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ABSTRACT 
This study presents a new model for effective thermal management of a 
channel with elastic sinusoidal obstacles and pulsating multiple nano-jet 
impingements. The channel was cooled by alumina Al2O3 in various forms 
(platelets, blades, cylinders, and bricks) and water as a basic fluid. A hybrid 
nanofluid (multi-wall carbon nanotube-Fe3O4) was also used. The govern
ing equations were solved using the finite volume method. Results were 
recorded for Reynolds numbers (Re ¼ 350), Strouhal numbers (St ¼ 0.01– 
1), pulse amplitude (A¼ 0.25–1), and the number of slots (Nj ¼ 1–13). The 
results showed that the cooling efficiency was improved by using pulsating 
flow by 24.383%. It was also noted that using sinusoidal elastic obstacles 
improved the heat transfer rate by 8.344%. In addition, the number of slots 
affected the heat transfer rate, increasing it to 259.983%. The results 
obtained from this study demonstrate the effectiveness of the proposed 
design, which incorporates elastic sinusoidal obstacles and pulsating mul
tiple nano-jet impingements, in significantly improving thermal manage
ment performance and reliability. These advancements hold great 
importance in various industrial and consumer applications.
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1. Introduction

Many energy items, including electronics and renewable energy systems, need thermal management 
for reliable operation, since the heat created by these systems degrades their performance and short
ens their lifetime. This necessitates the development of efficient refrigeration systems to get rid of 
the heat being produced, which is now achievable thanks to technical progress. Due to environmen
tal and financial considerations, developing energy-efficient refrigeration systems is now more 
important than ever. This prompted many researchers to use nanofluid (NF) as cooling fluids for 
various cavities due to their importance in many applications in studying two types of convection 
(forced and mixed), which have many advantages in improving the heat transfer rate (HTR) 
[1]–[14].

Technological progress and the scientific community prompted researchers to prioritize the study 
of cavity and membrane motion in order to increase heat transfer rates. Scientists continued their 
investigation, looking at the effects of obstacles and fins inside channels of varying geometric forms. 
Incorporating obstacles has been demonstrated to increase the heat transfer (HT) rate [15]–[20].
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Several aspects of heat transfer with rigid fins are studied, including the inclination angle [21, 22] 
and length of the fins [23] and fins located within a cavity [24]; however, industrial problems in 
light of the development created new problems that called on the scientific community to search for 
the best ways to solve them. Among the proposed methods is the study of the oscillation of the obs
tacle that contributed to the fluid turbulence, thus inducing flow and increasing the HTR.

An example of this is the study conducted by Raisi et al. [25] to determine the effect of a flexible 
barrier placed in the center of the air-filled cavity on natural heat transfer, while Zadeh et al. [26] 
place a flexible baffle inside the air-filled cavity, and according to the results obtained by the two 
studies, the flexibility of the baffle improves heat transfer. Also performed numerical study of 
unsteady natural convection in a differentially heated inclined cavity filled with air was performed 
by Alsabery et al. [27], using a heat-conductive oscillating flexible fin mounted on the bottom adia
batic wall. They conclude that increasing the amplitude of oscillation enhances heat transmission

On the other hand, Ismail et al. [28, 29] analyzed mixed convection within a cavity, placing 
a flexible fin on the bottom wall. They found that the flexible fin resulted in a higher heat 
transfer rate than a rigid fin. Galambaz et al. [29] studied an oscillating fin at the hot wall of 
a cavity and found that the rate of heat transfer increased with the presence of the oscillating 
fin and with an increase in its amplitude. Selimefendigil et al. [30] studied fluid flow and heat 
transfer in a square cavity filled with a nanocopper-water mixture, which was moved by a ver
tical cap with a flexible fin attached to its upper wall, under the action of an oblique magnetic 
field, where the results showed that HTR is directly related to the flexibility of the fin. 
Jamesahar et al. [31] studied the effect of oscillating fins on the heat transfer rate and flow 
characteristics of a nanofluid inside a square container. The fins were attached to the hot wall 
and oscillated with the same frequencies and amplitudes. The results showed that the HTR 
increased due to the fin oscillations.

On the other hand, the high heat fluxes produced by many applications, from nuclear reactors 
to electronic chips, are removed by various methods and techniques. The new methods used and 
developed in heat dissipation are known as nano-jet impingement cooling, where it is a rather 
complex cooling process. However, the high-velocity nanofluid jet creates a thin boundary layer 
between the fluid and the heated surface, which promotes efficient heat transfer. In their study, 
Tyagi et al. [32] conducted a thorough analysis of the use of nanofluids in jet impingement/spray 
cooling, analyzing significant operational and design factors, along with different applications. 

