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ABSTRACT: This study numerically focused investigating the thermal performance of flow oscillations 

in a rectangular corrugated channel with vertical plates on top wall. The numerical study was performed 

with the ANSYS Fluent software, and the SIMPLE algorithm was utilized to solve the pressure-velocity 

coupling. The top wall of the channel was adiabatic and included vertical plates. The bottom wall of the 

channel was rectangular grooved and kept at Tw=360 K. Suspension of Al2O3 nanoparticles into water 

was used as the fluid. The particle volume fraction in the suspension was kept constant at φ = 5%. 

Oscillating amplitude (A) and Strouhal number (St) were maintained constant at A = 1 and St = 2, 

respectively. In the presented study, the effects of vertical plates, Al2O3-water nanofluid and pulsating 

flow on flow and heat transfer were analyzed separately at different Reynolds numbers (200 ≤ Re ≤ 800). 

The Nusselt number (Nu), relative friction factor (frel) and performance evaluation criteria (PEC) were 

obtained for different Reynolds numbers. The temperature and velocity fields were acquired for varying 

parameters. The results demonstrated that the flow and temperature structures were significantly 

influenced by the channel geometry and oscillating flow. Heat transfer considerably enhanced with the 

oscillating flow at the high Re. At Re = 800, thermal improvement for oscillating flow of the nanofluid in 

the channel with plates increased by nearly 1.57 times relative to the steady case of the basic fluid in the 

channel without plates.  
 

Keywords: Heat transfer, Nanofluids, Oscillating flow, Rectangular corrugated channel, Vertical plate 

1. INTRODUCTION 

Corrugated channels are a widely used passive heat transfer improvement method. Since these 

channel geometries increase the surface area and create an oscillating motion in the flow, they have 

significant potential for heat transfer improvement. This method does not contain any mechanical parts, 

so it is more economical and quite safe. Therefore, it is usually preferred in many engineering 

implementations such as thermal devices, heat exchangers, and chemistry processes [1-3]. In many 

experimental and numerical studies, the hydraulic and heat transfer enhancement has investigated in 

the corrugated channels, and the results of these studies demonstrated that wavy surface geometries 

significantly improve heat transfer when compared to straight channels [4-6]. Kurtulmus and Sahin [7] 

actualized a review study investigating the hydraulic and thermal characteristics on corrugated surfaces. 

In experimental and numerical work, Brodnianská and Kotśmíd [8] examined the thermal improvement 

in a duct with various wave forms and demonstrated that the thermal enhanced with the increasing Re 

and decreasing channel height. Mehta et al. [9] computationally examined the impacts of the wall wave 

amplitude on flow and thermal improvement in asymmetrical corrugated channels and declared that the 

Nu increased with Re and wall wave amplitude. 

Another passive heat transfer improvement techniques are the use of extended surface 

modifications, such as twist tape, winglets, ribs, fins, barriers, and plates within the channel. These 

modifications added into the channel completely disrupt the flow structure and help with the flow mix 

and thermal improvement, but an increase in pressure loss occurs relative to straight ducts. Many 

experimental and numerical works have examined the flow and thermal enhancement in grooved and 
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straight channels with different barriers [10-11]. Barriers with different shapes in different channel 

geometries have been investigated in previous studies. Lei et al. [12] examined the inclination angle of 

the baffles on thermal efficiency in a heat exchanger with helical turbulators. Sripattanapipat and 

Promvonge [13] numerically investigated the heat transfer of a duct with diamond-type barriers. 

Kwankaomeng and Promvonge [14] executed a numerical study investigating thermo-hydraulic 

behavior in a square duct with 30° inclined barriers on one surface. Sriromreun [15] performed a 

numerical work on the thermo-hydraulic behavior of inclined barriers in a rectangular channel. Li and 

Gao [16] numerically studied thermal enhancement in a triangular-shaped grooved duct with delta-type 

baffles. Karabulut [17] realized a CFD (Computational Fluid Dynamics) work studying the heat transfer 

at different slope angles of the baffles in a triangular corrugated duct, including triangular barriers on 

the upper wall. In a computational and experimental research, Bensaci et al. [18] studied the thermal 

efficiency of solar air channels with varying baffle configurations. These study results showed that 

corrugated/wavy ducts and surface arrangements considerably enhanced the thermal performance. In 

an experimental study, Promvonge et al. [19] researched the heat transfer in a duct with inclined 

horseshoe-type barriers and noticed that the heat transfer improved by nearly 208% and the pump 

power increased about 6.37 times, according to the flat duct. Kumar et al. [20] experimentally examined 

the thermal improvement of the solar duct with multiple V-shaped baffles. They declared that the 

thermal enhancement exceedingly increased with the baffles. In another experimental work conducted 

by Sahel et al. [21] was reported the rectangular channel flow with a different arrangement of the 

barriers increased the heat transfer about 65%. 

