fig. 8 - The diagram of tube bundle structure

Table 3
Range of variation of design parameters

Limit Design Variables
P1/(mm) | P2/(mm) | P3/(mm) | P4/(m/s) | P5/(m/s)
Initial Value 76 102 118 4.26 8.23
Lower limit 70 90 100 2 3
Upper limit 80 112 130 6 9

The project output parameters are Nu, friction factor f, and Pec, which are expressed by P6, P7, and
P8, respectively. Because the final export temperature of the product needs to reach 80°C, the final decision
target is shown in Equation 13.

max Nu

min f

(13)
max Pec
t>80

In the Design of Experiment (DOE) setup for multi-objective optimization, the optimization space-filling
design method with high filling capacity and low response surface error was selected, the number of samples
was 40 groups, and the response surface type was set as a non-parametric regression type. The multi-
objective genetic algorithm (MOGA) was selected in the final optimization combination, with 5000 response
surface sample points, 1000 iteration samples, 70% maximum allowable Pareto percentage, and 20 maximum
iterations.

Influence of optimization parameters on Nusselt number

After the design variables of the optimization model were confirmed, the range of variables was
determined and the multi-objective optimization experimental design was completed. The first obtained is the
influence between the design variables P1-P5 on the Nusselt number. The three-dimensional response surface
variation of Nusselt number with hot tube diameter, transverse pitch, longitudinal pitch, cold flow velocity, and
hot flow velocity is shown in Fig. 9. The input parameters that do not participate in the response in each figure
take default values: P1 =76 mm, P2 =102 mm, P3 =118 mm, P4 = 4.26 m/s, P5 =8.23 m/s.
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Fig. 9 - Nusselt number response surface

Figure 9(a) shows the response surface of the Nusselt number when the hot tube diameter and
transverse pitch work together. When the hot tube diameter is between 70 and 80 mm, the Nusselt number
increases and then decreases with increasing transverse pitch; when the transverse pitch is between 90 and
112 mm, the Nusselt number increases and then decreases with increasing hot tube diameter. When P1 =
78.33 mm and P2 = 95.50 mm, the maximum response value of Nusselt number is 177.07. It can be found in
Fig. 9(b) that when the hot tube diameter is between 70 and 80 mm, the Nusselt number increases and then
decreases with increasing longitudinal pitch. When P1 = 78.75 mm and P3 = 112.50 mm, the maximum
response value of Nusselt number is 175.40. It can be found from Fig. 9(c) that the maximum response value
of Nusselt number up to 177.55 when P2 = 93.67 mm and P3 =110 mm. It can be found from Fig. 9(d) that
when P4 =6 m/s and P5 = 5.5 m/s, the maximum response value of Nusselt number is 235.71.
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Fig. 10 - Nusselt number 2D response curves
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The influence of the one-factor design variables on the two-dimensional response curves for the Nusselt
number is shown in Fig. 10. As it can be found in Fig. 10. The Nusselt number tends to increase overall with
the increase of heat pipe diameter and air velocity, and the peak Nusselt number is 174.36 when P1 = 78.33
mm. The heat exchange area is appropriately increased, so the heat dissipation per unit time will increase,
thus increasing the convective heat transfer coefficient h and making the Nusselt number larger. When P2 =
94.58 mm and P3 = 111.25 mm the Nusselt number reached the maximum value of 174.48 and 172.86
respectively.

Influence of optimization parameters on friction factor

The next obtained is the influence of design variables P1-P5 on the friction factor of the heat
exchanger, the influence of two factors of the design variables on the friction factor was analyzed separately.
The three-dimensional response surface variation of friction factor with hot tube diameter, transverse pitch,
longitudinal pitch, cold flow velocity, and hot flow velocity is shown in Fig. 11. The input parameters that do not
participate in the response in each figure take default values.

4.110
3.874
3638
3.402
3.166
2.930
2.694
2458
2222
1.986
1.750

(a)fvs.P1and P2 (b) fvs.P1and P3

(c)fvs. P2 and P3 (d)fvs. P4 and P5

Fig. 11 - Friction factor response surface

Figure 11(a) shows the response surface of the friction factor when the hot tube diameter and
transverse pitch work together. It can be found from Fig. 11(a) that the friction factor shows a trend of increasing
and then decreasing with increasing hot tube diameter and transverse pitch. The minimum response value of
the friction factor is 1.94 when P1 = 70.83 mm and P2 = 101.92 mm. It can be found from Fig. 11(b) that the
minimum response value of the friction factor is 1.75 when P1 = 72.08 mm and P3 = 126.25 mm. It can be
found from Fig. 11(c) that the minimum response value of the friction factor is 2.03 when P2 = 102.83 mm and
P3 =130 mm. It can be found from Fig. 11(d) that the minimum response value of the friction factor is 2.55
when P4 =5.67 m/s and P5 =5.25 m/s.