Nomenclature 

Cp Heat capacity specific J K−1 

H height m 
L width m 
k Thermal conductivity W m−1 K−1 

Nu Number of Nusselt 
p Pressure N m−2 

P Dimensionless pressure 
T Temperature K 
Pr Number of Prandtl, #f

af 
Re Number of Reynolds 
U, V Velocity component dimensionless 
u, v Velocity components/(m/s) 
X, Y Dimensionles Cartesian coordinates/(m) 
x,y Coordinates of Cartesians /(m) 

Greek symbols 
/ Volume fraction of nano fluid
b Coefficient of volume expansion K−1

l Viscosity dynamic Pa. s
# Viscosity kinematics m2 /s
q Density Kg m−3

h Dimensionless temperature
a Diffusivity of heat m2 s−1

Indices 
f Fluid
m Average
NF Nano fluid
s Solid
w Wall
HTR Heat transfer rate
CWO Channel without obstacles
COF Channel obstacles fixed
COS Channel obstacles sinusoidal
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They highlighted critical factors for effective NF cooling, counting fluid properties, substrate charac
teristics, and other operational variables. Similarly, Mohammadpour et al. [33] conducted a compre
hensive review of nano-jet cooling, examining different models of nanofluids modeling, such as 
single-phase and two-phase models and non-Newtonian fluid behavior. They analyzed both swirl- 
type impinging jets and conventional ones, noting that while single-phase non-Newtonian models 
resulted in higher HTR, they also required more pumping power. In their study, Modak et al. [34] 
conducted experimental analyses of CuO-water nano-jet’s heat transfer rate characteristics on a hot 
square stainless steel foil surface. They utilized two different loading concentrations of CuO-water 
nanofluids. They observed a significant increase of about 90% in the Nusselt number (Nu) at the 
highest loading concentration. Besides that, there has been a growing interest in studying pulsating 
flow (PF) and its impact on heat transfer performance in recent years. Numerous experimental and 
numerical simulation studies have investigated the effects of various factors on HTR, such as pulsat
ing amplitude, frequency, and Re number. These studies have demonstrated the potential of PF to 
significantly enhance HT in various applications [35]–[39]. The influence of PF and magnetic field 
on heat transfer rate inside a grooved channel filled with a hybrid nanofluid was numerically investi
gated by Lioua Kolsi et al. [40]. The findings showed that the Nu was elevated by 79.82% due to the 
amplitude of the pulsing flow. Abhijith M.S et al. [41] studied the effect of jet flow of a confined, 
incompressible jet colliding with several nanofluids, where the heat transfer rate increased by 60% 
and 25% using water-copper, water, and ammonia, respectively, compared to the basic fluid. Bin 
Sun et al. [42] studied the effect of traditional and vortex impact jet flow on different thermal surfa
ces and under different twisting conditions. The results obtained showed that thermal efficiency 
increases with increasing mass ratio, and that the heat transfer rate of vortex impact jets is higher 
than that of traditional impact jets.

A novel cooling method for solar systems and thermal management was recently suggested by 
Samah Maatoug et al. [43] used pulsating flow for several nano/hybrid fluids, where the Nu was 
improved by 63.5% using pulsating flow. The pulse amplitude of the flow and the slot number 
plays an essential role in the increase in the rate of heat.

A literature review has found that forced convection in a channel with the effect of sinusoidal 
elasticity on an obstacle and pulsating flow has not yet been reported. This unique configuration 
could be used in practical applications where flexible boundaries are present or where part of the 
obstacle can be made partially elastic to control flow and heat transfer characteristics. New insights 
into optimizing heat transfer and fluid flow in systems with flexible boundaries could be gained by 
exploring this novel approach to forced convection. This study proposes a new model for effective 
thermal management of a channel with sinusoidal elastic obstacles and pulsating multiple nano-jet 
impingement. The effects of pulse amplitude, sinusoidal elasticity, number of slots, nano/hybrid flu
ids, and Strouhal number on heat transfer rate will be investigated. The results of this research could 
be used to develop thermal applications and improve thermal management.

