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Enhancing heat transfer while minimizing pressure drop is a critical challenge in compact heat exchanger design. This review examines oscilla-
tory flow and periodic surface geometries as promising solutions because they play a significant role in disrupting boundary layers, promoting 
mixing, and enhancing convective performance. Analytical, numerical, and experimental methods for sinusoidal and corrugated channels 
under both uniform and non-uniform heat fluxes are systematically reviewed. Most previous reviews have addressed oscillatory or steady flows 
in smooth or wavy tubes under uniform heat flux, while the combined influence of oscillatory flow, wavy geometry, and time-varying heat flux 
remains largely unexplored. This review highlights a gap by analysing available studies on hybrid thermal–hydrodynamic interactions from 2005 
to 2025. The most significant finding was that periodic geometries can enhance heat transfer by up to four- to fivefold compared with smooth 
channels. Compared with non-oscillatory flow at the same Reynolds number, the Nusselt number increases by up to 20%. This improvement is 
primarily due to oscillatory motion, which disrupts the thermal boundary layer and enhances fluid mixing, thereby intensifying convective heat 
transfer. It can be concluded from these results that a hybrid strategy combining periodic surfaces and oscillatory flow can achieve significant 
enhancement of heat transfer while maintaining controllable pressure losses. Beyond previous studies that addressed active (oscillation) and 
passive (geometry) methods independently, this work introduces a new consideration of triple-periodic boundary conditions by integrating the 
oscillatory flow and the wavy surface under an actual unsteady heat flux. Knowledge gained from this review can be immediately applied to a 
wide range of real-world systems where effective thermal management is crucial.
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1. Introduction

A crucial component of thermal systems is the heat exchanger, 
which transfers heat across a solid boundary separating two or 
more fluids. The conclusions of the current review are directly 
applicable to various real-world applications in which accurate 
thermal management is crucial, such as regenerative cooling 
systems, oscillating heat pipes, thermoacoustic engines, and 
compact heat exchangers. All of these require efficient heat 
management techniques to operate reliably. A possible meth-
od is to incorporate periodic surfaces into the heat exchanger 
channels, which disrupt the boundary layer and promote flow 
mixing, thereby increasing the effective heat transfer area. 
These periodic components, such as wavy walls, ribs, and 

corrugations, enhance convective heat transfer. In parallel 
with the development of geometrical modifications, oscilla-
tory flow has introduced an innovative method to enhance 
thermal performance [1]. When paired with periodic surfaces 
that naturally disrupt the flow, this unstable flow regime en-
hances mixing, continuously renews the boundary layer, and 
improves heat transfer rates. The combination of oscillato-
ry flow with periodic surfaces results in a complex and rich 
fluid-thermal interface. Periodic surfaces enhance local heat 
transfer by inducing geometric turbulence, while oscillatory 
flow introduces additional periodic disturbances, resulting in 
complex secondary flows, thermal gradients, and vortices. The 
thermal and hydrodynamic properties of oscillatory flow in 
periodic surface heat exchangers remain poorly understood, 
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despite their potential advantages. Numerous factors, including sur-
face geometry, flow regime (laminar or turbulent), oscillation fre-
quency, and amplitude, interact nonlinearly, necessitating in-depth 
analytical, computational, and experimental studies. 

The current review will focus on the most recent research, examine 
how the main parameters are affected by periodic behaviour, and 
specify the availability of further analyses to address gaps in this field. 
Triply periodic or fluctuating boundary conditions can shift thermal 
improvement methods to focus not only on conventional geometri-
cal modifications but also on other factors. Therefore, even though 
oscillatory flows and periodic surface geometries have been widely 
studied, earlier reviews have mostly treated these two approaches 
independently and often under simplified uniform heating condi-
tions. However, the hybrid interactions between oscillatory motion 
and wall periodicity under non-uniform or transient heat fluxes 
remain largely unexplored. Hence, it leaves a shortcoming in the 
understanding of their hybrid effects, particularly under non-uni-
form heat flux, which is more representative of real applications. 
The originality of the this review lies in its systematic integration of 
analytical, numerical, and experimental studies, providing a unified 
perspective on how oscillatory (active) and periodic (passive) tech-
niques complement each other, particularly in the context of tran-
sient heat flux. Therefore, this work presents a new framework that 
surpasses earlier surveys and serves as a guide for both fundamental 
research and engineering design.

2. Main characterized parameters

In the context of oscillatory flow in periodic surface heat exchang-
ers, essential geometric parameters and flow characteristics have a 
significant impact on the heat transfer rate and pressure drop. Some 
of these crucial parameters are listed below:

2.1. Performance evaluation criterion

The Performance Evaluation Criterion(PEC) in heat transfer is a 
dimensionless parameter used to measure the thermal-hydraulic 
performance of a heat exchanger or a flow system. It quantifies 
the trade-off between heat transfer enhancement and the asso-
ciated pressure drop effect [2] as a ratio between the enhanced 
value and the reference value. The PEC is typically expressed as: 
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Where Nuref  and  fref  are the Nusselt number and the friction factor 
for the reference (smooth) tube, and Nuenh. and  fenh  are the Nusselt 
number and the friction factor for the enhanced(wavy)tube. All 
terms in Eq.(1)are dimensionless, ensuring dimensional consisten-
cy.

2.2. Wavelength (pitch)

The pitch refers to the  distance between periodic structures in the 
heat exchanger. It is typically measured in the direction of flow. 
In heat exchangers with corrugated, wavy, or finned surfaces, the 
pitch is the distance between successive peaks. This parameter plays 
a significant role in both fluid flow and heat transfer behaviour. A 
smaller pitch increases the surface area, causing greater turbulence 
in the fluid, which improves heat transfer performance but increases 
pressure drop. On the other hand, a larger pitch reduces the pressure 
drop by allowing smoother flow, which lowers heat transfer efficien-
cy due to reduced surface interaction and mixing [3].

2.3. Wave amplitude

The amplitude is the height of the periodic surface feature above 
its baseline (or mid-plane) and represents how much a periodic 
structure deviates from a flat surface. On wavy or corrugated sur-
faces, the amplitude is half the vertical distance between the high-
est and lowest points in a single wavelength. The amplitude of the 
periodic surface geometry of a heat exchanger also plays a crucial 
role in determining heat transfer and flow behaviour. An increase 
in amplitude leads to greater flow disturbance and mixing, which 
enhances convective heat transfer by generating turbulence and in-
creasing interaction between the surface and the fluid. Additionally, 
it introduces increased resistance to flow and the potential for flow 
separation, which can lead to a greater pressure drop. On the oth-
er hand, a lower amplitude leads to a more streamlined flow with 
less resistance and minimal pressure loss, but at the possible cost of 
reduced heat transfer performance due to decreased fluid agitation 
and surface interaction [3].   

2.4. Oscillatory flow

Oscillatory flow is a type of unsteady flow that occurs when the 
fluid’s velocity periodically changes with a back-and-forth motion 
within the flow region. Oscillatory flow is more complex than 
steady flow, which has a constant direction and velocity. Applying 
an external force as an active technique, such as mechanical pistons 
or imposed boundary conditions, results in cycles of acceleration 
and deceleration. This behaviour results in intricate relationships 
between inertia, viscosity, and thermal diffusion, which produce 
unique thermal and hydrodynamic properties, in contrast to those 
expected in steady flows. Oscillatory flow can be classified into two 
categories, depending on both temporal and spatial factors: pulsat-
ing and reciprocating flows. In addition to the flow characteristics 
and driving mechanism, as shown in Figure 1. 
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Figure 1. Oscillatory flow classification

The velocity of oscillatory (reciprocating) flow can be characterized 
by Eq. 2a, which describes a fully reversed flow with zero mean ve-
locity. Pulsating flow, as defined in Eq. 2b, is with steady (Umean) and 
unsteady velocity components under constant fluctuating amplitude 
(Uo)[4]. 

( )sinU t U to ~=^ h 				                           (2a)

°( )sinU t U U tmean o ~= +^ h 			                    (2b)

Where U(t) is the instantaneous velocity (m/s), Uo is the oscillation 
amplitude (m/s), ω is the angular frequency of oscillation (rad/s), t 
is time (s), and Umean is the mean (steady) velocity component (m/s). 
All terms in Eqs.(2a)and(2b)are dimensionally consistent, with ve-
locity expressed in m/s.

Oscillatory flow plays a significant role in enhancing heat and mo-
mentum transfer in periodic geometric systems. Unlike steady flow, 
where heat transfer is reduced through the development of thermal 
and velocity boundary layers, oscillatory motion tends to continu-
ally disrupt and regenerate the boundary layer through periodic ac-
celeration and flow reversal. The cyclic fluctuation of the boundary 
layer sustains high-temperature gradients near the surface, resulting 
in improved thermal performance. Additionally, when wavy surfac-
es are present, oscillations generate secondary flows in the form of 
localized vortices and recirculation zones, which enhance mixing 
between the core and wall fluids, thereby significantly improving 
convective heat transfer. Periodic acceleration also enhances ther-
mal diffusion, especially when the oscillation parameters are com-
parable to the thermal response time, which can be characterized 
by dimensionless parameters such as the Womersley and Strouhal 
numbers. In addition, oscillatory flow offers control over residence 
time by adjusting frequency and amplitude, making it a valuable 
design option for optimizing the trade-off between heat transfer 
and pressure drop. At low Reynolds numbers, oscillations can also 
induce an early transition to turbulence, especially in channels with 

periodic characteristics, thereby enhancing convective heat transfer 
even at low bulk flow velocities. Table 1 lists the most critical param-
eters that control the oscillatory flow, such as the Stokes boundary 
layer and the dimensionless number that specifies the limitation of 
the oscillatory flow[5].

Table 1. Oscillatory flow parameters and dimensionless numbers

Physical meaning Law Parameter

Thickness of the penetrated fluid 
layer near the wall

2
std ~

o=
Stokes boundary 
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The ratio of oscillatory inertia to 
convective inertia U

LSt ~= Strouhal number

Characterises the balance between 
unsteady inertia and viscosity

RWo
2

o
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The ratio of the oscillatory inertia 
force to the viscous forces

URes st

o
d=

Oscillatory Reynolds 
number

3.1. Oscillatory flow mechanism 

Oscillatory flow is a distinctive type of unsteady flow in which the 
fluid velocity periodically reverses direction over time. In such flows, 
heat transfer is governed not only by conventional axial advection 
and thermal diffusion but also by additional mechanisms induced 
by oscillatory motion. Compared with constant-flow systems, these 
processes significantly enhance fluid mixing and thermal transport, 
often improving heat transfer performance. Unique thermal trans-
port phenomena, including forward advection, reverse advection, 
and both inward and outward radial diffusion, are caused by the 
fluid’s cyclic back-and-forth motion. As illustrated in Figure 2, the 
heat transfer mechanism under oscillatory flow can be decomposed 
into four consecutive stages that recur during each oscillatory 
cycle. In the forward advection phase (Fig. 2a), thermal energy is 
convected axially from the hot region toward the cold zone. During 
the outward radial diffusion phase (Fig. 2b), accumulated heat in 
the core diffuses toward the cooler tube walls, thereby weakening 
the thermal gradient. When the flow direction reverses, the reverse 
advection phase (Fig. 2c) occurs, in which the fluid motion toward 
the hot zone enhances thermal mixing by transporting residual 
heat in the opposite direction. Finally, in the inward radial diffusion 
phase (Fig. 2d), heat diffuses from the reheated walls back into the 
tube core, re-establishing the temperature gradient and enabling 
the cycle to restart. This continuous alternation between advection 
and diffusion processes promotes intensive thermal mixing, leading 
to a more uniform temperature field within the flow domain. The 
mechanism offers a crucial explanation for the improved heat trans-
fer performance observed in oscillatory systems and is particularly 
relevant in applications such as regenerators and thermoacoustic 
heat exchangers.
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Figure 2. Sequential stages of oscillatory flow thermal 
transportation

After introducing the basic principles of oscillatory flow and its 
types, it is essential to discuss significant studies examining its 
characteristics and mechanisms. Yin et al. [6] proposed an analysis 
model for oscillating laminar flow inside a capillary tube based on a 
uniform heat flux boundary condition. Their solution yielded ana-
lytical expressions for the velocity and temperature profiles and for 
the corresponding Nusselt number. The governing parameters for 
heat transfer were the dimensionless oscillation frequency, oscilla-
tion amplitude, and Prandtl number. One key finding was a nonlin-
ear interaction between these parameters. They demonstrated that, 
under certain conditions, the oscillation significantly increased the 
Nusselt number, particularly at intermediate frequencies and higher 
amplitudes. However, their analysis was limited to smooth tubes and 
steady heat flux conditions, without considering geometrical effects 
or unsteady boundary heating, which are the focus of the present 
study.

