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Entropy generation analysis in a gasket plate heat exchanger using non-

spherical shape of alumina boehmite nanoparticles 
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Abstract. The analysis deals with the thermo-hydraulic performance of a Gasket Plate Heat Exchanger used for cooling 

vegetable oils with a water-ethylene glycol 50% and volume fractions of non-spherical nanoparticles mixture as a 

refrigerant. The heat exchanger has 75 plates with a chevron angle equal to 30º. The Reynolds number of the refrigerant 

varies from 80 to 1530. The Reynolds number of the sunflower vegetable oil is fixed and equal to 30. The non-spherical 

nanoparticles used for analysis are platelet, cylindrical and brick types. Graphical results are presented for global heat 

transfer coefficient, heat capacity ratio, heat transfer rate, outlet temperatures, thermal and viscous entropy generation 

rate, and Bejan thermodynamic number. The results obtained allow us to conclude that it is possible to work with low 

relative flow rates using non-spherical nanoparticles, emphasizing platelet nanoparticles. The entropy generations analysis 

shows that very high flow rates of the refrigerant dissipate much of the energy in viscous form and do not contribute to 

oil cooling, with a consequent increase in the heat exchanger operating costs. 

Keywords: plate heat exchanger; entropy generation; Bejan number; non-spherical nanoparticles; vegetable oil. 

1. Introduction  

This work aims to analyze the thermal and hydraulic 

performance of a gasket plate heat exchanger using an 

analytical procedure based on the second law of 

thermodynamics, emphasizing the entropy generation 

rate. 

Gasket plate heat exchangers have small hydraulic 

diameters and undulations due to geometry, which leads 

to heat transfer enhancement. The relevant geometric 

aspects that influence the thermohydraulic behavior are 

the chevron angle, the surface enlargement factor, and 

the corrugation profile. Due to the importance of this 

type of heat exchanger in the industry, several numerical 

and analytical models have been developed in the last 

decades to describe its behavior and point out correction 

procedures that can lead to material savings and energy 

dissipation. With this objective, Neagu and Koncsag [1] 

present a correlation model to determine the Nusselt 

number that considers the energy losses caused by the 

reverse flow at the plates' edges change in the flow path 

associated with the chevron angle. The model is 

experimentally validated in an industrial facility with a 

chevron angle equal to 30º. Furthermore, they 

demonstrated using statistical analysis that the Nusselt 

correlation, calculated with generalized Lévêque 

correlation, presents results compatible with the 

experimental data obtained for the heat exchanger under 

investigation. 

Different methods available in the literature make it 

possible to calculate the total pressure drop that occurs 

in a Gasket Plate Heat Exchanger. Neagu et al. [2] 

collected experimental data related to pressure drops in 

a vegetable oil refinery. They compared it with the 
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correlations of Kumar, Muuley, and Buonopane & 

Troupe, cited in the published work on the conclusions 

they reached after the comparisons. They concluded that 

the results obtained by the different correlations present 

great dispersion among themselves and that the Kumar 

correlation results in oversizing. Therefore, they choose 

to use the other two correlations, with the prevalence of 

Mulley's, which carries information associated with the 

chevron tilt angle. 

Skocilas and Palaziuk [3] developed a three-

dimensional computational model to determine the heat 

transfer process in Gasket Plate Heat Exchanger in a 

turbulent regime. First, they determined values for heat 

transfer coefficient and heat loss. Then, they carried out 

a comparative analysis with experimental results 

obtained from the literature, considering the angle of 

ripple’s inclination related to the main flow direction. 

Graphical research of temperature distribution shows 

heat exchanger regions with higher heat losses and low 

flow intensity. The main conclusion reached with the 

numerical simulation is that the results show an 

advantage in using chevron ripples as they promote 

higher heat transfer coefficients. Still, they promote an 

increase in hydraulic resistance and a higher pressure 

drop value. 

Nogueira [4] uses the second law of thermodynamics 

and determines the thermal performance of a given 

Gasket Plate Heat Exchanger used for milk 

pasteurization and water as a refrigerant. The original 

heat exchanger has 20 plates. The developed work 

analyzed the effect of the variation in the number of 

plates on thermal performance. It presents thermal 

efficiency, effectiveness, entropy generation rate, and 
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exit temperatures. Some of the conclusions he reached 

were: 1 - for a small number of plates, the effectiveness 

increases with the increase in the flow rate of the 

refrigerant; 2 - effectiveness tends to 1.0 when the 

number of plates approaches 80; 3 - for a high number 

of plates the relatively high-water flow rate has little 

influence on the thermal performance. 

Kumar and Singh [5] present experimental work on 

a plate heat exchanger for Reynolds numbers ranging 

from 800 to 5900. They analyze the thermal and 

hydraulic performance of the heat exchanger using as 

parameters the Reynolds number, the power of 

pumping, the number of plates, and chevron tilt angle 

equal to 60º. The experimental Nusselt number is 

compared with correlations developed by Bassiouny-

Martin and Wang-Sunden, referencing the presented 

work. In addition, they create correlations for Nusselt 

number and friction factor from the data obtained and 

the comparisons made. The main conclusion reached 

from the analysis is that uniform flow distribution for 

many plates should not be admitted. 