On the other hand, the thermo-physical features of many traditional liquids utilized in heat transfer 

implementations are low. Particles with nano-sized are added to enhance these features of a basic fluid. 

Many researchers have examined nanofluids together with corrugated ducts [22-24]. Manca et al. [25] 

examined the thermal characteristics of water based Al2O3 nanofluid for different particle volume 

fractions (0 ≤ φ ≤ 0.04) in a duct with varying rib heights and declared that thermal performance 

improved with increasing the Re and φ. They also observed a rise in the pump power. Heshmati et al. 

[26] investigated the heat transfer efficiency of nanofluids in a duct with different geometries of the 

barriers. Their study examined the effects of nanofluid type, particle volume fraction (0.01 ≤ φ ≤ 0.04), 

particle diameter, and Reynolds number (40 ≤ Re ≤ 400). They found that the nanofluids with high 

particle volume ratio and small particle size enhanced thermal performance. In a review study, Huminic 

and Huminic [27] analyzed the thermal behavior of nanofluids and basic fluids in the grooved channel. 

Qi et al. [28] numerically and experimentally researched the thermal behavior of the nanofluids (TiO2-

water) in a grooved channel. Pordanjani et al. [29] presented review work that examined the impacts of 

nanoparticles on energy savings in heat exchangers. Mei et al. [30] theoretically studied the 

thermohydraulic performance of Fe3O4-water nanofluid using a magnetic field in a wavy channel. Kaood 

and Hassan [31] presented a theoretical work that analyzed the thermal improvement and energy 

analysis of varying nanofluids in different geometries of the wavy duct. They indicated that nanofluids 

enhanced the thermal performance according to the straight channel, and all the performance 

improvement decreased at Re ≥ 10000 for all the fluids and channel configurations. Tian et al. [32] 

analyzed the energy, exergy analysis, and pump power of the triangular turbulators in different duct 

geometries. In their study, they examined the effects of different fluid types (CuO-water, Al2O3-water, 

water, and air). As a result of their study, they declared that the heat transfer was considerably enhanced 

in nanofluid flow in circular channels with turbulators. However, the nanofluids increased exergy 

destruction. Ajeel et al. [33] performed a numerical study that examined the thermal behavior of ZnO-

water nanofluid in a curved wavy duct with L-type barriers. They indicated that the nanofluids and 

barriers had an important influence on thermal improvement. Akcay [34] evaluated the heat transfer of 

pulsating flow in a duct with inclined baffles for different Reynolds numbers, pulsating frequency, and 

pulsating amplitude. The result of the study indicated that the thermal performance improved by about 

47% with increasing Reynolds number and pulsating parameters. Menni et al. [35] evaluated the thermal 

characteristics of baffles at varying angles in a channel under nanofluid flow. Their study results 
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indicated that the heat transfer enhanced at a high Re, and the highest thermal enhancement was 

obtained for the vertical baffles.  

Although extended surfaces added to the channel and corrugated channel geometry increase heat 

transfer under steady flow conditions, these applications are insufficient in cases where higher thermal 

performance is required. For this reason, in these cases, a pulsating/oscillating flow is preferred over a 

steady regime. An oscillating flow enhances thermal performance by improving the flow mixing. Many 

experimental and numerical works have investigated the thermo-hydraulic efficiency in the wavy ducts 

under oscillating flow. The results of these studies indicated that the heat transfer enhanced depending 

on the geometry of the duct, the velocity of fluid, and oscillating parameters [36-38]. In two different 

numerical studies, Akdag et al. examined the thermal enhancement of the oscillating nanofluid flow in a 

triangular [39], and trapezoidal [40] corrugated channels. They indicated that the thermal enhancement 

increased with a rising oscillating frequency, oscillating amplitude, and particle volume ratio. Esfe et al. 

[41] executed a review work investigating the oscillating flow for heat transfer and non-heat transfer 

conditions. Munoz-Camara et al. [42] experimentally examined the thermal efficiency in the oscillating 

flow in a circular duct with barriers and declared that the heat transfer increased nearly five times with 

the oscillating flow. Akcay [43] presented a CFD work to investigate the heat transfer of the flow 

oscillations in a grooved duct with V-shaped winglets and found that the winglets and pulsating flow 

significantly increased thermal enhancement with rising in pump power. In another numerical study, 

Akcay [44] examined the pulsating flow of CuO-water nanofluid in a circular corrugated channel with 

barriers on the top wall. The results were compared with the steady case of the basic fluid in the non-

barriers corrugated channel. The work’s findings indicated the pulsating nanofluid flow improved the 

Nu by 2.6 times in the presence of baffles. 