The influence of the one-factor design variables on the two-dimensional response curves for the
friction factor is shown in Fig. 12. Based on the two-dimensional response curve in Fig. 12(a), it can be found
that the friction factor is proportional to the hot tube diameter, which is because the increase of the diameter
in a certain space increased the heat transfer area, decreased the airflow area and increased the resistance.
On the contrary, it can be found from Fig. 12(b-d) that the friction factor decreases with increasing transverse
pitch, longitudinal pitch, and air flow rate. This is because the increase of transverse pitch and longitudinal
pitch increases the airflow area and the resistance gradually decreases.
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Fig. 12 - Friction factor 2D response curves

Influence of optimization parameters on comprehensive performance coefficient

The last obtained is the influence of the design variables P1-P5 on the comprehensive performance
coefficient of the heat exchanger. The three-dimensional response surface variation of comprehensive
performance coefficient with hot tube diameter, transverse pitch, longitudinal pitch, cold flow velocity, and hot
flow velocity is shown in Fig. 13.

(c) Pec vs. P2 and P3

Fig. 13 - Comprehensive performance coefficient response surface

Figure 13(a) shows the response surface of the comprehensive performance coefficient when the hot
tube diameter and transverse pitch work together.

255



Vol. 69, No. 1/2023 INMATEH - Agricultural Engineering

It can be found from Fig. 13(a) that the maximum response value of the comprehensive performance coefficient
is 127.60 when P1 =73.75 mm and P2 = 96.42 mm. As shown in Fig. 13(b), the maximum response value of
the comprehensive performance coefficient is 129.35 when P1 = 75.42 mm and P3 = 127.50 mm. It can be
found in Fig. 13(c) that the maximum response value of the comprehensive performance coefficient is 129.74
when P2 =99.17 mm and P3 = 127.50 mm. Figure 13(d) shows the response surface of the comprehensive
performance coefficient when the boundary parameters air flow rate and flue gas flow rate work together. The
maximum response value of the comprehensive performance coefficient is 172.35 when P4 = 5.83 m/s and
P5=5.75m/s.
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Fig. 14 - Comprehensive performance coefficient 2D response curves

The influence of the one-factor design variables on the two-dimensional response curves for the
comprehensive performance coefficient is shown in Fig. 14. Based on the two-dimensional response curves in Fig.
14(a) and Fig. 14(b), it can be found that there is a peak in the effect of hot tube diameter and transverse pitch on
the comprehensive performance coefficient. The comprehensive performance is best around this point, and above
or below this value will have a bad effect on the performance of the heat exchanger. When P1 =73.33 mm and P2
=95.50 mm, the maximum response values of the comprehensive performance coefficient are 126.26 and 126.29,
respectively. Figure 14(c) and Figure 14(d) show the two-dimensional response curves of the comprehensive
performance coefficient with the longitudinal pitch and air flow rate, and the comprehensive performance coefficient
increases with the increase of the longitudinal pitch and air flow rate.

Adequacy analysis
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Fig. 15 - Adequacy of output parameters

After the optimization is completed, the fit can be used to determine whether the response surface
predicted value fits the test value accurately. The figure of adequacy is shown in Fig. 15, the horizontal axis is
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the standardized value of the observed value from the design point, and the vertical axis is the standardized
value of the predicted value from the response surface. The discrete points in the figure represent the ratio
between the response surface predicted value and the observed value at the design point, and the closer the
discrete points are to the diagonal line, the better the response surface predicted point fits the test point. It can
be seen from Fig. 15 that the fit points of the three output parameters obtained from the response surface
prediction are close to the diagonal line, which further illustrates the accuracy of the simulation.