Xu et al. [7] experimentally analysed the pulsating nanofluid flow in 
a three-layered microchannel heat sink made by 3D printing. They 
demonstrated that square-wave pulsing had the best thermal perfor-
mance, with duty cycles of about 30% producing the most significant 
improvement (~22%) and increases in the Nusselt number of up to 
16.5% compared with steady flow. These results demonstrate the 
effectiveness of oscillatory forcing in enhancing temperature homo-
geneity and convective heat transfer in small systems. Nevertheless, 
the study was confined to microchannel configurations and did not 
explore the coupling between oscillatory flow and periodic wall ge-
ometry. Wantha [8] conducted a comprehensive experimental study 
on the behaviour of finned tube heat exchangers during unsteady, 
pulsating airflow. The experimental design varied the pulsation fre-
quency (10–50 Hz), amplitude (13.33%–15.35%), Reynolds number, 
and blockage ratio to investigate their impact on the average heat 
transfer coefficient and the Nusselt number. The results demonstrat-
ed a significant improvement in the thermal performance of the 
finned heat exchanger under pulsating flow conditions compared 
to steady flow conditions. One of their significant contributions was 
deriving an empirical correlation to estimate the Nusselt number 

for pulsating flow. The correlation given was found to be correct to 
±12.3% when tested against experimental data.

Oscillatory flow has been studied in real-world cooling applications 
and in investigations of tubes and channels. A recent study by Liu et 
al. [9] used a combination of CFD and tests to study two-phase os-
cillating flow in piston cooling galleries. The findings demonstrated 
a periodic variation in the heat transfer coefficients, which reached 
a maximum of 2536 W/m²·K at the bottom wall. While lowering 
the injection pressure by 100 kPa reduced the heat-transfer coeffi-
cient(HTC) by more than 11%, increasing the nozzle diameter from 
1.8 to 2.0 mm increased the average HTC by 4–12%. These results 
indicate that, when it comes to regulating oscillatory heat transfer 
performance, geometric factors such as nozzle size are more signifi-
cant than injection pressure.

Figure 3. Measured and predicted Nusselt number

Pendyala et al.[10] conducted an experimental investigation to find 
the influence of low-frequency axial oscillations on single-phase 
flow convective heat transfer in a vertical tube. The experimental 
setup involved placing the tube on a mechanically oscillating table 
and subjecting a middle section of the tube to a constant heat flux. 
The study revealed that oscillatory motion significantly enhanced 
the heat transfer coefficient during the laminar regime; however, 
no significant effect was observed during the turbulent regime (Re 
> 2100). Enhanced flow perturbations and increased mixing were 
caused by oscillations. The study established a correlation between 
the local Nusselt number and the Reynolds number. The employed 
empirical correlations for laminar oscillatory water flow (500 ≤ Re ≤ 
2100, Pr ≈ 6) under constant heat flux. The correlations are valid for 
single-phase flow and do not account for axial conduction effects. 
The deviation between the predicted and experimental data is with-
in ±11.4 %, as shown in Figure 3 as a parity plot [10].

Patil and Gawali [11] conducted a thorough experimental study 
of heat transfer characteristics in an oscillating fluid flow within 
a circular tube to evaluate the effect of various flow and thermal 
parameters. Unlike the majority of studies that focus solely on si-
nusoidal boundary conditions, the present study tested multiple 
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combinations of oscillation frequencies, tidal displacement ampli-
tudes, and heat flux levels. The primary outcome was the derivation 
of an experimental correlation for the effective thermal conductivity 
in terms of the parameter S2,. The correlation facilitates predicting 
the optimum heat-transfer condition before the transition to turbu-
lence. They demonstrated that the enhancement of heat transfer was 
most effective within specific ranges of displacement and frequency, 
thereby confirming the existence of a critical oscillatory regime. 
Additionally, the excitation produced by highly fluctuating velocity 
gradients in rapidly developing flows was found to be the dominant 
mechanism for enhancing axial transport. Oscillatory flow more 
effectively reduces axial temperature gradients and produces more 
uniform temperatures than steady flow.

Jalil [12] developed a mathematical model by conducting 2D ax-
isymmetric numerical simulations to study the conditions of perfect 
or near-perfect thermal mixing between two reservoirs, A and B, 
connected by a duct under oscillatory flow. The results were de-
rived analytically from fluid displacement dynamics and validated 
through computational simulations for 24 test cases. Based on the 
oscillation parameters and fluid displacement behaviour, five re-
gimes of mixing quality were identified, and it was determined that 
optimal perfect mixing is achieved at a normalized axial displace-
ment () when the thermal mixing ratio was 97% to 100% (ζ2 /ζ1 = 1), 
as shown in Figure 4b [12], where the flow inside the reservoirs will 
be perfectly mixed and circulated. A new correlation was proposed 
to predict heat transfer augmentation under oscillatory exchange as 
a function of Reynolds number, displacement amplitude, and fre-
quency. 

Figure 4. Oscillatory flow mixing quality types: (a) poor, (b) 
perfect, and (c) extra mixing

Liu et al. [13] performed a numerical investigation of the thermal 
and fluid dynamic responses of two tandem cylinders subject to 
an oscillating inlet velocity. The most significant finding is that 
oscillatory flow significantly improves heat transfer for both up-
stream and downstream cylinders. The heat transfer enhancement 
is highly sensitive to the synchronization between the oscillation 
frequency and the vortex-shedding cycle, a phenomenon known as 

the resonance effect. Kamsanam et al.[14] conducted an in-depth 
experimental investigation to evaluate the thermal performance of 
finned-tube heat exchangers under oscillatory flow, directly appli-
cable to thermoacoustic systems. The experiments measured heat 
transfer effectiveness and the Nusselt number for various acoustic 
displacement amplitudes and frequencies. The main contribution of 
the work is the determination that a fin spacing of about 2–4 times 
the thermal penetration depth yields optimal performance. It shows 
that longer fins are not always the best choice, as they create flow 
blockage and reduce local mixing. They also provided a validated 
empirical correlation for application in realistic engineering design 
under oscillatory thermal conditions.

Jalil [15] the effect of dissipative bulk heating can be described by a 
proposed correlation in terms of Womersley number (Wothe effect 
of dissipative bulk heating can be described by a proposed correla-
tion in terms of Womersley number (Wo conducted a numerical 
study focusing on a relatively underexplored yet critical phenom-
enon in oscillatory flow: viscous heat dissipation (Φ). The study 
examined how internal friction in the fluid, particularly in oscilla-
tory airflow and thereby potentially affects the performance of heat 
exchangers. The study analysed laminar, oscillatory airflow between 
two reservoirs connected by a smooth tube of length L, considering 
various Womersley numbers and axial tidal displacements (ΔZ). The 
main contribution of the work is the introduction of a new threshold 
criterion that clearly defines when viscous heat dissipation(VHD) 
becomes significant enough to affect the thermal field, as illustrated 
in Figure 5 [15]. This concept had not been systematically estab-
lished in previous research. The study found that below a particular 
combination of Wo and ΔZ, the effect of VHD can be safely neglect-
ed. As Wo and ΔZ increase, the bulk fluid temperature rises, and a 
correlation , based on flow parameters, is proposed to quantify the 
contribution of VHD to the temperature field.

Figure 5. Variation of normalized unsteady temperature rate at 
different axial tidal displacements

A combined experimental and numerical investigation by Jalil[16] 
provided one of the most comprehensive assessments of axial heat 
transfer under laminar oscillatory flow between thermal reservoirs 
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connected by a multi-tube bundle. Experimentally, a multi-tube test 
rig was constructed, and sinusoidal oscillations imposed using a 
controlled piston. The results from both approaches were compared 
and found to be in good agreement, reinforcing the validity of the 
numerical framework. Two significant empirical correlations are 
proposed: for high Womersley numbers (Wo > 3), the effective axial 
thermal conductivity scales as keff ∝ Wo1.62, and for low Womers-
ley numbers, the enhancement behaves exponentially and depends 
strongly on tidal displacement (ΔZ) and the pressure-gradient 
amplitude. Brereton and Jalil [17] investigated the enhancement of 
axial heat and mass diffusion resulting from laminar oscillatory pipe 
flow in the presence of axial temperature or concentration gradients. 
Oscillatory flow introduces cyclic convective motion that couples 
with radial diffusion to produce time-averaged axial transport rates 
that are orders of magnitude higher than those achieved through 
molecular conduction or diffusion alone. The analysis assumes 
zero net mass flow, focusing on fully developed laminar oscillatory 
flow in a pipe. The key result is that the enhanced diffusivity scales 
quadratically with the amplitude of the pressure gradient and  the 
Prandtl (or Schmidt) number, and exhibits a bimodal dependence 
on frequency:

•	 At low frequencies(Wo < 1),the system exhibits qua-
si-steady behaviour, and enhanced diffusivity increases 
rapidly with Wo.

•	 At high frequencies (Wo > 10), diffusivity decays follow-
ing a power-law trend due to the diminished penetration 
depth of the oscillatory motion into the fluid (linked to 
the Stokes layer thickness).

According to Figure 6 [17], the optimal heat transfer improvement 
for most fluids occurs at a Womersley number of approximately 
three. 

Figure 6. Variation of axial thermal diffusivity at different Prandtl 
numbers

Brereton et al. investigated the response of an oscillatory-flow heat 
exchanger explicitly designed to optimize axial heat transfer with no 
net mass flow. The research verifies these theoretical estimates ex-

perimentally in water and other liquids across a range of oscillation 
frequencies. The experimental results showed that the oscillatory 
thermal conductivity was enhanced to approximately 30,000 times 
the fluid’s molecular conductivity, resulting in efficient axial thermal 
conductivity. The unit heat flux corresponding to a unit tempera-
ture gradient was approximately 70,000 W/m²·K, comparable to 
advanced cooling methods, such as submerged liquid jet impinge-
ment, and significantly higher than that of conventional air-cooled 
heat sinks or constant liquid-convection systems. Additionally, the 
authors attribute the enhanced heat transfer to two primary param-
eters: oscillation frequency, which directly impacts the Womersley 
number, and tidal displacement, which governs the size of the fluid 
mass oscillated in each cycle. They also highlight a physical mecha-
nism for enhancing heat transfer.

Brereton and Jalil investigated the behaviour of axial heat conduc-
tion in oscillatory laminar flow within pipes analytically, with a par-
ticular emphasis on the limits of axial linear temperature assump-
tions. The authors begin by solving the governing equations for 
fully developed, oscillatory laminar flow under a sinusoidal pressure 
gradient. When dissipation is neglected and axial temperature vari-
ation is assumed  linear at any instant, exact solutions are obtained 
for the unsteady velocity and temperature fields, axial heat flux, and 
effective thermal conductivity. However, the authors demonstrate 
that these solutions become invalid at low Womersley numbers (Wo 
< 0.1) because the instantaneous axial temperature variation is no 
longer linear, which breaks a key assumption of the analytical mod-
el. To address that, a quasi-steady thermal model is proposed. The 
quasi-steady model becomes increasingly accurate as Wo approach-
es zero. At high Womersley numbers (Wo > 5), the study shows that 
dissipation effects (viscous heating) become significant. The authors 
derive a simple criterion, based on fluid properties, oscillation fre-
quency, and geometric parameters, to predict when dissipation must 
be accounted for. One of the most significant contributions of the 
work is the identification of two distinct breakdown regimes for an-
alytical solutions: one caused by nonlinearity in axial temperature at 
low Wo, and the other by viscous dissipation at high Wo. 

Figure 7. Correlated and measured cycle-averaged Nusselt number 
at different oscillatory Reynolds numbers
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Akdag and Ozguc [20] quantified the heat-transfer performance of a 
vertical annular flow channel subjected to pure oscillatory flow (zero 
mean mass flux) to determine how oscillation parameters influence 
convective heat transfer. The experiments independently tested 
three key parameters: oscillation frequency (four values), oscillation 
amplitude (three values), and imposed heat flux (three levels). From 
the experimental data, the authors calculate cycle-averaged Nusselt 
numbers using a control-volume energy balance and time-averaged 
temperature profiles. A key contribution of the study is the deriva-
tion of an empirical correlation that expresses the cycle-averaged 
Nusselt number as a function of the oscillatory Reynolds number 
(ranging from 1000 to 4000) and the oscillation amplitude (7.73-
12.88), as shown in Figure 7 [20]. The heat transfer performance 
(represented by the Nusselt number) increases with both oscillation 
frequency and amplitude. This enhancement is attributed to inten-
sified unsteady convection and near-wall mixing induced by higher 
oscillatory velocities. Consequently, under specific combinations 
of  Reω and Ao, the cycle-averaged Nusselt number surpasses that 
of equivalent steady-flow cases, particularly in systems with small 
hydraulic diameters and short flow passages, where boundary-layer 
interaction effects are most pronounced.

Akdag et al. [21] investigated the heat transfer performance of oscil-
lating liquid columns within vertical annular channels experimen-
tally. To determine the general features of convective heat transfer, 
the analysis utilizes cycle-averaged temperatures and heat fluxes. 
As illustrated in Figure 8 [21], the results are stated in terms of the 
Nusselt number(Nu),which has an empirical correlation with the ki-
netic Reynolds number (Reω). The Nusselt number clearly increases 
with Reω in the figure, suggesting that higher oscillatory velocities 
promote stronger convective mixing and thinner thermal boundary 
layers. This result demonstrates that in contrast to stable or static 
conditions, oscillatory motion improves heat transfer efficiency. In 
settings with constrained geometries such as narrow annular tubes 
where wall interactions enhance fluid velocity and heat transfer, 
this amplification is most noticeable. Patil and Gawali [22] exper-
imentally evaluated the heat transfer performance of an oscillatory 
flow heat exchanger using a piston-cylinder setup with water as a 
working fluid. The heat transfer was characterized by measuring 
axial heat flux, effective thermal conductivity (keff), and convective 
heat transfer coefficient (h) under various oscillation regimes. A key 
observation was that keff ​ increases with frequency up to an optimal 
point and then decreases. Additionally, increasing tidal displace-
ment shifts this optimal point to lower frequencies. Based on these 
findings, the authors introduce a new empirical correlation for the 
effective thermal diffusivity αeff as a function of Womersley number 
and a derived transition number (β). This correlation allows for the 
accurate prediction of thermal enhancement under practical con-
ditions. 