 According to the above research, extended surfaces added to corrugated channels increase the 

thermal enhancement. Even if the heat transfer with these modifications is enhanced, the pressure loss 

rises due to the nanoparticles and obstruction of the flow area. A definite criterion has not been reported 

for determining the optimum nanofluids and corrugated channel geometries with plates in the existing 

literature. Thermal and hydraulic behavior in corrugated channels with plates were mostly studied 

under steady flow conditions, and it was found that very little study was realized under oscillating flow 

conditions. In studies carried out so far, it has been observed that thermal and hydraulic performance in 

oscillating nanofluid flow in a rectangular corrugated channel with vertical plates has not been 

examined. In the study, the impacts of vertical plates, nanofluids, and oscillation parameters on thermal 

enhancement and pressure drop in rectangular corrugated channels were analyzed separately. 

2. MATERIAL AND METHODS 

2.1. Numerical Geometry 

Figure 1 indicates the geometry of the rectangular corrugated channel with vertical plates on the top 

surface. The height of the channel (W) is 12 mm. The channel width (Z) is equal to channel height. The 

lengths of flat parts at the inlet and exit of the channel are considered as L1 = 5 W and L3 = 10 W, 

respectively. The distance between plates is S = 3 H. The thickness and the length of plates are t = 0.05 W 

and H = 0.5 W, respectively. The distance between corrugated parts is m = 0.5 W. The dimensions of the 

corrugated part are a = 0.5 W and b = W. The corrugated channel contains a total of six wavy parts.  
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Figure 1. (a) 3D, and (b) 2D geometric schematics of the numerical model 

 

2.2. Mathematical Model  

In the numerical solutions, the flow field is laminar, time-depended for oscillating flow, steady for 

the other cases, two-dimensional (2D). The fluid is incompressible and Newtonian type. The impacts of 

thermal radiation and body forces are ignored. For these conditions, the continuity equation 

conservation, momentum, and energy equations are given as [36]: 

 
𝜕𝑢𝑖
𝜕𝑡

+ 𝛻(𝜌𝑢) = 0 
(1) 
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(3) 

 

Reynolds number (Re) is given by [43]: 

 

𝑅𝑒 =
𝜌𝑢𝐷ℎ
𝜇

 
(4) 

 

Hydraulic diameter (Dh) is calculated as follows (Eq. 5) [44]: 

 

𝐷ℎ =
4𝐴𝑐
𝑃

=
4𝑊𝑍

2(𝑊 + 𝑍)
 

(5) 

 

where Ac denotes the cross-sectional area and P denotes the wetted perimeter.  

(a) 

(b) 
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The oscillating frequency (Strouhal number, St) is given by [36]:  

 

𝑆𝑡 =
𝜔𝐷ℎ
𝑢

 
(6) 

2.3. Description of Boundary Conditions 

The fluid enters the channel at Ti = 300 K. The rectangular corrugated lower wall of the channel is 

preserved at 360 K. The “velocity inlet” and “pressure outlet” boundary conditions are identified at the 

inlet and outlet of the channel, respectively. The oscillating inlet velocity defined at the channel inlet is 

given by Eq. (7) [36, 43]. 

 
𝑢𝑖𝑛 = 𝑢[1 + 𝐴𝑠𝑖𝑛(𝜔𝑡)] (7) 

 

where, ω (= 2πf) is defined as the angular velocity and is used to obtain the Strouhal number (St), which 

describes the dimensionless oscillating frequency, A represents the dimensionless oscillating amplitude, 

and u indicates the mean velocity at the channel inlet. L1 and L3 lengths have adiabatic and no-slip 

conditions. Also, the vertical plates have adiabatic and no-slip conditions. The simulations are applied 

for different Reynolds numbers (Re: 200, 500, and 800). The study is carried out under laminar flow 

conditions. It was reported that the transition from laminar to turbulent flow in pulsating flow begins at 

Re=1100. Therefore, in this study, Reynolds numbers in the range of 200<Re<800 were used to maintain 

the validity of laminar flow conditions (for detailed information, see [34]). 

2.4. Data Reduction 

In this study, heat transfer is expressed with the Nusselt number (Nu). The overall Nusselt number 

for steady conditions is written as [34]:  

 

𝑁𝑢 =
ℎ𝐷ℎ
𝑘𝑓

 
(8) 

 

ℎ =
𝑄𝑐𝑜𝑛𝑣
𝐴𝐿∆𝑇𝑙𝑚

 
(9) 

 
𝑄𝑐𝑜𝑛𝑣 = 𝑚𝐶(𝑇𝑜,𝑏 − 𝑇𝑖,𝑏) (10) 

 

∆𝑇𝑙𝑚 =
(𝑇𝑖,𝑏 − 𝑇𝑜,𝑏)

𝑙𝑛 (
𝑇𝑤 − 𝑇𝑜,𝑏
𝑇𝑤 − 𝑇𝑖,𝑏

)
 

(11) 

 

where, k is the heat conductivity, h is the heat convective coefficient, and ΔTlm is logarithmic 

temperature difference. Ti,b and Ti,o represent the bulk temperature of the fluid at inlet and outlet of the 

channel, respectively. Tw shows the wall temperature of the corrugated channel. C, AL, Qconv, and m are 

the specific heat, surface area, heat transfer with convection, and, mass flow rate, respectively.  

