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Abstract 

In this numerical study, the heat transfers of two types of fuels, namely kerosene and gasoline, were studied within a wavy 

channel with pulsed flow. The CFD module at COMSOL Multiphysics was used in this study. Several variables were used and 

applied to both types of fuel and compared between them. These variables included the values of Reynolds numbers between 

200 to 800, as well as several values of Strouhal Numbers between 0 to 0.25. Different variable values were also used for the 

wavy channel, including the wave numbers (0, 2, 4, 6, 8, 10) as well as variable values of the wave amplitude (0, 0.1, 0.2, 0.3). 

Through this study, it was observed that as Strouhal Numbers increase, there is an increase in the Nusselt Number value. It was 

also observed that as the number of waves increases, there is an improvement in the heat transfer values. The numerical results 

showed that the values of heat transfer improved with an increase in the amplitude of the wave.. 
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1. Introduction 

The heat transfer process is one of the most important 

problems facing researchers and engineers in all facilities 

and industrial engineering applications. Thermal 

improvement methods are many and varied due to the fact 

that the issue of heat transfer has become an inseparable 

problem in all machines that operate periodically. 

Therefore, the need has become necessary to find methods 

that help in the process of thermal improvement, including 

the use of heat exchangers with a larger cross-sectional area, 

as well as the use of small and micro-channels. Also, the 

pulsating flow within Wavy channel is one of the methods 

used in the thermal improvement process as presented by 

Zontul et al. [1]. 
Many researchers have studied the effect of pulsating 

flow on the heat transfer process. Mohammad Jafari et al.[2] 

presented a study on the effect of convective heat transfer 

on the pulsating flow within a corrugated channel. They 

studied the effect of changing the pulse frequency and 

oscillation amplitude on the process of heat transfer. They 

found that the process of heat transfer in the pulsating flow 

largely depends on the pulse velocity coefficients. The rate 

of heat transfer in a pulsating flow is highly dependent on 

the change of the Strouhal number. Nandi and 

Chattopadhyay [3] presented a study on the simultaneously 

developing unstable laminar flow and heat transfer within a 

corrugated Nano channel. They studied the effect of wave 

amplitude as well as frequency on the heat transfer 

performance. They found that increasing amplitude and 

frequency leads to improving of the thermal performance. 

Akdag et al. [4] studied the water-based nanofluids (AL2O3) 

in a small corrugated channel under the influence of 

pulsating flow. The results of the research showed that the 

heat transfer process increases with the increase in the size 

of the nanoparticles and the increase in the amplitude of the 

pulse. Many studies enhanced the thermal properties of 

pulsating flow by adding the nano-particles to working 

fluids [5-10], and some studies used vortex generator in the 

flow passage [11-20]. Zhang et al. [21] studied the effect of 

pulsating flow on the heat transfer performance of the 

pseudo-plastic fluid flow in the heat sink in small channels. 

The heat transfer of the three functions in pulsating flow is 

better than in static flow. The study also proved that the 

sinusoidal function in the pulsating flow has a better thermal 

improvement rate than the other functions. This type of 

channel is used in many applications in particular, such 

as  electronic devices cooling [22, 23]. Many studies 

focused on the shape of channel and many of them used 

different shapes of obstacles inside the channel V-shaped, 

twisted spirals, grooves ribs, dimples, etc. [24-29] to 

improve the thermal performance of channel. The channel 

shape or flow past around the obstacles, and the location of 

obstacles have major impact on the thermal and dynamic 

performance of channel as investigated by  [30, 31]. The 

heat transfer parameter of pulsated flow in wave channel 

was studied by [32-34]. Other studies focused on the 
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hydrodynamics and heat transfer such as [35-39]. The use 

of nanofluids with pulsed flow was studied by [40-

48]  where wave and corrugated channel were used during 

these studies. A number of numerical and experimental 

studies investigated non-Newtonian fluid's heat transfer 

inside the wave channel and under the pulsate flow [49-51]. 