Figure 8. Nusselt number improvement with kinetic Reynolds 
number

Tang et al. [23] studied the oscillating flow heat transfer in a finned 
heat exchanger used in pulse tube refrigerators. They conducted a 
detailed experimental investigation of space-cycle-averaged Nusselt 
numbers under varying Reynolds and Valensi numbers. The flow 
is strictly laminar and oscillatory, with zero mean mass flow. Two 
characterizations are used to describe heat transfer: complex Nus-
selt numbers capture phase differences between oscillating wall heat 
flux and temperature, while space-cycle-averaged Nusselt numbers 
provide a time-averaged measure of practical performance. The au-
thors propose a new empirical correlation that relates the Nusselt 
number to the maximum Reynolds number and the Valensi num-
ber, showing  agreement(within 6.3%)with experimental results. 
Luo et al. [24] presented a 2D numerical simulation of laminar flow 
over an oscillating cylinder, analysing how oscillation parameters 
(amplitude, frequency, and angle) influence convective heat transfer. 
Simulations are run at Re = 197–296, covering typical pre-transi-
tional regimes, and use the field synergy principle to interpret the 
results. Key findings show that an increase in amplitude has a strong 
positive effect on heat transfer due to intensified vortex shedding; 
frequency effects are more complex, with the Nusselt number ini-
tially decreasing and then increasing as frequency increases; and 
optimal oscillation angles are around 0° and 90°, where synergy 
between velocity and temperature gradients is maximized. 

3.2. Phase lag in oscillatory flow

An essential feature of unsteady pulsating or reciprocating flows 
is the phase lag between their parameters. It is the angular delay 
between important flow parameters, such as velocity, the pressure 
gradient, and the wall shear stress. The interplay of fluid inertia, vis-
cous effects, and turbulent structures in oscillatory turbulent pipe 
flows gives rise to complex phase relationships that vary significant-
ly across the pipe radius. Numerous experimental and numerical 
investigations have examined the radial variation of phase lag in 
unsteady flows, especially under various frequency regimes and 
flow conditions. Jalil [25] conducted a numerical study on the phase 
interactions (Φ) between centerline velocity (ucL), wall shear stress 
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(τw), and pressure gradient in a pulsating turbulent flow through 
a smooth circular tube. The study examined the part of the tube 
cross-section where the radial phase lag varied. For ω ⁺ > 0.06, the 
phase lag between velocity and pressure gradient increased from the 
wall towards the centerline compared with that observed at lower 
frequencies. At the same time, it reduces the shear-stress lag by up 
to 280° at specific points along the centerline. The velocity lags the 
pressure gradient by 45° at the centerline and by up to 90° near the 
wall. Shemer et al.[26] presented an experimental investigation com-
paring turbulent and laminar pulsating flows in a straight smooth 
pipe of 33 mm diameter and 16.5 m length (500D). Measurements 
were primarily conducted at a mean Reynolds number Re = 4000 
(range 2900 < Re < 7500) and pulsation periods from 0.5 to 5 sec-
onds. In both laminar and turbulent regimes, pulsations caused 
only slight changes in time-averaged parameters, including velocity 
profiles and friction factors. A sophisticated eddy-viscosity model 
was presented to account for the observed phase delays. The authors 
found that turbulence exhibits memory effects and non-trivial re-
sponses, which depend on frequency and Reynolds number (Re). 
The amplitude and phase distributions in turbulent pulsating flow 
significantly deviate from those in laminar flow, while the mean flow 
remains unaffected. 

Mankbadi and Liu [27] studied a turbulence model based on rap-
id-distortion theory to predict the near-wall unsteady response in 
turbulent shear flows exposed to oscillating pressure gradients. The 
study focuses on high-frequency forcing where quasi-steady models 
fail. Key findings include that the modulated wall shear stress exhib-
its a phase lead of ~45° and deviates from the Stokes solution. The 
amplitude peaks of turbulent kinetic energy shift closer to the wall 
and decay with increasing frequency. The results confirm that the 
phase and amplitude of turbulent quantities diverge from those of 
the oscillating mean flow with increasing ω⁺, making quasi-steady 
or eddy-viscosity models inadequate near the wall. Rosenberg et 
al.[28] investigated the phase behaviour of turbulent boundary layer 
quantities excited by a 50 Hz wall-actuated roughness element at 
free-stream velocity U∞ = 22.4 m/s, boundary layer thickness δ ≈ 
17 mm, Reynolds number Re ≈ 3100, and friction Reynolds num-
ber Reτ ≈ 990. Experimental phase lags of up to 20° between ve-
locity and shear, and about 140° between pressure and shear, were 
observed during phase calibration in a plane wave tube operating 
at frequencies between 300 and 1900 Hz. According to theory, in 
boundary-layer investigations, wall pressure leads the shear by 
about 140°, while velocity leads the shear by about 20°. Brereton 
and Mankbadi[29]  presented a rapid-distortion-theory turbulence 
model for fully developed unsteady wall-bounded flow, particularly 
tested on turbulent pipe flow with sinusoidal streamwise oscilla-
tions. Experiments used a 57-mm-diameter, 160D-long pipe at Re 
= 11,700, with oscillation frequencies ranging from 0.25 to 4 Hz and 
centerline oscillation amplitudes varying from 19% to 11% of the 
mean velocity. The results showed that the wall shear stress phase 
lag approached the 45° Stokes solution at high ω+, and it reasonably 
matched the oscillatory velocity and turbulent stresses in the near-
wall region. 

Mishra and Girimaji [30] presented the problem of simulating the 
pressure-strain correlation, which is fundamentally non-local, in a 
single-point turbulence closure framework. The model accurately 
predicts Reynolds stress anisotropy and turbulent kinetic energy, 
particularly in elliptic flows, where conventional models fail, while 
maintaining realizability across large regions of anisotropy space. 
Overall, the study represents a significant advancement toward 
robust, single-point turbulence modelling with enhanced physical 
fidelity. Figure 9 shows the relationship of phase difference between 
the shear stress and the centerline velocity ) ϕτw−ϕuCL​(​ as a function 
of the dimensionless frequency ω+. The figure compares previous 
experimental and numerical studies. The results show that as the 
frequency increases, the phase lag rises and eventually stabilizes 
at around 45° for ω+ > 0.06. This behaviour indicates that at high 
pulsation frequencies, the centerline velocity increasingly lags be-
hind the wall shear stress. A discernible disparity is observed among 
several experiments at low frequencies, indicating the complexity 
of the flow response. The dynamic behaviour of oscillatory flows is 
consistent with the phase lag tending to stabilise as frequency in-
creases. These discrepancies highlight the importance of methodical 
research to better understand the underlying mechanisms.

Figure 9. Phase lag between the wall shear stress and the centerline 
velocity 

In addition to the studies reviewed and summarized above, Table 
2 provides a comparative overview of previous experimental and 
numerical investigations that specify the phase lags among the pres-
sure gradient, velocity, and wall shear stress under oscillatory flow 
conditions. The ranges of important dimensionless parameters (for 
example, dimensionless frequency and the Womersley number) and 
their associated phase differences, as documented in the literature, 
are highlighted in the table below. It serves as a guide for under-
standing the common phase lag behaviour observed in various flow 
regimes and modelling techniques. There are notable differences at 
low and middle frequencies, although there is often agreement at 
higher frequencies. These discrepancies indicate that  further inves-
tigation and experimental validation are necessary to establish more 
robust correlations. Table 3 presents a comprehensive comparison of 
previous studies investigating oscillatory flow characteristics under 
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different operating conditions and geometrical configurations. The 
table lists all essential parameters and presents the primary finding 
within a specific range. The findings from various studies indicate 

that experimental settings inadequately cover a wide range of oscil-
lation frequencies and axial displacements.

Table 2. Oscillatory flow parameters phase lag at different fluctuating rates

Ref. Range Phase lag (Φ)

[25] 1.2x10-5 ≤ ω⁺ ≤ 33.5
Φp − Φu= 0° to 90°

Φp− Φτw= 0° to ~90°
Φτw − ΦucL= 0° to 45°

[26] 4.5 ≤ Wo ≤ 15 Φp − Φu = 30° – 85°
[27] 0.0015 ≤ ω⁺≤ 0.12 Φτw − Φuc = 45°
[28] 300 < f < 900 Φτw − Φu = 45° – 61°
[31] 0.0004 ≤ ω⁺≤ 0.16 Φτw − Φuc = (−4°) – 36°
[32] 0.004 ≤ ω⁺≤ 0.097 Φτw − Φuc = 11° – 47°
[30] 0.2 ≤ St ≤ 5 Φτw − Φuc ≈ 6° – 20°
[29] 0.01 ≤ ω⁺≤ 0.16 Φτw − Φuc = 4° – 45°

[33] 0.004 ≤ ω⁺ ≤ 0.046
Φu − Φimposedflow = (−15°) – 12° 

Φū − Φimposedflow = 0° – 375° 
Φv̄ − Φimposedflow = 50° – 385°

[34] 0.001 ≤ ω⁺≤ 0.01 Φūv̄ − Φuc = (−250°) – 50° 
Φp − Φτ = 50° – 135°

[35] 0.043 ≤ ω⁺≤ 0.34 Φu − Φuc = 0° – 45° 
Φū − Φuc = (−1°) – (−8°)

Table 3. Previous Oscillatory flow investigations categories, parameters, limitations, and findings

Ref. Approach Surface Type (Smooth/
Periodic/etc). length Flow Parameters

 (Wo, f, ω, St, Re) Key findings

[6] Analytical Circular pipe (capillary 
round tube). - Normalized - ω∗=0.1 - 1.0.

- A= 0.0001 - 1.0.

-The peak Nusselt number depends on frequency (ω∗) and amplitude 
(A): When A=0.1 and ω∗=1, Nu increases from 8.318 to 52.22.
-When ω∗ increases, the oscillation effect on heat transfer diminishes.
-At high oscillation frequencies, the enhancement effect disappears.
-For small amplitude (A<0.01), heat transfer is sim-
ilar to steady flow, and for larger amplitude (A>0.1), 
oscillatory flow enhances heat transfer.

[8] Experimental

-Finned tube heat 
exchanger with 
straight fins.
-Two configurations 
were tested:
-HX-01: 11 fins, block-
age ratio (Br) 95.2%
-HX-02: 21 fins, 
blockage ratio 91%

- 140 mm - f= 10–50 Hz
- 192 ≤ Re ≤ 2069

-The average Nusselt number (Nu) in pulsating flow 
was significantly higher than in steady flow.
-Nusselt number enhancement up to 136% at f = 15 Hz.
-The maximum enhancement occurred at 15–20 Hz.
-Higher amplitude increased instability and heat transfer.
-With Re = 253, f = 30 Hz:
-Nu increased by 21.6% (A = 13.35%).
-Nu increased by 25.5% (A = 14.48%).
-Nu increased by 31.7% (A = 15.23%).

[25] Numerical Smooth circular tube. - 0.5 m

-Wo= 0.7 - 2069.
- ω⁺= 1.2 ×10-⁵ 
to 33.5.
- St: 5.3 × 10-⁵ to 531
- Re = 5115 
- Reδ​= 2 to 6083.

- At high frequencies ( ω⁺ > 0.06), the phase lag in-
creases radially from the wall to the tube center.
-Centerline velocity lags the pressure gradient by 90°.
-Wall shear stress lags the pressure gradient by 45°.
- Shear stress lags behind the pressure gra-
dient by up to 280° in the core.
-A thin oscillatory boundary layer 
(Stokes layer) forms at high frequencies.
-Reverse flow occurs when the oscillatory amplitude (A) exceeds 0.3

[10] Experimental Smooth vertical tube. - 1.75 m 
- 0.55 m heated section.

- f= 0.125–0.5 Hz.
- 500 ≤ Re ≤ 6,500

-Nusselt number increased by up to 60.3% at 
Re = 567, acceleration = 1.125 m/s².
-Higher oscillation acceleration enhances heat transfer.
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[11] Experimental Small circular tube. - 1.34 m cooling tube.
- 0.15 m heated section.

- f= 0.25 to 2 Hz.
- 1005≤ β ≤4177 
- 4.7 ≤  Wo  ≤ 16.24

- The convective heat transfer coefficient (h) 
increased with decreasing frequency.
-Maximum h observed at f = 0.25 Hz due to longer interaction time 
between the stagnant boundary layer and the moving liquid core.
- Larger S leads to higher heat transfer enhancement.
-For S > 2.67 m, the thermal boundary layer 
became unstable, leading to early turbulence.

[12] Analytical and 
Numerical

A short duct connects 
two reservoirs.

- The study focuses 
on normalized axial 
displacement (S).

- 1 ≤  Wo  ≤ 100
- Re ≤ 850

-Perfect mixing achieved at S = 4.9 with mixing ratio 97%–100%
-Effective thermal conductivity (keff) increased up to 
O(10⁶) times compared to molecular conductivity.
-Heat transfer improved by 160% compared to the 
perfect mixing case under specific conditions.