Tovazhnyanskyy et al. [6] present a study related to 

the construction of special plates in Welded Plate Heat 

Exchanger. They create a model for analyzing a single-

pass heat exchanger's thermal and hydraulic 

performance. Get expressions for determining the 

effectiveness and number of thermal units. The results 

were obtained to develop a model for a multi-pass heat 

exchanger. They validate the model from experimental 

data obtained in an industrial plant used to synthesize 

ammonia at high pressures. In addition, they developed 

a model that makes it possible to determine the height of 

the ripples and the number of passes required for 

specified operating conditions. They conclude by stating 

that heat exchangers with round plates specially 

developed for ammonia synthesis have higher thermal 

efficiency than traditional tubular heat exchangers. 

Jamil et al. [7] present theories for heat exchanger 

design using the Exergoeconomic Method and 

Normalized Sensitivity Analysis Method. The first one 

deals with the joint application of economic and 

thermodynamic analysis and is more efficient than 

thermodynamic and financial analysis methods. The 

second allows a rational comparison between output and 

input parameters by normalizing the sensitivity 

coefficients by the nominal values. They validate the 

models experimentally in a plate heat exchanger used in 

a desalination system. Exergoeconomic method 

includes combinatorial effects of conventional methods. 

Nguyen et al. [8] apply electrolytic coating technique 

to plate heat exchanger to improve thermo-hydraulic 

efficiency. They use nickel, copper, and silver on 

stainless steel plates using electrodeless galvanizing and 

perform a heat transfer experiment to evaluate the 

overall heat transfer coefficient, friction factor, number 

of transfer units, efficiency, and performance evaluation 

criteria. After coating, it goes from smooth to rough, 

changing the morphology of the surface. Coated plate 

heat exchangers show significant performance 

improvement, highlighting silver, followed by copper 

and nickel. They note that the primary factors for 

improved performance are increased surface area and 

the creation of turbulence associated with roughness. 

They conclude by stating that coated boards are suitable 

for working in corrosive environments. 

Almurtaji [10] carried out a systematic review of 

heat exchanger technology and the use of nanofluids to 

improve thermo-hydraulic efficiency. One of the 

focuses of the work is plate heat exchangers. They 

present a discussion on thermophysical properties and 

emphasize the importance of nanofluids for future 

applications. They show extensive literature and 

conclude that CNT-based nanofluids are highly 

effective for improving thermal performance, especially 

in plate heat exchangers. 

Timofeeva et al. [11] investigate the thermal 

conductivity and viscosity of various shapes of alumina 

nanoparticles in a mixture of water and ethylene glycol. 

They carry out an experiment and develop a theoretical 

model and observe that the presence of nanoparticles 

produces an effective increase in thermal conductivity 

as a function of interfacial effects proportional to the 

surface area. In addition, they keep that the presence of 

nanoparticles significantly increases the viscosity of the 

suspensions due to structural restrictions. However, they 

demonstrate that it is possible to reduce the viscosity of 

the alumina nanofluid by adjusting its pH without 

affecting the thermal conductivity. Furthermore, they 

use the experimental values obtained for thermal 

conductivity and viscosity to analyze the efficiency of 

nanofluids in laminar and turbulent regimes in real 

applications. Finally, they emphasize that the evaluation 

of nanofluids requires an understanding of their 

characteristics and thermophysical properties. 

Matsegora et al. [12] present an approach to 

determine the influence of the wave geometry on the 

plate heat exchanger under fouling conditions. They use 

a dimensionless scale model and discuss the effect of the 

plate corrugation geometry on the performance of the 

heat exchanger used for fine heating broth in a sugar 

plant. They consider that the slope angle of the ripples is 

the main influencing factor and show its effect on the 

incrustation intensity. They discuss measures to mitigate 

the impact of surges on incrustation. They point out that 

plates with higher angles of inclination may be 

preferable in conditions of water fouling but emphasize 

that the decision depends on the accurate modeling of 

the process and economic factors. 

Warlo et al. [13] report that they have worked for 

years to develop and characterize heat exchangers. They 

have recently included the analysis of fouling behavior 

in performance optimization design. They present 

experimental results for four different applications and 

compare thermodynamic performance in terms of 

fouling by airside CaCO3 particle crystallization in 

different test facilities. The effect of fouling is 

investigated in a wet cooling tower on a laboratory scale 

and applied to real systems. They conclude that heat 

exchangers' drop in thermodynamic performance can be 

characterized through integral methods. 

Garcia Rojas et al. [14] obtained data to determine 

the physical properties of vegetable oils used in the 

processed food industry. The vegetable oils analyzed are 

cotton, canola, sunflower, and corn. They measured 

thermal conductivity, viscosity, specific heat, and 

density for temperature variations ranging from 26 ºC to 
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160 ºC and observed that the properties are influenced 

by temperature. In addition, they developed correlations 

for the properties within the studied temperature range. 

They report that the developed correlations adequately 

fit the experimental results. 

2. Methodology 

Gasket plate heat exchangers were used initially for the 

pasteurization of milk [4]. However, they have been 

used in almost all industry branches because of their 

versatility and excellent thermal performance. Figure 1 

presents a view of the components used in one of these 

heat exchangers. Figure 2 shows the main component of 

the heat exchanger and, in this case, a particular type of 

plate that is frequently used in applications. The chevron 

plate has corrugations slope angle to create eddies in the 

flow and improve the heat exchange [1, 2]. 

