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An experimental-numerical study of heat transfer 

enhancement in a minichannel using asymmetric 

pulsating flows 
 

Parth S. Kumavat, Sajad Alimohammadi, and S𝑒́amus M. O’Shaughnessy  
 

 Abstract— The development of current and next generation high 

performance electronic devices has led to miniaturization in more 

densely packed spaces. The increasing power levels has resulted in 

ever-increasing heat flux densities which necessitates the evolution 

of new liquid-based heat exchange technologies. Implementation 

of single-phase cooling systems using pulsating flow is viewed as a 

potential solution to the problems involving high energy density 

electronics. This work involves a combined experimental and 

numerical analysis of pulsating flows in a rectangular minichannel 

undergoing asymmetric sinusoidal flow pulsation formats.  The 

minichannel design includes a heated bottom section 

approximated as a constant heat flux boundary by uniformly 

heating a 12.5 μm thick Inconel foil. Infrared thermography (IR) 

is used for thermal measurements of the heated boundary from the 

hydrodynamically and thermally developed region of the 

minichannel. A three-dimensional conjugate heat transfer ANSYS 

CFX model is used for simulations. Asymmetric sinusoidal 

pulsating flows in the form of leading and lagging profiles with 

Womersley number of 2.5 and a flow rate amplitude ratio of 0.5 

and 3 are investigated. The rapid fluctuating characteristics of the 

asymmetric waveforms cause a sudden shift in the flow velocity 

profiles and the subsequent increased pressure drop shows an 

evolution of phase lag. The intensification of fluid momentum due 

to high oscillating flowrate amplitudes causes enhanced mixing in 

the near-wall and bulk regions of the channel, as evidenced by the 

wall temperature profiles. The presence of wall viscous forces 

leads to the phenomenon of annular effects which has been widely 

investigated in the literature for symmetric flow profiles. The wall 

and bulk temperature profiles tend to readily adjust to this rapidly 

fluctuating flow. The effect of high pulsation flow rate amplitude 

leads to a heat transfer enhancement of about 11% over the 

corresponding steady flow. 

 
Index Terms—Pulsating flow, oscillating flow, heat transfer 

enhancement, flow rate modulation, conjugate heat transfer.  

 

I. INTRODUCTION 

IQUID cooling systems are a potential approach to meet 

the challenge of futuristic, miniaturized, high energy 

density circuits and photonics. Unsteady pulsating flows 

are employed in a range of industrial applications owing to their 

characteristic near wall fluctuating velocities, leading to 
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enhanced heat dissipation. Applications of pulsating flows 

include heat exchangers, pulse-tube cryocoolers, and cooling of 

electronics, e.g., thermoelectric module cooling for battery 

thermal management systems [1], micro-fluidic dual 

piezoelectric pulsed jet cooling [2], rack-component enclosure 

cooling [3-5] and microchannel manifold heat sinks [5]. A 

pulsating flow (Fig 1b) is a non-zero mean mass flow which 

comprises an oscillating or zero mean mass flow (Fig 1a) 

superimposed on a steady flow. The waveform amplitude and 

frequency (𝑓) link the viscous-inertial characteristics of 

pulsating flows to the local, transient heat transfer. The phase 

angle 𝜃 = 𝜔𝑡 describes the periodic progression of the 

waveform. 

   
 

Fig. 1. Examples of oscillating and pulsating flow waveforms. 

 

Several dimensionless numbers are used to describe pulsating 

flows. For flow of a fluid with a velocity 𝑉 and kinematic 

viscosity 𝜈 through a duct of hydraulic diameter 𝐷ℎ, the Reynolds 

number, defined as 𝑅𝑒 = 𝑉𝐷ℎ 𝜈⁄ , represents the ratio of inertial 

and viscous time scales. The Womersley number, 𝑊𝑜 =

(𝐷ℎ 2⁄ )√(𝜔 𝜈⁄ ), quantifies the ratio of oscillating and diffusive 

time scales, where 𝜔 = 2𝜋𝑓 is the oscillating angular velocity 

[6]. For a pipe/channel flow, a variation in 𝑊𝑜 alters the velocity 

profiles, e.g., parabolic for viscous dominated flows (𝑊𝑜 ≪ 1), 

more uniform or flatter velocity profiles for 𝑊𝑜 ≈ 1, and distinct 

near-wall velocity peaks for inertia dominated flows (𝑊𝑜 ≫ 1). 