[13] Numerical Two circular cylinders 
are arranged in tandem.

- Single-cylinder 
case: 30D (length) 
× 20D (width).
- Two-cylinder 
case: 35D (length) 
× 20D (width).
- Distance between 
cylinders: 5D.

- Cycle ratio: 
0.50 to 1.05
- Amplitude ratio: 
0.25 - 1.00.
- Re=200

-Upstream cylinder: Maximum heat trans-
fer enhancement at Tinlet/Tvortex = 0.90.
- Downstream cylinder: Peak enhance-
ment at Tinlet/Tvortex = 0.90 and 0.50.
- Oscillating inlet flow improved heat transfer with-
out increasing the coolant flow rate.
- Heat transfer enhancement reached up to 20%.

[14] Experimental Finned-tube heat 
exchanger.

- Fin length: 20 mm.
- Total resonator 
length: 8.9 m.

- Ao: 0.04 to 2.15.

- Nusselt number (Nu) increased with displacement amplitude.
-Peak heat transfer observed at normalized gas 
displacement amplitude (ξₐ − g)/(σL) ≈ 0.5.

[15] Numerical Tube with reservoirs​ -  100 mm - 0.1 ≤  Wo ≤ 100
- Res < 850

-The VHD (Viscous Heat Dissipation) 
effect is negligible if (DZ/L)2Wo3 <103

-At high frequencies, the VHD effect becomes more 
pronounced due to the thinner Stokes boundary layer​

[16] Experimental 
and Numerical

Circular tubes connect 
hot and cold reservoirs. - 100 mm - 0.1 ≤  Wo ≤ 100

- Res < 850

- Axial heat transfer enhancement: More than 
10 times with conductive tube walls​.
-Oscillatory thermal conductivity (kosc ​): Enhanced by five orders 
of magnitude compared to molecular thermal conductivity
-Wall thickness improves heat storage release, increasing 
heat transfer up to 10 times for small thicknesses​.
-Axial conduction effect: Becomes negligible for Wo > 3

[17] Analytical Circular pipe.
- 0.1 ≤  Wo  ≤ 100
- Res​ > 500 for 
Wo > 10

- Enhancement follows a quadratic depen-
dence on pressure gradient amplitude 
- Conductive walls can enhance heat transfer by a fac-
tor of up to 10 in quasi-steady conditions​.
-The optimal frequency for maximum enhancement occurs at Wo≈1

[36] Experimental 
and Analytical

Oscillatory-flow 
heat exchanger 
with tube matrix.

- 250 mm - 0.5 ≤  Wo  ≤ 10

-Axial thermal conductivity enhancement (kosc/k): Up to 
30,000 times greater than molecular conductivity​
-peak thermal conductance (h): 70,000 W/m²·K at Wo≈8
- Steady-state heat flux: 1 kW achieved at 5 Hz oscillation frequency​.
- Effect of nanoparticle additives: Increased molecular conductivity 
by 20%, but no significant impact on oscillatory enhancement​

[19] Analytical and 
Numerical Circular pipe. - 20D - 0.005 ≤  Wo  ≤ 50

- The unsteady temperature field is invalid at low 
Womersley numbers because the momentary ax-
ial variation of temperature is not linear
- When dissipation is significant, exact solutions for the unsteady 
temperature field are invalid at high Womersley numbers because 
the momentary axial variation of temperature is also nonlinear.

[20] Experimental Annular channel. - 2m

- ω= 1.445 to 
5.130 rad/s​
- Ao: 7.73 to 12.88​
- Reω=1000 to 4000​

-Heat transfer increases with both frequen-
cy and amplitude of oscillation
-Nusselt number enhancement: Increased up 
to 90.22 at Reω=3642.88 and Ao=12.88

[21] Experimental Vertical annular 
channel - 2m - ω= 1.435 - 5.131

- Re=1,019 - 3,643
- Nusselt Number (Nu): 74.89 - 242.10
- Heat Removal Rate: Increases with oscillation frequency
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[22] Experimental Oscillating flow heat 
exchanger (tube)

- 0.5 m (flow tube) 
+ 1.34 m (cooling 
tube in heat sink)

- 11.44 ≤  Wo  
≤ 27.87
-Tidal Displacement 
(S): 0.417 - 1.833 m

- Effective Thermal Conductivity (keff ​) increases with 
frequency up to an optimum and then decreases.
- Axial Heat Flux (also increases with fre-
quency before reaching a peak.

[23] Experimental Finned heat exchanger - Fin length 20mm

- f= 40 - 110 Hz
-Valensi Number 
(Va): 150 - 350
- Velocity Ampli-
tude: 0.5 - 3.8 m/s
- Re=200-1200

-Nusselt Number (Nu): 5.0 - 8.3
-Nu increases with increasing Remax and Va

[24] Numerical Circular cylinder - 200mm

-f (Hz): 1 - 5
- A: 2 - 10 mm
-Oscillating Angle 
(ϕ): 0° - 90°
- Re=197, 248, 296

- (Nu): Increased by 53.43% for A=10mm and Re=197
- Increasing f from 1 Hz to 5 Hz improved Nu by 42.13% at Re=197
- The best enhancement at ϕ=90∘ yields a 66.74% improvement
- Single vorticity lines became disordered at higher amplitudes

[37] Experimental
 and Analytical Rectangular channel.

- 300 mm
- Width = 30 mm
- Height = 4.2 mm.

- f= 0.02, 0.1, 
1, and 10 Hz 
- 1.49  ≤  Wo  
≤ 33.33
- Res​=34

-Pulsating flow enhanced heat transfer by up to 40%
-Pressure drop increased due to inertial losses, lead-
ing to high operational costs at high frequencies​
-Increased wall shear stress at high frequencies, in-
dicating improved convective cooling​
-Higher pulsation frequencies caused plug-like flow, 
thinning the Stokes layer to 1 mm at Wo=33.3

[38] Analytical Circular pipe (tube). NA

- f= 1.4 Hz – 17 Hz.
- ω= Given as 
2π/3in the base 
case (0.17 Hz).
- Re=780-1987

-Pulsating laminar flow can reduce the average heat transfer.
-The reduction is more significant at low frequency, high pulsation 
amplitude, large wall heat capacity, and small Prandtl number.
- The fluctuation of temperature and heat flux de-
creases with a high Prandtl number.
-The pulsation effects are more prominent for pipe 
flow than for flow between parallel plates.

[39] Analytical Circular pipe (capillary 
round tube). - Normalized - ω* = 0.1-10

-The triangular pressure waveform enhances heat 
transfer more than the sinusoidal waveform.
-For a triangular pressure waveform, the peak Nusselt 
number can reach 18.08, compared to 5.140 for a sinusoi-
dal waveform at the same frequency and amplitude.
-When the frequency increases, the peak Nusselt num-
ber decreases (from 18.08 to ~4.4 when ω∗=10).
-When the amplitude increases, the peak Nusselt num-
ber increases significantly (from 4.386 to 17.53).
-At high oscillation frequencies, the pressure wave-
form’s effect on heat transfer disappears.

[40] Analytical
Circular pipe and 
two-dimensional 
channel.

- Normalized

- Slow oscilla-
tions (ω→0)
- Fast oscilla-
tions (ω→∞)

-The rate of mass transfer is significantly enhanced in 
oscillatory pipe flow compared to steady flow.
-Higher frequency leads to greater mass transfer enhancement.
-For high-frequency oscillations:
-The enhancement is proportional to sqrt ω​.

[41] Experimental

Finned-tube heat 
exchanger​ with various 
fin spacings: 0.7 mm, 
1.4 mm, and 2.1 mm.

- 8.9 m
- Fin length 20mm

-Gas displacement 
amplitude ranges 
from 0.03 to 1.5
- 10 <Reo < 10000

-Optimal normalized fin spacing (D/dk) found between 5.0–5.5​ ​
-Optimal normalized gas displacement amplitude: 0.5

[42] Experimental Circular tube​ - 1.2 m​ -Wo=1-10
- Re/α up to 300,

-Axial dispersion rate reduced as oscillation frequency increased​
-The transition to turbulence was not observed with-
in the tested range despite reaching Re/α of 300​

[43] Numerical
Pulse tube refrigerator 
(PTR) with heat 
exchangers (HEs).

- Cold end=20mm
- Hot end=10mm
- Pulse tube=60mm

- f = 40 Hz 
(base case)​.
- Phase angle (θ) 
varied from 0° to 75°
- min =8.16 kg/m2 s

-Poor heat transfer in HEs leads to >10% pow-
er loss if h decreases to 102 W/m²·K
-A 1.2W loss was observed when the heat trans-
fer coefficient decreased significantly​
-A 0.5mm layer near the tube wall showed high ve-
locity, affecting system performance​.
-The coldest temperature was 78.57 K at 21 mm, 
and the highest was 304.92 K at 77 mm​.
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[44] Numerical
Two heated parallel 
channels with constant 
wall heat flux​.

- Heated length 
3000 mm

- Δt=0.01-0.02 s
- Re= 25432 
to 37524

- At total flow rate = 0.0340 kg/s, oscillations grow → unstable.
-At total flow rate = 0.0342 kg/s, oscillations decay → stable.
 -Stability threshold mass flow rate values ranged 
between 0.0327 kg/s and 0.0365 kg/s​.
- Changing the outlet plenum volume had a negligi-
ble effect (<1%) on flow instability boundaries​.
-The turbulent Prandtl number affected the instability 
threshold, with values ranging from 0.85 to 1.05​

[45] Numerical
Lid-driven square 
cavity with an 
oscillating thin fin

- The fin length 
varies sinusoidally 
with: -Mean length = 
10% of cavity side
- Amplitude = 5% 
of cavity side

- 0.005  ≤  St  ≤ 0.5
- Re=100 and 1000

- The amplitude of fluctuations of the mean Nusselt number 
on all four walls increases as the fin oscillates slower.
- At Re = 1000, TR = 10, a counterclockwise (CCW) vortex forms 
and moves across the cavity, affecting the temperature field.
- The maximum temperature fluctuations (hamp) 
increase as the fin oscillates slower.
-The maximum Nusselt number amplitude increases with Re = 1000.

[44] Analytical

-Horizontal channel 
with two immiscible 
viscous fluids
-Permeable walls allow 
transpiration flow

- Infinite parallel 
plates are assumed

- ω=0.0001 to 10
- Re ≈ 0 to 3.4

-Velocity decreases as the viscosity ratio (α) increases.
-Velocity increases with higher oscillation amplitude (ϵA)
-Temperature decreases with a higher Prandtl number (Pr).
-Temperature increases as the frequency parameter ω increases.

[46] Numerical Bluff Bodies (Circular 
and Square Cylinders)

- Assumed to be of 
infinite length.

- Δt=0.001 s
- Steady Flow: 
20 ≤ Re ≤ 100
- Unsteady Flow: 
Res = 150-300

- Nu increases with Reynolds number and 
nanoparticle concentration.
- Nu increase rate slows down at higher Re and volume fractions.
-Steady Flow: Enhancement ratio: 1.10 – 1.35
-Unsteady Flow (Re = 150, 300): Enhancement ratio: 1.10 – 1.8
-Higher enhancement for square cylinders than 
circular cylinders in unsteady flow.
- Entropy generation decreases with increasing Re.

[47] Numerical and 
Analytical Vertical flat plate - Assumed a thin 

vertical flat plate
- 1≤  f  ≤ 10
- Res  up to 6000

-Enhancement factor E < 2 due to oscillatory motion.
-Heat transfer enhancement increases with the fre-
quency and amplitude of oscillation.
-The enhancement factor E is highest at 
the lower Grashof number (Gr).
-Oscillatory motion enhances heat transfer by increas-
ing the temperature gradient across the Stokes layer.

[48] Experimental

-SUS 302 Stainless Steel
-Tube Inner Di-
ameter: 10 mm
-Tube Wall Thick-
ness: 2 mm

- 1800 mm 

-Oscillation Period 
(τ): 1.04 – 11 s
-Normalized Ampli-
tude of Oscillation) 
ΔGmax/Gav(: 0 – 3.0

- Wall temperature fluctuations increase with 
the oscillation period and heat flux.
- The larger the ΔGmax/Gav, the lower the periodic CHF.
- The effect of pressure (0.5–3.0 MPa) on CHF reduction is minimal.
- Higher mass flux (Gav = 170 kg/m²s vs. 100 kg/m²s) results in a 
greater reduction in CHF due to stronger liquid film thinning.

[49] Experimental
Vertical tube, 
inner diameter 6.0 mm, 
heating length 720 mm.

- 1620 mm 

- Flow oscilla-
tion period (τ): 
1.04 – 10.6 s
- Mass velocity 
ratio: 0 – 3.0
- Heat flux: 92 – 
1009 kW/m²

- For τ > τc: Wall temperature under oscillato-
ry flow is higher than steady-state conditions.
- For τ < τc: Opposite behavior is observed.
- Flow oscillations deteriorate boiling heat 
transfer when 1.04 ≤ s ≤ 10.6 s.
- Fp is lower than 1, meaning critical heat flux-
(CHF) is pre-triggered by oscillations.
- For P ≤ 3 MPa, oscillation effects are minimal, and at higher P, 
void fraction increases, which reduces the boiling crisis impact.
-Higher average mass velocity Gav leads to lower Fp, es-
pecially for short oscillation periods (1.04 – 2.1 s).