2. Mathematical formulation and modeling

2.1. Definition and formulation of the problem

The present study focuses on the analysis of the cooling of channels with sinusoidal elastic 
obstacles using a slot jet impinging system under pulsating flow (PF) conditions. The slot jet, 
with a confined width of IJ and the height of channels H, is shown schematically in Figure 1(a). 
As for the obstacles, their length represents 0.2 of the length of the channel, and their width is 
0.02 of the height of the channel; Figure 1(b) shows the straight obstacles at (t ¼ 0), and Figure 
1(c) the sinusoidal obstacles at (t 6¼ 0). The channel was filled with a hybrid nanofluid (multi- 
wall carbon nanotube-Fe3O4) and a nanofluid consisting of nanoparticles of alumina Al2O3 in 
various forms (platelets, blades, cylinders, and bricks) and water as a basic fluid. In this study, 
the volume fractions for hybrid and Al2O3 nanofluid were 3%.
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It should be noted that the sinusoidal elastic of the obstacles is entirely related to time. The 
cooling of the channel exposed to temperature from the top wall is achieved using pulsed flow. 
The coolant (nanofluid/hybrid) entries at Tc and at each jet velocity, the coolant pulsates accord
ing to the function uc¼ u0(1þA sin (2 p f t)), where A and f represent the pulsating amplitude 
and frequency. This analysis considers an unsteady conjugate-type forced convective heat transfer 
regime. The flow is assumed to be laminar, two-dimensional, and transient.

The equations that govern two-dimensional transient laminar convection can be expressed in a 
dimensionless form by neglecting the effects of viscous dissipation, thermal conduction, and radi
ation [44].

@u
@x
þ
@v
@y
¼ 0 (1) 

@u
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þ u
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@y
¼ a

@2T
@x2 þ

@2T
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 !
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where a ¼ k=ðqCpÞ

Figure 1. A schematic view of (a) channel with sinusoidal elastic obstacles and pulsating multiple nano-jet impingements, (b) 
straight obstacles at (t ¼ 0), and (c) sinusoidal obstacles at (t 6¼ 0).
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The Reynolds number (Re), Prandtl number (Pr), pressure coefficient (Cp), and Strouhal 
number (St) are significant non-dimensional numbers. These parameters are defined as 
follows:

Re ¼
ucDh

#f
, Pr ¼

lCp

k
, St ¼

fDh

uc
, h ¼

T − Tc

Th − Tc
, Cp ¼

Pin − Pout

0:5qu2
0

(5) 

where uc,#f , f , Dh, h the inlet velocity, kinematic viscosity, frequency, hydraulic diameter (charac
teristic length), and dimensionless temperature, respectively.

The boundary conditions considered for numerical simulation included the following items:

� At the inlet of the jet:u ¼ uc, T ¼ Tc 
� At the outlet: @u

@x ¼
@T
@x , � ¼ 0

� At the top wall: T ¼ Th, � ¼ u ¼ 0
� At sinusoidal elastic obstacles and the walls of the confined jet: @T

@n ¼ 0, � ¼ u ¼ 0

2.2. Nanofluid thermophysical properties

When calculating the values of hybrid nanofluids’ thermophysical characteristics, no single correl
ation can be employed. To investigate the characteristics of MWCNT-Fe3O4 hybrid nanofluids, 
this work uses the experimental data from Table 1. The thermophysical characteristics of nano
particles made of MWCNT and Fe3O4 are shown in Table 2.

An Al2O3-water nanofluid was also used with four forms of nanoparticles (platelets, blades, 
cylinders, and bricks), as Table 3 shows the thermophysical properties of the fluid and the nano
particles used:

For calculating the thermophysical properties of Al2O3-water nanofluids with four shapes of 
nanoparticles, the following equation was used:

qnf ¼ 1 − uð Þqf þ uqs (6) 

qCpð Þnf ¼ 1 − uð Þ qCpð Þf þ u qCpð Þs (7) 

Table 1. Thermophysical properties of carbon nanotube-Fe3O4 hybrid nanofluid at various volume fractions and tempera
tures [45].

Volume fraction/% T/
�

C qhnf=kg:m−3 k=Wm−1K−1 l=MP:s CP=J:Kg:K

u ¼ 0 (base fluid) 20 998.5 0.602 0.79 4182
40 992 0.631 0.54 4179

u ¼ 0:1 20 1002.34 0.6734 0.91 4182.66
40 995.85 0.72 0.61 4179.66

u ¼ 0:3 20 1010.04 0.6856 1.01 4183.99
40 1003.56 0.7656 0.76 4180.99

Table 2. Thermophysical properties of MWCNT and Fe3O4 nanoparticles [45].

Property qhnf=kg:m−3 k=Wm−1K−1 CP=J:Kg:K

Fe3O4 5180 6 670
MWCNT 2100 3000 711

Table 3. Thermophysical properties of Al2O3-water nanofluid.