The wave channel has been used widely in application of 

heat exchangers which are able to efficiently produce 

secondary flow and vortexes in ducts that greatly improve 

the heat transfer performance [52-56]. Multiple methods 

have been used to improve heat transfer through channels, 

and one of these methods is the use of porous media, as in 

[57-60]. These types of channels are often used in heat 

exchanger applications [61] 

It can be noticed that most of the previous studies focus 

on the type of channel used as well as the liquid used, which 

is water. In the current study, the effect of pulsating flow on 

heat transfer using two types of fuel was employed, as well 

as a change in the structure of the wavy channel used. 

Enhancing heat transfer performance is critical for 

improving energy efficiency in systems like fuel processing, 

chemical reactors, and electronics cooling. Prior studies 

show that pulsating flows and surface modifications can 

augment heat transfer, but analyses of pulsation in non-

straight geometries are limited. This study aims to address 

the knowledge gap by numerically investigating pulsating 

flow in wavy channels across a range of parameters. The 

results will provide new insights into designing optimized 

heat exchangers and reactors by manipulating channel 

geometries and pulsation conditions. This investigation fills 

a critical need for comprehensively understanding pulsation 

in wavy geometries to advance heat transfer capabilities in 

thermal engineering applications. 

2. Numerical model 

2.1. Physical Domain 

In this study, a two-dimensional wave channel has been 

used studying the pulsating flow through it. This channel 

has a known dimension where (H) represents the height of 

the channel and (20H) represents the length of the channel 

as shown in figure (1). The channel consists of three 

regions, the first region represents the entrance region, 

which is flat, and its length is (3H), and the second region is 

the region of the wavy channel, which is wavy with 

sinusoidal function as in the following equation [62]:  
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                                     (1) 

Where β is wavy number, α wavy amplitude of channel, 

sub-scripts i and o represented the inlet and outlet section, 

respectively. The third part of the channel is a flat and its 

length 5H. 

2.2. Governing equations and assumptions 

The numerical simulations were conducted under 

specific conditions, including: a single phase, two-

dimensional, laminar, and incompressible flow of fluid. The 

thermophysical properties of the fluid were assumed to be 

constant, and the effects of gravity and radiation heat 

transfer were disregarded. The flow was transient and 

pulsatile in nature, but fully developed. Additionally, the 

fluids used in the simulations were assumed to be 

Newtonian, and both kerosene and gasoline were studied. 

The equations that govern the flow and heat transfer in the 

system are the continuity equation, Navier-Stokes equation, 

and energy equation. The two-dimensional equations for 

constant thermophysical properties are written as follows: 
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Navier-stoke equation 
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In y-direction: 
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Energy equation: 
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Since the current study is a numerical study only, there 

is no experimental work that has been studied. Therefore, it 

is better to convert the solution to dimensionless solutions, 

this will provide many advantages such as: 

1. Ease of knowing when to apply familiar mathematical 

relationships. 

2. It lowers the number of times we may need to solve the 

problem numerically. 

3. It offers us insight into what may be minor 

characteristics that may be overlooked or dealt with 

roughly. 

Therefore, the non-dimensional variables that will be 

used as follows [56]:  
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Where 𝑢𝑂 is the main flow velocity, sub-scripts i and s 

represented the inlet section and channel heated surface, 

respectively.  

non-dimensional form of governing equations becomes: 

Continuity equation: 

0
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Momentum equation: 

In x-direction 
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In y-direction                           
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Energy equation: 
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The general equation of Nusselt number can be 

calculated from [64] 
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Where (n)represents the normal direction to the surface. 

Space averaged: 
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Space and period averaged: 
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Where p is dimensionless time parameter.  

 
Figure 1. Schematic view of channel. 

2.3. Boundary condition 

The boundary conditions which used the current study 

are shown in figure (2). The wave wall was under constant 

temperature and other walls were insulated. The pulsated 

inlet velocity can be represented in figure (3). The 

momentum and thermal boundary can be represented as 

follows:  

Momentum boundary conditions 

 At channel inlet line A-B    

     2

0

3
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The Strouhal number, denoted by (St), is a non-

dimensional frequency parameter that is defined as[4]: 

0

fH
St

u
                                                                   (14) 

Where f is the frequency of vortex shedding 

 At lines A-C, B-D, C-E, D-F, E-G, and F-H, the 

boundary condition was no-slip boundary condition:U= V= 

0. 