[50] Analytical
Parallel plate 
channel with variable 
wall heat flux.

- 20 inches - Re ≈ 2000

- Wall temperature response depends on both heat 
flux variation and flow velocity oscillations.
-Transient heat transfer equations were developed 
with varying heat flux along the channel length.
- For slow heat flux changes, simplified models with a constant 
heat transfer coefficient provide good agreement (±10-15%).
-For fast transients, differences up to 25% were ob-
served compared to constant Nu models.
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[51] Numerical Circular cylinder 
(Bluff body) in 
rotational oscillation

-The spanwise 
length was Lz= 2D
-the streamwise and
crosswise dimensions 
Lx X Ly =  25D X 20D

-Rotational 
Frequency Ratio: 
0, 1, 2.5, 4
- A: 1, 2
- Re= 1.4 × 10⁵

- At f = 1, Nu increases by ~10% (consistent 
with lock-on effects in low-Re regimes).
- Higher frequencies (f = 2.5, 4) lead to a decrease 
in Nu due to reduced coherent structures
- Large-scale coherent structures enhance 
heat transfer at the rear surface.
- Rotary oscillation reduces temperature fluctua-
tions and evens out heat transfer distribution.
-The drag coefficient (Cd) drops 
significantly at f = 2.5, A= 2 (compared to f = 1).

[52] Numerical

- Heated circular 
cylinder in trans-
verse oscillation.
-Placed inside a channel

- height (h): 10d
- inlet length 10d
- outlet length: 30d
- Blockage Ratio 
(d/h): 0.1

-Oscillation Fre-
quency (Fc): 0.1 -0.4
-Oscillation 
Velocity Ratio (Vm/
V₀): 0.25 - 1.0

- Nusselt Number (Nu) increased by 10-
22% compared to stationary cases.
- For Fc = 0.2, heat transfer is maximized due 
to vortex shedding synchronization
-For Fc = 0.1 or 0.4, less improvement in heat transfer was observed.
-Vm = 1.0 → Nu increased by ~21.9%
   Re = 500 → Nu increased by ~28.7%
-At lock-in regime (Fc = 0.2), the Nusselt number is maximized.

[53] Numerical -Wavy Mini-Channel
-Sinusoidal Wall 
Geometry

- Length (Lt): 21 mm
- Hydraulic Diam-
eter (H): 1 mm
- Wavy Amplitude 
(Aw): 0.2 mm
- The wavelength 
(λ): 1 mm

- Ao: 0.5, 0.8, 1.0
- 1   ≤  St  ≤  10
- Re=100

- Nu increases with nanoparticle volume fraction.
- Heat transfer is maximized at St = 2 (low frequency).
- Higher Ao increases heat transfer due 
to stronger convective mixing.
- For Ao = 1.0, heat transfer enhancement reaches ~28%.
- Heat Transfer Performance: increases with Ao and φ, 
but decreases with increasing St beyond St = 4

[54] Numerical

-Rectangular channel 
with periodically 
mounted obstacles 
on both upper and 
lower walls
-Obstacles are heated

- Channel Height: H
- Obstacle Height 
(h): 0.25 H
- Obstacle Width 
(w): 0.25 H
- Obstacle Spacing 
(L): 1.0 H

- Re=50-1000

-Overall Nusselt Number (Nu) increases with Re.
- Nu increase from Re = 50 to Re = 500: 123.1%
-Nu increase from Re = 500 to Re = 1000: 48.5%
- Max Nu enhancement was observed near ob-
stacle corners due to vortex interaction.
-Transition to unsteady flow observed at Re ≈ 500.
-Using obstacles on both walls increases Nu by up to 141% 
at Re = 1000 compared to obstacles on one wall.
The friction factor increases by a factor of ~19 at Re = 1000.

[55] Numerical Spherical Corrugated 
Helical Tube

- Helix Diameter: 0.33 m
- Tube Diameter: 0.02 m
-Coil Pitch (Pc): 0.04 m
-Corrugation Height 
(e): 0.026 m
-Corrugation Pitch 
(H): 0.04 m

- Dean Number 
(De): 2936
-  0  ≤  Wo  ≤  50
- Amplitude: 
0.25 – 0.75
- Re=9940 – 19880

- Compared to a steady flow, the average local Nus-
selt number (Nu) increases by up to 38.5%.
- Overall thermal performance improves by 
13% at De = 2936, Wo = 35, Ā = 0.5.
- For Wo < 35, increasing Wo enhances heat transfer.
-For Wo > 35, thermal performance decreas-
es due to excessive turbulence dissipation.

[56] Numerical

-Spirally Corrugated 
Tube with a two-start 
spiral configuration
-Comparison 
between smooth and 
corrugated tubes

-Tube Length 
(L): 400 mm
- Hydraulic Diameter 
(d): 13.3 mm
- Corrugation 
Depth (e): 3 mm
- Spiral Pitch (s): 40 mm

- ω: 20π rad/s
- f: 10 Hz
- Remax= 4608
- Res=350

-Average Heat Absorption (Q) in Spirally Corrugat-
ed Tube = 1.36 times that of Smooth Tube
-Heat Absorption Increase: 561 W more than the smooth tube
- Outlet Temperature Increase:
-Smooth Tube: 205 K increase
-Corrugated Tube: 365 K increase
-Spiral motion intensifies turbulence and boundary layer disruption
-Pressure drop in corrugated tube = ~430 
Pa higher than smooth tube

[57] Numerical Wavy-walled tube 
heat exchanger

- Tube Wavelength 
(λ): 25 mm
- Maximum Diameter 
(Dmax): 16 mm
- Minimum Diameter 
(Dmin): 9 mm

-  0.2  ≤  f  ≤ 2
- A: 0.2 - 2.0 m
- Re=100-600

-Nusselt Number (Nu) increased by 76 – 
124% compared to steady flow.
- Maximum Nu enhancement at fT = 1.0 Hz and A = 1.0 m.
-For fT > 1.5 Hz, Nu stabilizes due to turbulence dissipation effects.
-For A = 2.0 m and fT = 2.0 Hz, the pressure drop 
is 146.8% higher than a steady flow.
- At moderate fT (1.0 Hz), pressure fluctuations remain 
stable, balancing heat transfer and resistance.
-Field Synergy Number (Fc) decreases as Reyn-
olds number (Re) increases.
-Best synergy achieved at pulsation frequen-
cy fT = 1.0 Hz and A = 1.0 m.
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4. Sinusoidal wavy surfaces

Wavy tubes are a class of periodic surfaces characterized by sinusoi-
dal or corrugated wall profiles along the tube length. These geome-
tries are widely employed in heat exchangers to enhance heat trans-
fer performance without significantly increasing the device size. The 
periodic surface fluctuations force the flow to continuously acceler-
ate and decelerate, inducing secondary vortices and enhancing fluid 
mixing. This disruption of the thermal and velocity boundary layers 
enhances convective heat transfer compared with smooth tubes. The 
hydrodynamic behaviour in wavy tubes is highly dependent on the 
wavelength and amplitude of the waviness. Shorter wavelengths and 
larger amplitudes promote stronger vortex formation and higher 
heat transfer, but they also introduce higher pressure drops due 
to flow separation and reattachment cycles. Therefore, wavy tubes 
offer a trade-off between enhanced heat transfer and compromised 
hydraulic performance. These effects are particularly advantageous 
under oscillatory flow conditions, where convective heat-transfer 
efficiency can be further increased by combining geometric undula-
tions with flow pulsations. Many studies have employed experimen-
tal and numerical methods to investigate the effects of sinusoidal 
geometry in various heat exchanger systems because of its potential 
benefits. 

G. Russ and H. Beer [58] studied fully developed flow and heat 
transfer in a sinusoidal wavy pipe with periodically converging-di-
verging cross-section over a total length of 11 wavelengths. The 
study focuses on enhancing convective transport across a range 
of Reynolds numbers (Re), from laminar to turbulent flow. The 
findings showed that Nusselt and Sherwood values were strongly 
influenced by vortex interactions, flow separation, and turbulent 
structures, with maxima occurring near reattachment points. Con-
vective transport is improved with increasing wave amplitude (λ) 
and reducing wavelength (γh), but the pressure drop is increased, as 
established in the study. The Nusselt number exhibits local maxima 
near reattachment points for laminar flow (Re = 300), but overall 
heat transfer remains close to that of a smooth pipe. Shear-induced 
turbulence and flow substantially increase the Nusselt number in 
transitional and turbulent flows (Re = 2000–8000). Fully developed 
turbulent flow increases heat transfer by a factor of 1.5–2 relative to 
a straight pipe.   

G.Russ and H. Beer[59] experimentally investigated the heat trans-
fer and flow field in a sinusoidally wavy pipe of total length 1980 
mm, containing 10.5 waves, a wavelength of 188.5 mm, and a wave 
amplitude of 0.01 mm. The results showed that, for laminar flow 
(Re = 300), the Nusselt number was lower than that in a smooth 
pipe due to the insulating effect of recirculating bubbles. However, 
for transitional and turbulent flow (Re > 2000), the Nusselt number 
increases significantly because of flow separation, reattachment, and 
shear-layer instabilities, reaching values up to 2.5 times those in a 
smooth pipe at the highest Reynolds numbers. This enhancement 
is associated with an increased pressure drop, indicating a trade-off 
between heat transfer and friction losses. Jang and Yan [60] used a 

marching finite-difference approach to numerically investigate the 
transport of mass and heat from mixed convection down a vertical 
wavy surface.  According to the study, the temperature, velocity, and 
concentration distributions exhibit periodic variations along the 
wavy surface, with the fluctuations decreasing downstream. High-
er amplitude–wavelength ratios produce greater velocity changes 
but lower rates of heat and mass transfer, whereas increasing the 
buoyancy ratio and Richardson number enhances heat and mass 
transfer. The results confirm that mixed convection exhibits two 
distinct harmonics: forced convection is more prevalent near the 
leading edge, whereas free convection becomes increasingly essen-
tial downstream. Harikrishnan and Tiwari [61] analysed the effects 
of skewness on heat transfer flow characteristics in wavy channels, 
as shown in Figure 10. The simulations cover a range of Reynolds 
numbers (Re = 2000–4000) and a range of wave amplitudes. 

 

Figure 10. Top and isometric views of the skewed wavy channel.
[61]

The findings indicate that skewness enhances secondary flow by 
increasing the Nusselt number and the friction factor (f) until the 
skewness angle ϕ reaches 30°–35°, after which both decrease. The 
performance evaluation criterion (PEC) is recorded at a wave-am-
plitude-to-channel-height ratio (a/H) = 0.2 and at a phase angle (ϕ) 
of 45°. Heat transmission, not viscous effects, predominates even if 
entropy formation increases with skewness. Ramgadia and Saha [62] 
used a finite volume method to quantitatively study fully developed 
flow and heat transport in a wavy channel. The findings indicate 
that as Hmin/Hmax increases, the critical Reynolds number for flow 
unsteadiness lowers. Model M2 (Hmin/Hmax = 0.2) has the highest 
Nusselt number (Nu = 9.572) and Performance Evaluation Criterion 
(PEC = 1.765), as shown in Table 4. The trade-off between pressure 
drop and heat transfer enhancement is illustrated by the PEC values 
given in Table 4. Configurations with PEC values greater than unity, 
which indicate a net thermal-hydraulic benefit, suggest promising 
design alternatives. Differences in outcomes across situations fur-
ther highlight the role of geometry in performance optimization. In 
addition to improving heat transfer, higher waviness also raises the 
friction factor (f = 7.633 for Hmin/Hmax = 0.1). The study identifies the 
optimal shapes that maximize thermal performance and confirms 
that unsteady flow significantly enhances heat transfer.
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Table 4. Dimensionless number comparison at Reynolds number of 
600.[62]

Model Friction factor
f (f/fo)

Nusselt 
number

Nu(Nu/Nuo)
PEC Strouhal, St

M1 0.305 (7.633) 8.435 (2.237) 1.136 0.366
M2 0.119 (2.978) 9.572 (2.539) 1.765 0.320
M3 0.126 (3.153) 8.022 (2.128) 1.451 0.171
M4 0.096 (2.400) 7.760 (2.058) 1.537 0.305

M5 0.068 (1.704) 5.615 (1.489) 1.247 0.458

Chang et al. [63] investigated heat transport and pressure drop in 
furrowed channels with transverse and skewed sinusoidal wavy 
walls experimentally across a range of Reynolds numbers from 1000 
to 30,000. The findings showed that compared to smooth channels, 
skewed waviness enhances secondary flows, increasing the Nusselt 
number (Nu) and the friction factor (f) by factors of 3.98-4.2 and 
5.36-10.5, respectively. Skewed waves exhibit the maximum value 
of the performance evaluation criterion (PEC = 4.6) at Re = 2000. 
Skewed wavy walls offer a similar increase in heat transfer to V-ribs 
but with lower pressure-drop penalties, according to empirical cor-
relations calculated for Nu and f. Guzmán et al. [64] employed direct 
numerical simulations to investigate how bifurcations in flow within 
asymmetric wavy wall channels can enhance heat transfer. One Hopf 
bifurcation results in a periodic flow at aspect ratios of 0.25 and 0.5, 
and two Hopf bifurcations result in the flow transitioning from lam-
inar to periodic to quasi-periodic at an aspect ratio of 0.375. The 
Nusselt number increases as the Reynolds number increases, with 
the most significant increase occurring at an aspect ratio of 0.5. 
According to the findings, substantial heat transfer enhancement 
can be achieved by operating in the transitional Reynolds-number 
regime, without the high power consumption associated with the 
turbulent flow regime. 