The heat exchanger under analysis transports hot 

sunflower vegetable oil and exchanges heat with a 

water-ethylene glycol with volume fractions of non-

spherical nanoparticles. The works carried out by Neagu 

et al. they are [2, 3] deal separately with the thermal [2] 

and hydrodynamic [3] aspects, making it possible to 

obtain the geometric and physical parameters of the heat 

exchanger. In addition, they provided equations for 

determining the Reynolds number and friction factor 

with tilt angle as a fundamental parameter. The 

theoretical and experimental analyses presented in the 

cited studies use a wide range of Reynolds numbers for 

the refrigerant fluid and serve as a reference for this 

work. 

 

Figure 1. Exploded view of a typical Gasket Plate Heat 

Exchanger: 1 - fixed plate; 2 – pressure plate; 3 - support; 4 – 

carrying beam; 5 – lower plate guide; 6 – carrying roller; 7 – 

tightening bolt; 8 – fixing bolt; 9 - rubber liner; 10 - gasket; 

11 - heat transfer plate. 

 

Figure 2. Main dimensions of chevron plate for the projected 

Gasket Plate Heat Exchanger 

Primary data considered for the analysis are 

presented in Eq. 1-6: 

𝑇𝑐𝑖 = 30 º 𝐶  𝑤𝑎𝑡𝑒𝑟 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙 +
𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠        (1) 

𝑇ℎ𝑖 = 110 º 𝐶  𝑠𝑢𝑛𝑓𝑙𝑜𝑤𝑒𝑟 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒 𝑜𝑖𝑙        (2) 

�̄�𝑐 = 35  º 𝐶      (3) 

�̄�ℎ = 75  º 𝐶      (4) 

𝑇𝑊 = 55  º 𝐶      (5) 

Tci and Thi are the inlet temperatures of water and 

vegetable oil. 

𝑁𝑡 = 75       (6) 

𝑁𝑡 is the number of plates. 

The properties of sunflower vegetable oil are 

obtained through polynomial interpolations (Eq. 7-11) 

from tables presented in [14]. 

𝜌ℎ = 920.8893939 − 0.09046037296�̄�ℎ −

0.0003712121212�̄�ℎ
2

+ 2.33100233110−6�̄�ℎ
3
 …      

(7) 

𝜇ℎ = 0.144681007 − 0.00571479528�̄�ℎ +

9.8117277110−5�̄�ℎ
2

− 7.88058566410−7�̄�ℎ
3

+

2.40260780910−9�̄�ℎ
4
            (8) 

𝜇𝑊 = 0.144681007 − 0.00571479528𝑇𝑊 +

9.8117277110−5𝑇𝑊
2 − 7.88058566410−7𝑇𝑊

3 +

2.40260780910−9𝑇𝑊
4  (9) 

𝑘ℎ = 0.1595212121 + 7.62626262610−5�̄�ℎ −

5.30303030310−7�̄�ℎ
2

+ 2.525252510−9�̄�ℎ
3

 (10) 

𝐶𝑝ℎ = 2046.651515 + 3.511130536�̄�ℎ −

0.005606060606�̄�ℎ
2

+ 9.90675990710−6�̄�ℎ
3
   (11)  

The equations used at the calculation of Prandtl 

number are (12-14) for the hot fluid and (21-23) for the 

cold one. Physical properties values of the fluids (17-20; 

24-25) and their fouling factors (15-16) also serve to the 

following analysis: 

𝜈ℎ =
𝜇ℎ

𝜌ℎ
 𝑚2/𝑠      (12) 

h is the kinematic viscosity or momentum diffusivity of 

the sunflower oil. 

𝛼ℎ =
𝑘ℎ

𝜌ℎ𝐶𝑝ℎ
 𝑚2/𝑠          (13) 

h is the thermal diffusivity of the sunflower oil. 

𝑃𝑟ℎ =
𝜈ℎ

𝛼ℎ
        (14) 

𝑃𝑟ℎ is the Prandtl number of the sunflower oil. 

𝑅𝑓𝑐 = 0.00018 𝑊/(𝑚2𝐾)           (15) 

𝑅𝑓ℎ = 0.00053 𝑊/(𝑚2𝐾)         (16) 

𝑅𝑓𝑐and 𝑅𝑓ℎ are the fouling factor of the cold and hot 

fluids, respectively.  

𝜌𝑐 = 1067.5 𝑘𝑔/𝑚3 𝑤𝑎𝑡𝑒𝑟 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙50%    

(17) 
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𝜇𝑐 = 3.3910−3 (𝑘𝑔𝑠)/𝑚 𝑤𝑎𝑡𝑒𝑟 −
𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙50%   (18) 

𝑘𝑐 = 0.3799 𝑊/(𝑚𝐾) 𝑤𝑎𝑡𝑒𝑟 −
𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙50%      (19) 

𝐶𝑝𝑐 = 3300 𝐽/(𝑘𝑔𝐾) 𝑤𝑎𝑡𝑒𝑟 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙50%      

(20) 

𝜈𝑐 =
𝜇𝑐

𝜌𝑐
 𝑚2/𝑠   (21) 

𝛼𝑐 =
𝑘𝑐

𝜌𝑐𝐶𝑝𝑐
 𝑚2/𝑠  (22) 