At the outlet line G-H (PO=0) 

Energy boundary conditions 

At inlet (line A-B)  θ  =0 

At insulated wall (A-C, B-D, E-G, F-H)  
T

y




=0 

At heated wall (C-E, D-F)  θ  =1 

The percentage of improvement in Nusselt number value 

can be found by using the following relationship: 

0

0

waveNu Nu
Enhancement

Nu


                    (15) 

 
Figure 3. Pulsatile inlet velocity. 

2.4. Numerical procedures  

To solve the problem at hand, the CFD code COMSOL 

5.5 was utilized. A finite element method on a collocated 

grid was employed to discretize the governing equations. 

The SIMPLE algorithm was used to solve these equations, 

with convection and diffusion terms being discretized using 

second order upwind schemes. Under-relaxation was 

performed on the velocities, pressure, and temperature to 

ensure convergence of the numerical solution. 

The convergence criterion for both energy and flow 

equations was set to 10-6. The mesh was finer near the walls 

to accurately resolve the high gradients in the thermal and 

hydrodynamic boundary layer, as depicted in figure (4). 

Additionally, grid independence was assessed to obtain an 

optimal grid distribution that provides accurate results 

within minimal computational time. Five grid resolutions 

were used to accomplish this, as shown in Table (1). The 

time average Nusselt number at (β=6, α=0.2, Re=800, 

Pr=31.4, and St=0.25). For the grid with (39066), it gives a 

lower value of error (4.7%). The figure shows the target y+ 

value (e.g. y+ < 1) for accurate wall function resolution at 

Re=800 and the increased mesh density near walls to 

capture boundary layer gradients. As explained in the 

figure, the mesh independence study shows convergence of 

velocity/temperature profiles and Nusselt number at 

Re=800. 

 
Figure 2. Boundaries of domain. 
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2.5. Validations 

To ensure that the numerical findings of current work are 

accurate, which is achieved using COMSOL Multiphysics 

software, the outcomes of the present code were compared 

with the results of other researches. The numerical solution 

was validated with the published work of Zontul et al. 

[1],where this study included laminar pulsating flow of 

water (Pr=6.93) in wavy channel. The comparison of the 

solution program is used in this study with Zontul et al. 

[1]results as illustrated in Figures (5) and (6). 

Table 1. Grid independent test 

Grid Maximum face 

size 

Number of 

elements 

Nusselt 

Number 

G1 0.5 4142 56.4332 

G2 0.4 4220 58.3478 

G3 0.2 7276 66.4986 

G4 0.08 39066 89.6127 

G5 0.06 67106 116.8322 

 

Figure 1. Grid distribution. 

 

Figure 2. Comparison between the current study software results and the study of Zontul et al. [1], Time-averaged Nusselt number variation 

with Strouhal numbers. 
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Figure 3. Temperature distribution and velocity vectors  inside the channel by Zontul et al. [1]  and  present study at St = 0.15, Re=400, 

β=3, Pr=6.93 and α= 0.2. 

2.6. Working Fluid 

  In this study, the focus was on the use of fuel as 

working fluid, and this reflects the many applications in 

which the wavy channel can be used to transport through 

them. Where kerosene and gasoline were used as a model 

for the study. The thermos-physical properties of the two 

working fluids are represented in table (2). 

