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Disturbing a single-phase laminar internal convective flow with a particular pulsating flow frequency
alters the thermal and hydrodynamic boundary layer, thus affecting the inter-particle momentum and
energy exchange. Due to this externally imposed flow disturbance, augmentation in the heat transfer
may be expected. Obviously, parameters like pulsating flow frequency vis-�a-vis viscous time scales and
the imposed pulsating amplitude will play an important role. Conclusions from reported literature on
this and related problems are rather incoherent. Lack of experimental data, especially in micro-/mini
internal convective flow situations, with imposed flow pulsations, motivates this study. Non-intrusive
infra-red thermography has been utilized to scrutinize heat transfer augmentation during single-
phase laminar pulsating flow in a square mini-channel of cross-section 3 mm � 3 mm, electrically
heated from one side by a thin SS strip heater (70 mm, negligible thermal inertia); all the other three sides
of the channel are insulated. The study is done at different pulsating flow frequencies of 0.05 Hz, 1.00 Hz
and 3.00 Hz (Wo ¼ 0.8, 3.4 and 5.9, respectively). These values are chosen because pulsatile velocity
profiles exhibit different characteristics for Wo > 1 (annular effect, i.e., peak velocity near the channel
walls) and Wo < 1 (conventional parabolic profile). Local streamwise heat transfer coefficient has been
determined using the time averaged spatial IR thermograms of the heater surface and the local fluid
temperature, linearly interpolated from measured value of inlet and outlet bulk mean mixing temper-
ature. It is observed that for measured frequency range, the overall enhancement in the heat transfer is
not attractive for laminar pulsating flow in comparison to steady flow with same time-averaged flow
Reynolds number. The change is either marginal or highly limited, primarily occurring in the developing
length of the channel. Thus, the results suggest that heat transfer enhancement due to periodic pulsating
flow is questionable, and at best, rather limited.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Single-phase fluid flow and heat transfer in pulsating flows are
encountered in many engineering systems, ranging from industrial
applications like electronics cooling, certain heat exchangers,
pulse-tube cooling systems etc., to biological applications of arterial
blood flow. The flow pulsations or fluctuations may sometimes be
inherent to the flow situation (flow over tube bundles where vortex
shedding from the leading tube induces fluctuations for subsequent
tubes) or it may be externally superimposed on a steady flow (e.g.,
in a pulsed-jet situation). Cooling requirements in contemporary
are significantly increasing due to the miniaturization of the engi-
neering devices and increasing heat flux handling requirements.
x: þ91 512 259 7408.
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MEMS and Bio-fluidic systems are also gaining popularity, which
may also encounter pulsatile flows with simultaneous heat/mass
transfer. The explicit effect of pulsations on local and average heat
transfer in internal convective is an interesting problem per se due
to several complexities involved.

Several researchers have been working towards finding the
insights of pulsatile flows from early decades of the last century. In
a classical study Richardson and Tyler [1], experimentally discov-
ered that pulsating flow field in circular, square and oval cross
section tubes may lead to the ‘annular effect’ i.e., under certain
operating flow conditions, the maximum velocity at the channel
cross-section occurs near the tube wall and not at its center. Several
others [2e4] studied oscillating flows in arterial systems to observe
the differences in the manifested velocity distribution and viscous
drag in comparison to a steady laminar flow. Uchida [5] theoreti-
cally studied the hydrodynamics of pulsating flow in circular tube
for different non-dimensional frequencies and established that
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Nomenclature

A amplitude ratio (jUt/Uavj ¼ jQi
* � 1j) (e)

Bi Biot number (h$Lc/kw) (e)
D diameter (m)
f frequency of pulsation (Hz)
Fo Fourier number (a$t/Lc2) (e)
h heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
L length (m)
Nu Nusselt number (h$Dh/k) (e)
Pr Prandtl number (y/a) (e)
Q volumetric flow rate (Qt þ Qav) (m3/s)
Qi* instantaneous flow rate ratio (Q/Qav) (e)
q00 heat flux (W/m2)
Re Reynolds number (Uav$Dh/y) (e)
St Strouhal number (f$Dh/Uav) (e)
t* non-dimensional time (t/q) (e)
T* non-dimensional temperature (e)
U axial flow velocity (U ¼ Uav ± Ut) (m/s)
Wo Womersley number (d$(u/y)0.5) ¼ (2p$St$Re)0.5 (e)

z axial length (m)
Z* non-dimensional axial length (z/Re$Pr$Dh) (e)

