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The plate heat exchanger, known for its high efficiency and compact design, 
demonstrate significant potential in naval liquefied natural gas supply systems. As 
demand for enhanced heat transfer and gasification efficiency grows, traditional 
herringbone plate heat exchangers struggle to meet requirements for higher effi-
ciency, energy savings, and environmental protection. This study proposes a novel 
dimpled plate heat exchanger design for the natural gas heating unit in the low 
pressure supply system of a 15000 DWT dual-fuel chemical tanker. Through nu-
merical simulation, it examines the impact of wave-point diameter, d, depth, h, and 
inclination angle, θ, on heat transfer and resistance. The optimization of the per-
formance of dimpled plate heat exchanger was conducted using response surface 
analysis, with performance evaluation (JF) as the metric. The interaction among 
three parameters was analyzed, leading to an optimal design featuring a wave-
point diameter of 5.22 mm, depth of 0.92 mm, and inclination angle of 42.13°. 
Compared to traditional herringbone plate heat exchangers, the designed wave-
point exchanger exhibits superior heat transfer performance. At an inlet mass-
flow rate of 28.29 kg/m2s, it achieves a maximum JF of 0.006893429, reflecting an 
11.92% performance improvement over commonly used traditional models.
Keywords: numerical simulation, structure optimization, natural gas heater, 

dimpled plate heat exchanger, response surface analysis,

Introduction

With increasingly stringent pollution control regulations for ships, there is an urgent 
demand for technologies to reduce emissions from ship engines. The Marine Environment Pro-
tection Committee (MEPC) of the International Maritime Organization (IMO) predicts that we 
will achieve net zero greenhouse gas emissions by approximately 2050 [1]. Liquid natural gas 
(LNG) has been prompted to replace conventional fuel oil as a power fuel for the marine indus-
try [2]. Before LNG can be utilized as fuel in marine engines, it must first be converted from its 
liquid state to a gaseous state through a gas supply system, a critical component of this system 
is the heat exchanger. Our research focuses on the enhancement and optimization of the energy 
efficiency of these heat exchangers. Plate heat exchangers, in particularly, offer significant 
promise due to their high heat transfer efficiency, compact design, and extended service life.  
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In addition, plate heat exchangers are the most efficient among other conventional heat ex-
changers [3]. Currently, the herringbone plate heat exchanger is extensively utilized in the mar-
ket due to its established reputation and reliability. However, as demands for heightened energy 
efficiency, conservation, and environmental protection intensify, the performance limitations of 
this design are becoming increasingly evident. Consequently, there is a pressing need for the 
design and development of innovative plate heat exchangers. Specifically, advancements in the 
design of heat exchanger plates have emerged as a critical research direction within the field. 
This focus aims to address the evolving requirements and ensure that future heat exchangers 
meet the rigorous standards of modern applications.

At present, numerous scholars have investigated the structural design of plate heat 
exchangers. Burgess et al. [4] carried out experimental tests on the flow channel between plates 
with pit structure, and it was found that the pit structure enhances the turbulence energy be-
tween the plates. Banihashemi et al. [5] thoroughly investigated the flow characteristics of 
a U-shaped cross-flow plate heat exchanger at different angles and Reynolds number ranges 
and successfully constructed a correlation model between the friction coefficient and Nusselt 
number. Kanaris et al. [6] compared the thermal-hydraulic performance differences between 
corrugated (β = 60°) and flat plates, but the influence of port effects and pressure drop was 
neglected in their study. Dong [7] proposed a shuttle pit flow channel and numerical simulation 
calculations, the results show that the gas content of the shuttle pit flow channel is higher than 
that of the best circular pit flow channel and the flat plate flow channel. Goto et al. [8] exper-
imentally investigated the impact of micro-channel geometry and the refrigerants R1234ze(E) 
and R32 on condensation flow visualization, heat transfer, and pressure drop in straight and 
wavy micro-channels. Pradeep et al. [9] employed a counter flow model to geometrically ana-
lyze flow and heat transfer in spiral plate heat exchangers, optimizing fluid velocity to enhance 
exchanger efficiency. Gherasim et al. [10] investigated the hydrodynamic and temperature 
fields in a double-channel herringbone plate heat exchanger under both laminar and turbulent 
conditions, showing that the herringbone patterns increase both the friction factor and the Nus-
selt number, thereby enhancing heat transfer. Reza et al. [11] conducted numerical analyses on 
a new semi-conical twin-orifice external blade turbulator, examining the thermal and hydraulic 
performance of a helical double-pipe heat exchanger. In summary, researchers have studied the 
structural parameters of plates and methods to improve the heat transfer efficiency of plate heat 
exchangers, thereby promoting their development toward higher efficiency.