Table 2. Properties of working fluid. 

 kerosene gasoline 

Property Value Value 

Prandtl number 31.4 8.19 

Thermal conductivity 

(W/m K) 

0.145 0.15 

Kinematic 

Viscosity(cSt) 

2.71 0.553 

Specific heat (kJ/(kg 

K)) 

2.01 2.22 

Density(kg/m3) 840 780 

3. Results  

Three important cases were used and compared with the 

effect of heat transfer. These three cases were used with four 

types of Reynolds number (Re) (200, 400, 600, 800), where 

THE first one includes the extent of the effect of changing 

Strouhal number (St) on heat transfer and flow, where three 

types of Strouhal number (St) were used (0, 0.05,0.15, 0.25) 

as well as six types of wavy number (β) were also used ( 0, 

2, 4, 6, 8, 10)  observing the extent of the effect of changing 

the number of wavy number at each Reynolds number and 

its impact on the improvement of heat transfer and pulsating 

flow. Finally, three types of wavy amplitude (α) were used, 

namely (0, 0.1, 0.2 , 0.3), and all the variables were used for 

two types of fuel. 

Figure (7) explains the distribution of the Nusselt 

number along the smooth channel. It can be seen that 

Nusselt number is stable along the channel at the value of 

(12.536) and then it rises in the exit area. The stability of 

Nusselt number is due to the stability of the temperature 

difference between the wall and the fluid entering the 

channel. Nusselt number can be seen changing over time as 

it fluctuates due to the change of pulsed flow. In the case of 

the wavy channel, the Nusselt number rises at the wavy 

areas, as can be seen in the figure (8). Where Nusselt 

number fluctuates between 4.9 to 50. This is due to the 

corrugation areas forming narrowing areas between the 

upper and lower walls, and thus the heat transfer coefficient 

increases. Figure (9) shows the local Nusselt number 

distribution at wavy channel. It can be seen that the 

fluctuation of the curve increases when the wavy number 

increases, because the wavy number leads to an increase in 

the number of peaks through the channel, which forms a 

narrow path that passes through the fluid, and thus its 

velocity increases, which increases the heat transfer 

coefficient and the Nusselt number. 

Figure (10) shows the relation between time-averaged 

Nusselt number and Reynolds number. The relationship 

between Nua.t and Re at different Strouhal numbers may be 

influenced by a variety of factors, including the geometry of 

https://www.engineeringtoolbox.com/dynamic-absolute-kinematic-viscosity-d_412.html
https://www.engineeringtoolbox.com/dynamic-absolute-kinematic-viscosity-d_412.html
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the channel, the amplitude and frequency of the waves, and 

the properties of the fluid. As the Reynolds number 

increases, the flow becomes more turbulent, which can lead 

to an increase in the time-averaged convective heat transfer 

coefficient and, consequently, an increase in the time-

averaged Nusselt number. However, the effect of Reynolds 

number on Nua.t may depend on the specific flow 

conditions and the Strouhal number. It can be noticed that 

Nusselt number reaches its highest value at Re=800 as well 

as at the highest value of 𝑁𝑢𝜏‾  are 𝑁𝑢𝜏‾= 102.4 for St=0 and 

𝑁𝑢𝜏‾= 116.05 for St=0.15. 

At low Strouhal numbers, the waves in the channel may 

induce more mixing in the fluid, which can lead to an 

increase in the time-averaged convective heat transfer 

coefficient and, consequently, an increase in the time-

averaged Nusselt number as explained in figure (11). At 

high Strouhal numbers, the waves may create a more 

laminar flow regime, which can lead to a decrease in the 

time-averaged convective heat transfer coefficient and a 

decrease in the time-averaged Nusselt number. The 

relationship between the variation of the Nusselt number 

with time and the Strouhal number can provide valuable 

insights into the temporal heat transfer characteristics of 

pulsatile flow through a wavy channel. 

Figure (12) shows the effect of wavy number of the 

time-averaged Nusselt number. At low Reynolds numbers, 

the flow in the channel may be dominated by viscous 

effects, which can lead to less heat transfer enhancement 

due to the waves. As the Reynolds number increases, the 

flow becomes more turbulent, which can lead to an increase 

in the time-averaged convective heat transfer coefficient 

and, consequently, an increase in the time-averaged Nusselt 

number. The relationship between Nua.t and β may depend 

on the specific flow conditions and the Reynolds number. 