The overall Nusselt number (Nup) for oscillating flow conditions can be written as [36]: 

 

𝑁𝑢𝑝 =
1

𝜏𝐿
∫∫𝑁𝑢(𝑥, 𝑡)𝑑𝑡𝑑𝑥

𝜏

0

𝐿

𝑥𝑜

 
(12) 

 

where, τ indicates a period time in oscillating flow, L is the length of the heated corrugated channel. 

The thermal enhancement ratio (Nurel) is found as [34]: 
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𝑁𝑢𝑟𝑒𝑙 =
𝑁𝑢𝑝

𝑁𝑢𝑠
 

(13) 

 

where, Nup and Nus represent the cycle-averaged Nu for oscillating conditions, and the Nu for a steady 

condition, respectively. 

The friction factor (f) is calculated by [43]: 

 

𝑓 =
2∆𝑃𝐷ℎ
𝜌𝑢2𝐿

 
   (14) 

 

where, ΔP shows the pressure difference.  

The relative friction factor (frel) is computed as [44]: 

 

𝑓𝑟𝑒𝑙 =
𝑓𝑝

𝑓𝑠
 

(15) 

 

where, fs is the average friction factor for steady flow and fp is the average friction factor for oscillating 

flow. 

The performance evaluation criteria (PEC) is given by [43]: 

 

𝑃𝐸𝐶 =
(𝑁𝑢𝑝 𝑁𝑢𝑠)⁄

(𝑓𝑝 𝑓𝑠)⁄ 1 3⁄   (16) 

2.5. Nanofluid Properties 

In the study, Al2O3-water nanofluid was used as the fluid and the nanoparticle volume ratio was 

kept constant (φ = 5%). The diameter of the nanoparticles was accepted to be 20 nm. The thermodynamic 

features of the Al2O3-water nanofluid were calculated using the following equations [32, 45]: 

 
𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑏𝑓 + 𝜑𝜌𝑝𝑡  (17) 

 

𝐶𝑛𝑓 =
(1−𝜑)𝜌𝑏𝑓𝐶𝑏𝑓+𝜑𝜌𝑝𝑡𝐶𝑝𝑡

𝜌𝑛𝑓
  (18) 

 

𝑘𝑛𝑓 = 𝑘𝑏𝑓
[𝑘𝑝𝑡+2𝑘𝑏𝑓−2𝜑(𝑘𝑏𝑓−𝑘𝑝𝑡)]

[𝑘𝑝𝑡+2𝑘𝑏𝑓+𝜑(𝑘𝑏𝑓−𝑘𝑝𝑡)]
   (19) 

 
𝜇𝑛𝑓 = 𝜇𝑏𝑓[123𝜑

2 + 7.3𝜑 + 1] (20) 

 

where the subscript bf, pt and nf show the basic fluid, the nanoparticle and the nanofluid, respectively. 

Water is used the basic fluid. Table 1 indicates the thermophysical properties of the basic fluid (water) 

and Al2O3 nanoparticle at 300 K [32]. 

 

Table 1 .Thermal and physical features of Al2O3 nanoparticle and H2O at 300 K 

 ρ [kg/m3]    C [J/kgK] k [W/mK] μ [kg/ms] 

H2O 998.2 4182 0.6 0.001003 

Al2O3 3950 765 36 - 

 

2.6. Numerical Procedure and Validation 

The 2D drawing of the channel geometry and the formation of the grid structure were generated with 
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the help of the Gambit software. The mesh quality for triangular elements of the numerical model was 

obtained as 0.94. Therefore, the triangular elements were preferred to both channels (with and without 

plates). The mesh structures of both channels are given in Figure 2 with their details. To determine 

whether the solution results were independent of the grid numbers, the Nu was obtained for different 

grid numbers, namely 34258, 54162, 77652, 105058, and 131604. Since the change in the Nu was very 

small after the 77652-element number, this element number was adapted to the geometry. Figure 3 

illustrates the variations of the Nu with the grid numbers at different Re for the steady case in the 

rectangular corrugated channel without plates. 

 

 
Figure 2. Mesh formations of the model: (a) without plates and (b) with plates 

 

 
Figure 3. Nusselt numbers versus the element numbers for the steady case of the base fluid 

 

The numerical simulations were realized by using the ANSYS Fluent [46] software. In the 

discretization of the relevant equations were used the second order upwind scheme. The velocity-

pressure coupling in the discretized equations was solved with the SIMPLE algorithm. Convergence 

criteria were 10–8 for all the residuals. In oscillating flow, iterations were completed in 3000 s and then 

heat transfer and pressure drop calculations were performed.  
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Boukhadia et al. [47] studied the heat transfer and pressure drop for laminar flow in a straight 

channel with a hydraulic diameter of 12 mm. On the other hand, Ameur et al. [48] investigated 

convective heat transfer at Reynolds numbers in the range of 0.1 ≤ Re ≤ 300 in a straight channel with the 

same hydraulic diameter. To validate the present simulation results, this work was checked with the 

results of the previous studies [47, 48].  The comparison of the numerical solutions of this study with the 

results of the previous studies was given detail in [43] and [44]. 