The flow rate amplitude is defined as 𝐴0 = 𝑄𝑜𝑠𝑐.𝑚𝑎𝑥. 𝑄𝑠⁄  and 

represents the ratio of the maximum oscillating flow rate 

(𝑄𝑜𝑠𝑐.𝑚𝑎𝑥.) to the steady flow rate (𝑄𝑠). 𝐴0 can also influence the 

flow behaviour and heat transfer through flow reversal effects 

which typically occur at values 𝐴0 > 1. 
Pulsating flows are an active research area and several studies 
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have indicated the potential for appreciable heat transfer 

enhancement. Recent studies by [7] using square flowrate 

profiles in a uniformly heated minichannel with 0.8 ≤ 𝑊𝑜 ≤ 5.9 

and 𝐴0 = 0.92 indicated a marginal enhancement for higher 

frequencies. Zhang et al. [5] indicated heat transfer enhancement 

of up to 17% for larger flowrate amplitude (0.01 ≤ 𝐴0 ≤ 5) 

with sinusoidal flow pulsations for a slotted microchannel heat 

sink when using non-Newtonian fluids. Walsh et al. [8] has 

utilized an oscillatory flow device to reduce operating 

temperatures in a microelectronic PC cabinet by as much as 40% 

compared with steady flow temperatures. Walchli et al. [9] 

implemented a hybrid cooling system consisting of a 

microchannel heat absorber and heat dissipator to facilitate 

efficient heat removal. A reciprocating water flow loop was used. 

In their subsequent study, Walchli et al. [10] found that a peak 

cooling performance of 180 W/cm2 was achieved with 

moderately high frequencies using a pumping power of only 1W. 

A time-dependent analytical analysis of bulk fluid temperature 

carried out by [11] predicted a reduction in heat transfer for the 

first half-cycle and an enhancement in heat transfer for the second 

half-cycle of a sinusoidal flow pulsation for 1.4 ≤ 𝑊𝑜 ≤ 22.1.  

Xu et al. [12] used square, sawtooth, triangular, and sinusoidal 

excitation waveforms for nanofluid flow through microchannel 

heat sinks for frequencies 1 ≤ 𝑓 ≤ 4.5, showing insignificant 

heat transfer for all waveforms except square. With a 

considerable increase in pumping power and high flow 

frequency, the nanofluids indicated an enhancement in heat 

transfer of about 3.1% over pure water for a square waveform. In 

another microchannel study by [13] which employed particle 

image velocimetry (PIV), the effects of asymmetric triangular 

and sinusoidal flow pulsations were studied for a Womersley 

number range 1 ≤ 𝑊𝑜 ≤ 5. Results showed a heat transfer 

reduction for conventional pulsatile waveforms due to inefficient 

narrowing of the thermal boundary layer. Contrastingly, the 

asymmetric flows showed intense fluid mixing with a rapid shift 

in flow velocity and corresponding pressure gradients, leading to 

an enhancement of up to 28% over steady flow. 

Investigations of heat transfer relating to asymmetric 

pulsating flow waveforms are underrepresented in the 

literature. The present study follows the work of Blythman et 

al. [14] and is an extension of work presented at THERMINIC 

2022 [15] and concerns pulsating flow in a heated rectangular 

minichannel, which is experimentally and computationally 

investigated for leading and lagging asymmetric sinusoidal 

waveforms of pulsation frequency 𝑓 = 0.5 𝐻𝑧, corresponding 

to 𝑊𝑜 = 2.59 where unconventional velocity profiles with near 

wall peaks are anticipated. In addition, flow rate amplitudes of 

𝐴0 = 0.5 and 3 are investigated to discover the effects of flow 

reversal on the wall heat transfer. New data from simulations 

performed using ANSYS CFX is provided, and this data is 

validated by experiments performed using infrared 

thermography (IRT) techniques. The overarching aim is to 

exploit the characteristics of pulsating flow for efficient heat 

removal without compromising the net mass transport. 

II. EXPERIMENTAL METHODOLOGY 

The experimental setup is an ordered assembly of multiple 

plates clamped rigidly together, as shown by the schematic in 

Fig. 2. At the base section is the heater support plate, made from 

Ertacetal material, which houses two pairs of copper electrodes 

also known as busbars. The copper busbars extend along the 

axial (𝑧) direction of the rig and function to supply up to 42 A 

of current to a laterally tensioned Inconel 600 foil of 12.5 μm 

thickness. Inconel was selected for its low thermal conductivity, 

limiting lateral conduction effects, and high resistivity that 

results in higher heat fluxes at lower supply currents. The foil 

approximates a constant heat flux boundary condition and 

forms the bottom surface of the minichannel. Foil tensioning is 

achieved using a spring-loaded bolt system which pulls the foil 

through the busbars pairs. A machined rectangular minichannel 

of length 𝐿 = 360𝑚𝑚, width 𝑎 =  20𝑚𝑚, and height 𝑏 =
1.4𝑚𝑚 is placed on top of the foil of thickness 𝑤 = 12.5 𝜇𝑚. 

