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Abstract.
The exploitation of flow unsteadiness in microchannels is a potentially useful technique for
enhancing cooling of future photonics systems. Pulsation is thought to alter the thickness of the
hydrodynamic and thermal boundary layers, and hence affect the overall thermal resistance of
the heat sink. While the mechanical and thermal problems are inextricably linked, it is useful
to decouple the parameters to better understand the mechanisms underlying any heat transfer
enhancement. The current work characterises the behaviour of the wall shear stress and pressure
gradient with frequency, using experimental particle image velocimetry (PIV) measurements
and the analytical solution for oscillatory flow in a two-dimensional rectangular channel. Both
wall shear stress and pressure gradient are augmented with frequency compared to steady flow,
though the pressure gradient increases more significantly as a result of growing inertial losses.
The three distinct regimes of unsteadiness are shown to display unique relationships between
the parameters pertinent to heat transfer and should therefore be considered independently with
respect to thermal enhancement capability. To this end, the regime boundaries are estimated
at Womersley number W o = 1.6 and 28.4 in a rectangular channel, based on the contribution
of viscous and inertial losses.

1. Introduction
Pulsating flow, which has been found to enhance heat transfer by as much as 40% in minichannel
heat sinks [1], has been proposed as a key component of the solution for removing the high heat
fluxes generated by future generation photonics integrated circuits (PICs) [2]. While the lasers
dissipate just 100 mW each, their small volume results in very high, localised heat fluxes to
the order of 1 kW/cm2 . It is thought that the pulsations in a channel flow alter the thickness
of the hydrodynamic and thermal boundary layers and reduce the overall thermal resistance.
Alternatively, pulsation may create more complex flow structures and mixing effects. It is clear
that the relationship between the fluid mechanical and thermal problems plays an important role
in the mechanism of augmentation; however, it is often convenient to decouple and characterise
the problems independently. Hence, an understanding of the fluid mechanics is relevant for the
design and operation of future solutions to heat transfer problems.

The fluid mechanics of unsteady flow were treated mathematically as early as 1851 with
Stokes’ second problem [3], considering the one-dimensional shear flow of a viscous fluid near a
flat plate oscillating in a direction parallel to its length. The historical work found that the flow
was inviscid far from the wall, outside of the so-called Stokes boundary layer. The thickness δ
of this region varies depending on the relative balance of viscous
p and inertial flow stresses, given
by the dimensionless Womersley number [4], W o = (Dh /2) ω/ν. For significant δ, viscous
stresses must be considered in the near-wall region using the solutions to the Navier-Stokes
equations. First solved by Sexl [5], a multitude of analytical studies have since followed using
several mathematical solution techniques – including Fourier expansion [6], Laplace transform [7]
and Green function [8] methods – to analyse the interdependence of the pertinent parameters.
The shear stress at the wall is an important indicator for heat transfer enhancement as
it is intrinsically related to the thickness of the hydrodynamic boundary layer. Due to the
difficulties associated with measuring near-wall velocities and wall shear stresses using nonintrusive measurement techniques, Zhao and Cheng [9] indirectly calculated the temporal
evolution of wall shear stress in a pipe using pressure drop measurements, finding good agreement
with theory for a range of values 2.4 ≤ W o ≤ 9.9. Blythman et al. [10] qualitatively studied the
near-wall gradients of experimentally-measured pulsating velocity profiles. The results, found to
be in good agreement with theory, displayed significant temporal fluctuations of the near-wall
velocity gradients, which were dependent on the frequency regime of pulsation. Also, the increase
in pressure gradient relative to steady flow, important in practical applications, was theoretically
found to vary significantly. The solved magnitude and phase of the pressure gradient, relative
to the flow rate, has been confirmed experimentally by Ray et al. [11] for 0.25 ≤ W o ≤ 7.93.
Hence, the unique characteristics of each flow regime indicate that the effects of pulsation on
heat transfer enhancement and pressure drop should be independently studied.
To define limits to the characteristic flow conditions, Ohmi et al. [12] investigated the
behaviour of a collection of four parameters: a couple measuring the relative contributions of the
viscous and inertia terms, and the phases of the flow rate and wall shear stress. The boundaries
for the pipe geometry were arbitrarily defined at frequencies where the viscous and inertia terms
comprised 95% of the overall pressure gradient. Below W o = 2.36, the viscous Stokes layer
spans the entire channel and the quasi-steady approximation is valid. Above W o = 28, the flow
is inertia-dominated, the Stokes layer is thin, and the assumption of inviscid flow holds in the
channel. Ray et al. [11] experimentally investigated the transition in a pulsating pipe flow using
a parameter given by the ratio of the flow rate and pressure gradient oscillation amplitudes
as well as the phase delay between the variables with the results well corroborated by theory.
Haddad et al. [13] expanded the solution to theoretically compare the transition in a parallel
plate channel. The amplitude of the varying pressure gradient and the phase shift were found to
be higher in a channel flow meaning that transition occurred sooner in the channel according to
their criteria; however, the parallel plate channel investigated had twice the hydraulic diameter
of the pipe. The transition has not been studied in rectangular channels.
Hence, the aim of the current work is: (i) to analyse the wall shear stress augmentation of
oscillatory flow in a quantitative manner to form a basis for future heat transfer studies, (ii) to
investigate the pressure drop in terms of viscous and inertial loss contributions to investigate
the feasibility of practical application, and (iii) to identify the limits of the quasi-steady,
transitional and inertia-dominated regimes in rectangular channels based on the behaviour of
these parameters.
2. Analytical solution for oscillating flow
For an oscillating laminar flow with localised and time-dependent velocity U 0 (y, z, t) in the x
direction, the Navier-Stokes equations in Cartesian coordinates are simplified to [3]:
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Figure 2: (a) Acrylic test piece containing rectangular channel 300 mm long × 30 mm wide ×
4.2 mm high, (1) cover plate, (2) channel plate, and (3) base plate with inlet and outlet, (b)
Orientation of (4) camera and (5) laser light sheet optics to capture the velocity profile.