In general, as the wavy number increases, the degree of 

wave-induced flow distortion increases, which can lead to 

more heat transfer enhancement due to the waves. However, 

at very high wavy numbers, the wave-induced flow 

distortion may become so severe that it leads to a decrease 

in the time-averaged convective heat transfer coefficient 

and a decrease in the time-averaged Nusselt number. 

Figure (13) depicts the effect of wavy amplitude on 
the time-averaged Nusselt number. The wavy amplitude (α) 

is defined as the maximum deviation of the channel wall 

from a straight line. It is a measure of the degree of wave-

induced flow distortion in the channel. In general, as the 

wavy amplitude increases, the degree of wave-induced flow 

distortion increases, which can lead to more heat transfer 

enhancement due to the waves. 

Figure (14) shows the relation between Re and the time-

averaged Nusselt number for two types of fuel. The time-

averaged Nusselt number is directly proportional to the 

Reynolds number. This means that as the Reynolds number 

increases, the time-averaged convective heat transfer 

coefficient increases, leading to an increase in Nua.t. This 

relationship is based on the fact that higher Reynolds 

numbers are associated with increased turbulence and 

mixing in the flow, which enhances the convective heat 

transfer. The exact nature of the relationship between Nua.t 

and Re for gasoline and kerosene may depend on the 

specific fluid properties of these fuels, including their 

thermal conductivity, specific heat capacity, and viscosity. 

For example, kerosene is typically more viscous than 

gasoline, which can affect the degree of turbulence and 

mixing in the flow, and consequently the convective heat 

transfer coefficient and Nua.t. kerosene has higher thermal 

conductivity and lower volatility compared to gasoline. The 

higher thermal conductivity of kerosene may lead to higher 

Nusselt numbers compared to gasoline under certain flow 

conditions. Additionally, the lower volatility of kerosene 

may make it more suitable for high-temperature 

applications where evaporation of the fuel may not be 

desirable. The wavy number (β) is one of the important 

parameters that can affect the convective heat transfer and 

consequently the Nusselt number (𝑁𝑢𝜏‾ ) in wavy channels. 

The effect of the wavy number on the Nu for kerosene and 

gasoline flow in wavy channels can depend on several 

factors, including the channel geometry, the flow 

conditions, and the fluid properties of the fuels as explained 

in figure (15). Increasing the wavy number can enhance the 

heat transfer in wavy channels. This is because the wavy 

walls create additional secondary flows and enhance the 

turbulence in the flow, which can increase the convective 

heat transfer. Kerosene has a higher thermal conductivity 

than gasoline, then increasing the wavy number may result 

in a greater enhancement of heat transfer for kerosene flow 

compared to gasoline flow. 

Figure (16) depicts the effect of Strouhal number (St) on 

the streamlines and isotherm contours. St is a dimensionless 

parameter that represents the unsteady behavior of a fluid 

flow. It is defined as the product of the vortex shedding 

frequency and the characteristic length scale of the flow 

divided by the fluid velocity. The effect of the Strouhal 

number on the streamlines and isotherm contours in a flow 

field can depend on several factors, including the geometry 

of the flow, the flow conditions, and the fluid properties. In 

general, for low Strouhal numbers, the flow is steady, and 

the streamlines and isotherm contours are fixed. As the 

Strouhal number increases, the flow becomes more 

unsteady, and the streamlines and isotherm contours begin 

to oscillate. This oscillation can manifest itself in several 

ways, including vortex shedding, which is the formation of 

alternating vortices in the flow, and the periodic variation of 

the boundary layer thickness. 

Figure (17) shows the effect of wavy number on the 

streamlines and isotherm contours. The presence of waves 

in a channel creates additional secondary flows and can 

enhance the mixing in the flow field. This can lead to 

changes in the streamlines and isotherm contours. As the 

wavy number increases, the amplitude of the waves 

increases, and the wavelength of the waves decreases. This 

can lead to a more complex flow field with more 

pronounced secondary flows, which can cause more 

significant changes in the streamlines and isotherm 

contours. In the case of a wavy channel with low wavy 

number, the flow may resemble that of a straight channel, 

and the streamlines and isotherm contours may follow a 

similar pattern. As the wavy number increases, the flow 

becomes more complex, and the streamlines and isotherm 

contours may begin to deviate from their straight path, 

indicating more significant mixing in the flow. In a wavy 

channel with a small amplitude of waves, the effect of the 

wavy number on the streamlines and isotherm contours may 

be small. In contrast, in a wavy channel with a large 

amplitude of waves, the effect of the wavy number on the 

streamlines and isotherm contours may be more significant. 
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Table (3) explains the percentages of improvement in 

value of Nusselt number when increasing the wavy number. 