The channel hydraulic diameter 𝐷ℎ =  2.62 𝑚𝑚. The 

minichannel aspect ratio (AR) is 14.2. Based on an analytical 

study of wall temperature distributions in rectangular ducts by 

[16], the effect of peripheral heat conduction as a function of 

fluid conductivity, aspect ratio and imposed heat flux was 

established. The optimum aspect ratio was determined to be in 

the range of 10 ≤ 𝐴𝑅 ≤ 20 wherein large reductions in peak 

fluid temperatures were observed compared to smaller (AR <
10) and larger (𝐴𝑅 > 20) aspect ratio channels, since the heat 

concentrations were found to occur at corner regions. A 1 mm 

ID rubber O-ring is fitted at the foil and channel interface to 

prevent leakages. The minichannel, with one heated long wall 

and all other walls insulated, approximates the experimental 

configuration identified as H2(1L) [10–13]. A sketch of the 

minichannel cross-section is shown in Fig. 3.  

 
Fig. 2. Schematic of the experimental setup. 

 

Eqn (1) calculates the uniform electrical heat generation in 

the foil by Joule heating. De-ionised water is supplied to the 

channel in a closed flow loop connecting the inlet and outlet. 

Heat removed from the foil is subsequently removed from the 

water by a fan-driven plate-fin heat exchanger before returning 

to the channel inlet. The fluid is initially degassed through a 

hollow fibre membrane module by a vacuum pump. The 

experimental configuration ensures a hydrodynamically and 

thermally developed flow in the minichannel test section where 

the IR measurements are recorded. The estimation of 

hydrodynamic entrance length (𝐿𝑒) is given by [20], shown here 

in Eqn (2). The maximum Reynolds number 𝑅𝑒𝑚𝑎𝑥 = 𝑅𝑒𝑠 +
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𝑅𝑒𝑜𝑠𝑐.𝑚𝑎𝑥 = 205, predicts a laminar flow with an equivalent 

pulsating flow hydrodynamic entry length of 𝐿𝑒 = 23.94𝑚𝑚. 

For reference, the entry length for pulsating pipe flow has been 

shown numerically to vary sinusoidally with an amplitude less 

than or equal to the steady flow value [21]. The channel entry 

length for thermally developed flow is calculated by 𝑃𝑟 × 𝐿𝑒 =
 167.58 𝑚𝑚. Hence, a 220 mm heated length upstream of the IR 

viewing window ensures developed flow. 

𝑞𝑔𝑒𝑛 =
𝐼2𝑅

𝐿𝑓𝑎𝑓

 (1) 

 
𝐿𝑒

𝐷ℎ

= [(0.631)1.6 + (0.0442𝑅𝑒𝑠)1.6]
1

1.6 (2) 

 

 
Fig. 3. Minichannel cross-section with the heated foil. 

 

During the experiments, the flow is driven by a McLennan 

34HSX-108 stepper motor controlled by a ST5-Q-NN Applied 

motion drive, which offers precise control over the pulse 

generation resolution with a range of 25000 steps per revolution, 

with frequencies up to 25 Hz. A National Instruments NI-DAQ 

9269 is used in conjunction with LabVIEW to modulate the 

frequency and amplitude of the function generator. An Atrato 

710 series non-invasive ultrasonic flowmeter is attached close 

to the inlet section of the flow to record precise flow rates. A 

high accuracy calibrated differential pressure transducer 

measuring pressure differences up to 17.24 kPa (OMEGA PX 

409 series) is connected between the inlet and outlet sections of 

the minichannel, 10mm and 180mm downstream of the inlet. 

The current study focuses on experimental investigation of 

unsteady asymmetric sinusoidal flows defined by a special case 

of the Clausen function integral (Cl2) [22]. The waveform phase 

is defined by 𝜃 in the range 0 ≤  𝜃 ≤  360°, and t is the period 

of the waveform. Leading (-ive) and lagging (+ive) asymmetric 

profiles are obtained from Eqn (3), which must be multiplied by 

the flow rate amplitude to obtain the oscillating flow rate. 