Many scholars have also studied the optimization of structural parameters for plate 
heat exchangers with different plate types. Li et al. [12] explored the heat transfer and flow 
characteristics of a herringbone sinusoidal corrugated plate welded plate heat exchanger, and 
used artificial neural networks and multi-objective genetic algorithms to obtain the optimal 
solutions for the structural parameters. Yang and Fang [13] evaluated the enhanced perfor-
mance of a new type of heat exchanger by using PEC and jf methods, the results proved that the 
PEC and jf methods can effectively evaluate the performance of the new type of heat exchanger. 
Yu et al. [14] used response surface analysis to explore the structural optimization of a bubbling 
plate heat exchanger under the effect of multivariate variables, using heat transfer coefficient 
and flow resistance as the dual objective function. Shen et al. [15] used CFD to investigate the 
effect of corrugation pinch angle on the heat exchanger in the low Reynolds number range. It 
is found that when the corrugation pinch angle is between 15° and 60°, the heat transfer char-
acteristics and pressure drop are both enhanced with the increase of β. When the pinch angle 
exceeds 60°, the heat transfer capacity remains basically unchanged, but the pressure drop still 
continues to increase. Nilpueng et al. [16] experimentally investigated the combined effects of 
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different angles, surface roughness and operating conditions on the plate heat exchangers. The 
study clearly indicates that there is a negative correlation between surface roughness and grain 
angle, while both heat transfer coefficient and pressure drop increase with the increase of Reyn-
olds number. Guo et al. [17] proposed a multi-objective brain storming optimization method 
for wide-channel heat exchanger plates, using trapezoidal protrusion shape and lay-out as struc-
tural parameters to efficiently achieve optimal heat transfer and energy loss. Yang et al. [18] 
conducted experimental studies on single-phase heat transfer in brazed plate heat exchangers 
with nine different geometric parameters, providing a comprehensive analysis of single-phase 
heat transfer performance in terms of Nusselt number, exchanger geometry, Reynolds number, 
and fluid properties. 

From the reviewed literature, it is evident that further investigation into the heat trans-
fer performance of plate heat exchangers is necessary. Additionally, the focus of structural op-
timization is shifting from single-objective to multi-objective approaches. In response to these 
insights, this study proposes the development of a novel plate heat exchanger by replacing 
the conventional herringbone structure with a wave point configuration. To achieve this, CFD 
numerical simulations and response surface analysis were employed to optimize the key struc-
tural parameters. This approach aims to identify the optimal parameters that enhance the heat 
transfer performance, specifically catering to the higher demands of gas heater applications.

Numerical methodology

Geometry of the model

The process flow diagram of the entire gas supply system is shown in fig. 1. Both the 
LNG vaporizer and the natural gas heater are heat exchangers responsible for the vaporization 
and heating of LNG within the gas supply system. The former vaporizes LNG into natural gas, 
achieving the phase transition of the fuel, while the latter heats the natural gas to the temperature 
required for supplying gaseous fuel to the dual-fuel engine. In this study, we introduce a novel 
dimpled plate heat exchanger. This innovative high efficiency heat exchanger is composed of 
a series of metal plates, each featuring continuous circular convex wave-point shapes. The sys-
tem utilizes water-glycol as the hot-side heat source and LNG on the cold side, facilitating heat 
exchange through the strategically designed plates. To numerically investigate the wave-point 
type plate heat exchanger, this study establishes a single flow channel model situated between 
two dimpled plates. The 3-D model structure, as illustrated in fig. 2, features a length of 40 mm 
and a width of 30 mm. This model includes the inlet, outlet, two side boundaries formed by the 
plates, and focuses on key structural parameters: the wave point diameter, d, wave point depth, 
h, and wave point inclination angle, θ. 