Greek symbols
a thermal diffusivity (m2/s)
y kinematic viscosity (m2/s)
u angular frequency (rad/s)
q time period (s)

Subscripts
av average
c characteristic
f fluid
h hydraulic, hydrodynamic
i instantaneous
in inlet
r relative
s steady state
t transient/unsteady component
w wall
* non-dimensional quantity
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phase-lag between the pressure gradient and velocity increases
with frequency and this lag asymptotically approaches to 90� for
infinite frequency of flow oscillations. Yakhot et al. [6] numerically
analyzed pulsating laminar flow of a viscous, incompressible liquid
in a rectangular duct. It was concluded that at low imposed fre-
quencies, practically no phase-lag existed between the pressure
gradient and resulting velocities, but, at higher frequencies, phase-
lag increased.

More recently, Chang et al. [7] have made another attempt to
analyze the phase-lag between the imposed pressure gradient and
flow rate in low frequency laminar pulsating flow. This study
concluded that phase-lag exists even at very low frequency (less
than 0.5 Hz) in laminar pulsating flow through circular pipes and
parallel plate. Phase-lag increases with increase in frequency and
hydraulic diameter of the tube/duct, but decreases with increase in
viscosity and remained unaffected by the applied pulsation
amplitude. Ray et al. [8], carried out extensive numerical simula-
tions and obtained a correlation to predict the development length
for laminar, developing flow through pipes under sinusoidally
varying mass flow rate. Computations were done for moderate to
high mean flow Reynolds number region (100 � Reav � 2000),
dimensionless amplitude of mass flow rate pulsations of 0.2, 0.4
and 0.8 (i.e. ratio of amplitude of mass flow rate pulsations to the
time averaged mass flow rate in the channel) values and non-
dimensional frequency parameter was varied from 0.1 to 20 i.e.,
complete region from quasi-steady to inertia-dominant region was
covered in this study. It was found that at low imposed flow fre-
quency, variation in the instantaneous development length is si-
nusoidal and can be predicted from the steady state flow condition
based on instantaneous flow Re. On the other hand, when fre-
quency of pulsation is higher, amplitude of the development length
decreases; therefore, estimation of maximum flow development
length based on maximum Re will give the most conservative es-
timate. Normalized variation of development length has been
found to be independent of average Reynolds number Reav, but it
depends on non-dimensional frequency and mass flow rate
amplitude ratios.

Siegel and Perlmutter [9] have shown the dependence of overall
heat transfer on the frequency of pulsations. Furthermore, when
constant temperature wall boundary condition was used, the
Nusselt number showed periodic fluctuations along the flow di-
rection. In other subsequent studies [10e15], hydrodynamic
‘annular effect’, phase-lag and periodic axial fluctuation of fluid
temperature and heat transfer were confirmed. However, Seigel
[16] argued that, for forced convection in laminar flow in a channel,
flow oscillations tend to reduce the heat transfer coefficient. Cho
and Hyun [17], numerically investigated the effect of flow pulsa-
tions in a pipe using laminar boundary layer equations. It was
observed that at the fully developed downstream region, Nusselt
number may increase or decrease depending on the frequency
parameter (Wo). Kim et al. [18] studied the thermally developing
but hydrodynamically fully-developed pulsating channel flow and
isothermal channel walls. They observed that flow pulsations
hardly affected the thermal behavior. Guo and Sung [19] observed
that for small amplitudes, heat transfer gets augmented within a
band of operating frequencies but at higher amplitudes, heat
transfer gets always augmented. Hemida et al. [20] observed that
pulsations produced little changes in heat transfer, the change
being always negative. In addition, this small change is limited to
the thermally developing region only. Jun et al. [21], executed an
experimental study to understand heat transfer characteristics of
pulsating flow and concluded that by increasing the flow rate, heat
transfer gradually increases and strong pulsations result in
enhancement of heat transfer. However, in this study, there were
some measurement ambiguities, e.g., (a) heat transfer estimations
were averaged out in space and time (b) heat balance has been
done based on local fluid measurements by thermocouples, which
measure the local instantaneous temperature but not the bulk
mean mixing temperature (c) Non-dimensional parameterization
has not been done, which make the interpretation of results non-
universal and confined to the reported study only. Yu et al. [22]
and Chattopadhyay et al. [23] observed no change in time-
averaged Nusselt number due to flow pulsations. Bouvier et al.
[24], performed an experimental study to understand heat transfer
in oscillating flow in a circular pipe. Parameters used in this study
were maximum Reynolds number, non-dimensional frequency
(Wo) and amplitude of oscillation. Temperatures were measured
inside the fluid and at different radial locations at the wall and heat
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transfer has been estimated from these measurements. Funda-
mental frequencies of the transient temperature data obtained
fromwall and the fluidwere not identical due to the thermal inertia
of the pipe wall. Nield and Kuznetsov [25] used a perturbation
technique to obtain the analytical expression for velocity, temper-
ature and transient Nusselt number for pressure gradient governed
pulsating flow in parallel plate channel or inside a circular tube.
Uniform heat flux condition was used at the wall. Axial conduction,
either in the fluid or in the wall was neglected. It was found that
Nusselt number is dependent on the frequency of the fluctuating
part and the Pr. As the Pr increases, amplitude of fluctuating Nu
goes down. For a fixed Pr, with increase in imposed flow frequency,
Nu first increases and then after achieving its maximum, it again
gets reduced. Mehta and Khandekar [26] presented a numerical
study of hydrodynamics and heat transfer of pulsating channel flow
by applying a sinusoidal velocity profile at the channel inlet. Here
too, it was observed that pulsations hardly affected the local dis-
tribution of axial heat transfer. Similar numerical simulations done
with simple fluids and nano-fluids also show no specific advantage
of using imposed flow pulsations for average heat transfer
enhancement [27].