Property qhnf=kg:m−3 k=Wm−1K−1 CP=J:Kg:K

Water 998.5 0.602 4182
Al2O3 3970 40 765
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qbð Þnf ¼ 1 − uð Þ qbð Þf þ u qbð Þs (8) 

The thermal conductivity and viscosity relations are stated as follows when considering the 
shape effect of nanoparticles [46]:

knf ¼ kbf ð1þ CkuÞ (9) 

lnf ¼ lbf ð1þ A1uþ A2uÞ (10) 

where Table 4 provides constants Ck, A1, and A2 for various shape of nanoparticle:

2.3. Nusselt number

The following equation is used to determine the local Nusselt number and average Nusselt num
ber, which describes the nanofluid flow:

Nux ¼
hx:Dh

k
(11) 

Num ¼
1
L

ð1

0

Nuxdx (12) 

In the case of unsteady flow, the cycle average Nu can be defined for one period of pulsation 
(sp) as shown below:

Nua ¼
1
sp

ðsp

0
Num:tdt (13) 

where the spatial average-time dependant portion of Nu is denoted by sub-index (m, t). To quan
tify heat transfer improvement (HTE) in both the pulsating flow and steady-state flow the HTE 
can defined as follow:

HTE ¼
Num, pulsating − Num, steady

Num, steady
� 100 (14) 

2.4. Methodology of solving the problem and grid mesh examine

In order to assess the effectiveness of the proposed channel design in the presence of sinusoidal 
elastic obstacles, a numerical investigation was conducted using the ANSYS FLUENT computa
tional fluid dynamics code [47]. The governing physical equations, including continuity, energy, 
and momentum, were solved using the finite volume method. The continuity and momentum 
equations were connected using the semi-implicit schemes for pressure-linked equations 
(SIMPLE). Spatial discretization of the convection terms was achieved through the use of the 
nonlinear upstream interpolation convection dynamics method, specifically the second-order 
upwind approach. An under-relaxation parameter of 1 is used for energy and quantity of move
ment, while a value of 0.3 is employed for pressure. The convergence criteria for the problem is 
set to 10−6.

Table 4. Al2O3 nanoparticle constant values for various forms [46].

Shape Ck A1 A2

Platelets 2.61 37.1 612.6
Blades 2.74 14.6 123.3
Cylinders 3.95 13.5 904.4
Bricks 3.37 1.9 471.4
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Several elements of the grid mesh were tested for the investigation, including testing at the 
Reynolds number Re ¼ 350, Strouhal number St ¼ 0.1, and PLS-F amplitude (A¼ 0.25).

It should be highlighted that Re-meshing, which describes the process of creating new nodes 
that may be added to or deleted from the computational domain in order to alter the chosen 
mesh area, Mesh updating is often necessary when having dynamic geometries, fluid interactions 
with structures, or complex flow phenomena that require mesh adaptation during the simulation. 
The cells that need to be remeshed are determined by the remeshing criteria. The accessible 
standards are reported in Table 5.

It should be highlighted that Re-meshing, which describes the process of creating new nodes 
that may be added to or deleted from the computational domain in order to alter the chosen 
mesh area, was employed in the present work. Four scenarios with various element counts were 
taken into consideration in order to establish the grid mesh, as indicated in Table 6.

Figure 2 shows that the grid mesh G4 was calculated with 32424 triangular elements used in 
this study, where Figure 2(a) is channels with sinusoidal elastic obstacles and Figure 2(b) is the 
sinusoidal elastic obstacles.

Table 5. The remeshing criteria for present study.

Minimum length scale (m) 5.05e − 05

Maximum length scale (m) 0.000624
Maximum cell skewness 0.7
Size remeshing interval 5

Table 6. The grid independence test for configuration.

t¼ 0 s t¼ 10 s

No Node Element Node Element Tm

G1 12598 23530 21226 40786 296.9511
G2 15001 28256 20390 39034 296.9536
G3 15460 29159 20071 38381 296.93
G4 17117 32424 18880 35950 296.9206
G5 17625 33418 17530 33238 296.9105

Figure 2. Grid distribution (a) channels with sinusoidal elastic obstacles (b) sinusoidal elastic obstacles.
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2.5. Verification of code

To verify the validity of the proposed numerical study of the best heat dissipation methods. 
Numerical validation was carried out for two different studies. The first was according to the 
study conducted by Farahani et al. [48], where he conducted a numerical study of the effects of 
pulsating flow using numerical simulations, and the validity was verified by comparing the 
Nusselt number along the channel at a Reynolds number of 900, x/Dh ¼ 4, and frequency 80 Hz.