𝐶𝑙2(θ) = ± ∫ 𝑙𝑛 [2𝑠𝑖𝑛 (
1

2
𝑡)] 𝑑𝑡

𝜃

0

 

 

(3) 

Four calibrated type-T thermocouples record temperatures at 

the inlet and outlet of the minichannel and the air temperature 

in the cavity between a sheet of IR transmitting glass and the 

underside of the heated foil. Only a small section of the 

underside of the foil is visible and this section is carefully 

coated in high temperature matte black to increase the surface 

emissivity to 0.95 and to prevent reflections. A 1 mm thick 

sapphire glass window is placed approximately 13.5 mm 

beneath the painted foil to enclose the region and limit heat loss. 

This glass is transparent to infra-red (IR) radiation. The glass 

forms a cavity, heated from above, in which the heat transfer 

mode can be approximated as 1-D conduction, as described by 

[23]. The foil temperatures are recorded non intrusively using a 

FLIR SC6000 high-speed, high-resolution, infra-red camera. 

This camera has a maximum 640 × 512-pixel focal plane 

array, sensitivity in 2.5 − 5.1 μm range, and is used to obtain 

time-resolved and space-resolved wall temperature 

measurements. Prior to the testing, a two-point non-uniformity 

correction (NUC) is performed with a black body calibrator and 

an in-situ calibration is performed, as researched by [24]. The 

camera reads an external TTL pulse trigger signal from the 

motor control to facilitate phase-lock measurements to the flow 

oscillations. The video files are processed in MATLAB. 

To evaluate the thermal performance of heated minichannels 

under pulsating inlet conditions, convective heat transfer 

parameters are introduced. For the equations presented below, 

time averaging is performed over one pulsation cycle (𝜆) once 

the periodic behaviour is established. Spatial averaging is 

performed over the range 0 𝑚𝑚 ≤ 𝑥 ≤ 20 𝑚𝑚. All 

measurements are recorded at 𝑧 ≥ 220 𝑚𝑚, i.e., where the 

flow is expected to be fully developed hydrodynamically and 

thermally. 𝑇𝑤
̅̅ ̅, as defined by Eqn (4), is the time-averaged 

heated wall temperature. |𝑇𝑤| is the instantaneous spatially 

averaged temperature along the heated wall. 𝑇𝑏
̅̅ ̅ is the time-

averaged bulk fluid temperature as given by Eqn (5). 𝑇𝑖𝑛 and 

𝑇𝑜𝑢𝑡  are instantaneous fluid temperatures determined from the 

inlet and outlet thermocouples. The time-space averaged 

Nusselt Number (|𝑁𝑢̅̅ ̅̅ |) as given by Eqn (6) defines the 

relationship between the fluid thermal conductivity (𝑘𝑙) and 

surface convection. The overall uncertainty of |𝑁𝑢̅̅ ̅̅ | is about 

6 %, owing to the higher uncertainties for wall and bulk 

temperatures. The time-space averaged foil heat flux is defined 

as (|𝑞̅𝑤|). The normalized enhancement of heat transfer 

compared to steady flow only is described by Eqn (7) where 

𝑁𝑢𝑠 represents the steady flow Nusselt number. To characterize 

the performance of the asymmetric sinusoidal flow pulsations 

in terms of heat transfer and pressure drop, a thermal 

performance parameter 𝜂 is defined as given by Eqn (8). The 

time averaged friction factor for pulsating flow (𝜎̅𝑝) is obtained 

from Darcy–Weisbach equation, described by Eqn (9) where 

(𝛥𝑃) is the pressure drop. 𝜎𝑠 is the corresponding friction factor 

for steady flow at the same Reynolds number (𝑅𝑒). For a steady 

flow with average velocity 𝑈𝑠, η = 1. For pulsating flows, η <
1 signifies a reduction of the thermal-hydraulic performance 

compared to steady flow, and η > 1 signifies an improvement. 

 𝑇𝑤 =
1

𝜆
  ∫ |𝑇𝑤|𝑑𝑡

𝜆

0

 (4) 

 𝑇𝑏
̅̅ ̅ =  

1

𝜆
  ∫

(𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡)

2
𝑑𝑡

𝜆

0

 (5) 

a

 
w
 

x

 
y
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 |𝑁𝑢| =
|𝑞̅𝑤| ∙ 𝐷ℎ

(𝑇𝑤
̅̅ ̅ − 𝑇𝑏

̅̅ ̅) ∙ 𝑘𝑙

 (6) 

 𝑑𝑁𝑢 =
|𝑁𝑢| − 𝑁𝑢𝑠

𝑁𝑢𝑠

 (7) 

 𝜂 = (
𝑁𝑢̅̅ ̅̅

𝑝

𝑁𝑢𝑠

) (
𝜎𝑝

𝜎𝑠

)
−1 3⁄

 (8) 