It is clear that available literature does not converge to coherent
conclusions. The results are not only sparse but inconsistent and
sometimes contradictory. The key issue concerning heat transfer in
pulsating internal convection is whether the superposed flow
pulsations enhance heat transfer as compared to the original steady
flow. Unfortunately, the literature provides diverging answers, i.e.,
(a) pulsations enhance heat transfer [28]; (b) it deteriorates the
heat transfer [20]; (c) it does not affect the heat transfer
[9,22,23,26]; (d) it either increases or deteriorates the heat transfer
Fig. 1. (a) Schematic showing difference in pulsating and oscillating flow (b) Schematic an
perature in Y direction (d) Enlarged view of the channel cross-section.
depending on imposed flow parameters [18,19]. The literature also
lacks in systematic experimental data, especially for mini-/micro
scale geometries. This situation necessitates careful non-intrusive
and methodical experimental studies to discern the explicit effect
of pulsations on local heat transfer.

In this background, we have attempted to experimentally
investigate heat transfer during internal convective laminar flow
with imposed flow rate pulsations in a horizontal square mini-
channel of cross-section 3 mm � 3 mm under constant heat flux
condition applied to one wall. Fig. 1(a)-(ieiii) shows the schematic
representation of different types of pulsating and oscillating flow
waveform. The term ‘pulsating flow’ (shown in Fig. 1(a)-(i)) is used
when flow is transient and unidirectional, i.e., non-zero mean flow
while ‘oscillating flow’ (shown in Fig. 1(a)-(ii)) is used when flow
changes its direction, i.e., zero mean flow. Fig. 1(a)-(iii) shows a
specific type of pulsating flow where it is always unidirectional but
the minimum flow is zero. In the present work, this latter type of
pulsating flow condition is generated by using solenoid valves,
though the flow waveform is not sinusoidal but close to square
wave, as will be discussed later. The experimental arrangement is
such the flow would have been hydrodynamically fully developed
and thermally developing, if the imposed pulsations were not
present. Distinct flow rate pulsations have been incorporated,
keeping the average flow Reynolds number to be constant.

2. Experimental details and data reduction

The schematic and dimensional detail of experimental setup is
shown in Fig. 1(b). A square channel of cross-section size
3 mm � 3 mm is machined on 500 mm � 250 mm � 12 mm
d dimensional details of the experimental set-up (c) Averaging scheme of wall tem-



Table 1
Different experimental time scales.

