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a b s t r a c t

Pulsating flow has been found to both enhance and reduce heat transfer, although the explicit conditions
that deliver heat transfer enhancement have yet to be identified. The current work builds on experimen-
tal and theoretical hydrodynamic analyses of earlier studies to investigate the effect of flow rate pulsa-
tions on the driving temperature difference for the case of constant heat flux, using a novel analytical
solution to the energy equation in a rectangular channel. It is found that the oscillating temperature
profiles are formed primarily as a result of fluid displacement against the temperature gradient, although
diffusion at low frequencies and low Prandtl numbers obscures the mechanism. The temperature gradi-
ent at the wall is fixed for the case of constant heat flux, despite enhanced velocity gradients at the wall.
The overall time-averaged change in Nusselt number with respect to steady flow is universally negative
due to an enhanced axial heat flow towards the channel entrance, in agreement with similar studies in
pipes. However, analysis of the time-dependent bulk temperature predicts that heat transfer is enhanced
over the second half-cycle, where the flow rate is below it’s mean value. Hence, future work should inves-
tigate heat transfer enhancement using truncated sinusoidal flow rates.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Heat transfer enhancement in pulsating flow

Unsteady flows are often exploited to disrupt the hydrodynamic
and thermal boundary layers, and overall heat transfer enhance-
ments have been measured for flows with complex boundary con-
ditions, such as pulsating and synthetic jets [1,2], pulsations in
short minichannel heat sinks at low Reynolds numbers [3] and
oscillatory flow in baffled tubes [4]. However, an understanding
of the explicit conditions that deliver heat transfer enhancement
has yet to be achieved. Since pulsating flow is of primary interest,
heat transfer enhancement is defined relative to a steady flow with
a flow rate equal to the time-average of the pulsating flow rate.

In general, a dichotomy exists between hydrodynamic and heat
transfer experiments measuring pulsating flows. While the veloc-
ity field has been measured on a local time-dependent basis, theo-
retical and experimental studies have typically chased time- and
space-averaged heat transfer enhancement. While a time-average
increase in heat transfer is of course the ultimate goal, this macro-
scopic treatment has failed to establish consensus on the potential
of flow unsteadiness to enhance heat transfer, by obscuring the
time-dependent behaviour of physical mechanisms. For example,

the discrepancy between heat transfer enhancement through
changes in the bulk temperature and by changes in the tempera-
ture gradient at the wall has not been highlighted in the literature,
to the best of the authors’ knowledge. Specifically, theoretical
studies find negligible or slight alterations in time-averaged heat
transfer for sinusoidal or pseudo-sinusoidal pulsations under con-
stant heat flux [5,6], while less restrictive boundary conditions
identify intervals of instantaneous heat transfer enhancement
[7,8]. Since the heat transfer coefficient describes the ratio of the
heat flux at the wall to the driving temperature difference, any
change with pulsation encompasses the overall net effect of
changes in the numerator and denominator. Hence, the decompo-
sition of any heat transfer alteration into changes in heat flux and
temperature difference presents more opportunity to exploit the
underlying mechanisms. In the current work, the effect of flow rate
pulsations on the driving temperature difference is investigated for
the case of constant heat flux, using a novel solution to the energy
equation in a rectangular channel. In a future work, the behaviour
of the heat flux at the wall of a pulsating flow will be analysed
using the constant temperature boundary condition.

1.2. Axial diffusivity mechanism

Much of the initial progress was made in the analogous problem
of mass transfer with a non-porous wall. Taylor [9] and Aris [10]
determined that steady fluid flow enhances the spreading of a
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finite volume of a contaminant compared to molecular diffusion in
a still fluid, due to the combined effect of axial convection and
transverse conduction. In applications where efficient removal of
the concentrate is desired, such augmented diffusion acts against
the advective transport of the fluid. Chatwin [11], Watson [12]
and Smith [13] determined theoretically that a similar mechanism
exists in unsteady flow; however, the effect is lessened since the
process cannot establish itself fully before the flow conditions
are changed. In an oscillatory flow, the behaviour is governed by
the frequency Wo ¼ ðDh=2Þ

ffiffiffiffiffiffiffiffiffiffi
x=m

p
and dimensionless amplitude

A0 ¼ 2hvAi=Dh parameters, where vA is the local displacement
amplitude and angled brackets denote averaging over the cross-
section. The results were corroborated by experiment by Joshi
et al. [14], who measured augmented diffusion in a pulsating pipe
flow with 1:6 6 Wo 6 7:8 and flow rate amplitude
600 6 QA=Q0 6 3000. Jaeger and Kurzweg [15] determined that
axial diffusion in a pulsating flow (3:5 6 Wo 6 9:1) of oxygen gas
was enhanced by up to 8000 times molecular diffusion, and was
proportional to the ratio of mean displacement amplitude to ther-
mal boundary layer thickness.