𝑃𝑟𝑐 =
𝜈𝑐

𝛼𝑐
     (23) 

𝜌𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 3050 𝑘𝑔/𝑚3 𝑓𝑜𝑟𝐵𝑜𝑒ℎ𝑚𝑖𝑡𝑒𝐴𝑙𝑢 𝑚𝑖𝑛 𝑎     

(24) 

𝐶𝑝𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 618.3 𝐽/(𝑘𝑔𝐾) 𝑓𝑜𝑟𝐵𝑜𝑒ℎ𝑚𝑖𝑡𝑒𝐴𝑙𝑢 𝑚𝑖𝑛 𝑎  

(25) 

Table 1 below was included in the article published 

by Monfared et al. [9] coefficients that characterize non-

spherical nanoparticles concerning dynamic and thermal 

aspects. The coefficient 𝐶𝑘  characterizes the thermal 

conductivity and the coefficients A1 and 𝐴2 characterize 

the dynamic viscosity. These coefficients are used in the 

present analytical model, to calculate the properties of 

nanofluids (Eq. 26-32). 

Table 1. Coefficients that characterize the non-spherical 

shape of nanoparticles in dynamic viscosity and thermal 

conductivity [9] 

Type                𝑪𝒌 𝐀𝟏 𝑨𝟐 

Platelets              2.61                          

Blades              2.74 

Cylindrical       3.95 

37.1 

14.6 

13.5 

612.6 

123.3 

904.4 

Bricks               3.37 1.9 471.4 

The properties of the nanofluids are given by: 

𝜇𝑛𝑎𝑛𝑜 = 𝜇𝑐(1 + 𝐴1𝜙 + 𝐴2𝜙2)𝑓𝑜𝑟 𝑛𝑜𝑛 −
𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑠ℎ𝑎𝑝𝑒   (26) 

𝜅𝑛𝑎𝑛𝑜 = 𝑘𝑐(1 + 𝐶𝑘𝜙) 𝑓𝑜𝑟 𝑛𝑜𝑛 −
𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑠ℎ𝑎𝑝𝑒   (27) 

𝜌𝑛𝑎𝑛𝑜 = 𝜌𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝜙 + (1 − 𝜙)𝜌𝑐       (28) 

𝐶𝑝𝑛𝑎𝑛𝑜 =
𝐶𝑝𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝜌𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝜙+(1−𝜙)𝐶𝑝𝑐𝜌𝑐

𝜌𝑛𝑎𝑛𝑜
       (29) 

Where:   is the nanoparticle volume fraction. 

𝜈𝑛𝑎𝑛𝑜 =
𝜇𝑛𝑎𝑛𝑜

𝜌𝑛𝑎𝑛𝑜
   (30) 

𝛼𝑛𝑎𝑛𝑜 =
𝑘𝑛𝑎𝑛𝑜

𝜌𝑛𝑎𝑛𝑜𝐶𝑝𝑛𝑎𝑛𝑜
   (31) 

𝑃𝑟𝑛𝑎𝑛𝑜 =
𝜈𝑛𝑎𝑛𝑜

𝛼𝑛𝑎𝑛𝑜
        (32) 

The geometrical dimensions of the gasket plate heat 

exchanger and the thermal conductivity of its 

manufacturing material are presented in (33-50): 

𝐿𝑉 = 1.070 𝑚    (33) 

LV is the vertical distance between centers of ports. 

𝐿𝑝 = 0.858 𝑚   (34) 

Lp is the plate length between ports.  

𝐿𝑤 = 0.450 𝑚   (35) 

Lw is the plate width. 

𝐿ℎ = 0.238 𝑚   (36) 

𝐿ℎ is the horizontal length between centers of ports. 

𝐷𝑃 = 0.212 𝑚   (37) 

𝐷𝑃 is the port diameter.   

𝛿𝑊 = 0.610−3 𝑚    (38) 

W is the plate thickness. 

𝑘𝑊 = 17.5 𝑊/(𝑚𝐾)  (39) 

kW is the thermal conductivity of the plate. 

𝐿𝐶 = 175.5610−3 𝑚    (40) 

LC is the compressed plate pack length. 

𝑃𝑖𝑡 =
𝐿𝑐

𝑁𝑡
             (41) 

𝑃𝑖𝑡 is the plate pitch. 

𝑏 = 𝑃𝑖𝑡 − 𝛿𝑊       (42) 

b is the corrugation depth.  

𝜑 = 1.17                 (43) 

 is the surface enlargement factor. 

𝐷ℎ =
2𝑏

𝜑
                    (44) 

Dh is the hydraulic diameter. 

𝐴𝑐ℎ = 𝑏𝐿𝑊           (45) 

Ach is the channel cross-sectional free flow area.  

𝑁𝑒 = 𝑁𝑡 − 3           (46) 

Ne is effective heat transfer number of plates.  

𝑁𝑝 = 1      (47) 

Np is the number of fluid passes. 

𝑁𝑐𝑝 =
𝑁𝑡−1

2𝑁𝑝
          (48) 

𝑁𝑐𝑝 is the number of channels for one pass. 

𝐴1 = 0.331𝑚2   (49) 

𝐴1 is the heat transfer area for a plate. 

𝐴𝑒 = 𝐴1𝑁𝑒        (50) 

𝐴𝑒is the heat transfer total area.  