According to Figure 3(a), it was found that the closeness between the studies was considered 
good because the error rate was equal to 0.3164%.

Figure 3. (a) The local Nusselt number of this study was compared to those of Farahani et al. [48] and Samah Maatoug et al. 
[43] at a Reynolds number of 900, x/Dh ¼ 4, and a frequency of 80 Hz. (b) A comparison of the average Nusselt number between 
the current research and Talebi et al. [49].

8 M. S. M. SALEH ET AL.
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The second verification was according to a study conducted by F. Talebi et al. [49] where they 
studied the mixed convection inside a square cavity filled with the water-copper nanofluid, where 
Figure 3(b) shows the average Nusselt number at different volume fractions of the nanofluid at 
Re ¼ 100, Ra ¼ 1.47� 105. From the figure, we can say that the convergence between the results 
is very close, as the error rate reached −0.564%.

3. Results and discussions

To investigate the impact of sinusoidal elastic obstacles and Pulsating Nano-Jet Impingement on 
heat exchange, this study utilized Multi-wall carbon nanotube-Fe3O4 hybrid nanofluids and a 

Figure 4. Variations in streamlines are depicted for different time instances of PLS-F for a¼ 0.5–1 at Nj ¼ 13, St ¼ 0.01, 
Re ¼ 350.
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nanofluid containing Al2O3 nanoparticles in various shapes (platelets, blades, cylinders, and 
bricks) with water as the base fluid. Results were obtained for multiple parameters, including a 
Reynolds number of Re ¼ 350, a Strouhal number range of (St¼ 0.01–1), a Pulsating Amplitude 
range of (A¼ 0–1), and a number of slots range of Nj ¼ (1–13), and reported accordingly. The 
initiation of flow pulsation effects occurs when the sinusoidal component of the velocity, which 
has an amplitude of A and a frequency of f, is superimposed, while in this study, it is considered 
the time step is 1/25.

Figure 4(a–j) shows the streamline inside the channel for Multi-wall carbon nanotube-Fe3O4 
hybrid nanofluids and for different time steps at a Strouhal number of St ¼ 0.01 and at an ampli
tude of A¼ 0.5–1.

Figure 4(a–e) shows that the obstacles are flexible because the sinusoidal change appears in its 
original form. In addition, it appears that the pulsating flow creates vortices near the entrance, 
and the sinusoidal elastic obstacle also creates vortices due to the interaction between the fluid 
flow and the obstacle. Areas of high and low pressure are produced when the obstruction disrupts 
the fluid flow. Due to these high and low-pressure zones, the fluid is forced to flow obliquely and 
create vortices. The vortices are more prominent when a sinusoidal elastic obstruction is present 
due to the obstacle’s flexibility. Due to the obstacle’s flexibility, it may deform when subjected to 
fluid flow, which further disrupts the flow and intensifies the vortices. Vortices are also created 
by the obstructions’ flexibility. With time and owing to the flexibility and pulsing flow, the vorti
ces on the top side of the channel and walls improve, change in form, and become more numer
ous within the channel.

Figure 4(a–e) shows that the obstacles are flexible because the sinusoidal change appears in its 
original form. In addition, it appears that the pulsating flow creates vortices near the entrance, 
and the sinusoidal elastic obstacle also creates vortices due to the interaction between the fluid 
flow and the obstacle. Areas of high and low pressure are produced when the obstruction disrupts 
the fluid flow. Due to these high and low-pressure zones, the fluid is forced to flow obliquely and 
create vortices. Vortices can form in fluid flow across sinusoidal elastic obstacles due to the pres
sure gradient created by the sinusoidal shape. This pressure is strongest at the peaks and troughs 
of the sinusoidal shape, making vortices more likely to form there. Vortexes can interact with 
each other, with the walls of the channel, and with obstacles themselves.

The vortices are more prominent when a sinusoidal elastic obstruction is present due to the 
obstacle’s flexibility. Due to the obstacle’s flexibility, it may deform when subjected to fluid flow, 
which further disrupts the flow and intensifies the vortices. Vortices are also created by the 
obstructions’ flexibility. These interactions can lead to complex and unpredictable vortex behav
ior, which can have a significant impact on fluid flow. With time and owing to the flexibility and 

Figure 5. Variations in streamlines are depicted for different slot numbers of nano-jet impingement of PLS-F for a¼ 0.5 at 
t¼ 5.56 s, St ¼ 0.1, Re ¼ 350: (a) Nj ¼ 1, (b) Nj ¼ 5, (c) Nj ¼ 10.
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pulsing flow, the vortices on the top side of the channel and walls improve these developments 
can lead to changes in the size and shape of the vortices, which may affect obstruction resistance 
and overall flow rate, and become more numerous within the channel.