Time scale (s) Wo ¼ 0.8 Wo ¼ 3.4 Wo ¼ 5.9

Imposed time scale, 1/f 20 1 0.333
Diffusion in fluid, D2/a 64 64 64
Diffusion in heater wall, L2c =a 0.0009 0.0009 0.0009
Convective time scale, Lh/Uav 1.875 1.875 1.875
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polycarbonate substrate. An unheated length of 280 mm is pro-
vided for the hydrodynamic development of the flow. The heated
length is kept as 125 mm and another unheated 65 mm length is
provided after the heater to minimize the end effects in the heated
test section. The strip heater is made of 70 mm thin SS strip.
150 mm long and 4 mm wide SS strip is attached over the poly-
carbonate square channel such that heater itself will act as fourth
wall of the channel, the three remaining walls being cut in the
polycarbonate material, as noted earlier, and therefore they
remain insulated (refer Fig. 1(d)). Heater strip is heated by Joule
heating using a high current DC power supply (V: 0e60 V and I:
0e50 A) which ensures the constant heat flux thermal boundary
condition. As the thickness of the heated wall is only 70 microns,
even with assuming a large value of h, say, 1000 W/m2 K, the
corresponding value of the Biot number Bi ¼ hLc/kw << 0.004,
clearly suggesting that the heater wall is thin enough so that its
outer surface temperature can be effectively taken to be equal to
the temperature of fluid-wall interface. In addition, the pulsating
frequency used in the experiments are 0.05 Hz, 1 Hz and 3.0 Hz,
corresponding to non-dimensional frequency parameter Wo ¼ 0.8,
3.4 and 5.9, respectively (alternately, Strouhal number (St) can also
be used, which only includes geometric and frequency parameter).
Thus, diffusional time constant in the Fourier number (Fo ¼ a$t/
Lc
2), is the order of 10�3, respectively. Heat capacity of the heater is
equal to 0.15 J/K. Therefore, it is safe to assume that there is
negligible transverse temperature gradient as well as no signifi-
cant signal lag in the transverse direction of the thin heater strip.
The outer wall temperature of the heater is imaged by IR camera
and one thermocouple (Make: Omega®) of bead diameter 0.13 mm
has been inserted in fluid domain at the outlet, located as shown
in Fig. 1(b).

De-ionized and de-gassed water at constant temperature from
thermal bath (Make: Julabo® F34 ME, accuracy ± 0.1 K) is supplied
in the square mini-channel. A flow meter with a time response of
20 ms (Make: Cole-Parmer®; L-series; laminar-orifice Poiseuille
flow meter) is used to measure the transient liquid flow rate. The
imposed flow pulsations are created by two electronically
controlled solenoid valves V1 and V2 (Make: Burkert®), as shown
in Fig. 1(b). The pulsed flow is generated by alternately opening
the two valves, i.e., there will be a flow in the test section for half
time period and no flow in the next half of the time period. Thus,
the flow in the test section will result in a near-square waveform.
In this work, three imposed flow frequencies have been used,
0.05 Hz, 1.0 Hz and 3.0 Hz. In all the experiments, the flow
amplitude ratio (A ¼ jQi* � 1j), defined as ratio of peak value of
fluctuating component of velocity to the time-averaged value of
the flow velocity, is fixed, and is close to the value of 0.92. Theo-
retically, this value should be equal to unity for a pure square
waveform, which varies between zero and a maximum peak value.
However, in the present case, the experimentally obtained wave-
form somewhat deviates from this ideal situation due to me-
chanical inertia of the solenoid valves (as will seen in the next
section). The average Reynolds number of the flow, at all the
imposed frequencies, is fixed at 170.

An IR camera with an operational spectral band of 3e5 mm, 14
bit signal digitization and a Noise Equivalent Temperature Differ-
ence of less than 0.02 K at 30 �C, is used to measure the wall
temperature (Make: FLIR®, Model: SC4000; Indium Antimonide
detector array). ThermaCAM™ Researcher V-2.9 is used to acquire
the images from IR camera. Acquisition rate has been kept at 20 Hz
and IR thermograms are captured at 320 pixels � 256 pixels
(105 mm � 96 mm) which gives a spatial resolution of 330 microns
in the axial z-direction and 375 microns in the transverse y-direc-
tion, on the heated thin wall. NI-cDAQ 9172 with NI 9205 module
and NI-USB 9162 (Make: National Instruments®) cards are used to
acquire the voltage signal from flow meter and fluid thermocouple
temperature located at the outlet, respectively. These acquisitions
are also done at 20 Hz.