 𝜎̅𝑝 =
1

𝜆
∫

2(Δ𝑃/𝐿)𝐷ℎ

𝜌𝑈𝑠
2

𝜆

0

𝑑𝑡 (9) 

III. NUMERICAL METHODOLOGY 

A three-dimensional conjugate heat transfer computational 

model is developed which approximates the experimental 

conditions. The geometry consists of a cuboidal fluid domain of 

length 𝐿 = 360 𝑚𝑚, width 𝑎 = 10 𝑚𝑚, and height 𝑏 =
1.4 𝑚𝑚 on top of a solid domain of equal length and width but 

thickness 𝑤 = 12.5 𝜇𝑚. Water, with a density of 1000 𝑘𝑔/𝑚3, 

dynamic viscosity of 8 × 10−4 𝑃𝑎 ∙ 𝑠, specific heat capacity of 

4137 𝐽/𝑘𝑔 ∙ 𝐾 and thermal conductivity of 0.6 𝑊/𝑚 ∙ 𝐾, is 

specified as the working fluid. The solid domain material is defined 

as Inconel 600 with a density of 8420 𝑘𝑔/𝑚3, specific heat 

capacity of 444 𝐽/𝑘𝑔 ∙ 𝐾 and thermal conductivity of 14.9 𝑊/𝑚 ∙
𝐾. A volumetric heat source of 3.6 × 108 𝑊/𝑚3 is applied to the 

solid for all simulations. A laminar viscous model is adopted for 

the steady and transient computations. A finely resolved structured 

grid is used for both fluid and solid domains. Refinement in the 

form of inflation layers is provided towards the minichannel 

boundaries to capture the steep velocity and thermal gradients near 

the walls. The computational domain as illustrated in Fig. 4 shows 

the imposed boundary conditions. A uniform temperature and 

velocity inlet boundary condition is defined. A user defined 

function (UDF) simulates the leading and lagging asymmetric 

sinusoidal pulsations. A zero gradient pressure outlet boundary 

condition is imposed at the exit of the minichannel with 0 Pa as the 

gauge pressure. The model is set with an operating pressure of 

101325 Pa. Further, the top and side walls are approximated with 

no-slip and adiabatic conditions for the fluid and solid domain 

respectively. Whereas the bottom wall of the solid domain is 

defined with a heat transfer coefficient accounting for the 

approximated experimental heat loss from the underside of heated 

foil.  

To reduce the computational requirements, a symmetry 

condition is imposed on one long face of the minichannel which 

assumes zero flux of all quantities across it. The General Grid 

Interface technique is the default method for conjugate heat 

transfer problems in ANSYS CFX and permits an adaptable mesh 

connection of the non-conformal, non-matched grids across the 

solid-fluid interface. Following mesh verification studies using 

coarse, medium, and fine grid, the generated (fine) grid, shown in 

Fig. 5, consists of 1,718,669 structured hexahedral cells, refined at 

the entry and wall boundaries to capture the near wall gradients. 

Considerations were given to mesh quality, skewness, aspect ratio, 

etc. ANSYS CFX is a coupled solver which follows a vertex-

centered approach wherein the solution variables are stored in the 

mesh vertices (nodes). Adaptive time stepping is used to maintain 

low Courant Friedrichs-Lewy numbers (CFL < 5). A second order 

upwind spatial discretization scheme is chosen for the convective 

terms of momentum and energy equations. Diffusion terms are 

calculated based on element shape functions and are second order 

accurate. The pressure term is corrected by applying a fourth order 

correction term which prevents pressure-velocity decoupling. A 

high-resolution advection scheme is preferred since it optimizes 

between the first and second order differentiation to maintain the 

solution boundedness to achieve higher accuracy of convergence. 

A RMS scaled residual value of < 10−5 is used as a convergence 

criteria for governing equations. Parameters such as bottom wall 

temperature, mass flow inlet and outlet are used to assess 

convergence which typically occurs after 20 cycles of pulsation.  

 

 
Fig. 4. 3D computational domain and boundary conditions. Blue 

and red regions are fluid and solid domains respectively. 

 

Mesh verification and model validation studies were previously 

carried out by the authors for cases employing symmetric 

sinusoidal waveforms. Details, including comparison with 

published literature, are provided in Ref. [19]. Following a similar 

procedure, the calculated grid convergence index (GCI) for the 

present study is 1.2%. 

 
Fig. 5. A two-staged 3D isometric view of the mesh, inclusive 

of solid and fluid domains. 