Bai et al.[65] used large eddy simulations (LES) at Re = 3.0 × 10³ 
and Pr = 0.7 to study the near wake flow and forced convection heat 
transfer around a sinusoidal wavy cylinder. According to the results, 
wavy cylinder significantly alters the wake flow, affecting Reynolds 
stresses and heat flux distributions. Recirculation bubble dynamics 
and coherent spanwise vortices are intimately related to heat transfer 
performance. The wavy cylinders with λ = 1.89 and 6.06 exhibit re-
duced fluid forces (reduced drag and lift fluctuations) and lower heat 
transfer efficiency (~11% less than the smooth cylinder). The results 
indicate the optimal balance between enhancing heat transfer and 
improving aerodynamic performance in engineering applications. 
Yi-Gao Lv et al. [66] numerically investigated the thermal-hydrau-
lic performance of hybrid wavy channels in a printed circuit heat 
exchanger (PCHE) used as a supercritical CO₂ (S-CO₂) precooler.

Three hybrid channel design types, A, B, and C, which combined 
straight and sinusoidal wavy sections in various configurations, 
were examined According to the study, the type-C channel, which 

has the wavy portion in the low-temperature area, performed best 
overall, reducing pressure drop by up to 23% and increasing the 
local heat transfer coefficient by 1.56 kW/m²·K compared with the 
straight channel. The study also established that shorter wavelengths 
and larger wave angles further enhance performance. In low-tem-
perature areas, gravity had a minor impact on heat transmission and 
hydraulic performance. These findings support the effectiveness of 
techniques that match thermophysical properties to enhance par-
titioned heat transfer in the design of efficient S-CO₂ precoolers. 

Ahmed et al.[67] investigated laminar copper–water nanofluid flow 
and heat transport in a two-dimensional wavy channel numerical-
ly using the finite difference method. They examined the effects of 
wavelength (L), wavy-wall amplitude (A), Reynolds number (100–
800), and nanoparticle volume fraction (0–5%). According to the 
results, increasing the nanoparticle volume percentage can increase 
the average Nusselt number by up to 90%, whereas the skin-friction 
coefficient increases only slightly. Thermal performance is signifi-
cantly enhanced by increased wave amplitude and Reynolds num-
ber, while the wavelength has a lesser impact. The results validate 
that heat exchanger efficiency can be effectively enhanced through 
the use of nanofluids and the geometric optimization of wavy chan-
nels. Ahmadpoura and Abadi [68] investigated the thermal-hydrau-
lic performance of turbulent gas-liquid multiphase flows in vertical 
sinusoidal wavy channels, both with and without phase change, 
using numerical methods. The two scenarios examined are adiabat-
ic air-water flow and condensing R134a flow, simulated using the 
Volume of Fluid (VOF) method and the SST turbulence model. The 
wavelength, amplitude, and phase shift angles between sidewalls (0°, 
90°, and 180°) of the wavy channels are examined for the condensing 
R134a scenario. The findings indicate that compared with straight 
channels, heat transfer coefficients can increase by as much as 40% 
and pressure-drop penalties can be up to six times greater. Only at 
low mass flux (G = 50 kg/m²·s) does the Performance Evaluation 
Criterion (PEC) increase, especially for a 180° phase shift. It suggests 
that wavy channels are best suited for condensation applications at 
low flow rates.

To achieve better thermal-hydraulic performance, recent devel-
opments have integrated oscillatory flow with wavy microchannel 
geometry. A biomimetic bark-shaped microchannel heat sink was 
developed by Daba et al.[69], who demonstrated through CFD and 
testing that pulsing flow at 2 Hz and Re = 2000 decreased thermal 
resistance by approximately 40% and the maximum wall tempera-
ture by around 35 K compared to straight channels. The bark-like 
design yielded a performance evaluation criterion(PECR)of 2.68. It 
increased the surface area by more than 25%, demonstrating that 
geometry-induced mixing, in conjunction with flow pulsations, can 
significantly enhance overall efficiency.

In addition to these developments, recent studies have highlighted 
the influence of nanoparticle characteristics on heat transfer in wavy 
geometries. Nguyen et al.[70] examined the impact of nanoparticle 
form in their numerical analysis of forced convection of a CuO–
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water nanofluid in a sinusoidal channel with obstructions. The 
four morphologies (spherical, brick, cylindrical, and platelet) were 
examined across obstacle height ratios (HR = 0–0.5), wavelength 
ratios (λ/H = 0.15–0.2), and Reynolds numbers (Re = 100–400). 
The findings demonstrated that, compared with spherical particles, 
platelet-shaped nanoparticles produced the greatest increase in heat 
transfer rates, amounting to more than 55%. Larger wavelength 
and obstacle-height ratios enhanced convective heat transfer and 
intensified vortices, while an increased Reynolds number raised the 
Nusselt number. To account for these combined effects, a correlation 
for Nu was proposed. Mousavi et al. [71] numerically investigated 
ferrofluid flow (4 vol% Fe₃O₄, 10 nm) in a sinusoidal channel under 
a transverse magnetic field. They discovered that the magnetic field 
(Mn up to 3.31 × 10⁷) increased skin friction by more than 600%, 
improved eddy formation, and increased heat transfer by more than 
200% at Re = 50. According to the study, cooling efficacy is substan-
tially enhanced when sinusoidal geometries and magnetic fields are 
applied, especially at low Reynolds numbers.

5. Corrugated tubes and channels

Apart from sinusoidal shapes, corrugated tubes and channels have 
garnered significant interest in recent years due to their compactness 
and thermal performance. The corrugation periodically deforms the 
wall (usually in the form of ridges or grooves), disturbs the bound-
ary layer, increases fluid mixing, and encourages the development 
of secondary flows. These effects maintain a relatively small increase 
in pressure drop while enhancing convective heat transfer rates. 
Compact heat exchangers, solar thermal collectors, and refrigera-
tion systems, which frequently require heat transfer enhancement 
and address spatial constraints, often assume a corrugated form. 
Corrugated forms are appealing because they can be used in both 
single-phase and multiphase flow, offering a reasonable trade-off be-
tween efficiency and fabricability compared with smooth or straight 
tubes. 

Sun and Zeng [72] employed the same constraints, including mass 
flow rate, pumping power, and pressure drop, in their study. This 
study presents an experimental and numerical investigation of heat 
transfer under turbulent flow conditions in three types of corrugated 
tubes compared with plain tubes. Under uniform heat flux bound-
ary conditions, the study uses air as the working fluid and considers 
a Reynolds number range of 4,000 to 100,000. The findings indicate 
that corrugated tubes can increase the mean Nusselt number by up 
to 50%. Greater heat transfer results from the combined effect of 
higher velocity and a larger temperature gradient, which yields a 
more than 50% increase in the convective contribution and reduces 
synergy angles by approximately 1-2°. Economically, utilizing cor-
rugated tubes in ground-source heat pump systems could reduce the 
cost index from $0.1 to $0.08/kJ, indicating significant cost and en-
ergy savings. Based on the findings, corrugated tubes have substan-
tial potential for the efficient design of thermal systems. Andrade et 
al. [73] investigated the heat transfer and pressure drop behaviour 
of internal flow in corrugated tubes under laminar, transitional, and 

turbulent regimes, experimentally utilising water as the working flu-
id. The Nusselt number increased by up to 4.7 times (p = 6 mm) and 
3.8 times (p = 12 mm) relative to the smooth tube, indicating that 
corrugated tubes permit heat transfer, particularly in the transition-
al regime. Corrugated tubes exhibited a smoother laminar-to-turbu-
lent transition and a higher friction factor. According to Colburn’s 
J-factor analysis, corrugated tubes perform better in the transitional 
flow regime or when thermohydraulic performance is optimized. 

Bayareh and Nourbakhsh[74] numerically investigated seven cor-
rugated tube geometries (smooth, convex, concave, and combined) 
with three nanofluids (CuO–water, ZnO–water, and SiO₂–water at 
3% volume fraction) using ANSYS Fluent and the standard k–ε tur-
bulence model (Re = 10,000–17,500). Compared with the smooth 
tube, the convex–concave design performed best thermally and 
produced the greatest enhancement of the Nusselt number. The 
CuO–water nanofluid demonstrated the best thermal behaviour 
among the nanofluids due to copper’s superior thermal conductiv-
ity, albeit with a greater pressure drop. While Bayareh and Nour-
bakhsh demonstrated that corrugated geometries combined with 
nanofluids (CuO, ZnO, SiO₂) enhance heat transfer, more recent 
studies extended this approach by integrating additional mecha-
nisms. For example, FeO₄/H₂O nanofluid in wavy tubes with helical 
ribs was examined numerically by Varkaneh et al.[75]. The results 
demonstrated that applying stronger fields, lowering rib pitch, and 
raising rib height significantly improved thermal performance. The 
best instance, achieved at Re = 4,000 with B = 600 G, demonstrat-
ed a significant improvement at low Reynolds numbers, reaching a 
maximum PEC of ≈3.3. These results suggest that corrugation can 
enhance heat transfer by working in conjunction with nanofluids 
and magnetohydrodynamic processes.

 Al-Obaidi [76] investigated the flow behaviour, pressure drop, and 
heat transfer enhancement in smooth and circular corrugated tubes 
with ring radii of 0.375 mm, 0.5 mm, and 1 mm using numerical 
simulations. Using a uniform heat flux of 800 W/m², the analyses 
were carried out for Reynolds numbers ranging from 1,500 to 24,000 
and flow rates ranging from 0.56 to 8.33 L/min. The results showed 
that at the minimum flow rate (0.56 L/min), the 1 mm corrugated 
ring achieved the greatest improvement in heat transfer (26.48%); 
the 0.5 mm and 0.375 mm rings showed improvements of 19.43% 
and 15.26%, respectively. Increasing the corrugation radius increas-
es turbulence, secondary flows, and mixing, thereby improving heat 
transfer but increasing pressure loss. Córcoles et al.[77] investigated 
the pressure drop in a double pipe heat exchanger with nine inner 
tubes, which include eight spirally corrugated and one smooth, spi-
ral flow regime under turbulent conditions as described by Reynolds 
numbers of 25,000–50,000. With the highest corrugation height 
(H/D = 0.05) and the lowest pitch (P/D = 0.682), this case exhibit-
ed the highest pressure drop: the inner and annular sides recorded 
pressure drops 4.15 and 1.27 times higher than those of the smooth 
tube, respectively. Case 9 (with H/D = 0.041 and P/D = 0.682) had 
the highest heat transfer rate (Q) and the highest overall heat trans-
fer coefficient (U = 3251.4 W/m²·°C), yielding a 29% increase in the 
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number of transfer units (NTU) and a 23% increase in efficiency 
over the smooth tube. The performance evaluation criterion (PEC) 
indicated a good balance between improved heat transfer and pres-
sure drop, reaching a value of up to 1.12. 

Artemov et al. [78] numerically simulated the flow of liquid nitrogen 
in corrugated annular tubes with high-temperature superconduct-
ing (HTS) cables. The simulation investigated the impact of varying 
the corrugation pitch-to-hydraulic-diameter ratio (p/de) from 0.06 
to 0.54 and the corrugation depth-to-hydraulic-diameter ratio (h/
de) from 0.06 to 0.3, for Reynolds numbers up to 30,000. The results 
showed that with a worst-case deviation of less than 30%, the k–ω 
models and the LVEL (Local Velocity and Eddy Length) turbulence 
model best matched the experimental data. The pressure loss in the 
investigated geometries was due to wall shear stress in only about 
5%; pressure gradients in near-separation regions were primarily 
responsible. Additionally, compared with a concentric installation, 
the eccentric positioning of the HTS cable (e = 1) resulted in a 20% 
reduction in the friction factor. 

Kurtulmuş and Besir Sahin [3] provided a comprehensive evaluation 
of flow and heat transfer behaviour in corrugated channels of var-
ious shapes, including trapezoidal, arc, rectangular, sinusoidal, and 
sharp geometries. It aggregates the results of more than 70 research 
publications and considers both active (e.g., flow pulsation) and pas-
sive (e.g., geometrical modifications and nanofluids) methods for 
enhancement. One significant finding is that sinusoidal channels ex-
hibit up to a 50% improvement at a 10% volume fraction of copper 
nanoparticles. In contrast, sharp corrugated channels can improve 
heat transfer by a factor of up to 3.2, albeit at the cost of a very high 
pressure drop. For square channels, an amplitude-to-channel height 
ratio of 0.3 (2a/H) yields a 30% improvement at a Reynolds number 
(Re) of 3000.

Furthermore, corrugated geometries and oscillatory flow can dou-
ble the thermal performance while requiring pumping power that 
is two orders of magnitude lower. To assist engineers in designing 
effective heat exchangers, this paper presents optimal designs and 
operating conditions that maximize the performance evaluation 
criterion (PEC), which typically exceeds 1.0 at moderate Reynolds 
numbers. Figure 11 presents the results of several studies [[79],[6
2],[80],[81],[82],[83],[84] and [85]] on sinusoidal and corrugated 
channels. The performance evaluation criterion (PEC), which re-
flects the quantitative balance between heat transfer enhancement 
and pressure-drop penalties, generally exceeds unity; it increases 
with Reynolds number up to a specific limit and then declines. This 
comparison highlights the overall thermal–hydrodynamic perfor-
mance trends for various periodic-surface configurations. Table 
5 lists the most commonly used periodic surfaces from previous 
investigations, along with their geometric parameters and thermal 
enhancements. 