Figure 1. System process flow diagram
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Figure 2. Geometry and key parameters of the dimpled plate heat exchanger plate

The specific parameters of the geometric model selected for this paper are shown 
in tab. 1, these variables are standard values usually used in literature studies [19-21]. Sim-
ulation examples [22] with inlet mass-flow rates of 28.29 kg/m2s, 64.2 kg/m2s, 98.37 kg/m2s,  
135.71 kg/m2s, and 171.42 kg/m2s were simulated for a total of 75 sets.

Table 1. Geometrical model parameters of wave point shaped plate heat exchanger

Wave point diameter, d [mm] Wave point depth, h [mm] Wave point inclination, θ [°]

4 4.5 5 5.5 6 1.5 45

5 1 1.25 1.5 1.75 2 45

5 1.5 35 40 45 50 55

Mathematical modelling

The main flow mode of the plate heat exchanger is turbulence. Turbulence process 
occurs during the exchange of energy, momentum and changes in the concentration of the fluid 
medium between each fluid microelement [23]. The turbulence model can be chosen to better 
simulate the flow state of the fluid in the flow channel of the plate heat exchanger [24]. Three 
of the most widely used turbulence models are the standard k-ε model, the RNGk-ε model, and 
the realizable RNGk-ε model [25, 26]. Compared with the standard k-ε model, the RNGk-ε 
model is more accurate in calculating the flow field with a large velocity gradient, at the same 
time, the rotational effect is considered, the model for the near-wall zone low Reynolds number 
effect can be calculated [27]. Therefore, the RNGk-ε model is most suitable for the simulation 
calculations in this paper, and the RNGk-ε model is chosen in this paper with the expression:
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Boundary conditions

The inlet boundary of the plate heat exchanger simulated in this paper is set as mass-
flow-inlet, its temperature is initialized to –163 °C. The outlet boundary condition is set as a 
Pressure-outlet, and pressure is set to 0.6 MPa, the left and right sides of the model are set as 
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adiabatic wall, and the upper and lower plate slices are set to a constant temperature of 300 K, 
the thermal properties of the plate material are showed in tab. 2. The thermo-physical properties 
of the main LNG components, calculated using the REFPROP 9.0 software, are summarized in 
tab. 2. Although methane is the primary constituent of LNG, nitrogen offers notable advantag-
es under cryogenic conditions, including stable thermo-physical behavior and the absence of 
phase change complexity. Furthermore, nitrogen remains gaseous at typical operating tempera-
tures, thereby simplifying the simulation process and improving numerical convergence. As 
shown in tab. 3, the thermo-physical properties of nitrogen are comparable to those of methane 
under identical conditions, due to the flammability of natural gas and strict safety requirements 
in experiments, nitrogen is commonly used as a substitute to ensure safety and feasibility in 
both experiments and simulations [28, 29]. Accordingly, this study employs nitrogen as the 
working fluid to simulate the heat transfer performance of LNG in a cryogenic plate heat ex-
changer. After discretizing the computational domain, the simulation proceeded. Fluent offers 
three common pressure-velocity coupling algorithms: SIMPLE, SIMPLEC, and PISO. This 
study uses the SIMPLE algorithm.

Table 2. The thermal properties of the material

Density [kgm–3] Specific heat [Jkg–1K–1] Thermal conductivity [Wm–1K–1]

Plate material 2719 871 202.4

Table 3. The basic thermo-physical properties of the components of LNG (0.6 MPa, 110K)

Component  ρ [kgm–3] Cp [Jkg–1K–1] λ [Wm–1K–1] µ [Pa⋅s] Pr Volume fraction range [%]