Time step independence test was carried out for three different time steps: Δt=0.1s, 0.01s, and 

0.001s, and the test results were shown in Figure 4. Nusselt numbers were obtained very close to each 

other at time steps Δt=0.01s and Δt=0.001s. Therefore, the time step for oscillatory flow solutions was set 

to Δt=0.01 s.  

 

 
Figure 4. Time step independence test for Re=800 

 

3. RESULTS AND DISCUSSION 

In this section, the effects of vertical plates, Al2O3-water nanofluid and pulsating flow on flow and 

heat transfer were discussed for different Reynolds numbers (200 ≤ Re ≤ 800). In oscillating flow, the 

temperature and flow fields in the channel change with time and therefore, the pressure drop, and heat 

transfer will also change periodically. One oscillation period was utilized to compute the friction factor 

and Nu. One oscillating period was accepted to be completed in ωt= 360°, or 2π radians. Moreover, the 

temperature and flow fields for the steady and oscillating cases of the flow in the channel with and 

without plates were presented. In the paper, color scale values for all velocity contours are given in m/s, 

and color scale values for all temperature contours are given in Kelvin (K). 

Figure 5 indicates the velocity (a) and temperature contours (b) in the steady flow of the water in a 

rectangular corrugated channel without the plates for different Re. The velocity fields for the water in 

the channel without plates are like each other at all the tested Re. The fluid generally flows parallel to the 

channel walls and is canalized towards the rectangular cavities on the bottom wall (Fig. 5a). In the 

channel without plates, cold fluid flows in the upper parts of the channel. The length of corrugated 

channel is kept at a constant temperature, and the rectangular cavities were completely covered with hot 

fluid. The wall temperatures of the rectangular cavities near the inlet of the channel are relatively lower 

(first two rectangular cavities in the flow direction) while the temperature of the rectangular cavities 

towards the end of the channel was relatively higher (last four rectangular cavities in the flow direction). 

As the Re increased, the surface temperature of the rectangular corrugated channel reduced (Fig. 5b). 
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Figure 5. Velocity fields (a) and temperature fields (b) at different Re for the steady case of water in 

the corrugated channel without plates 

 

Figure 6 indicates, the velocity contours (a) and temperature distributions (b) of the Al2O3-water 

nanofluid with φ = 0.05 particle volume fraction in the channel with plates for different Re in the steady 

case. The velocity and temperature contours significantly changed with the Re depending on the plates. 

The vertical plates significantly affected the flow field within the channel. These plates canalized the 

flow toward the rectangular corrugated surfaces, causing flow oscillation. With the oscillation 

movement, the cold fluid contacted the hot corrugated surfaces. The temperature of the corrugated walls 

in contact with the colder fluid decreased and the heat transfer improved. After each plate, the velocity 

and thermal boundary layer broke down and these structures helped to create flow cycles. The plates 

disrupted the flow structure, caused a diminish in thermal resistance, thus improving the heat transfer. 

At a low Re, it was seen that the flow cycles occurred between the vertical plates, while the mainstream 

flowed as a whole. With the increasing Re, flow breaks occurred and too many flow cycles were formed 

in the channel. The wall temperature decreased with the increasing Re.  
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Figure 6. Velocity fields (a) and temperature fields (b) at different Re for the steady case of the 

nanofluid in the corrugated channel with plates 

 

Figure 7 indicates the velocity vectors for different Re in the steady flow of nanofluid in the channel 

with plates. At a Re = 200, the velocity vectors for the main flow were downstream. It was seen that the 

velocity vectors between each plate were quite small and were positioned in different directions. In the 

rectangular cavities, the flow vectors were still small, and turbulence started in the flow. At a Re = 500, 

the oscillations occurred in the main flow due to the plates. Major and minor flow cycles were formed 

between each vertical plate. It was observed that a large flow cycle was formed near the right wall of 

each rectangular cavity. These cycles improved the flow mixing by mobilizing the more stagnant fluid 

between the plates and in the rectangular cavities. At a Re = 800, the increase in flow rate increased the 

flow oscillations because the vertical plates directed the main flow toward the rectangular cavities. The 

flow cycles seen between each plate at a Re = 500 grew even greater at a Re = 800. Smaller velocity 

vectors leaving the lower part of the main flow were directed to the right and left surfaces of the 

rectangular cavities, creating flow fluctuations.  
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Figure 7. Velocity vectors for varying Re at the steady case of the nanofluid in 

the channel with plates  

 