In addition, Manh et al. [86] used the Homotopy Perturbation Meth-
od (HPM), which was verified against a 4th-order Runge–Kutta 
(RK4) scheme, to examine the hydrodynamic behavior of nanofluid 
flow between non-parallel plates when subjected to a magnetic field. 
The findings indicated that while higher Ha increased boundary 
layer thickness, increasing ϕ and Re decreased it. Furthermore, cen-
terline velocity was considerably reduced with increasing α (down 
to 40% at α = 10°). The results demonstrate how magnetic fields and 
nanoparticles work together to improve thermal-hydraulic perfor-
mance in non-parallel geometries and to control the flow structure. 
Recent research has also examined nanofluid flows in magnetic 
fields and demonstrated their potential to control recirculation and 
enhance heat transfer. Manh et al.[87] used CFD with the FVM and 
SIMPLEC algorithm to numerically investigate nanofluid flow along 
a backwards-facing step subjected to a non-uniform magnetic field. 
At Reynolds numbers Re = 50–150, a ferrofluid with 4 vol% Fe₃O₄ 
nanoparticles (10 nm) in water was investigated under a constant 
wall heat flux (10,000 W·m⁻²·K⁻¹). The findings showed that raising 
the magnetic number (Mn = 1.37×10⁶–7.47×10⁶) improved heat 
transfer and recirculation zones, with the local Nusselt number in-
creasing by up to 300% compared with the non-magnetic scenario. 
Multiple magnetic sources were also added, increasing circulation 
and further enhancing thermal performance. These results indicate 
that in separated-flow geometries, time-varying magnetic fields 
can significantly enhance heat transfer and regulate nanofluid flow. 
Barzegar Gerdroodbary et al. [88] numerically studied ferrofluid 
flow in a screw heat exchanger with 4 vol% Fe₃O₄ nanoparticles 
under a non-uniform magnetic field, They demonstrated that while 
screw diameter(6–10 mm)and magnetic intensity(Mn ≈ 8.55 × 10⁷)
both improved heat transmission but increased skin friction, Reyn-
olds number(Re = 3000–5000)had the greatest effect on thermal 
performance.

Figure  11. Variation of the PEC with Reynolds number for different 
periodic-surface geometries
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Table 5. Summary of previous studies with sinusoidal wavy and corrugated tubes and channels 

Ref Geometry Length (L) Wavelength (P) Wave amp.(A) Re Thermal Enhancement

[58]

Sinusoidal 
wavy pipe,
Periodically 
converging-di-
verging pipe

11 sinusoidal waves 
in the pipe for fully 
developed flow.

γp​= 3.14
​γp =6.28
​γp =7.83
These values are dimen-
sionless, so the  actual 
physical values depend 
on the mean radius, rm
p= γp*rm

γA =0.26
​γA =0.33
​γA =0.40
A= γA*rm

-Laminar flow:
 Reynolds number 
based on the 
mean diameter, 
Redm=300
-Transitional flow: 
Starts around 
Redm=600 to 2000
-Turbulent flow: 
Up to Redm=8000

- The enhancement compared to a straight 
pipe is minor under laminar conditions.
- The mean Sherwood number (mass transfer) 
and Nusselt number (heat transfer) both increase 
considerably with the increase in Reynolds number 
and larger amplitude-to-wavelength ratios.
-The enhancement could reach up to several 
times the values in a straight pipe, especially 
near separation and reattachment points, 
where shear-induced turbulence is strongest.

[59]

Sinusoidal wavy 
pipe (periodically 
converging-diverg-
ing cross-section).

-Total length: 
1980 mm 
- Number of 
waves: 10.5 
sinusoidal waves.

0.1885 m. 0.01 m.

-Laminar: 
Redm≤400
-Transitional: 
400<Redm ​<2000
-Turbulent: 
Redm>2000

At Re=8000
-The mean Nusselt number per wave-
length is approximately 1.5 to 2 times 
higher than in a smooth straight pipe.
- Local peaks (at reattachment points) 
can be up to 3-4 times higher than the 
minimum values within a wave.
-A shorter wavelength and higher ampli-
tude further enhance the Nusselt number 
by increasing turbulence production.

[60]
Vertical wavy 
surface
y=r(x)=a sin2(πx/L)​

Semi-infinite Variable with a/L 
= 0 to 0.1 5% - 10% of P Variable (focus is 

on Ri = 0 to 10)

Nu increases with buoyancy ratio and 
Richardson number, but decreases with in-
creasing amplitude-to-wavelength ratio.

[61]

Skewed wavy 
channel (a 
sinusoidal wavy 
channel where the 
waves are inclined 
at a skewness angle 
ϕ to the spanwise 
direction).

-total streamwise 
length: L=30H
-Entry length: 
L1=5H
- Exit length: 
Lex=13.5H

1.5H  0.1H, 0.2H, 
0.3H

2000 ≤ Re ≤ 4000
-Up to ~15% higher at optimal skewness 
φ = 35° (compared to unskewed case).
-The highest PEC for φ = 45° and a = 0.2H, 
indicating the best balance between heat 
transfer enhancement and friction penalty.

[62]
Sinusoidal wavy 
channel.
y=2asin2(πx/L​)

L L-fixed length

L/A 
-Varied through 
the parameter 
Hmin/Hmax​, from 
0.1 to 0.5

25 ≤ Re ≤ 600 -Up to 2.54x over the parallel-plate channel.
-Hmin​/Hmax​=0.2 (highest heat transfer and PEC)

[63]

Furrowed channel 
with transverse and 
skewed sinusoidal 
wavy walls

194 mm (about 
16 wavelengths).

-p=12 mm.
-Channel width:54 mm.
-Channel height:13.5 mm.

2.4 mm. 1000 ≤ Re ≤ 30000

-Up to 4.2x Dittus–Boelter for 
skewed walls (highest).
-In laminar flow (1000 < Re < 2000):
-Nu/Nu1 = 5 to 8.8 (transverse).
-Nu/Nu1 = 5.4 to 11.3 (skewed).
-In turbulent flow (5000 < Re < 30000):
-Nu/Nu1 = 3.45 to 3.71 (transverse).
-Nu/Nu1 = 3.98 to 4.2 (skewed).

[64]
Asymmetric wavy 
wall channel( 
Sinusoidal)

12 × wavelength 
= 12×4.6666×= 
56.0 (approx.)

p= 4.6666 A=4.333

-r = 0.25: Re 
= 40 to 300
-r = 0.375: Re 
= 2 to 260
-r = 0.5:   Re 
= 8 to 130

Up to 5-6 times increase in transition-
al flow (compared to laminar)

[65] Sinusoidal wavy 
cylinder.

Depends on 
wavelength (between 
~3.79 and 12.12 
Dm ​), where Dm is a 
normalization pa-
rameter that refers to 
the mean diameter.

1.89Dm​,3.79Dm​,6.06Dm​ A=0.152Dm​ 3000 Slight reduction (up to ~11% low-
er than a smooth cylinder)
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[66]

Hybrid wavy 
channels.
Straight channels 
and sinusoidal 
wavy channels.

L​=442.8 mm

- p=24.6 mm (in 
the baseline case, 
Other cases 
studied include: 
p=12.3 mm and P=18mm

2 mm. 7500 ≤ Re ≤ 22500

Type-C (when the wavy section is placed in 
the low-temperature region (near the out-
let): 1.56 kW/m²·K increment; 2.6x higher 
than Type-A (wavy section is placed in the 
high-temperature region (near the inlet).; 
23% lower pressure drop than Type-A

[67] Two parallel sinu-
soidal wavy plates.

At P=44, L=344mm
At P=56, L=416mm
At P=72, L=512mm

-p=(44, 56, 72)mm.

0, 0.1H, 0.2H, 
0.3H (where H 
is the half-chan-
nel height = 
20 mm).
So, A=(2, 
4, 6)mm

100 ≤ Re ≤ 800

-Up to 90% higher than a smooth 
channel with water.
-The enhancement increases with 
a higher Reynolds number.
-Larger amplitude.
-Higher nanoparticle volume fraction.

[68] Vertical sinusoidal 
wavy channel.

1m 67.2 mm 5.76 mm
 Re ≈ 5470
 Re ≈ 10940
 Re ≈ 21880

Up to 40% enhancement for low mass 
flux; lower thermal performance for high-
er mass flux due to pressure drop

[72] corrugated tube
Tube1=954mm
Tube2=1129mm
Tube3=1242mm

Tube1=22mm
Tube2=28mm
Tube3=34mm

Tube1=1.5mm
Tube2=1.5mm
Tube3=2.5mm

4000 ≤ Re ≤ 
100000

-The Nusselt number of the corrugated tubes is 
increased by approximately 50% compared to plain 
tubes., This enhancement is mainly due to the 
improved synergy between velocity and tempera-
ture gradient caused by the corrugated shape.

[73]

Helically corru-
gated tube (spiral 
corrugation along 
the tube length).

-Heating length: 
380 mm
-Developing section 
length: 820 mm

Tube p6: 6 mm.
Tube p12: 12 mm

0.6 mm 
(for both cor-
rugated tubes)

429 ≤ Re ≤ 6212

-Maximum Nusselt number enhance-
ment: up to 4.7 times for P6 and 3.8 times 
for P12, compared to smooth tubes. 
-The best enhancement occurs around Re = 2000.
-The friction factor increases significantly due to 
corrugation. Average augmentation: 11.3 times 
for P6 and 4.8 times for P12 in laminar flow.

[76] 3D circular 
corrugated tube 1920 mm NA 0.375, 0.5, 

1 mm. 1500 ≤ Re ≤ 24000

-Best heat transfer enhancement occurs 
at a low flow rate (0.56 L/min) with the 
largest corrugated ring (1 mm radius).
- 1 mm ring: 26.48% enhancement 
- 0.5 mm ring: 19.43% enhancement 
- 0.375 mm ring: 15.26% enhancement

[77]

Double-pipe 
heat exchanger 
with inner 
corrugated tubes

2.9 m p=15, 20, and 25 mm​ 0.7, 0.9, and 
1.1 mm​ 25,000 and 50,000

-The heat transfer rate increased between 12% 
and 23% when compared to a smooth tube.
- The NTU (Number of Transfer Units) in-
creased by 29% in the best-performing case. 
-The highest enhancement was observed 
in Case 9, which had a 23% increase 
in heat exchanger efficiency

[78]

Corrugated annular 
channel with a 
transversally cor-
rugated outer wall.​

6.5 mm 3 mm​ up to 30,000

-The friction factor increased with increas-
ing corrugation depth and pitch ratio.
- Eccentric placement of the cable re-
duced the friction factor by 20% com-
pared to a concentric arrangement. 
- The pressure drop prediction in cryogen-
ic channels was improved by up to 30% 
using the selected turbulence models​

[89] Asymmetric wavy 
wall channel

Periodic (1 wave-
length at a time)

a=0.5, 
b=0.4(examples)

-The Brinkman number (Br) in-
creased the temperature values.
-The thermal slip parameter (f) in-
creased the temperature.
-The Grashof number (Gr) also in-
creased the temperature.

[90] Wavy elliptic 
cylinder.

No fixed total length 
is specified, as the 
study focuses on 
periodic behaviour 
along the span.
λ=1.0Lm, 
x​ to 8.0Lm,x​

1.0≤≤ 8.0 a = 0.1 Lm,x 100
Up to ~10% compared to the smooth elliptic 
cylinder at optimal aspect ratio and wave-
length. Enhancement reduces as the cylinder 
becomes more streamlined (lower AR).
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[91]

Sinusoidal wavy 
channel in a Print-
ed Circuit Heat 
Exchanger (PCHE).

(covering 10 full 
wavelengths): 
L=246 mm

15.78 mm 0.62 mm 1800 ≤ Re ≤ 13000

-CO2-He: up to 396% increase
-CO2-Kr, and CO2-Xe: up to 71% 
and 80% reduction, respectively.
-Pure CO2 gives the highest thermal-hydraulic per-
formance (η), but CO2-Xe shows acceptable perfor-
mance with thermodynamic cycle advantages due 
to its impact on critical temperature and pressure.

[92]
Wavy-walled tube 
in a shell and tube 
heat exchanger.

-Tube length: 
560 mm
-Overall heat 
exchanger length 
(L) = 760 mm

25 mm 3.5 mm 500 ≤ Re ≤ 4000 -Nu: Maximum increase of 9.67%
-Pressure drop: Decreases by 5.25% (for the wavy-
walled tube compared to the straight-walled tube)

[93]

Wavy-walled 
tube (corrugated 
tube with smooth 
periodic waves 
along the length).

1.0 m 0.025 m 0.001 m 100 ≤ Re ≤ 500 Maximum heat transfer enhancement (Eh) reaches 
36.2% higher than using pulsating flow alone.