As the wavy number increases, the amplitude of the waves 

increases, and the wavelength of the waves decreases. This 

can lead to a more complex flow field with more 

pronounced secondary flows, which can cause more 

significant changes in the value of Nusselt number. The 

percentage of improvement in the value of Nusselt number 

when increasing the wavy number can vary depending on 

the specific wavy channel geometry and flow conditions. 

The increase in the wavy number leads to an increase in the 

surface area of heat transfer. It is noted that the percentage 

of improvement was 1.439 at Re=200, and wavy 

number=10, while it reached highest value at Re=800, and 

wavy number=8, where the improvement in 𝑁𝑢𝜏‾  equal to 

1.923.  

The percentage of improvement in the value of Nusselt 

number when changing the amplitude of the waves in a 

wavy channel can depend on several factors, including the 

wavy number, the wavelength of the waves, and the flow 

conditions. In general, increasing the amplitude of the 

waves in a wavy channel can lead to an improvement in the 

heat transfer coefficient and an increase in the value of 

Nusselt number as shown in table (4). However, it is 

important to note that the percentage of improvement in the 

value of Nusselt number may not be linear with changes in 

the amplitude of the waves. This is because the effect of the 

amplitude on the flow field can depend on the specific wavy 

channel geometry and flow conditions. 

 

Figure 4. Local Nusselt number along the wall channel with St = 0.15, Re=400, β=0, Pr=31.4 and α= 0.2 at different time. 

 

Figure 5. Local Nusselt number along the wall channel with St = 0.15, Re=400, β=2, Pr=31.4 and α= 0.2 at different times. 
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Figure 6. Local Nusselt number along the wall channel  with St = 0. 15, Re=400, β=6, Pr=31.4 and α= 0.2 at different time. 

 

 

Figure 7. The relation between Time-averaged Nusselt number (𝑵𝒖𝝉‾) with Reynolds numbers (Re). (at β=6, Pr=31.4 and α= 0.2) 

 

Figure 8. Variation of the Nusselt number (𝑵𝒖𝝉‾) with time for different Strouhal numbers (St) (at Re= 400, β=6, Pr=31.4 and α= 0.2) 
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Figure 9. The relation between Time-averaged Nusselt number (𝑵𝒖𝝉‾) with wavy number (β) at different Reynolds numbers (Re). (at, 
St=0.15, Pr=31.4 and α= 0.2) 

 
Figure 10. The relation between Time-averaged Nusselt number (𝑵𝒖𝝉‾) with wavy amplitude (α) at different Reynolds numbers (Re). (at St= 

0.15, β=6, and Pr=31.4) 

 
Figure 11. Relation between time-averaged Nusselt number (𝑵𝒖𝝉‾) with Reynolds numbers (Re) for two types of fuel . (at St= 0.15, β=6, 

and α= 0.2) 
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Figure 12. Relation between time-averaged Nusselt number (𝑵𝒖𝝉‾) with wavy number (β) for two types of fule. (at St= 0.15, Re=400, and 

α= 0.2) 
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Figure 13. Effect of St number on the streamlines and isotherm contours for two value of wavy number at Re=400 and α= 0.2. 
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Figure 14. Effect of wavy number on the streamlines and isotherm contours. 