Figure 4(i–j) shows that increasing the amplitude increases the number of vortices at the inlet 
and at the upper side of the channel. While increasing the amplitude increased the pulsating flow 
rate and thus led to an increase in turbulence in the fluid flow, the same applies to the pressure 
that increased at the inlet, which led to an increase in the shear force on the fluid, and this led to 
the movement of the fluid in different directions, and this led to the formation of vortices.

Figure 5(a–c) shows the streamline inside the channel for Multi-wall carbon nanotube-Fe3O4 
hybrid nanofluids and for different slot numbers of nano-jet impingement Nj ¼ 1–10. It can be 
seen that the variation in velocity within the channel increases with the number of slots. 
Increasing the inlets generates a flow pattern because the fluid enters the channel at varying rates, 
leading to noticeable differences in velocity, which creates an uneven flow distribution. In add
ition, the increase in the number of openings amplifies the turbulence in the flow. When streams 
of fluids emanating from different vents converge and interact, turbulent regions and eddies are 
formed. These turbulent regions exhibit diverse flow velocities and thus play a pivotal role in 
increasing the overall velocity variation within the channel.

Figure 6 shows the temperature profiles inside the channel for the number of inlets Nj ¼ 13 
for several periods of time and for a flow capacity of A¼ 0.5–1, as it is clear from the figure that 
the temperature the poulsating flow and the presence of sinusoidal elastic obstacles jointly affect 
the temperature profile within the fluid system, imparting complex thermodynamics to the envir
onment. Pulsating flow introduces periodic changes in velocity and hence changes in convective 
heat transfer rates. During high-speed stages, convection-enhanced heat transfer occurs, which 
enhances the mixing of fluids at different temperatures. This results in a more uniform tempera
ture distribution within the fluid. Conversely, during low-speed phases, heat transfer becomes less 

Figure 6. Variations in temperature profiles are depicted for different time instances of PLS-F for a¼ 0.5–1, t¼1, 5.56, 10s at 
Nj ¼ 13, St ¼ 0.01, Re ¼ 350.
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efficient. Sinusoidal elastic barriers add another layer to this interaction. Deformation of these 
obstacles under the action of pulsating flow causes changes in flow patterns and pressure fields. 
This results in further temperature differences as the fluid interacts with the changing shape of 
the obstacle. Furthermore, heat transfer at the barrier–fluid interface is affected by deformations, 
which contributes to the overall temperature changes. The interaction between pulsating flow and 

Figure 7. Variations in pulsating velocity are depicted for different time instances of PLS-F for different pulsating amplitude 
range a¼ 0.25–1 at Nj ¼ 13, Re ¼ 350 (a) St ¼ 0.01, (b) St ¼ 0.1, (c) St ¼ 1.
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sinusoidal elastic obstacles can lead to complex temperature oscillations and gradients, which 
ultimately affects the heat distribution in the system.

Figure 7 shows the variation in the Pulsating velocity the channel for Multi-wall carbon nano
tube-Fe3O4 hybrid nanofluids of the number of slots Nj ¼ 13, for different Strouhal number and 
pulse amplitudes, as it appears from Figures 6(a–c) that by increasing the Strouhal number from 
St¼ 0.01 to 1, the Pulse repetition frequency (PRF) increased. At Strouhal number St ¼ 0.01, the 
average pulse velocity increased by 0.19%. By increasing the pulse amplitude A¼ 0.25 to 1, and at 
the Strouhal number St¼ 1, the average pulse velocity increased by 0.50%, as this increase is due 
to the increase in the frequency of the Pulsating flow. In general, it can be said that the Pulsating 
flow increased the average Inlet velocity at a pulse amplitude A¼ 1 of 0.67% compared to a con
stant flow.

Figure 8 shows the variation in dimensionless temperature for hybrid nanofluids and nano
fluids with different particle shapes at St ¼ 0.1 and A¼ 0.5. Figure 8(a) represents the dimension
less temperature of Multi-wall carbon nanotube-Fe3O4 hybrid nanofluid for several numbers of 
inlets Nj ¼ 1–13, as it is clear from the figure. Still, the number of inlets affects the temperature, 
as the greater the number of inlets, the greater the ratio Cooling is better; the drop in tempera
ture by increasing the number of inlets from 1 to 13 was 67.517%. Figure 8(b) also shows the 
variation in the dimensionless temperature of the Al2O3-Water for many nanoparticle forms 
(blades, platelets, cylinders, and bricks). Bricks and blades have almost the same temperature con
trast, but for platelets and cylinders, they have the best temperature contrast, as the percentage of 
temperature drop between platelets and bricks is 6.5009%.