IV. RESULTS AND DISCUSSIONS 

The following figures present a results comparison between 

experiments and CFD simulations. Overall, there is reasonable 

overall agreement between the experimental and numerical 

results. Greater discrepancies exist in the cases of higher flow 

rate amplitude due to the experimental measurements where 

very sudden high-pressure gradients are introduced to the 

minichannel by asymmetric flow pulsations. Minor differences 

exist between the experimental and numerical temperature data 

due to the existence of small magnitudes of temperatures in the 
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oscillating and steady cases which can be of the order of the IR 

camera sensitivity. Fig. 6 (a)-(d) present the temporal variation 

of normalized oscillating volumetric flow rate (𝑄𝑜𝑠𝑐/𝑄𝑠), 

normalized pressure gradient (∇𝑝𝑜𝑠𝑐/∇𝑝𝑠), and normalized wall 

shear stress (𝜏𝑜𝑠𝑐/𝜏𝑠) in response to a leading and lagging 

asymmetric pulsation waveform for a frequency of 𝑓 =
0.5 𝐻𝑧 (𝑊𝑜 = 2.5) at flow rates amplitudes 𝐴0 = 0.5 and 3. 

Oscillating parameter values represent pulsating flow values 

minus the steady flow values. The oscillating parameters in Fig. 

6 are normalized by their corresponding steady flow value. The 

leading asymmetric waveform as shown in Fig. 6 (a) and (b) 

exhibits an initial period of rapid acceleration followed by a 

gradual deceleration before another cycle of rapid acceleration 

phase with the restart of the cycle. The fluctuations induced by 

the asymmetric flows lead to a substantial increase in the 

pressure gradient as is seen for the high flowrate amplitude 

cases of Fig. 6 (b) and (d) compared to symmetric sinusoidal 

flows described in [12,13]. Similarly, [13] observed that 

asymmetric flows generated a sharp impulse of flow 

momentum which leads to a significant amplification of 

pressure oscillations with an overall increased pressure drop in 

the channel. There exists a maximum phase lag of 41° between 

the pressure gradient and the other profiles, as seen from Fig. 6 

(a). With the increase in flow rate amplitude to 𝐴0 = 3, there is 

a simultaneous increase in the pressure amplitude with very 

high values observed during the onset of the accelerations at the 

start and end of the pulsation. However, a minimal effect is 

observed for the bottom wall shear stress with a small phase lag 

of 5° as observed from Fig. 6 (a). Whereas with an increase in 

flowrate amplitude, the magnitude of shear stress increases as 

seen from Fig. 6 (b) since the maximum fluid velocity increases 

sharply. 

 The lagging asymmetric waveform features an initial period of 

gradual acceleration followed by a shortened acute impulse in 

the deceleration stage with another gradual acceleration stage 

to complete the cycle, as shown by Fig. 6 (c) and (d). Due to the 

rapid alterations in the fluid momentum over a short time 

interval, a sharp impulse in the pressure gradient is seen in Fig. 

6 (d) at phase interval 𝜋 for the higher flowrate amplitudes 𝐴0 =
3. Similar to the characteristics observed in the case of leading 

asymmetric profile, Fig. 6 (c) presents a phase lag between the 

pressure gradient and flowrate profiles with a phase lag of 29°. 

In the case of wall shear stress, a less prominent phase lag is 

developed compared to the pressure gradient profiles. However, 

at 𝐴0 = 3 (see Fig 6 (d)), the resulting shear stress is increased 

in response to the enhanced bulk flow fluctuations.  

Fig. 7 (a)-(d) show the spanwise variation of the 

corresponding phase-averaged oscillating heated wall 

temperature profiles ( ̅𝑇𝑤,𝑜𝑠𝑐
̅̅ ̅̅ ̅̅ ̅) from the fully developed region of 

the channel at 𝑧 = 0.3 𝑚. Lines and markers represent CFD and 

experimental data respectively, shown as a function of the non-

dimensional minichannel width (𝑥/𝑎) along the heated wall 

(i.e., at 𝑦/𝑏 = 0). Fig. 7 (a, b) and (c, d) plots data for leading 

and lagging asymmetric sinusoidal waveforms, respectively. 

The widely established phenomenon of annular effect for 

pulsating flows, as reported by authors in [13,19] for 

experimental and numerical studies involving symmetric 

sinusoidal flow profiles, is also evident in the oscillating wall 

temperature profiles of leading and lagging asymmetric 

sinusoidal waveforms at both 𝐴0 = 0.5 and 3. This is as a result 

of high near-wall velocity fluctuations, indicating enhanced 

heat dissipation from near-wall regions to bulk. On increasing 

𝐴0, steeper thermal gradients are obtained in the near side-wall 

vicinity 0.8 ≤ 𝑥/𝑎 ≤ 1 as the effect of the more pronounced 

acceleration stage during phases 0 ≤ 𝜃 ≤ π/2 and 3π/2 ≤
𝜃 ≤ 2π seen previously in Fig. 6. An increase in the flow rate 

amplitude leads to stronger forced convection, leading to a drop 

in wall and bulk temperatures. 