CH4 23.95 2606.8 0.02439 1.417⋅10–5 0.69 85%-98%

C2H6 30.67 1980.3 0.01822 1.844⋅10–5 0.75 1%-8%

C3H8 42.24 1746.0 0.01555 2.005⋅10–5 0.77 0.1%-3%

C4H10 52.79 1653.7 0.01380 2.37 ⋅10–5 0.78 0%-1%

N2 20.31 1223.0 0.01099 7.882⋅10–6 0.71 0.2%-2%

Data reduction

In the plate heat exchanger industry, the Nusselt number, and the friction factor,  f, [30] 
are generally used as evaluation parameters for plate heat exchanger performance. To validate 
the optimization effect of the designed structure, the thermal performance of the new plate heat 
exchanger was assessed using the JF. This index, rooted in the First law of thermodynamics, is 
typically employed to thoroughly evaluate the efficacy of enhanced heat transfer measures. A 
higher relative JF-value indicates superior performance of the heat transfer surface [31]:

3
1/3

1/,Nu Pr
Re

jj JF
f

−= = (3)

Mesh independence

Using the structural dimensions of the dimpled plate heat exchanger as an example 
(dimple diameter d = 4 mm, depth h = 1.5 mm, and dimple angle θ = 45°), an unstructured tet-
rahedral mesh was generated with Workbench Meshing. To improve accuracy, a boundary-lay-



Ren, H., et al.: Optimization Design of a Marine Gas Heater with ... 
1812	 THERMAL SCIENCE: Year 2026, Vol. 30, No. 3A, pp. 1807-1820

er mesh with five layers was applied at the wall, with a thickness of 0.01 mm and a growth 
factor of 1.1. Numerical simulations were conducted in FLUENT for mesh sizes of 2618037, 
2051465, 1621212, 1279941, and 711264 cells under a mass flux of 28.29 kg/m2s. The pressure 
drop stabilized when the mesh exceeded 1621212 cells. Therefore, the final mesh size was set to  
1, 621, 212. Mesh independence for other models was verified using the same approach and 
will not be repeated here.

Model validation

To validate the model and simulation re-
sults, comparisons were made with experimen-
tal data from Zhang et al. [32]. Figure 3 shows 
the distribution of friction factor, f, from both 
sources. Under identical Reynolds numbers, the 
maximum relative error was 10.44%, the min-
imum 2.22%. When the Reynolds number ex-
ceeds 2300, the average deviation between the 
simulation results and the experimental data is 
3.24%. Since the operating conditions investi-
gated in this study correspond to turbulent flow 
with Reynolds numbers greater than 2300, The 
results agree well with experiments, confirming 
the reliability of the numerical method used.

Optimization method

To comprehensively understand the influencing parameters and study the coupling 
between geometrical parameters and heat transfer coefficients, this paper employs response 
surface methodology (RSM) for experiment design. Unlike orthogonal tests, RSM offers ad-
vantages such as fewer trials, shorter cycles, and higher accuracy when considering factor in-
teractions, making it an effective technique for optimizing basic test conditions [33]. The aim 
of this experiment is to study and optimize the comprehensive performance evaluation index JF, 
with the objective of maximizing its value.

Result and discussion

In this study, Fluent was employed to investigate the heat transfer characteristics of 
the wave-point plate heat exchanger, with a focus on analyzing the effects of different structur-
al parameters on the inter-plate flow and heat transfer performance. The main conclusions are 
summarized 

The effect of d in flow channels

Figure 4(a) indicates that at a mass-flow rate of 28.29 kg/m2s], as the wave-point 
diameter, d, increases, the flow channel becomes constricted, leading to fewer wave points 
and a reduced total heat transfer area, thereby decreasing the heat transfer efficiency and 
reducing the static temperature difference, where the static temperature refers to the actual 
temperature of the fluid under the current velocity conditions, excluding the kinetic energy 
component. Figure 4(b) presents that for a constant wave-point diameter, the Nusselt num-
ber increases with the Reynolds number. As Reynolds number increases, the fluid’s inertial 
effects become more significant, leading to thinner boundary-layers and enhanced local 