[94]

Corrugated circular 
pipe (3D) with 
variable distances 
between these 
rings, different 
angles of the 
corrugated arc 
ring (CARA)

1m

implicitly defined as 
the spacing between 
corrugation rings = 
(2,4, and 6)mm

related to the 
corrugation 
angular extent. 
CARA:
10°, 20°, and 30°

4000 to 12,000.

-The Nusselt number enhancement (Nu/Nu₀) 
compared to a smooth pipe ranges from 1.02 to 
2.9 times higher, depending on the configuration.
-(Distance Between Arc Rings )DBAR = 2 mm, 
(Corrugated Arc Ring Angle)CARA = 30°, and 
arc ring angle around the Pipe (ARAAP) = 240° 
showed the highest heat transfer improvement.
-For ARAAP (angle around the pipe)=240:Nu 
increased by 11.4% to 38%
-Friction factor increases by 1.2 to 2.9 
times compared to smooth pipes

[95]
-Symmetric 
sinusoidal wavy-
walled channel. 

The test section 
contains 14 
furrows, meaning:
14×14 mm=196 mm

14 mm. 3.5 mm 30 ≤ Re ≤ 300

- Sherwood number (Sh) is significantly enhanced 
by combining flow separation and oscillatory flow. 
-The enhancement factor increases with 
oscillatory fraction and Reynolds number.
-The enhancement formula is:
Shpp = Shs + Sho

Table 6. Previous studies of periodic surface configurations 

Ref Configurations Ref Configurations

[58] [76]

[61] [77]
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[64]

 1 2 3 4 5 6

121110987 [73]

[67] [91]
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6. Uniform transient heat flux 

Uniform transient heat flux refers to a time-dependent thermal 
boundary condition in which the heat flux applied to a surface 
varies with time while remaining spatially uniform across the en-
tire heat-exchanging surface. Unlike steady-state heat flux, which 
remains constant, transient heat flux introduces time-dependent 
temperature gradients that affect the heat transfer mechanisms 
within the system. Mathematically, a uniform transient heat flux can 
be expressed as: 

) sin 2q t q A f tm q q= + r^ ^h h 			                        (3)

where q(t) is the instantaneous heat flux (W/m²), qm is the mean 
(steady) heat flux (W/m²), Aq is the amplitude of the oscillating heat 
flux, fq is the frequency of oscillation (Hz), and t is the time (s).

This condition is particularly relevant in oscillatory flow heat ex-
changers, electronic cooling systems, regenerative heat exchangers, 
and thermal storage systems. The application of transient heat flux 
in periodic surface heat exchangers, especially when combined with 

oscillatory flow, is a critical factor for enhancing heat transfer. Under 
transient heating, the thermal boundary layer fails to reach a fully 
developed steady state, and thus, it undergoes periodic thinning 
and thickening. This continuous modulation facilitates repeated 
renewal of the boundary layer, maintaining high-temperature gra-
dients along the heat exchange surface and hence increasing the 
Nusselt number. Furthermore, when a uniform transient heat flux 
is imposed on wavy surfaces under oscillatory flow, it increases sec-
ondary vortices and flow disturbances, thereby enhancing thermal 
diffusion and overall heat transfer efficiency. Although transient 
heat flux enhances heat transfer, it may influence the pressure drop 
in heat exchangers. An example of such an impact is increased flow 
resistance caused by localized thermal expansion and contraction 
of fluid layers adjacent to the heated surface during high-frequency 
transient heating. Micro-scale velocity fluctuations alter the global 
pressure distribution, thereby increasing flow resistance. Table 7 
contains a summary of key parameters for both steady-state heat 
flux and uniform transient heat flux:
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Table 7. Summary of key effects parameters

Parameter Steady-State Heat 
Flux Uniform Transient Heat Flux

Thermal Boundary 
Layer Fully developed Periodically regenerating

Nusselt Number 
(Nu) Moderate Higher due to enhanced convection

Secondary Flow 
Formation Weak Stronger, leading to better mixing

Pressure Drop Standard Can increase (5-15%) due to flow 
modulation

Jin et al. [110] investigated the effect of oscillatory evaporator 
heat loads on pressure drop oscillations (PDO) in microchannel/
minichannel evaporators in the context of a pumped liquid cycle 
(PLC). It finds that applying an oscillatory heat load with a specific 
amplitude and frequency significantly reduces PDO amplitude. For 
instance, when a baseline heat load of 300 W is superimposed on an 
oscillatory component of 100 W amplitude at 6 Hz, the PDO ampli-
tude drops by approximately 60%. Smaller amplitudes (such as 60 
W) resulted in only an approximately 40% decrease, demonstrating 
the role of amplitude in effectiveness. Additionally, the amplitude 
and frequency of the PDO are stable and insensitive to high-fre-
quency oscillations, indicating a threshold oscillation frequency of 
approximately 3 Hz, above which the properties of the PDO remain 
unchanged. Simulations were compared with a forced Van der Pol 
oscillator, a classical nonlinear system known for self-sustained os-
cillations and sensitivity to external forcing. The Van der Pol model 
exhibits behaviour similar to the PDO, with both systems showing 
comparable dynamics and trends, such as amplitude suppression at 
high forcing frequencies.

Figure  12. Transient variation of the dimensionless oscillatory heat 
flux(Θ)for different heat transfer parameters(λ)[111] 

  Khaled [111] discussed analytically the heat conduction and entro-
py transfer in semi-infinite and finite (slab wall) media subjected to 
combined periodic heat flux and convective boundary conditions. 
analytical solutions obtained using Laplace transform methods 
reveal that temperature fluctuations decrease with increasing Biot 

number (Bi) and decreasing heat transfer parameter (λ) and thermal 
oscillation parameter (P). The heat transfer parameter (λ) governs 
the balance between conductive and convective heat transfer mech-
anisms under oscillatory conditions as shown in Figure 12 [111]. 
This parameter is defined as:

where k is the thermal conductivity, h is the convective heat transfer 
coefficient, α is the thermal diffusivity, and ω is the angular frequen-
cy of the imposed heat flux.

 At the surface, the amplitude of the oscillatory heat flux increases 
as λ rises, indicating either a smaller h or weaker convective cool-
ing. This occurs because greater temperature variations can develop 
and propagate throughout the medium when convection is weaker. 
Therefore, one of the most important parameters for regulating the 
strength of thermal oscillations at the contact is λ. Ahmed and Trouv 
[112] investigated the transient response of biomass fuel particles 
to oscillatory heat flux, simulating conditions similar to those of 
flapping flames or varying irradiation in wildland fires. It considers 
radiative and convective heating for square-shaped charring (con-
stant-volume) and non-charring (shrinking) particles with dimen-
sions of 1 mm and 10 mmat frequencies of 0.1 and 1 Hz. The research 
reveals that particles generally exhibit a quasi-linear response when 
either irradiation or gas temperature fluctuates alone, indicating that 
oscillations have a minimal influence on overall particle behaviour. 
Yet, under combined fluctuations of gas temperature and velocity, a 
significant non-linear response is observed; this response enhances 
heat transfer, increases peak mass loss rates, and reduces burnout 
times by up to 70%. For example, a non-charring 1-mm particle 
under oscillatory convective heating (temperature amplitude 400 K, 
mean 700 K; velocity amplitude 1 m/s, mean 1 m/s) experienced a 
burnout time reduction of about 72% at both frequencies (0.1 Hz 
and 1 Hz), highlighting the importance of dynamic flame conditions 
for the proper representation of wildfire spread. 

Hefny et al.[113] investigated the use of pulsating jet impingement 
cooling to minimize temperature fluctuations in silicon chips under 
transient heat-flux conditions encountered in power electronics. 
The performance of periodic jets with frequencies ranging from 1 
to 25 Hz was investigated using numerical simulations. Results indi-
cate that pulsating jets significantly reduce peak chip temperatures 
compared with steady jets, keeping peak temperatures 60°C above 
the inlet temperature even at a Reynolds number of 7000. A critical 
frequency of 19.2 Hz was identified; below this frequency, pulsating 
jets significantly decreased temperature oscillations. An enhance-
ment factor (η) also indicated that pulsating jets provided improved 
control of temperature fluctuations, particularly at frequencies 
below 8.2 Hz. Additionally, intermittent jet cooling, supported by 
vorticity rings during off-cycles, significantly increased heat trans-
fer coefficients (HTCs) at frequencies as low as 5 Hz. An analytical 
model developed for transient HTC calculations during jet off-times 
demonstrated accuracy, with an error of 1.5%, supporting the viabil-
ity of intermittent jets as a potential thermal management scheme 
for future power electronics.
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The effects of uniform transient heat flux have been studied in vari-
ous thermal systems, including microchannels, electronics cooling, 
biomass combustion, and jet impingement. However, most of these 
studies focus on planar or straightforward geometries, primarily 
under unidirectional or non-oscillatory flow conditions. The inter-
action between oscillatory flow and uniform transient heat flux in 
complex geometries, such as wavy or corrugated tubes, which en-
hance secondary flows and boundary-layer renewal, remains poorly 
understood. Furthermore, the interaction between transient ther-
mal loading and oscillation parameters (frequency, amplitude) on 
pressure drop behaviour, heat transfer enhancement mechanisms, 
and thermal boundary layer dynamics has not been thoroughly 
investigated. The time-resolved, nonlinear response of flow and 
temperature fields under genuine transient scenarios is not captured 
by the majority of current models, which assume idealized or con-
stant boundary conditions. To develop predictive correlations and 
optimization techniques for sophisticated thermal systems, such 
as regenerative devices, thermoacoustic engines, and compact en-
ergy-storage exchangers, transient numerical simulations coupled 
with experimental validation are required. This is particularly true 
for oscillatory flow with a uniform, time-dependent heat flux in pe-
riodic surface heat exchangers.

7. Future research and practical recommendations

Future studies should investigate multiphase oscillatory flows, nano-
fluids, and AI-driven optimization techniques in addition to sim-
plified single-phase models. These methods can reduce the cost of 
large-scale thermal optimization, enhance predictive accuracy, and 
expedite the process of identifying the optimal design parameters. 
Furthermore, combining topology optimisation with uncertainty 
quantification may yield new insights into the durability and de-
pendability of oscillatory thermal systems under varying conditions. 
High-temperature operation, material durability, and dynamic con-
trol techniques should be priorities for future research aimed at re-
al-world applications. Additionally, practical recommendations for 
real-world implementation can be made alongside these technical 
guidelines. In OPEC and other arid-region economies, hybrid oscil-
latory-wavy heat-exchanger arrangements should be prioritised. In 
hot, dry areas, implementing such systems for energy recovery and 
power generation could reduce water-related efficiency losses and 
enhance overall energy sustainability.

8. Conclusion

This paper presents an integrated evaluation of oscillatory flow 
behaviour in sinusoidal and corrugated geometries, focusing on its 
impact on the thermal and hydrodynamic performance of period-
ic-surface heat exchangers. The study illustrates how surface geome-
try and oscillatory motion interact to improve heat transfer in com-
pact thermal systems. The uniqueness of the current review lies in its 
cohesive viewpoint, which surpasses previous surveys by integrating 
oscillatory flow and periodic surface methods under actual tran-
sient heat flux conditions. Unlike prior reviews that addressed each 
enhancement method separately, the present work systematically 

correlates oscillation parameters (frequency and amplitude) with 
geometric characteristics (wavelength and wave height) to highlight 
their synergistic effects on flow and heat transfer behaviour. These 
observations align with developments over the past five years, indi-
cating that research on oscillatory flow and periodic surface designs 
is gradually moving from theoretical investigations to real-world 
engineering applications. The main findings of this review can be 
summarized as follows:

•	 Oscillatory flow significantly enhances heat transfer by 
inducing shear-induced mixing, vortex formation, and 
boundary-layer disruption. 

•	 Improvements in heat transfer are minimal at Re < 300 but 
are substantial in turbulent and transitional regimes(Re > 
2000).

•	 Compared with smooth channels, sinusoidal and corru-
gated channel geometries can increase the Nusselt num-
ber by a factor of 4–5 through amplification of oscillatory 
flow effects.

•	 The lack of standardisation in modelling approaches and 
experimental setups limits direct comparisons among 
studies and often results in phase-lag and viscous-dissipa-
tion effects being overlooked.

•	 The combination of oscillation frequency, amplitude, and 
wavelength determines both heat transfer enhancement 
and pressure loss.

•	 In oscillating-heat-pipe, regenerative heat-exchanger, and 
thermoacoustic heat-exchanger systems, hybrid oscillato-
ry–wavy configurations show significant promise for re-
ducing pumping power and enhancing thermal efficiency.
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Nomenclature
A, Ao		  Amplitude (m)
f		  Friction factor 
f		  Frequency, Hz
h		  Heat transfer coefficient (W/m2 K)
Nu   		  Nusselt number 
p		  Pitch (m)
P		  Pressure, (Pa)
Pr		  Prandtl number
qo′ ′		  Heat flux (W/m2)
Re		  Reynold number
Reω		  Kinetic Reynolds number
S		  Axial displacement (m)
St		  Strouhal number
t		  Time (s)
Uo		  Oscillation amplitude (m/s2)
Wo		  Womersley number
ΔZ		  Tidal displacement

Greek symbols
ω 		  angular frequency
α		  Thermal diffusivity  
ω+ , ω*		  Dimensionless frequency
ζ2 /ζ1		  Mixing ratio
λ		  Heat transfer parameter
τcr		  Critical time
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