Figure 8 displays the velocity fields (a) and temperature contours (b) at varying phase angles in the 

channel without plates at the Re = 500, A = 1, St = 2, φ = 0.05. It was seen that the velocity and thermal 

fields changed remarkably by the oscillating parameters and the geometry of the channel. At ωt = 90°, 

the flow moved downstream and slightly directed into the rectangular cavities due to the oscillating 

components. At ωt = 180°, the flow began to change direction, and the low velocity fluid particles rotated 

upstream (in the opposite direction). The flow cycles that occurred in the rectangular cavities became 

larger. At ωt = 270°, the flow moved completely upstream. Growing flow cycles due to the opposite flow 

filled the rectangular cavities. At ωt = 360°, the flow began to flow downstream again and the flow cycles 

in the rectangular cavities got smaller. Thus, one oscillating period was terminated. This case is repeated 

in each oscillating cycle. The flow cycles that occurred in each periodic cycle carried the hot fluid in the 

rectangular cavity to the upper sections of the channel. The cold fluid displaced by the hot fluid caused 

the temperature of the channel walls to diminish. It was observed that the temperature of the channel 

walls in the oscillating nanofluid flow diminished significantly when compared to the channel wall 

temperatures in Figure 5b (Fig. 8b). 
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Figure 8. Velocity fields (a) and temperature fields (b) at varying phase angles in the channel 

without plates (Re = 500, A = 1, St = 2, φ = 0.05) 

 

Figure 9 indicates the velocity fields (a) and temperature structures (b) for an oscillating period in 

the channel with plates at a Re = 500, A = 1, St = 2, φ = 0.05. The flow and temperature fields varied 

considerably during one oscillating cycle. The flow flowed downstream at ωt = 90°. The flow was 

directed into the rectangular cavities due to the vertical plates on the upper wall of the channel. At ωt = 

180°, the direction of the flow changed, the fluid particles rotated upstream, and the structure of the flow 

was completely changed. Wide circulation zones were seen between the plates. Flow cycles also began to 

form in the rectangular cavities. At ωt = 270°, the flow moved completely upstream. Circular flow cycles 

were seen all over the channel. The flow began to flow downstream at a phase angle of ωt = 360°. Thus, 

one oscillating cycle was terminated. The oscillation parameters increased the flow oscillations and flow 

cycles. This case, which was reiterated in each oscillating cycle, was reflected in the temperature fields 

and heat transfer enhanced due to the better flow mixture. 
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Figure 9. Velocity fields (a) and temperature fields (b) at varying phase angles in the channel with 

plates (Re = 500, A = 1, St = 2, φ = 0.05) 

 

Figure 10 illustrates the velocity fields (a) and temperature structures (b) of the oscillating nanofluid 

flow at ωt = 180° for varying Re in the channel without plates. In the upper surfaces of the channel, the 

flow generally flowed parallel to the surface. Due to the oscillating components, this parallelism was 

disrupted in the center of the channel and the rectangular cavities on the lower surface, and recirculation 

zones were formed. With an increasing Re, the recirculation zones enlarged and filled the cavity. These 

cycles carried the cold fluid from the upper parts of the channel to the hot lower surfaces, thus reducing 

the temperature of the heated channel surfaces.  
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Figure 10. Velocity fields (a), temperature fields (b) at varying Re for oscillating nanofluid flow in 

the channel without plates (A = 1, St = 2, φ = 0.05, ωt = 180°) 

 

Figure 11 shows the velocity fields (a) and temperature structures (b) of oscillating nanofluid flow at 

ωt = 180o for different Re in the channel with plates. The vertical plates completely altered the flow 

fields. The fluid flowed upstream at the ωt = 180° phase angle. Recirculation zones were formed in the 

channel due to plates and reverse flow. Vortex structures are formed between each plate and in 

rectangular spaces due to oscillating components. Increasing Re causes an increase in these structures in 

the channel. The flow cycles that were longitudinal at low Re become circular at high Re. These cycles 

help move the cold fluid from the top sections of the channel to the heated walls at the lower surface of 

the channel. Thus, the temperature of the heated walls in contact with the colder fluid diminishes, and 

heat transfer increases. 
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Figure 11. Velocity fields (a) and temperature fields (b) at different Re for the oscillating nanofluid 

flow in the channel with plates (A = 1, St = 2, φ = 0.05, ωt = 180°) 

 

Figure 12 presents velocity vectors for an oscillating cycle in the channel without plates for Re = 800. 