2.1. Data reduction

As noted above, the primary data collected is the spatio-
temporal IR thermogram of the heated wall and the bulk mean
mixing fluid temperature at the inlet and outlet of the channel
obtained by respective thermocouples. From this primary data, the
time averaged Nusselt number is calculated as follows:

Nuta ¼ q
00
$Dh�

Tw � Tb
�
ta$kf

(1)

Tw ¼ local wall temperature at any given location along the z-
axis, averaged along the direction of Y-axis, as shown in Fig. 1(c).
Tb ¼ local bulk mean mixing temperature of the fluid estimated
by linear interpolation of measured temperature by the ther-
mocouples at the flow inlet and outlet cross section of the
channel, respectively.

T* ¼
�
T � Tf ;in

�
. (2)
q00
$Dh kf

It must be noted that local measurement of the bulk mean
mixing temperature of the fluid, Tb; under pulsatile conditions is
not trivial. Especially when the flow is in mini/microscale geome-
tries, non-intrusive techniques for the temperature measurement
of the fluid domain must be employed. In the absence of this local
experimental data for Tb; from a global energy balance point of
view, the best available option is averaging of the inlet and outlet
bulk mean mixing temperatures of the fluid. While this approach
has limitations, however, as will be seen later, it does give a fairly
good insight of the overall thermal transport characteristics.

3. Results and discussion

In this type of flow, parameters like pulsating flow frequency
vis-�a-vis viscous time scales and the imposed pulsating amplitude
play an important role. The present study is done at three different
pulsating flow-rate frequencies of 0.05 Hz, 1.0 Hz and 3.0 Hz,
respectively (Womersley number Wo ¼ 0.8, 3.4 and 5.9). These
values are chosen because, as per the established literature, pul-
satile velocity profiles exhibit distinctly different characteristics for
Wo > 1 (annular effect, i.e., peak velocity occurs near the channel
walls) and Wo < 1 (conventional parabolic velocity profile) [29].
Due to transient nature of the flow, different time scales are
involved which govern the evolution of the thermal field. These
time scales are: fluid thermal diffusion time scale (D2/a), imposed
time-period of flow fluctuations (1/f), convective time scale (Lh/Uav)
and thermal diffusion time scale in the heater ðL2c =aÞ: The values of
these time scales are shown in Table 1 for Wo ¼ 0.8, 3.4 and 5.9,
respectively. It can be seen that for all imposed frequencies,
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diffusion in the heater is quite fast to justify the assumption of ‘near
instantaneous’ thermal response, as captured by the IR camera. In
other words, the thermal fluctuations experienced by the heater
towards the fluidesolid interaction face are well captured at the
opposite face, which is exposed to the IR camera (refer Fig. 1(b)). As
noted earlier, for direct comparative study, the imposed convective
time scale, based on average flow velocity, has been kept identical
for all the operating frequencies.

In this background, waveform of instantaneous flow rate ratio
and the corresponding variation of non-dimensional local fluid
temperature at outlet of the channel acquired by the thermocouple
and frequency spectrum from both the signals are shown in
Fig. 2(aef), for the applied frequencies of Wo ¼ 0.8, 3.4 and 5.9,
respectively. It can be observed that waveform pattern of the flow is
close to a square wave, increasing pulsating flow frequency
bringing some minor deviations due to mechanical response of the
Fig. 2. (a), (b) and (c) show the time variation of non-dimensional instantaneous liquid flow
(d), (e) and (f) show the corresponding FFT of flow meter signal and outlet fluid thermoco
solenoid valve arrangement. For a complete cycle, flow takes place
for half of the cycle (‘on-cycle’) and no flow occurs in the other half
of cycle (‘off-cycle’). Due to such type of imposed flow pulsations,
average fluid temperature at any location oscillates in a periodic
manner, decreasing in the ‘on-cycle’ and increasing in the ‘off-cy-
cle’. The time duration, and hence the flow frequency of the ‘on-
cycle’ and the ‘off-cycle’ is controlled by the solenoid valve
arrangement.