Figure 3. Verification between simulation  
data and experimental data



Ren, H., et al.: Optimization Design of a Marine Gas Heater with ... 
THERMAL SCIENCE: Year 2026, Vol. 30, No. 3A, pp. 1807-1820	 1813

turbulence intensity. This results in an increased convective heat transfer coefficient on the 
heat transfer surface. The rise in the convective heat transfer coefficient directly drives the 
growth of Nusselt number. Additionally, as the wave-point diameter increases, the Nusselt 
number also shows an upward trend. Figure 4(c) shows that fluid velocity near the wave 
points is notably lower than in other regions. Larger corrugation diameters cause greater 
disturbance to the velocity distribution across the cross-section, resulting in significantly 
higher flow resistance compared to other structures. Figure 4(d) reveals that the friction co-
efficient gradually decreases with increasing wave point diameter, although this reduction 
is not substantial. This is due to the higher number of wave points associated with smaller 
diameters, which leads to a combined effect of pressure loss and local pressure drop along 
the flow path, making the overall friction coefficient relatively insensitive to changes in 
wave point diameter.

Figure 4. Temperature (a) and velocity (c) distribution of different wave  
point diameters, Nusselt number (b), and friction factor, and  
(d) of different wave point diameters

The effect of h in flow channels

Figure 5(a) presents that the temperature difference between the inlet and outlet 
generally decreases as polka-dot depth increases. However, heat transfer efficiency at a depth 
of 2 mm is slightly higher than at 1.75 mm. This is primarily because greater depth widens 
the gap, despite increasing the total heat transfer area. At high flow rates, this increased gap 
reduces fluid disturbance and mixing, thereby decreasing heat transfer efficiency. As shown 
in fig. 5(b), with dimple depth held constant, the Nusselt number increases with Reynolds 
number, while the improvement in heat transfer performance gradually plateaus. The trend 
of the Nusselt number with respect to dimple depth aligns with the previous analysis. When 
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Reynolds number exceeds 6886.91, the Nusselt numbers for dimple depths of 1.75 mm and 
2 mm begin to converge. This is because the increase in velocity amplifies the differences 
in heat transfer effects between structures with different dimple depths. Figure 5(c) demon-
strates that the local near contact points flow velocity is lower due to resistance and pressure 
drop, and as the fluid moves forward, its velocity gradually increases. The polka-dot shape 
design increases resistance and pressure drop within the channel, a trend also confirmed by 
fig. 5(d) Additionally, the friction coefficient decreases with increasing Reynolds number 
when the polka-dot depth is constant.

Figure 5. Temperature (a) and velocity (c) distribution of different wave point depths,  
Nusselt number (b), and friction factor (d) of different wave point depths

The effect of inclination angle  
in flow channels

Figure 6(a) presents that the temperature difference between the inlet and outlet in-
creases with larger wave point inclination angles, reaching a maximum at 55°. This is because 
increasing the angle, θ, results in more wave points within the flow channel. Although the total 
heat transfer area decreases, fluid perturbation is significantly enhanced, thereby improving 
heat transfer efficiency. Consequently, as shown in fig. 6(b), the Nusselt number increases 
with larger inclination angles, θ. Figure 6(c) illustrates that as θ increases, fluid interference 
within the flow channel intensifies, leading to increased resistance. Consequently, at θ = 55°, 
the friction coefficient is significantly higher than in the other configurations, as shown in fig. 
6(d). Additionally, fig. 6(c) indicates that the low velocity region area behind the contact point 
decreases with increasing θ. This is due to the fact that the fluid may be prone to dead zones 
when flowing at higher flow velocities when the resistance along the flow is small.
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Comprehensive evaluation based on  
parameter analysis

In the previous parametric analysis, we determined that the structural parameters of 
the plate heat exchanger significantly impact thermal performance within the flow channel. 
The selected influencing factors and their levels are detailed in tab. 4, aiming to maximize 
JF. An orthogonal array with three factors and five levels was employed to conduct numeri-
cal simulations across 15 scenarios with varying parameters, maintaining a mass-flow rate of  
28.29 kg/m2s. The results are presented in tab. 5. It is apparent that Scheme 6 achieves the high-
est heat transfer coefficient with the parameter combination A3B1C3: a wave-point diameter of 
5 mm, a wave-point depth of 1 mm, and a wave-point pinch angle of 45°.