At ωt = 90°, the vector directions are downstream. The flow moves parallel to the top surfaces of the 

channel, and the flow structure is disturbed near the bottom walls. In the corrugated parts of the 

channel, the vectors are quite small and move freely. At ωt = 180°, the flow starts to reverse direction and 

only the integrity of the flow is preserved. Flow cycles occurs in rectangular corrugated sections. At ωt = 

270°, the direction of the vectors is upstream, and the flow cycles formed in the corrugated sections 

become larger and wider toward the center of the channel. At ωt = 360°, the vectors begin to flow 

downstream as a whole, and one cycle is completed. 
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ωt = 270° 
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Figure 12. Velocity vectors for one period in the channel without plates at a Re = 800 (A = 

1, St = 2, φ = 0.05) 

 

Figure 13 shows the variation of the velocity vectors over one period in the channel with plates. The 

structure of velocity vectors is quite different from the channel without plates. At ωt = 90°, the main flow 

is considerably thinner than the channel without plates and flows downstream. The plates and 

oscillating parameters create flow oscillation. Flow cycles are seen between each plate and in the 

corrugated parts. At ωt = 180°, the main flow is quite thin, and the velocity vectors rotate upstream. Flow 

cycles enlarge between the plates and in the corrugated spaces. At ωt = 270°, the direction of the vectors 

is upstream, and the flow fields are completely disrupted. The recirculation zones grow considerably 

and spread all over the channel. At ωt = 360°, the flow cycles are lost, and the direction of the vectors is 

downstream. Thus, one oscillating cycle is completed for the channel with plates. 

 

 

 
ωt = 90° 

 
ωt = 180° 

 
ωt = 270° 

 
ωt = 360° 

Figure 13. Velocity vectors for one oscillating period in the channel with plates at a Re = 800 

(A = 1, St = 2, φ = 0.05) 
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Figure 14 indicates the variations of the Nu (a), Nurel (b), frel (c), and PEC (d) with varying Re for the 

steady flow. In the Figure, (w), (n), (b, w) and (b, n) subscripts represent the steady flow of the water in 

the channel without plates, the steady flow of the nanofluid in the channel without plates, the steady 

flow of water in the channel with plates, and the steady flow of the nanofluid in the channel with plates, 

respectively. The Nu increased with the rise in the Re for all channel cases. The maximum Nu was 

obtained as approximately Nu = 39.61 in the steady nanofluid case in the channel with plates at a Re = 

800. Nu for the steady case of the nanofluid in the channel with plates increased by about 11% according 

to the water in the channel without plates.  

Figure 14b shows the relative Nusselt number with the Re for oscillating flow of the nanofluid in the 

channel with/without plates. The Nurel is compared to the oscillating flow of the nanofluid in the channel 

with and without plates. (p) and (p, b) subscripts show the oscillating flow of the nanofluid in the 

channel without plates and with plates, respectively. The Nurel obtained for the steady state of the water 

in the channel without plates was considered as a reference. It is seen that the Nurel increased with the 

Re. The Nurel was found to be about 1.39 at the Re = 800 in the channel without plates. The highest Nurel 

was acquired at about 1.57 in the channel with plates at the Re = 800.  

Figure 14c presents the relative friction factor with the Re for the oscillating flow of the nanofluid in 

the channel with and without plates. Since the plates added into the channel prevent the flow, the 

pressure loss in the channel increases. In addition, since the viscosity values of nanofluids is high than 

the basic fluid, it causes an increase in the pressure drop. Therefore, an important pressure loss occurred 

in the channel due to the plates, nanoparticles, and oscillating parameters. In Figure 14c, (p, b), (p) and 

(w) subscripts indicate the oscillating flow of the nanofluid in the channel with plates, the oscillating 

flow of the nanofluid in the channel without plates, and the steady flow of water in the channel without 

plates, respectively. The relative friction factor obtained in the steady flow of the water in the channel 

without plates was considered as a reference. It is seen that the frel increased with the Re. The relative 

friction factor was achieved at about 2.53 in the channel without plates at a Re = 800. The highest frel was 

acquired at nearly 3.82 in the channel with plates at a Re = 800.  

Figure 14d indicates the variation of the PEC with the Re for the oscillating flow of the nanofluid in 

the channel with and without plates. In Figure 14d, PEC (p, b), PEC (p) and PEC (w) indicate 

performance evaluation criteria for the oscillating flow of the nanofluid in the channel with plates, for 

the oscillating flow of the nanofluid in the channel without plates, and for the steady flow of water in the 

channel without plates, respectively. The PEC obtained in the steady case of the water in the channel 

without plates was considered as a reference. Depending on the Nurel and frel, PEC was calculated in Eq. 

(16). PEC value higher than 1 show that the heat transfer in the channel is higher than the pressure drop. 

The PEC values were found very close to each other in all the tested Re. Although the Nurel was high in 

the channel with plates, the PEC values were almost the same for all the Re due to the increased the frel. 