The mass diffusion problem may be viewed as a generalisation
of the corresponding thermal problem, which generally deals with
concentration (i.e. temperature) gradients rather than finite vol-
umes of concentration. Kurzweg [16] predicted that an equivalent
thermal mechanism exists and developed a comprehensive theory
for an insulated but thick-walled parallel plate geometry between
hot and cold reservoirs. It was determined that enhanced axial
thermal diffusivities four orders of magnitude higher than those
due to molecular diffusion could be achieved. Optimal heat trans-
fer in the axial direction was achieved when the time taken for
heat to diffuse from the centre of the planar channel to the wall
is equal to one half of the oscillation period. The experiments of

Kurzweg and Zhao [17] validated theoretical axial heat transfer
predictions in oscillatory tube flow to within a factor of a half (as
explained by the change from a tube to a parallel plates geometry)
over the ranges 25 6 Wo 6 50 and 3 6 A0 6 20. Effective axial con-
duction was enhanced by a factor of 1:79� 104 compared with the
molecular thermal diffusion value of water without accompanying
net mass transport. The axial heat flux value of 292 W=cm2 is com-
parable with heat pipes.

The 2-D temperature field of an oscillatory liquid flow in an
insulated square channel was visualised by Ozawa and Kawamoto
[18] at Wo = 4.4 and 12.2 using a thermo-sensitive liquid-crystal
tracer technique. The unprocessed images were in qualitative
agreement with the upward and downward peaks of isotherms,
generated using a complementary two-dimensional numerical
model. Further analysis of the model indicated that, over the range
2 6 Pr 6 100, the thickness of the thermal boundary layer coin-
cided with the Stokes layer thickness, suggesting that the trans-
verse temperature gradient is formed primarily as a result of the
velocity profile. While the study by Kurzweg [16] is referenced in
the paper, the results are not compared with their 1-D analytical
model, perhaps since the geometry of the channel was square. Also,
being primarily concerned with axial heat transfer, the authors
used a lumped-parameter model in conjunction with axial temper-
ature measurements to estimate the effective thermal diffusivity
over a range of frequencies 7:1 6 Wo 6 23:3 and amplitudes
9 6 A0 6 36:1.

The analytical study of Faghri et al. [19] laid the groundwork to
improving our understanding of the principal mechanisms in pul-
sating flow. Similar to the oscillating case, the velocity and temper-
ature oscillations interact to give a non-zero mean heat flux in the
axial direction. Heat transfer was found to increase by up to 6%
above the steady state value with increasing velocity amplitude

Nomenclature

â; b̂ channel width, height [m]
A0 dimensionless amplitude (=2hvAi=Dh)
c heated fraction of cross-sectional perimeter
cp specific heat capacity [J/(kg�K)]
dNu heat transfer enhancement
Dh hydraulic diameter [m]
f oscillation frequency [Hz]
h heat transfer coefficient [W=ðm2�KÞ]
i imaginary unit (=

ffiffiffiffiffiffiffi
�1

p
)

j; k summation indices
I imaginary part of complex number
k thermal conductivity [W/(m�K)]bL heated length [m]
m;n summation indices
p̂ pressure [Pa]
Pe Péclet number (=Re�Pr)
q̂ heat flux [W=m2]
Nu Nusselt number (=1=ðhw � hbÞ)
Pr Prandtl number (=m=af )bQ flow rate [m3=s]
R real part of complex number
Re Reynolds number (=hûiDh=m)
t̂ time [s]
T temperature [K]
û velocity in the axial direction [m/s]
Wo Womersley number (=12Dh

ffiffiffiffiffiffiffiffiffiffi
x=m

p
)

x̂ axial flow coordinate [m]
ŷ; ẑ coordinates normal to flow direction [m]

Greek symbols
a thermal diffusivity [m2=s]
b functions defined by Eqs. (6b) and (12)
d̂m Stokes layer thickness [m]
h temperature
k dimensionless oscillation period (=2p=Wo2)
l viscosity [kg/(m�s)]
m kinematic viscosity [m2=s]
q density [kg=m3]
/ phase of oscillating parameter
U functions defined by Eqs. (6a) and (10)
v̂ axial displacement [m]
w functions defined by Eqs. (5b) and (9)
x angular oscillation frequency [rad/s]

Subscripts
0 steady flow component
A oscillating flow amplitude
b bulk fluid property
f fluid property
w wall property

Other symbolsbA dimensional variable A
rA gradient of variable A
hAi space average of variable A
A time average of variable A
A0 phase of A relative to fixed pressure gradient
A00 phase of A relative to fixed flow rate
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