ν∇2 U 0 −

dU 0
1
= ∇P 0
dt
ρ

(1)

where ρ and ν are the density and kinematic viscosity of the fluid, ∇2 = δ 2 /δy 2 + δ 2 /δz 2 is
the two-dimensional Laplacian operator, and ∇P 0 = dP 0 /dx is the oscillating pressure gradient.
The origin is set at the lower left corner of the channel such that 0 ≤ y ≤ a and 0 ≤ z ≤ b.
Equation 1 may be integrated over a cross-section to give the momentum balance equation:
Γ 0
dŪ 0
· τ̄w + ρ
= ∇P 0
A
dt

(2)

where Γ is the perimeter length, τ̄w0 is the perimeter mean of the wall shear stress and Ū 0 is the
mean velocity. Equation 2 quantifies the pressure drop in a channel, resulting from viscous and
inertial contributions. The linearity of Equations 1 and 2 allows the steady and time-dependent
components to be decoupled. The Green function for velocity is [8]:
GU (y, z, t) =

∞
∞ X
Z
16 X
· e−νβt
2
π m=0 n=0 (2m + 1)(2n + 1)

(3)
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+
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The solution for the local instantaneous time-dependent velocity is attained by convolving
GU with a sinusoidally oscillating accelerative function f (t) = (1/ρ)∇Pt · cos(ωt):
Z = sin

U 0 (y, z, t) = −

∞ X
∞
16∇Pt X
Z
νβcos(ωt) + ωsin(ωt) − νβe−νβt
·
ρπ 2 m=0 n=0 (2m + 1)(2n + 1)
ν 2β 2 + ω2

(5)