Optimization parameter sensitivity analysis
The local sensitivity reflects the closeness of the relationship between the output parameters and the
input parameters. The larger the local sensitivity, the stronger the effect of the input parameters on the output
parameters. Take the sensitivity of the Nusselt number as an example (equation 14):
Numax — I\Iumin
Nu

ave

Sensitivity = (14)

If the input parameter is positively correlated with the output parameter, it means that the output
parameter increases with the increase of the input parameter and the local sensitivity is positive. If the input
parameter is negatively correlated with the output parameter, it means that the output parameter decreases
with the increase of the input parameter and the local sensitivity is negative.
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The sensitivity of each input parameter to the output parameter is shown in Fig. 16. Air velocity and
longitudinal pitch perform the most significant influence on the overall performance, followed by hot tube
diameter, transverse pitch, and flue gas velocity. An increase in air velocity is beneficial for comprehe nsive
performance. The influence of air velocity on heat transfer performance is the largest and is positively
correlated; the influence of longitudinal pitch on resistance performance is the largest and is negatively
correlated. A simulation result is needed to confirm an optimal value.

Optimization results

After the response surface of the heat exchanger was completed, and the accuracy of the response
surface prediction was demonstrated by the fit. Based on the DOE simulation results, three sets of relatively
optimal solutions were screened out as shown in Table 4.

Table 4
Results of multi-objective optimization
Plan | P1/(mm) | P2/(mm) | P3/(mm) | P4/(m/s) | P5/(m/s) Nu f Pec
Initial 76 102 118 4.26 8.23 167.96 | 2.60 | 122.15
1 74.91 104.23 121.37 4.83 8.48 184.00 | 2.21 | 141.83
2 74.30 99.83 123.98 4.66 8.83 175.20 | 2.05 | 137.76
3 75.67 101.76 119.86 4.67 7.92 187.39 | 2.39 | 140.85

It can be found from Table 4 by comparing the performance parameters with the initial structure that the
Nu of schemes 1-3 increased by 9.55%, 4.31%, and 11.57%, respectively, and f decreased by 15%, 21.15%,
and 8.08%, and Pec increased by 16.11%, 12.78%, and 15.31%. According to the equation of Pec, the Nusselt
number of all three structures is increased and the friction factor is decreased after optimization, thus the Pec
is increased. In this study, the maximum value of Pec increase was adopted as the be st design point: P1=74.91
mm, P2=104.23 mm, P3=121.37 mm, P4=4.83 m/s, and P5=8.48 m/s.

257



Vol. 69, No. 1/2023

INMATEH - Agricultural Engineering

Table 5
Design point verification results and optimization results

Nu Nu Nu f f f Pec Pec Pec
Plan | optimized | validated | error | optimized validated | error | optimized validated | error
results results (%) results results (%) results results (%)
1 184.00 180.36 1.98 221 2.27 2.71 141.83 137.27 3.22
2 175.20 172.14 1.75 2.05 2.10 2.44 137.76 134.38 2.45
3 187.39 179.93 3.98 2.39 2.45 251 140.85 133.54 5.19

In order to analyze the reliability of the optimization results, the three optimization results were reinserted
as design points in the DOE scheme for simulation validation again. The validation results are shown in Table
5. It can be found from Table 5 that the maximum error between the optimization results and the validation
results is 5.19%. Therefore, the accuracy of the genetic algorithm calculation was proved, and the optimization
of the heat exchanger structure can be completed by the ANSYS response surface module.

CONCLUSIONS

(1) According to the calculated boundary conditions, when the simulated air velocity is 4.26 m/s and flue
gas velocity is 8.23 m/s, the outlet temperature obtained is 88°C, which is higher than the product design
requirement of 80°C. The numerical simulation results agree well with the calculation results, with a maximum
deviation of 10%, and the results can be considered reliable.

(2) The structural parameters and flow parameters are considered. The results of single-factor and multi-
factor analyses of input parameters by 2D and 3D response surfaces show that the influence of multiple input
parameters is more complex and correlated with each other. Response surface optimization provides a novel
method for optimizing shell and tube heat exchangers.

(3) Within the range of input parameters selected in this study, air velocity and longitudinal pitch most
affect the comprehensive performance, followed by hot tube diameter, transverse pitch, and flue gas velocity.
The multi-objective optimization of the heat exchanger by genetic algorithm finally determined the best design
points in this study as P1=74.91 mm, P2=104.23 mm, P3=121.37 mm, P4=4.83 m/s, and P5=8.48 m/s. The
comprehensive performance is improved by 16.11%.
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