Table 3. The percentage of improvement in the value of the Nusselt number when changing wave number at α= 0.2 

Re Time-averaged Nusselt number 

 β=0 β=2 Enhancement  β=4 Enhancement  

200 23.56 33.61 0.426 46.14 0.957 

400 31.38 49.73 0.585 72.44 1.308 

600 37.36 65.11 0.742 91.13 1.438 

800 42.50 79.22 0.863 107.826 1.536 

Re Time-averaged Nusselt number 

 β=6 Enhancement  β=8 Enhancement  β=10 Enhancement  

200 49.66 1.106 53.31 1.262 57.49 1.439 

400 75.93 1.419 79.22 1.524 84.91 1.706 

600 97.48 1.608 104.60 1.799 110.04 1.944 

800 116.05 1.730 124.263 1.923 133.798 2.147 

Table 4. The percentage of improvement in the value of the Nusselt number when changing amplitude at β=6 

Re Time-averaged Nusselt number 

α=0 α=0.1 Enhancement  α=0.2 Enhancement  α=0.3 Enhancement  

200 22.16 38.91 0.756 46.78 1.111 62.744 1.831 

400 29.59 54.80 0.851 63.96 1.161 86.392 1.919 

600 35.24 66.10 0.875 74.70 1.119 99.451 1.821 

800 39.97 74.77 0.870 116.05 1.902 146.45 2.663 
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4. Conclusions 

Through this numerical study that was carried out on a 

wavy channel with a sinusoidal function and a pulsed flow, 

the dimensions of the channel were changed, which 

included the change in the number of waves as well as the 

wave height. It also studied several values of Reynolds 

number and Strouhal number, which shows the effect of 

pulsed flow of two types of fuels, kerosene and gasoline. 

Therefore, through this study, the following points can be 

concluded: 

1. The results demonstrate that increasing the Reynolds 

number (Re), Strouhal number (St), wave amplitude (α), 

and wavy channel number (β) led to increases in the 

Nusselt number (Nu) for both kerosene and gasoline 

fuels. 

2. Comparing the two fuels, gasoline has a higher value of 

Nu than kerosene under the same flow conditions. 

3. The streamlines and isotherm contours are affected by 

both the Strouhal number and the wavy number, with 

higher values of St and β leading to more complex flow 

patterns. 

4. Increasing the wavy number leads to a percentage 

increase in the value of Nu, but this percentage 

improvement may not be linear with changes in β. 

5. Increasing the number of waves leads to an increase in 

the value of the Nusselt number. Compared to the flat 

channel, the percentage of improvement with the value 

of the Nusselt number reached 1.439 at the value of 

Reynolds number 200, while it reached 2.147 at the 

Reynolds number 800, and 10 wave number. Therefore, 

an increase in the Reynolds number leads to an increase 

in the improvement in heat transfer. 

6. Through the numerical analysis, it was observed that the 

improvement percentage increased by the value of the 

Nusselt number when increasing the amplitude of the 

wave, in order to increase the surface area as well as the 

turbulence generated within the flow. 

Key areas for future studies include expanding the 

analysis to turbulent flows using advanced turbulence 

modeling, investigating different working fluids and Prandtl 

numbers, analyzing additional waveforms and orientations, 

experimental validation focused on pulsating flows in wavy 

geometries, and applying the model to optimize real-world 

systems like fuel cells and electronics cooling. Further 

research should also explore effects across a wider range of 

parameters, alternative channel geometries, and more 

complex wave patterns. 

Nomenclatures 

description  Symbols 

Specific heat at constant pressure [J/kg.K] cp 

High of channel [m] H 

heat transfer coefficient [W/m2.K] h 

Thermal conductivity [W/m. K] k 

Nusselt number Nu 

pressure [Pa] P 

Prandtl number. Pr 

Heat transfer rate [W] q 

Reynolds number Re 

Strouhal number St 

Inlet Temperature [K] T 

x-y velocity components [m/s] u, v 

 

Greek 

Symbols 

Dynamic viscosity [Pa.s] µ 

Wavy amplitude α 

dimensionless temperature θ 

Kinematic viscosity of the fluid [m2/s] ν 

Density [kg/m3] ρ 

Dimensionless time τ 

Wavy number 𝛽 

 Subscripts 

Time Average  a.t 

input in 
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