Figure 9 shows the dimensionless temperature of two Strouhal number St ¼ 0.1–1 at the num
bers of slots Nj ¼ 13, where Figure 9(a–b) shows the change in temperature in terms of time for 
several pulse amplitudes A¼ 0.25–1. The higher the pulse amplitude of the pulse flow, the faster 
the cooling process. At Strouhal number St ¼ 0.1 and by increasing the pulse amplitude from 
A¼ 0.25 to 1, the channel cooling rate increased by 12.453%. When the Strouhal number was 
increased to St ¼ 1, and the pulse amplitude was increased from A¼ 0.25 to 1, the channel cool
ing rate increased by 18.42%.

Figure 7. Continued.
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As mentioned previously, the current study studies the influence of sinusoidally elastic 
obstacles, where their effect on the local Nusselt number was studied, and this is illustrated in 
Figure 10 by using multi-wall carbon nanotube-Fe3O4 at St ¼ 0.1, and A¼ 0.5, Figure 10(a)
shows,

It depicts the hybrid nanofluid’s local Nusselt number for various numbers of inlets when 
sinusoidal elastic obstacles are present, and it is obvious that the larger inlet number has a signifi
cant impact on the local Nusselt number. Due to an increase in the fluid’s flow velocity via the 
surface, an increase in the input number raises the local Nusselt number. The fluid moves more 
quickly and comes into closer contact with the surface, increasing the rate of heat transfer.

As shown in Figure 10(b), the local Nusselt number of nanofluid in different shapes of nano
particles (platelets, blades, cylinders and bricks) in the presence of sinusoidal elastic obstacles is 
Nj ¼ 13, where it is clear that cylindrical and platelets nanoparticles have the highest rate of heat 
transfer.

Figure 8. Variations in dimensionless temperature are depicted for different time instances of PLS-F at Nj ¼ 13, Re ¼ 350, St ¼
0.1, and a¼ 0.5, for (a) numbers of slots Nj, (b) different shapes of nanoparticles (platelets, blades, cylinders and bricks).
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Figure 11(a) compares the average Nusselt number(Num) for different cases, starting from the 
channel without obstacles (CWO) and in the presence of fixed (COF) and sinusoidal elastic 
obstacles(COS), where the channel was filled with the base fluid in this case of comparison. 
Another comparison can be observed between the base fluid and the single and hybrid nanofluid 
with sinusoidal elastic obstacles, where the comparison was made At the St ¼ 0–0.01, it can be 

Figure 9. Variations in dimensionless temperature are depicted for different time instances of PLS-F at Nj ¼ 13, Re ¼ 350, for 
(a) St ¼ 0.1, (b) St ¼ 1.
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noted that the channel with sinusoidal flexible obstacles filled with a base fluid has improved the 
Num, and this is due to sinusoidal movement of the obstacles, which in turn creates vortices 
inside the channel and the sinusoidal elastic obstacles helps to increase the surface area of the 
channel, which also increases the heat transfer rate, where the percentage of increase in the aver
age Nusselt number is 8.344%. It can be noted that the use of single and hybrid nanofluids pro
vided an average improvement of the Nusselt number by 1.822% and 6.53%, respectively. On the 

Figure 10. Variations in local Nusselt number are depicted for different time instances of PLS-F at Re ¼ 350, St ¼ 0.1, and 
a¼ 0.5, for (a) Numbers of slots Nj, (b) different shapes of Al2O3-water nanofluid.
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other hand, using pulsed flow within a sinusoidal elastic obstacle channel filled with a hybrid 
nanofluid improved by 24.383%.

Figure 11(b) represents the Num for the different Strouhal numbers of the hybrid nanofluid 
and amplitude of the pulse flow. It also appears from the figure that the average Nusselt number 

Figure 11. Variations in average Nusselt number (a) comparison of the Num between multi case at Re ¼ 350 and a¼ 0–0.5. (b) 
Num for the different St and a for hybrid nanofluid. (c) Num for different number of slots at a¼ 0.5. (d) Num different shapes of 
nanoparticles for St ¼ 0.01–0.1, and a¼ 0.25–1.
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decreases with an increase in the Strouhal numbers (St ¼ 0.01–1) and increases with an increase 
in the amplitude of the pulse flow, as the increase reached (A¼ 0.25 − 1) by 13.5467%, 13.2467%, 
and 17.705%, respectively.