Table 4. Influence factors and levels of  
herringbone plate heat exchanger

Factors
Level

1 2 3 4 5
A ripple diameter, d [mm] 4 4.5 5 5.5 6

B ripple depth, h [mm] 1 1.25 1.5 1.75 2
C ripple inclination 

angles, θ [°] 35 40 45 50 55

Figure 6. Temperature (a) and velocity (c) distribution of different  
wave point inclination angles, Nusselt number (b), and friction factor (d)  
of different wave point inclination angles
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Table 5. Orthogonal table and finite element analysis results

Number
A

ripple diameter, 
d [mm]

B
ripple depth,  

h [mm]

C
ripple inclination

angles, θ [°]
JF

1 4 1.5 45 0.006201482

2 4.5 1.5 45 0.005653556

3 5 1.5 45 0.00508546

4 5.5 1.5 45 0.004608535

5 6 1.5 45 0.004089242

6 5 1 45 0.006514593

7 5 1.25 45 0.005792308

8 5 1.5 45 0.00508546

9 5 1.75 45 0.003491319

10 5 2 45 0.004008958

11 5 1.5 35 0.004682996

12 5 1.5 40 0.004804252

13 5 1.5 45 0.00508546

14 5 1.5 50 0.005380389

15 5 1.5 55 0.005653594

Optimal heat transfer combination analyzed using  
response surface methodology

Determination of response surface factors

Based on the one-factor test results, a response surface design test was conducted uti-
lizing a three-factor, three-level response surface analysis, employing Box-Behnken’s central 
composite design. By appropriately setting experimental points, a regression model between 
factors and responses is established, which is used to optimize process parameters and improve 
experimental efficiency. The selected influencing factors and their levels are detailed in tab. 
6. Simulations were performed using FLUENT software, and the results are shown in tab. 7. 
The optimal geometric conditions identified are a wave point diameter of 5 mm, a wave point 
depth of 1 mm, and a wave point angle of 45°. Under these conditions, the validation simulation 
yielded a JF-value of 0.006514593.

Table 6. Response surface test design

Factors
Level

–1 0 1

A ripple diameter, d [mm] 4.5 5 5.5

B ripple depth, h [mm] 0.75 1 1.25

C ripple inclination angles, θ [°] 40 45 50
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Table 7. Response surface experimental design and results

Number
A

ripple diameter, 
d [mm]

B
ripple depth, 

h [mm]

C
ripple inclination  

angles, θ [°]
JF

1 4.5 0.75 45 0.005355351
2 5.5 1 40 0.006119645
3 5 1.25 40 0.005300862
4 5.5 0.75 45 0.006223118
5 5 0.75 40 0.006122379
6 5 1 45 0.006514593
7 5 0.75 50 0.005163021
8 5 1 45 0.006514593
9 4.5 1 50 0.005638157
10 4.5 1.25 45 0.005126183
11 5 1 45 0.006514593
12 5 1.25 50 0.005184535
13 5 1 45 0.006514593
14 5 1 45 0.006514593
15 5.5 1 50 0.00572817
16 5.5 1.25 45 0.005005587
17 4.5 1 40 0.005635605

Response surface test and analysis of variance 

Response surface design and analysis of variance were performed using DESIGN-EX-
PERT software, with the least squares method employed for model fitting, the interaction term 
AC (wave point diameter × wave point angle) has a P-value of 0.1681 (>0.05), indicating it is 
not significant. Thus, the following multivariate quadratic response surface regression model 
is obtained:
	 JF = –0.081514 + 0.019067A + 0.023969B + 0.001286C – 
	 – 0.001977AB + 0.000169BC – 0.001499A2 – 0.011398B2 – 0.000014C 2

Following systematic analysis, the actual goodness-of-fit R² is 97.83%, indicating the 
experimental data’s accuracy. The Adeq Precision, which measures the signal-to-noise ratio, is 
14.749. A ratio greater than 4 is considered ideal, demonstrating that the signal is adequate and 
the model is suitable for research purposes.

Response surface analysis

Response surfaces were created to analyze the effects of wave point diameter, A, wave 
point depth, B, and wave point angle, C, on JF. The results are depicted in fig. 7.