Solutions for flow rate Q0 (t) and cross-sectional flow rate at the channel mid-height Q0cs (t)
have been reported in a previous study [10]. ∇Pt is determined using the latter expression
with computed integrals of the phase-averaged experimental velocity profiles. Starting from
rest, these quantities will contain transients for a period after the motion starts governed by the
e−νβt term, which tends to zero in the steady periodic state. The wall shear stress distribution,
0 (z, t) = µ[δU 0 (0, z, t)/δy]:
at y = [0, a] for example, is determined by τw2
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Figure 4: (a) Temporal evolution of τw2
w2,0 at channel mid-height, ∇P /∇P0 and Q /Q0 for
0
0
W o = 3.33, Qt /Q0 = 0.7, (b) Evolution of amplitudes and phases of τ̄w /τ̄w,0 and Q /Q0 with W o.
Lines and symbols represent analytical solutions and experimental measurements respectively.
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0 = (1/b) b τ 0 dz. The mean over the entire perimeter τ̄ 0
The mean value at each wall is τ̄w2
w
0 w2
0 + bτ̄ 0 )/(a + b).
is the weighted mean of the individual wall averages τ̄w0 = (aτ̄w1
w2
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3. Experimental
3.1. Apparatus
3.1.1. Channel Test Section The test piece consists of a single rectangular channel 300 mm
long × 30 mm wide × 4.2 mm high laser cut from optically transparent acrylic, covered above
and below by acrylic pieces. The inlet and outlet are machined into the base piece, as illustrated
in Figure 2(a). Sealing is achieved using silicone rubber gaskets. The viewing window is 75 mm
long, centered in the 300 mm length to reduce asymmetrical effects. To facilitate optical access
through the narrow edge of the channel plate, the machined surfaces are polished.
3.1.2. Gear Pump Pulsator The flow is driven by a micro annular gear pump (HNP
Mikrosysteme mzr-4605, 72 mL/min) and operated using a Terminal Box S-G05 controller
and Matlab software. Pulsating flow of a given mean, frequency and amplitude is generated by
discretising the corresponding sinusoid into a finite number of time steps. At each interval, a
timer function executes and writes a motor speed to the controller based on the phase of the
period. A maximum step size of 0.5 s is used to ensure that the inertia of the motor causes a
smooth temporal flow rate. A counter implemented in the timer function records the phase of
the output flow. At desired phase values, a digital output pin on the motor controller is set to
high and sent to the imaging system to trigger image capture.
3.1.3. Particle Image Velocimetry The imaging system uses particle image velocimetry (PIV)
to measure the local flow velocities. Collimated green (532 nm) light from a pair of Nd:YAG
lasers (15 Hz, 200 mJ per pulse) is focused and diverged using concave and convex lenses (with
focal lengths of 1000 mm and -25 mm respectively) to produce a laser plane of about 1 mm
thickness. The sheet illuminates the 4 µm diameter nylon-12 tracer particles (TSI P/N 10084)

with which the fluid is seeded. Images of the flow are captured by a TSI 4 M P (2352 x 1768
pixels) PowerView CCD camera with a close-up Sigma DG 105 mm focal length macro lens,
interfaced to the PC using an Xcelera frame grabber. The camera and laser system are aligned
at right angles to each other to capture the velocity distribution across the 30 mm channel
width, as illustrated in Figure 2(b). System timing is controlled by a Model 610035 LaserPulse
Synchroniser. This control unit also reads an external 800 µs TTL pulse trigger signal from the
pump controller to phase-lock measurements to the sinusoidal oscillation of the flow. The entire
PIV system is completely controlled by a dedicated computer running TSI’s Insight 4G data
acquisition software.
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Figure 5: Instantaneous viscous and inertial contributions to the overall pressure gradient for
W o = 1.49, 3.33, 10.54 and 33.33.