Figure 11(c) shows the Num of the hybrid nanofluid at the Strouhal number St ¼ 0.1 and the 
pulse amplitude A¼ 0.5 for the different number of slots, as it is clear from the figure that with 

Figure 11. Continued.
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increasing the number of slots, the average Nusselt number increases, and whereas, the percent
age increase in the Num when increasing the number of slots (Nj ¼ 1–13) is 259.983%, and this 
is due to the increase in the flow inside the channel.

Figure 11(d) shows the average Nusselt number for different nanoparticle shapes of nanofluid 
Al2O3-Water and for different Strouhal numbers at A¼ 0.5. Plate-shaped nanoparticles improved 

Figure 12. Variations in average temperature of hybrid nanofluid at Re ¼ 350 Nj ¼ 13, for pulse amplitude and different value 
of Strouhal number.

Figure 13. Percentage of enhancement in heat transfer by using pulsating nano-jet impingement for St ¼ 0–0.01 and a¼ 0.5.
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the Num more than other particle types because particle shape is crucial to the heat transfer pro
cess; the average Nusselt number of plates improved by 5.18146% compared to bricks.

Figure 12 shows the average temperature of the different Strouhal number and the amplitude 
of the pulse flow, where it can be noted that with an increase in the pulse amplitude, the tem
perature decreases and thus the efficiency of thermal dissipation increases, as the best temperature 
levels were reported at St 1, where the percentage of increase was 3.448%.While at St ¼ 0.1, it 
amounted to 0.23% and at St ¼ 0.01, it amounted to 3.42872%.

Figure 13 shows the percentage of enhancement in heat transfer using pulsating nano-jet 
impingement for the various studied issues, starting from the channel without elastic obstacles to 
using the hybrid nanofluid inside the channel with sinusoidal elastic obstacles, as it is clear from 
the figure that the use of pulsating nano-jet impingement has played an important role in the 
process of improving thermal performance, where the pulsating flow causes the fluid to be 
sheared more effectively, which breaks up the boundary layer and increases the heat transfer 
coefficient.

Figure 14 compares the pressure coefficient in the channel without obstacles to that with fixed 
obstacles and with sinusoidal elastic obstacles, showing that the pressure coefficient increases with 
fixed obstacles by 3.81767% due to the vortices caused by adding obstacles inside the channel and 
that it increases by 10.2772% with the latter due to the additional vortices caused by the move
ment of the obstacles.

Conclusion

This research paper has presented a new model for effective thermal management of a channel 
using elastic sinusoidal obstacles and pulsating multiple nano-jet impingement. The study 
employed various forms of alumina Al2O3, such as platelets, blades, cylinders, and bricks, along 
with a hybrid nanofluid consisting of multi-wall carbon nanotube-Fe3O4 in a water base fluid. 
The mathematical equations governing the phenomenon were solved using the finite volume 

Figure 14. Pressure coefficient for various cases.
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method, the results were recorded for Reynolds numbers (Re ¼ 350), Strouhal numbers (St ¼
0.01–1), pulse amplitude (A¼ 0.25–1), and the number of slots (Nj ¼ 1–13).

In conclusion, the following key findings were observed:
The results showed that the use of pulsed flow affects the convection behavior inside the 

channel.The obstacles with sinusoidal elasticity formed vortices in the upper side of the 
channel.The sinusoidal elastic obstacles help to increase the surface area of the channel, which 
also increases the heat transfer rate.Using sinusoidal elastic obstacles improved the heat transfer 
rate by 8.344%.The Pulsating flow method resulted in a 24.383% increase in the rate of heat 
transfer.The heat transfer rate increased by 13.5467%, 13.2467%, and 17.705% when the Strouhal 
number (St) and pulse amplitude (A) were increased from St ¼ (0.01–1)and A ¼ (0.25–1), 
respectively.When the number of slots increased from (Nj ¼ 1–13), the rate of heat transfer 
increased by an appropriate rate of 259.983%.The pressure coefficient increases by 3.81767% 
using fixed obstacles.

Based on the findings of this investigation, it seems that elastic sinusoidal obstacles might be 
used to enhance heat management. Investigating the impact of various elastic sinusoidal barriers’ 
materials, forms, and dimensions on heat transmission would be interesting. Studying the impact 
of pulsing flow and elastic sinusoidal obstructions on the functionality of thermal management 
systems under various operating circumstances may also be effective.

Overall, the obtained results enable more efficient thermal management systems in numerous 
applications, giving valuable insight into using elastic sinusoidal barriers and pulsing flow.
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