Fig. 8 (a)-(d) plots the temporal variation of the oscillating 

wall (𝑇𝑤,𝑜𝑠𝑐) and oscillating bulk temperature (𝑇𝑏,𝑜𝑠𝑐) profiles 

as well as the difference between the two (𝑇𝑤,𝑜𝑠𝑐 − 𝑇𝑏,𝑜𝑠𝑐) for 

leading and lagging asymmetric waveforms. The figures 

present a clear influence of the waveform profile on the 

temperature profiles. For both waveform profiles, on 

commencement of the oscillating cycle, a simultaneous 

decrease is observed for both wall and bulk temperatures. As a 

result of a gradual deceleration stage, a steady increase in the 

magnitudes of temperature profiles is observed throughout 

phases π ≤ 𝜃 ≤ 3π/2 for the leading case. Whereas in the 

lagging case, due to the acute directional shift in the flowrate 

before the deceleration stage, the lowest oscillating wall and 

bulk temperatures are reached at phase π. During the 

acceleration stage between π ≤ 𝜃 ≤ 2π, for the leading case, 

the oscillating wall and bulk temperature profiles do not 

evidently adjust to the directional change of the flowrate and 

thus settle with a steady increase of magnitudes. For the lagging 

case, the wall and bulk temperatures increase gradually to a 

maximum magnitude in accordance with the gradual 

acceleration towards the end of cycle. With an increase in the 

flowrate amplitude, both waveform profiles exhibit a 

pronounced effect on the bulk temperatures suggesting 

enhanced removal of heat. As a result, the driving temperature 

difference shows a higher magnitude during the first half of the 

acceleration stage to symbolize effective heat withdrawal while 

the magnitudes settle in the deceleration cycle as it is 

comparatively weaker.  

Fig. 9 plots the variation of the space-averaged instantaneous 

Nusselt number (|Nu|) for leading and lagging asymmetric 

pulsations at 𝑊𝑜 = 2.5 and varying 𝐴0. For the leading case, 

the |Nu| profiles react gradually to the asymmetric flowrate as 

described by Fig. 6 (a, b). The peak magnitudes are shifted away 

from phase π. Similarly for the lagging case, as reflected from 

the flowrate profile in Fig. 6 (c, d) an acute shift in deceleration 

is evident from the evolution of the |Nu| profile. A peak 

magnitude occurs just before phase π. Across both the 

asymmetric formats, the highest flowrate amplitude of 𝐴0 = 3 

produces a maximum effect on the |Nu| profile. This is because 

of an increased influx of colder fluid from the stronger 

oscillating flow component over the underlying steady flow 

component. An increase in heat transfer is demonstrated since 

the convection term of the energy equation becomes more 

pronounced at higher flowrate amplitudes. The difference in 

Nusselt number for leading and lagging asymmetric profile as 

calculated from Eqn (7) results in a moderate enhancement of 

4.2%, while the lagging asymmetric profile generates up to 

11.1% enhancement over the corresponding steady flow for the 

case of 𝑊𝑜 = 2.5, 𝐴0 = 3. 
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(a) Leading asymmetric sinusoidal waveform, 𝑓 = 0.5 𝐻𝑧, 𝑊𝑜 = 2.5, A0 = 0.5  

   
(b) Leading asymmetric sinusoidal waveform, 𝑓 = 0.5 𝐻𝑧, 𝑊𝑜 = 2.5, A0 = 3 

   
(c) Lagging asymmetric sinusoidal waveform, 𝑓 = 0.5 𝐻𝑧, 𝑊𝑜 = 2.5, A0 = 0.5 

    

(d) Lagging asymmetric sinusoidal waveform, 𝑓 = 0.5 𝐻𝑧, 𝑊𝑜 = 2.5, A0 = 3 

Fig. 6. Temporal variation of the 

normalized oscillating flowrate, 

normalized oscillating axial pressure 

gradient, and normalized oscillating 

bottom wall shear stress. Solid lines 

represent CFD data, markers show the 

experimental data. 

 

Fig. 7. Oscillating temperature profiles at 

the heated wall (𝑦/𝑏 = 0) along the 

normalised spanwise direction (𝑥/𝑎). Solid 

lines represent CFD data, markers show the 

experimental data. 