4. Results & Discussion
In this section, the experimental and theoretical results for pulsating flows with Reynolds
numbers Re0 = 34, W o = 1.49, 3.33 and 10.54 (f = 0.02, 0.1 and 1 Hz) are presented. For
completeness, pulsations with a very high Womersley number W o = 33.33 (f = 10 Hz), which
is unachievable with the gear pump pulsator, are studied analytically. The absence of inertia
(dŪ 0 /dt = 0) in the steady components of these flows results in a mean pressure drop that
is entirely as a result of shear stress at the walls of the channel. Thus, only the oscillating
components of the flow are considered, which are computed through subtraction of the mean
steady profile solution Re0 = 34 from the pulsating profiles.
4.1. Wall shear stress and pressure gradient
0 (b/2, t), the slope
To determine the wall shear stress at the midpoint of the channel height τw2
between the vector nearest the wall (y = 0.3 mm) and the wall itself is computed from the
velocity data. Plotted by the symbols of Figure 4(a) for the example case of W o = 3.33, these
experimental values are in good agreement with that predicted by theory. The pressure gradient
0 (y, t)
and the wall shear stress lead the flow rate by 0.63 and 0.31 radians, respectively. With τw1
0 (z, t) unknown, estimation of the overall mean wall shear stress is
and all but one point on τw2
difficult and analysis is confined to theory.
Figure 4(b) plots the amplitudes and phases of the space-averaged wall shear stress τ̄w,t /τ̄w,0
and the flow rate Qt /Q0 , normalised by the pressure gradient ∇Pt /∇P0 , as a function of
frequency. The shear stress at the wall is found to increase with frequency compared to quasisteady oscillations. This is as a result of augmented near-wall velocity gradients, which were
observed in a previous study [10] and are depicted for a range of frequencies in Figure 7. However,

the pressure gradient is found to increase more substantially compared to the shear stress, as
a consequence of inertial losses in the system (see Section 4.2). Hence, while the enhanced
shear rates at high pulsating frequencies may indicate augmented heat transfer, the pressure
gradients required to drive these flows are significantly higher than those of steady flows. This
trade-off may be measured using the ratio of the increase in wall shear stress relative to that
of the pressure drop (τ̄w,t /τ̄w,0 )/(∇Pt /∇P0 ). This pseudo-performance coefficient is plotted in
Figure 4(b) with frequency. The flow rate oscillates in phase with the pressure gradient at low
frequencies. A phase lag develops at higher frequencies that tends to π/2 radians.
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Figure 6: Viscous and inertial stress oscillation amplitudes, normalised by the pressure gradient
amplitude, as a function of frequency. Vertical lines delineate the frequency regime boundaries.

4.2. Viscous and inertial stresses
The relationship between the viscous (Γ/A)τ̄w0 , inertial ρdŪ 0 /dt, and pressure gradient ∇P 0
terms may be investigated through the momentum integral equation (Equation 2). Figure 5
illustrates that the relative contributions of the individual stresses to the overall pressure drop
varies with time for a given frequency, based on the phases and amplitudes of the individual
terms. Also plotted are the temporal evolutions of the flow rate oscillations (Q0 /Q0 )/(∇Pt /∇P0 ),
which always lag the inertial terms by π/2 radians. The amplitudes of these terms capture the
increase in magnitudes of pressure oscillations relative to the flow rate oscillations. For the
slowest oscillations, the acceleration of the fluid is negligible and viscous losses dominate. The
flow is quasi-steady with the overall pressure gradient oscillating in phase with the viscous stress
at the wall of the channel. Further, the flow rate has the same amplitude as and oscillates in
phase with the pressure gradient. As the frequency is increased to W o = 3.33, the value of
the inertia term becomes appreciable, with an amplitude similar to that of the viscous term.
Thus, the flow is in the transitional regime and the resultant phase of the pressure gradient is
somewhere between that of the individual contributions. A phase difference appears between the
pressure gradient and the flow rate, and (Q0 /Q0 )/(∇Pt /∇P0 ) decreases due to the augmented
oscillating pressure gradient. At W o = 10.54, the majority (though less than 95%) of losses
in the system are caused by inertia and the pressure gradient phase approaches that of the
inertial term. Moreover, the phase delay between the driving pressure difference and the flow
rate increases and ∇Pt increases further compared to Q0 . For W o = 33.33, the pressure drop in
the channel is mostly due to and varies in phase with the acceleration of the fluid. The flow is in
the inertia-dominated regime with the pressure gradient leading the rate of flow by π/2 radians.
4.3. Critical points of transition
Ohmi et al. [12] defined boundaries to the various regimes based on adherence to a certain
mathematical approximation. With few inertial losses in the system, the flow is quasi-steady.
When the majority of the pressure drop is due to inertia, the assumption of inviscid flow