The analysis is made for a fixed value of Reynolds 

number on the hot fluid side (the vegetable oil) (Eq. 51): 

𝑅𝑒ℎ = 30.0 𝑓𝑖𝑥𝑒𝑑     (51) 

𝑅𝑒ℎ is the Reynolds number for hot fluid.  

The Eq. 52-79 served to calculate Nusselt numbers, 

according to the modified Lévêque correlation [1]: 

𝐺𝑐ℎ =
𝑅𝑒ℎ𝜇ℎ

𝐷ℎ
     (52) 

𝐺𝑐ℎ is the mass velocity. 

�̇�𝑐ℎ = 𝐺𝑐ℎ𝐴𝑐ℎ  (53) 
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�̇�𝑐ℎis the mass flow rate per channel 

�̇�ℎ = �̇�𝑐ℎ𝑁𝑐𝑝
      (54) 

�̇�ℎis the total mass flow rate of the hot fluid. 

𝐺𝑐𝑐 =
𝑅𝑒𝑐𝜇𝑛𝑎𝑛𝑜

𝐷ℎ
      (55) 

�̇�𝑐𝑐 = 𝐺𝑐𝑐𝐴𝑐ℎ       (56) 

�̇�𝑐 = 𝐺𝑐𝑐𝐴𝑐ℎ         (57) 

𝐶𝑐 = �̇�𝑐𝐶𝑝𝑛𝑎𝑛𝑜      (58) 

𝐶ℎ = �̇�ℎ𝐶𝑝ℎ            (59) 

𝐶ℎ is the thermal capacity of the hot fluid. 

𝐶∗ =
𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
   (60) 

𝐶𝑚𝑖𝑛 is the minimum thermal capacity between the hot 

and cold fluids.   

The methodology below, formulated by Neagu and 

Koncsag [1], introduces several parameters that 

explicitly depend on the angle of inclination of the 

chevron, emphasizing the Nusselt numbers. 

𝑙 = 𝑃𝑖𝑡 𝑠𝑖𝑛( 𝛽)      (61) 

𝛽  is the chevron inclination angle and l is the 

corrugation wavelength.  

𝐿𝑓𝑢𝑟𝑟 =
𝑙

𝑠𝑖𝑛(2𝛽)
      (62) 

𝐿𝑙𝑜𝑛𝑔 =
𝑙

𝑠𝑖𝑛(𝛽)
       (63) 

𝐿𝑓𝑢𝑟𝑟  and 𝐿𝑙𝑜𝑛𝑔  are the furrow and longitudinal flow 

components.  

𝑋𝑋 =
𝑏

𝑃𝑖𝑡
    (64) 

𝑋𝑋 is the ratio corrugation depth.  

𝐷ℎ 𝑠𝑖𝑛 𝑒 = (0.149𝑋𝑋3 − 0.623𝑋𝑋2 + 1.087𝑋𝑋 −
0.0014)𝑙    (65) 

𝐷ℎ 𝑠𝑖𝑛 𝑒 is the hydraulic dynamic diameter of a sine duct. 

𝐴𝑐ℎ 𝑠𝑖𝑛 𝑒 = 𝐴𝑐ℎ 𝑐𝑜𝑠( 𝛽)  (66) 

𝐴𝑐ℎ 𝑠𝑖𝑛 𝑒  is the channel cross-section transverse to the 

furrow. 

𝑢𝑠𝑖𝑛 𝑒𝑐 =
�̇�𝑐𝑐

𝜌𝑛𝑎𝑛𝑜𝐴𝑐ℎ 𝑠𝑖𝑛 𝑒
      (67) 

𝑢𝑠𝑖𝑛 𝑒ℎ =
�̇�𝑐ℎ

𝜌ℎ𝐴𝑐ℎ 𝑠𝑖𝑛 𝑒
          (68) 

𝑅𝑒𝑠𝑖𝑛 𝑒𝑐 =
2𝑢𝑠𝑖𝑛 𝑒𝑐𝐷ℎ 𝑠𝑖𝑛 𝑒

𝜈𝑛𝑎𝑛𝑜
    (69) 

𝑅𝑒𝑠𝑖𝑛 𝑒ℎ =
2𝑢𝑠𝑖𝑛 𝑒ℎ𝐷ℎ 𝑠𝑖𝑛 𝑒

𝜈ℎ
    (70) 

𝐶 = 2.6624𝑋𝑋4 − 10.586𝑋𝑋3 + 11.262𝑋𝑋2 −
1.036𝑋𝑋 + 9.6                                    (71) 

𝐾𝑒 𝑖𝑛𝑓 = 5.888𝑋𝑋4 + 9.4611𝑋𝑋3 − 4.248𝑋𝑋2 −

0.1333𝑋𝑋 + 2.648         (72) 

𝐾𝑑 𝑖𝑛𝑓 = 1.7237𝑋𝑋4 + 2.7669𝑋𝑋3 − 1.2651𝑋𝑋2 −

0.0097𝑋𝑋 + 1.512          (73) 

𝐾𝑖𝑛𝑓 = 2(𝐾𝑒 𝑖𝑛𝑓 − 𝐾𝑑 𝑖𝑛𝑓)        (74) 

𝐵 =
𝐾𝑖𝑛𝑓𝐷ℎ 𝑠𝑖𝑛 𝑒

4𝑙𝑓𝑢𝑟𝑟
      (75) 

𝑓𝑎𝑝𝑝𝑐 =
𝐶

𝑅𝑒𝑠𝑖𝑛 𝑒𝑐
+ 𝐵      (76) 

𝑓𝑎𝑝𝑝ℎ =
𝐶

𝑅𝑒𝑠𝑖𝑛 𝑒ℎ
+ 𝐵   (77) 

𝑓𝑎𝑝𝑝 is the apparent friction coefficient.  