Fig. 8. Temporal variation of oscillating 

wall and bulk temperatures and the 

corresponding driving temperature 

difference. Solid lines represent CFD 

data, markers show the experimental 

data. 
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Fig. 9. Temporal variation of the space-averaged 

instantaneous Nusselt number (|Nu|) for leading and lagging 

asymmetric sinusoidal waveforms for 𝑊𝑜 = 2.5 with 

varying 𝐴0. For reference, the steady flow 𝑁𝑢𝑠 = 5.08. 

 

Table I shows the calculated value of the thermal-hydraulic 

performance parameter (η) for each of the pulsating flow cases 

presented in this study. For a flow rate amplitude of 𝐴0 = 0.5, 

the underlying steady component is stronger than the oscillating 

component, and thus has a greater influence during the 

pulsation. A deterioration in thermal-hydraulic performance is 

observed for both leading and lagging asymmetric sinusoidal 

pulsation waveforms at 𝐴0 = 0.5. However, for a higher flow 

rate amplitude of 𝐴0 = 3, where the oscillating component has 

a greater influence than the underlying steady flow, increases in 

thermal-hydraulic are noted with a peak of 𝜂 = 2.5 for the 

lagging asymmetric sinusoidal pulsation waveform. Thus, it can 

be concluded that irrespective of the presence of greater 

frictional losses, the thermal-hydraulic characteristics offered 

by asymmetric flows can result in improved overall 

performance compared to an equivalent steady flow under 

certain circumstances, which may be of benefit to applications 

involving pumped liquid cooling in confined spaces, such as 

CPU/GPU cooling. 

 

TABLE I 

THERMAL-HYDRAULIC PERFORMANCE DATA AT 

VARYING FLOW RATE AMPLITUDES FOR LEADING 

AND LAGGING ASYMMETRIC WAVEFORM CASES. 

Asymmetric 

sinusoidal 

waveform  

Pulsation flow rate 

amplitude, (𝑨𝟎), at 

𝑾𝒐 = 𝟐. 𝟓 

Thermal-

hydraulic 

performance (𝜼) 

Lagging 0.5 0.5 

Lagging 3 2.5 

Leading 0.5 0.4 

Leading 3 1.3 

V. CONCLUSION 

Leading and lagging asymmetric sinusoidal single phase 

laminar pulsating flows of 𝑊𝑜 = 2.5 at flow rate amplitudes of 

𝐴0 = 0.5, 3 are numerically and experimentally investigated to 

evaluate the heat transfer potential. As per the authors’ 

knowledge this forms the first spatial and temporal heat transfer 

analysis for flow pulsations in a minichannel imposed with 

asymmetric sinusoidal waveforms. An infrared thermography 

technique is implemented to examine the transverse wall 

temperatures of a rectangular minichannel with bottom heated 

wall. A corresponding three-dimensional transient conjugate 

heat transfer model is developed with a volumetric heat 

generation. The leading asymmetric format is characterized by 

a rapid increase of flowrate and pressure gradient in the 

acceleration stage followed by a gradual deceleration before the 

onset of acceleration stage with restart of the cycle. The lagging 

asymmetric format comprises an initial period of gradual 

acceleration followed by an acute shift to the deceleration stage 

before another acceleration as the cycle restarts. The increase 

of flowrate amplitude and strengthening of the oscillating 

component results in a simultaneous increase of pressure 

gradient and shear stress magnitudes. An evolution of phase lag 

appears between the flowrate and pressure gradient profiles. 

The intensification of fluid momentum due to high oscillating 

flowrate amplitudes causes enhanced mixing in the near-wall 

and bulk regions of the channel, shown by the wall temperature 

profiles for lagging and leading cases respectively. The 

presence of wall viscous forces leads to the phenomenon of 

annular effects which has been widely investigated in the 

literature for spanwise velocity and temperature cases of 

symmetric flow profiles. The wall and bulk temperature profiles 

tend to readily adjust to this rapidly fluctuating flow. Low 

flowrate amplitude flows present increased diffusion of heat 

from the heated wall to the bulk core region. Whereas with an 

increase in the flowrate amplitude, the wall and bulk 

temperatures are reduced. The effect of high pulsation flow rate 

amplitude leads to a heat transfer enhancement of about 11% 

over steady flow due to increased forced convection effects in 

the streamwise direction. When considering both heat transfer 

and hydraulic performance, the lagging asymmetric sinusoidal 

pulsation was found to offer a more notable improvement (2.5x) 

over steady flow which is of relevance to low electric power 

liquid pumping applications in small aspect ratio channels, such 

as those used in microprocessor cooling. 
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