holds. This definition is hence useful for reducing the calculation times of hydrodynamic models
in engineering applications. In Figure 6, which plots the amplitudes of viscous and inertial
forces relative to that of the pressure gradient as a function of oscillation speed, three unique
frequency regimes may be distinguished: the region where the amplitude of the viscous term
is approximately the same as that of the pressure gradient, the region where the amplitude of
the inertial stress is close to that of the pressure gradient, and the range of frequencies between
where the amplitude of both contributing terms are significant. Using 5% limits, the critical
frequencies are found to be W o = 1.6 and 28.4, compared to W o = 1.32 and 28 for pipe flow.
Incidentally, it should be noted that the amplitudes of the stress contributors, ρ(dŪ 0 /dt)/∇Pt
and (Γ/A)τ̄w0 /∇Pt , do not necessarily sum to one, as is well illustrated in Figure 5 for W o =
3.33.
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Figure 7: Phase-averaged oscillating velocity profiles for (a) W o = 1.49 (f = 0.02 Hz) and
Qt /Q0 = 0.7, (b) W o = 3.33 (f = 0.1 Hz) and Qt /Q0 = 0.7, (c) W o = 10.54 (f = 1 Hz) and
Qt /Q0 = 1, and (d) W o = 33.33 (f = 10 Hz) and Qt /Q0 = 1. Solid lines and symbols represent
analytical solutions and experimental measurements respectively.

4.4. Velocity Profiles
The evolving relationship between viscous and inertial stresses with frequency results in distinct
velocity distributions dependent on the regime of unsteadiness. The unique characteristics
predicted, which are apparent in both the experimental and theoretical profiles of Figure 7, owe
primarily to the growing phase delays in the system. The quasi-steady profile closely resembles
that of steady flow (with some unsteady effects still observable) and local velocity oscillations are
universally in phase. With increasing frequency, a lag appears between the main fluid body and
the accelerating pressure gradient as discussed in Section 4.1. Near the wall however, viscous
stresses reduce the momentum of fluid layers, which are inclined to reverse quickly when the
pressure gradient reverses, leading to the observed annular effects of the mid-frequency velocity
profiles. The overshoot continues to grow and move closer to the wall. This leads to what is
essentially plug flow, as seen in the theoretical inertia-dominated velocity profile.
Figure 7 also portrays the
p narrowing of the Stokes layer with frequency. The Stokes layer
thickness, given by δ = 2π 2ν/ω [3], is the distance that vorticity diffuses in one period of
oscillation. At higher frequencies, the vorticity has less time to diffuse at the constant speed of
viscous diffusion before being annulled by vorticity with opposing sign. At the lowest evaluated
frequency, the Stokes layer with δ = 22.4 mm spans the entire cross-section and hence the flow
is well-approximated as quasi-steady. At W o = 33.3, the Stokes layer thickness is 1 mm and the
assumption of inviscid flow is reasonable. The intermediate frequencies have thicknesses close to
the channel’s hydraulic diameter, δ = 10 and 3.2 mm respectively, and both viscous and inviscid
regions must be considered.

5. Conclusion
This work has investigated the relationship between the pertinent parameters of pulsating flow
in a rectangular channel, using near-wall velocity gradients of particle image velocimetry (PIV)
measurements and the analytical solution for flow in a two-dimensional rectangular channel
solved using the method of Green functions [8]. The behaviour of the wall shear stress and
pressure gradient amplitudes with frequency was studied in a quantitative manner to determine
the feasibility of superimposed flow unsteadiness in high-end heat transfer applications. Both
parameters were found to augment, with the latter growing at a faster rate than the former.
Inertial losses were identified as the cause of the high pressure drops, whose overall contribution
was also investigated with frequency. Since each flow exhibits unique characteristics that may
affect heat transfer, boundaries to the quasi-steady, transitional and inertia-dominated regimes
were defined in a rectangular channel using the definition of Ohmi et al. [12], which is based on
the adherence of the flow to mechanical models.
In practical applications, it is possible that a trade-off exists where heat transfer enhancement
is balanced by increased pressure demands. While the high shear rates of the inertia-dominated
regime are desirable, the very large pressure drops are probably unfeasible, especially in
microchannels where high frequencies to the order of kHz are required. The ratio of the wall
shear stress to the pressure drop augmentation acts as a performance indicator using solely fluid
mechanical parameters.
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