The best PEC was achieved as 1.046 at a Re = 200 in the channel without plates. At the Re =200, the frel 

was very low in the channel without plates.   
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(b) 

 

 
(c) 

 

 
(d) 

Figure 14. Nu for the steady flow (a), Nurel (b), frel (c), and PEC (d) with the Re 

 

Figure 15 indicates the variation of the Nu with one oscillating cycle for the nanofluid flow at 

varying Re, in the channel without plates (a) and in the channel with plates (b). As can be seen from both 

figures, the Nu changed into sinusoidal form for one oscillating cycle in all the studied Re. As the Re 

increased, the Nu also increased. Moreover, the range of variation of the Nu was small at a low Re and 

larger at a high Re. It was seen that the Nu achieved in the channel with plates was higher than without 

plates. One pulsating cycle is completed at ωt=2π=360°. The curve of the Nusselt number changes 

sinusoidally over the course of one cycle due to the pulsating velocity input. The pulsating flow 

mechanism throughout one cycle is explained in detail in the Figures 8 and 9. While the flow moves in 

the downstream direction until the phase angle ωt = 180°, after ωt = 180° the direction of the flow 

changes and it starts to flow in the upward direction. At ωt =270°, the flow direction is towards the 

channel entrance. A decrease in the Nusselt number is observed at this phase angle due to the movement 

of the hotter fluid at the channel exit towards the channel entrance. After the phase angle ωt =270°, the 

flow changes direction again and starts to flow towards the channel exit. As the colder fluid at the 

channel entrance joins the pulsating cycle, the Nusselt number begins to increase. 
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Figure 15. Nu with phase angles for the oscillating nanofluid flow at varying Re 

 

The findings obtained from this study were compared with previous studies [44] to support them 

with literature studies. The parameters used in both studies are given in Table 2. In both studies, Nurel, 

frel and PEC values obtained under pulsating nanofluid flow conditions in the channel with vertical 

plates were presented in Table 3. frel values obtained in this study were found to be lower than [44]. It is 

seen that Nurel and PEC values were obtained higher in [44] than in this study. The reason for this may 

be due to differences between the parameters used in both studies.  
 

Table 2 . Comparison of the parameters used in this study and [44]  

Reference Wave type Dh Re A St Ti Tw Fluid φ  

Ref. [44] Circular 12mm 200, 500, 800 1 2 293K 350K CuO-water 3% 

Present study Rectangular 12mm 200, 500, 800 1 2 300K 360K Al2O3-water 5% 

 

Table 3 . Comparison of the results obtained from this study and [44] 

Reference Re Nurel  frel PEC 

Ref. [44] 

200 2.624 3.014 1.817 

500 2.581 3.185 1.752 

800 2.640 3.467 1.744 

Present study 

200 1.230 1.816 1.008 

500 1.358 2.451 1.007 

800 1.572 3.818 1.006 

 

Present study indicates that the use of plates in the grooved channels significantly influences the 

flow behavior and heat transfer. Furthermore, preferring nanofluids as the working fluid increases the 

thermal enhancement relative to the base fluid. Additionally, the oscillating flow, when compared to the 

steady flow, considerably raises the heat transfer as it creates better flow mixing. Flow oscillations keep 

the nanoparticles in continuous motion in the channel and prevent the particles from collapsing. 

Therefore, it is very advantageous to use oscillating flow in nanofluid flows. However, the pump power 

in the channel slightly increases due to the plates, nanoparticles, and oscillating flow.   

4. CONCLUSIONS 

This numerical work examined the effects of the oscillating flow of the Al2O3-water nanofluid on the 

thermohydraulic performance in a rectangular corrugated channel with/without plate. The results 
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compared to steady case of the water in the channel with/without plates. The thermal performance and 

hydraulic behaviors of the vertical plates, Al2O3-water nanofluid, oscillating components, and Re were 

investigated. The temperature and flow fields in the channel were obtained for varying parameters. The 

pronounced consequences of the present work were presented by:  

• The temperature and flow fields were significantly changed by the channel geometry, vertical 

plates, and oscillating components. The oscillating flow occurred due to the vertical plates and 

oscillating parameters, creating circulation zones between the plates and in the rectangular 

corrugated parts. 

• Al2O3-water nanofluid increased Nusselt number compared to base fluid (water).  

• The oscillating parameters provided important thermal enhancement in comparison with steady 

cases. The highest thermal enhancement was about 1.57 for the oscillating nanofluid flow at a Re = 

800 in the channel with plates. 

• The heat transfer increased with Re for all the cases. The Nu varied sinusoidally during one 

oscillating cycle, and the changing range of Nu increased with an increasing Re. 

• The PEC values were obtained close to each other for all the tested Re.  

• The pressure loss increased in the channel due to the plates, nanoparticles, oscillating amplitude, 

and oscillating frequency. The highest frel was found as about 3.82 in the channel with plates for 

the oscillating nanofluid flow at the Re = 800. 

• Present study proved that the combinations of plates, nanofluids, and oscillating flow in the 

corrugated channels have important potential for thermal improvement.  

• In future studies, the effects of different nanoparticle types and different nanoparticle volume 

ratios on flow and heat transfer can be investigated by changing the lengths and angles of the 

plates. 
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