𝑁𝑢𝑐 = 0.40377(4𝑓𝑎𝑝𝑝𝑐 𝑅𝑒𝑠𝑖𝑛 𝑒𝑐
2 + 𝑃𝑟𝑛𝑎𝑛𝑜(

𝐷ℎ 𝑠𝑖𝑛 𝑒

𝑙𝑓𝑢𝑟𝑟
)1/3 

(78) 

𝑁𝑢ℎ = 0.40377(4𝑓𝑎𝑝𝑝ℎ 𝑅𝑒𝑠𝑖𝑛 𝑒ℎ
2 + 𝑃𝑟ℎ

𝐷ℎ 𝑠𝑖𝑛 𝑒

𝑙𝑓𝑢𝑟𝑟
)1/3   (79) 

The heat transfer partial coefficients on the hot fluid 

side and on the cold fluid side respectively, are 

calculated with Eq. 80-82, then the overall coefficient 

with Eq. 82, the number of transfer units (Eq. 83) and 

the thermal effectiveness (Eq. 84):  

ℎ𝑐 =
𝑁𝑢𝑐𝑘𝑛𝑎𝑛𝑜

𝐷ℎ 𝑠𝑖𝑛 𝑒
    (80) 

ℎℎ =
𝑁𝑢𝑘ℎ

𝐷ℎ 𝑠𝑖𝑛 𝑒
    (81) 

𝑈𝑜 =
1

1

ℎ𝑐
+

1

ℎℎ
+

𝛿𝑊
𝑘𝑊

+𝑅𝑓𝑐+𝑅𝑓ℎ

    (82) 

𝑁𝑇𝑈 =
𝑈𝑜𝐴𝑒

𝐶𝑚𝑖𝑛
     (83) 

𝜀𝑇 =
1−𝑒[−𝑁𝑇𝑈(1−𝐶∗)]

1+𝐶∗𝑒[−𝑁𝑇𝑈(1−𝐶∗)]      (84) 

𝜀𝑇 is the thermal Effectiveness [15-16]. 

The heat transfer rate, thermal irreversibility and 

thermal entropy generation rate are calculated with Eq. 

85-89. 

�̇� = 𝜀𝑇𝐶𝑚𝑖𝑛(𝑇ℎ𝑖 − 𝑇𝑐𝑖)   (85) 

𝑇𝑐𝑜 = 𝑇𝑐𝑖 +
�̇�

�̇�𝑐𝐶𝑝𝑐
          (86) 

𝑇ℎ𝑜 = 𝑇ℎ𝑖 −
�̇�

�̇�ℎ𝐶𝑝ℎ
     (87) 

𝜎𝑇 = (
𝐶ℎ

𝐶𝑚𝑖𝑛
) 𝑙𝑛(

𝑇ℎ𝑜

𝑇ℎ𝑖
) + (

𝐶𝑛𝑎𝑛𝑜

𝐶𝑚𝑖𝑛
) 𝑙𝑛(

𝑇𝑐𝑜

𝑇𝑐𝑖
)       (88) 

𝜎𝑇 is the thermal irreversibility.  

�̇�𝑔𝑒𝑛𝑇 = 𝜎𝑇𝐶𝑚𝑖𝑛   (89) 

�̇�𝑔𝑒𝑛𝑇  is the thermal entropy generation rate [17-18].  

The hydraulic methodology below, formulated by 

Neagu et al. [2], introduces parameters that explicitly 

depend on the chevron inclination angle, emphasizing 

the friction factor (Eq. 90-91): 

𝑓𝑐 = (
𝛽

30
)0.83[(

30.2

𝑅𝑒𝑐
)5 + (

6.28

𝑅𝑒𝑐
)0.5]0.2       (90) 

𝑓ℎ = (
𝛽

30
)0.83[(

30.2

𝑅𝑒ℎ
)5 + (

6.28

𝑅𝑒ℎ
)0.5]0.2     (91) 

𝑓𝑐 and 𝑓ℎ are the friction factors for cold and hot fluids, 

respectively. 

The pressure drop, the outlet and inlet pressure are 

calculated with Eq. 92-102. 

𝛥𝑃𝑐 = 4𝑓𝑐(
𝐿𝑃𝑁𝑃

𝐷ℎ
)(

𝐺𝑐𝑐
2

2𝜌𝑛𝑎𝑛𝑜
)(

𝜇𝑛𝑎𝑛𝑜

𝜇𝑊
)−0.17       (92) 
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𝛥𝑃ℎ = 4𝑓ℎ(
𝐿𝑃𝑁𝑃

𝐷ℎ
)(

𝐺𝑐ℎ
2

2𝜌ℎ
)(

𝜇ℎ

𝜇𝑊
)−0.17  (93) 

𝛥𝑃ℎ  and 𝛥𝑃𝑐  are the pressure drops for hot and cold 

fluids, respectively. 