Optimization was performed using DESIGN-EXPERT software, identifying the op-
timal conditions via response surface analysis and regression equations: a wave point diameter 
of 5.22 mm, a wave point depth of 0.92 mm, a wave point angle of 42.13°, and a JF-value of 
0.00661724. Under these parameters, the structure exhibits the best thermal performance for 
equivalent conditions. Reynolds number model the calculations under these conditions, yield-
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ing a simulated JF-value of 0.006893429. This simulation closely aligns with the optimization 
results, with a relative error of less than 4%, confirming the accuracy of the wave point plate 
heat exchanger model proposed in this study.

For comparison with the optimal solution, a simulation was conducted against a con-
ventional herringbone plate heat exchanger. The geometry and main parameters of the tradi-
tional herringbone plate heat exchanger are depicted in fig. 8(a). It features a corrugation angle, 
β, of 60°, a corrugation height, h′, of 1 mm, and a corrugation spacing, d′, of 10 mm, with cor-
rugated clamping angle of 60°. The optimal design from the analysis is labeled as SCHEME 1. 
Under identical conditions, the traditional exchanger is referred to as SCHEME 2. Figure 8(b) 
illustrates the relationship between Reynolds number and JF across various mass-flow rates. 
As the Reynolds number increases, both schemes show a general decrease in JF-values, with 
SCHEME 1 consistently outperforming SCHEME 2. This indicates that the heat exchanger 
designed in this study exhibits superior heat transfer performance compared to the traditional 
herringbone design.

Figure 8. Geometric structure and main parameters of traditional  
herringbone plate heat exchanger (a) and  
Reynolds number vs. heat transfer coefficient for different mass-flow rates (b)

Conclusions

This study employs numerical simulation investigate the heat transfer and flow char-
acteristics of a dimpled plate heat exchanger. It includes parameter analysis using FLUENT 
software and optimization via response surface methodology. The geometric variables of the 
plate include wave point diameter, d, wave point depth, h, and wave point inclination angle, θ. 
Nitrogen is used as the medium, with an inlet mass-flow rate of 28.29 kg/m2s. The main con-
clusions are as follows.

Figure 7. Impact of AB (a), AC (b), and BC (c) changes on JF
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	y Simulations were conducted on dimpled plate heat exchanger with varying structural pa-
rameters. The simulation results indicate: When d = 4 mm, the heat exchanger exhibits 
optimal thermal performance, both Nusselt number and f decrease as h increases. The θ 
primarily affects the number of corrugations and the heat transfer area, with both Nusselt 
number and f reaching their maximum values at θ = 55°.

	y An orthogonal table analysis of the single-factor experiment results reveals that the optimal 
geometric conditions are a wave point diameter of 5 mm, a wave point depth of 1 mm, and 
a wave point angle of 45°. The optimal geometric conditions obtained were consistent with 
the initial visual analysis results employing response surface methodology.

	y Optimization using response surface methodology identified a structure with optimal thermal 
performance. Under the best geometric conditions – wave point diameter of 5.22 mm, depth 
of 0.92 mm, and angle of 42.13° – the JF value reached a maximum of 0.00661724, closely 
aligning with the CFD results, with a relative error of less than 4%, which further validates the 
accuracy of our wave point plate heat exchanger model. Compared to traditional herringbone 
designs, our new wave point design exhibits superior heat transfer performance.

Nomenclature
Cp	 – heat capacity of working fluid, [Jkg–1K–1]
d	 – hydraulic diameter, [mm]
f	 – friction factors
h 	 – depth, [mm]
JF	 – comprehensive performance evaluation index
k	 – turbulent kinetic energy, [m2s–2]
Nu	– Nusselt number
Pr	 – Prandtl number
u	 – velocity of working fluid, [ms–1]

t	 – time, [second]

Greek symbols

ε 	 – dissipation rate of turbulent kinetic  
energy of the k-ε model, [m2s–3]

λ 	 – thermal conductivity, [Wm–1K–1]
µ 	 – dynamic viscosity, [Pa⋅s]
ρ	 – density of working fluid, [kgm–3]
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