𝐺𝑝𝑐 = 4(
�̇�𝑐

𝜋𝐷𝑝
2)      (94) 

𝐺𝑝ℎ = 4(
�̇�ℎ

𝜋𝐷𝑝
2)      (95) 

𝐺𝑝𝑐 and 𝐺𝑝ℎ are the mass velocity for cold and hot fluids 

in the port.  

𝛥𝑃𝑝𝑐 = 1.4𝑁𝑝(
𝐺𝑝𝑐

2

2𝜌𝑛𝑎𝑛𝑜
)   (96) 

𝛥𝑃𝑝ℎ = 1.4𝑁𝑝(
𝐺𝑝ℎ

2

2𝜌ℎ
)   (97) 

𝛥𝑃𝑝𝑐 and 𝛥𝑃𝑝ℎ are the pressure drops in the port duct. 

𝛥𝑡𝑐 = 𝛥𝑃𝑐 + 𝛥𝑃𝑝𝑐      (98) 

𝛥𝑡ℎ = 𝛥𝑃ℎ + 𝛥𝑃𝑝ℎ         (99) 

𝑃2𝑐 = 𝑃2ℎ = 𝑃𝑎𝑡𝑚     (100) 

𝑃2𝑐  and 𝑃2ℎ  are, by hypothesis, the outlet pressures. 

Then, 

𝑃1𝑐 = 𝑃2𝑐 + 𝛥𝑡𝑐      (101) 

𝑃1ℎ = 𝑃2ℎ + 𝛥𝑡ℎ    (102) 

equations 103-106 lead to the value of Bejan 

thermodynamic number: 

𝑅 =
𝑇ℎ𝑖−𝑇ℎ𝑜

𝑇𝑐𝑜−𝑇𝑐𝑖
          (103) 

𝜎𝑓 = −(
𝐶ℎ

𝐶𝑚𝑖𝑛
) 𝑅𝑙𝑛(

𝑃2ℎ

𝑃1ℎ
) − (

𝐶𝑛𝑎𝑛𝑜

𝐶𝑚𝑖𝑛
)𝑅 𝑙𝑛(

𝑃2𝑐

𝑃1𝑐
)    (104) 

minfgenf
S C=    (105) 

𝜎𝑓  and �̇�𝑔𝑒𝑛𝑓  are the viscous irreversibility and the 

viscous entropy generation rate. 

Finally, we have: 

𝐵𝑒 =
�̇�𝑔𝑒𝑛𝑇

�̇�𝑔𝑒𝑛𝑇+�̇�𝑔𝑒𝑛𝑓
       (106) 

𝐵𝑒 is the Bejan thermodynamic number [19-20]. 

3. Results and discussion  

The global heat transfer coefficient versus Reynolds 

number in the range from 80 to 1530 and volume 

fraction of nanoparticle equal 0.5% is presented in 

Figure 3. It is possible to observe a considerable 

variation in global heat transfer in the range of the 

Reynolds number under analysis. However, due to the 

low volume fraction, it is impossible to observe 

nanoparticles' influence. When the volume fraction of 

the nanoparticles grows to 2.0%, Figure 4, the effect 

becomes evident, and the non-spherical nanoparticle 

that presents higher values for the global heat transfer 

coefficient is the Brick Boehmite Alumina. 

Figures 5 and 6 show results for heat transfer rate as 

a function of a wide range of Reynolds numbers for 

volume fractions of nanoparticles equal to 0.5% and 

2.0%, respectively. In these cases, it is possible to 

observe more clearly the influence of nanoparticles, 

notably for low Reynolds numbers. In contrast to the 

result observed for the global heat transfer coefficient, 

the non-spherical nanoparticle that presents the highest 

heat transfer rate is the Platelet type. This fact, without 

further analysis, can lead to hasty conclusions.  

 

Figure 3. Global heat transfer coefficient versus Reynolds 

number with volume fraction of nanoparticles equals 0.5% as 

parameters 

 

Figure 4. Global heat transfer coefficient versus Reynolds 

number with volume fraction of nanoparticles equal 2.0% as 

parameters 

 

Figure 5. Heat transfer rate versus Reynolds number with 

volume fraction of nanoparticles equals 0.5% as parameters 

 

Figure 6. Heat transfer rate versus Reynolds number with 

volume fraction of nanoparticles equal 2.0% as parameters 
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However, when analyzing the results of Figures 7 

and 8, the nanoparticles that present the lowest values 

for heat capacity ratio are Platelets, Cylindrical, and 

Bricks, in that order. These results can help justify the 

apparently contradictory results obtained for the heat 

transfer rate as a function of the type of nanoparticle 

since it is strongly influenced by the ratio between the 

thermal capacities, as can be seen from Equations 84 and 

85. In summary, and conclusively, it can be stated that 

the nanoparticles that enable higher heat transfer rates 

are Platelets, Cylindrical, and Bricks, in that order. 

However, it is noteworthy that this performance 

difference between the nanoparticles is only observable 

for relatively low Reynolds numbers. 

 

Figure 7. Thermal capacity ratio versus Reynolds number 

with volume fraction of nanoparticles equals 0.5% as 

parameters 

 

Figure 8. Thermal capacity ratio versus Reynolds number 

with volume fraction of nanoparticles equal 2.0% as 

parameters 

The results obtained for the thermal entropy 

generation rate, through Figures 9 and 10, corroborate 

the conclusions related to the heat transfer rate. The 

Platelet-type nanoparticle has the highest rate of entropy 

generation, with a higher prevalence in low Reynolds 

number. 

 

Figure 9. Thermal entropy generation rate versus Reynolds 

number with volume fraction of nanoparticles equals 0.5% as 

parameter 

 

Figure 10. Thermal entropy generation rate versus Reynolds 

number with volume fraction of nanoparticles equal 2.0% as 

parameters 

Figures 11 and 12 show the total pressure drop and 

viscous entropy generation in the heat exchanger for the 

volume fraction of nanoparticles equal 0.5% and 2.0%.  

 

Figure 11. Total pressure drop versus Reynolds number with 

volume fraction of nanoparticles as parameters 

 

Figure 12. Viscous entropy generation versus Reynolds 

number with volume fraction of nanoparticles as parameters 

In these cases, the influence of non-spherical 

nanoparticles is evident, even for the smallest fraction 

by volume, that is, ϕ = 0.005. The nanoparticle that most 

affects the pressure drop is Platelet Boehmite Alumina, 

followed by Cylindrical and Brick. It becomes evident 

that the viscous dissipation is very high and makes the 

use of nanoparticles for high flow rates impractical. For 

lower flow rates, the use of nanoparticles is justifiable 

since the viscous dissipation obtained is equivalent to 

the viscous dissipation for a mixture of water and 

ethylene glycol at high flow rates. 

Figure 13 highlights the relationship between 

thermal and viscous entropy rates, represented by the 

thermodynamic Bejan number, for relatively low 

refrigerant flows. It is evident that the thermal fraction 

becomes practically negligible with the increase in the 

flow rate of the refrigerant fluid and decreases 

significantly with the introduction of nanoparticles. 
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However, it becomes more evident in which flow rate 

the use of nanoparticles is feasible since the thermal 

portion associated with the nanoparticles is equivalent to 

water and ethylene glycol flow. In addition, the increase 

in the volume fraction further restricts the flow rate of 

the refrigerant fluid to be used concerning the use of 

nanoparticles.  

Figure 14 presents the thermodynamic Bejan number 

variation with Reynolds number of the refrigerant fluid, 

with non-spherical nanoparticle Platelet volume fraction 

ranging from 0.5% to 2.0%. Even for the use of a 

mixture of water and ethylene glycol, refrigerant flows 

with a Reynolds number above 400 are not justified for 

the configuration of the heat exchanger under analysis. 

With the addition of nanoparticles, this maximum flow 

limit decreases with increasing volume fraction. 

 

Figure 13. Bejan number versus Reynolds number with 

volume fraction of nanoparticles as parameters 

 

Figure 14. Bejan number versus Reynolds number with 

volume fraction of non-spherical platelet nanoparticle as 

parameters 

 

Figure 15. Outlet temperatures of fluids versus Reynolds 

number with volume fraction of nanoparticles equal 0.5% as 

parameters 

Figures 15 and 16 show the temperature variations 

for both cold and hot fluids as a function of the Reynolds 

number of the refrigerant fluid and volume fractions 

equal to 0.5% and 2.0%, respectively. As already 

highlighted, the drop in temperature of the hot fluid for 

high flows is insignificant and not justified. With the 

introduction of nanoparticles, the minimum level of hot 

fluid outlet temperature is obtained at lower flow rates.    

 

Figure 16. Outlet temperatures of fluids versus Reynolds 

number with volume fraction of nanoparticles equal 2.0% as 

parameters 

Figure 17 highlights outlet temperatures for fluids 

using non-spherical particles of Boehmite Alumina 

Platelets, with volume fraction variation in the range of 

0.5% to 2.0%. 

 

Figure 17. Outlet temperatures of fluids versus Reynolds 

number with volume fraction of non-spherical platelet 

nanoparticle as parameters 

The influence of volume fractions on the drop in 

temperature of the hot fluid is significant and justifies 

the use of nanoparticles in low flow rates of the 

refrigerant fluid. 

4. Conclusions  

The work analyzes the thermohydraulic performance of 

a given Gasket Plate Heat Exchanger, using volume 

fractions of non-spherical Boehmite Alumina, through 

the concept of thermal and viscous entropy generation 

rate. The non-spherical nanoparticles under analysis are 

Platelets, Cylindrical and Brick.  

The non-spherical nanoparticles showed higher 

thermal performance concerning the use of water and 

ethylene glycol but, on the other hand, showed higher 

viscous dissipations, making the use of nanoparticles in 

high flow rates of the refrigerant unfeasible. The 

highlight among the nanoparticles is non-spherical 

Platelets, followed by Cylindrical and Bricks.  

The carried-out analysis demonstrates that the 

current configuration of the heat exchanger is not 

justified for high flow rates of the refrigerant fluid since 
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the drop in temperature is negligible and the price to be 

paid for the pressure drop is very high and grows with 

the introduction of nanoparticles. However, for 

relatively low flow rates for the coolant, the cost of 

viscous dissipation decreases, and the use of the current 

heat exchanger becomes attractive, even with volume 

fractions of nanoparticles in the order of 2.0%. 
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