At low operating frequency, more time is available for diffu-
sional heat transfer during the ‘stop-over’ cycle time, as seen from
Table 1. This is clearly seen in Fig. 2(a), wherein, as the half-time
period of oscillation is 10 s (f ¼ 0.05 Hz), there is sufficient time
when ‘no-flow’ conditions exist in the channel, and hence, sig-
nificant amount of heat is conducted to the fluid by the constant
heat flux heater wall, which eventually increases its temperature.
A conduction-type boundary layer gets formed during the ‘no-
rate ratio and non-dimensional fluid temperature forWo ¼ 0.8, 3.4 and 5.9 respectively;
uple signal, respectively.
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flow’ stage which gets convected when flow resumes in the next
half-cycle. At the higher imposed flow frequency, convection
continues to be dominant as available diffusional time-period is
considerably smaller. As can be seen, in Fig. 2(b) and (c) for
Wo ¼ 3.4 and 5.9, convection is dominant which resulted in
overall low value of local outlet fluid temperature, in contrast to
the former case of Wo ¼ 0.8. A direct outcome of the available
scaling between convective time and diffusive time also leads to
the fact that oscillating amplitude of the local outlet fluid tem-
perature is considerably higher and well-structured for Wo ¼ 0.8,
while for Wo ¼ 3.4 and 5.9, local outlet fluid temperature oscil-
lations are quite weak. This fact is highlighted by plotting the
power spectrum of the flow meter signal and the local outlet fluid
temperature (in the inset), as shown in Fig. 2(d) (e) and (f),
respectively, at the corresponding operating frequencies. It can be
verified that the dominant frequency of oscillation of the local
outlet fluid temperature is identical to the imposed flow fre-
quency, in all the cases.

Fig. 3(aeb) shows the temporal variation of line averaged wall
temperatures (averaged in the transverse Y-direction) acquired by
IRT at three different axial locations (Z* ¼ 0.014, 0.034 and 0.054).
The corresponding frequency spectrum, for Wo ¼ 0.8 and 3.4, is
shown alongside in Fig. 3(ced), respectively. It can be observed that
for Wo ¼ 0.8, fluctuations in wall temperature are clearly observ-
able and patterns arewell-structured at all the three axial locations.
The relative amplitude of the power spectrum is also nearly iden-
tical for all the three downstream locations. This is because, at such
Fig. 3. Temporal variation of wall temperature at different axial locations for (a) Wo ¼ 0
low pulsation frequency, the flow and thermal fields have sufficient
time to respond according to the imposed disturbances, due to
comparatively low wall thermal inertia. In contrast, for Wo ¼ 3.4,
well-structured fluctuation patterns of local wall temperature are
only observed close to the channel inlet; the corresponding am-
plitudes of wall temperature fluctuation are also less. At far
downstream locations, fluctuations are random and no character-
istic frequency is observed, as evident from Fig. 3(c) and (d). This
occurs mainly because the disturbances created by the imposed
pulsation get attenuated by viscous force of the fluid during its
motion. At the same time, when imposed flow frequencies exceed
the transverse diffusional frequencies, the heater wall will tend to
remain isolated from the thermal disturbances occurring in the
fluid core region.

Fig. 4(aec) shows the axial variation of heater wall temperature
during the first-half cycle (‘off-cycle’ represented by [t1/2]A) and
the second half-cycle (‘on-cycle’ represented by [t1/2]B) for
Wo ¼ 0.8 and corresponding thermograms at various instants. In
Fig. 4(a), one complete cycle is shown with the time instants at
which thermograms and axial temperature profile are reported.
Fig. 4(bec) depicts the IR thermogram and axial temperature
profile for ‘on-cycle’ and ‘off-cycle’, respectively. It can be observed
that during ‘on-cycle’ the fluid flow fully establishes in the heated
zone while in the ‘off-cycle’ the fluid flow essentially stops. In the
entire cycle, heat is continuously coming in by the heated wall and
the channel remains filled up with the working fluid. The
incoming heat gets convected in the ‘on cycle’ by the flowing fluid
.8 (b) Wo ¼ 3.4 and the corresponding FFT (c) Wo ¼ 0.8 (d) Wo ¼ 3.4, respectively.



Fig. 4. (a) Different time instants shown on one complete flow cycle (b) Axial wall temperature at various instants and IR thermograms during ‘off-cycle’ for Wo ¼ 0.8 (c) Axial wall
temperature at various instants and IR thermograms during ‘on-cycle’ for Wo ¼ 0.8.
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but in the ‘off-cycle’, only diffusional heat transfer from the heater
wall to the fluid is possible. As discussed earlier, the thermal
response of the heated wall will depend on the available time
scales for these two processes (axial convection and transverse
diffusion), which eventually is guided by the imposed flow fre-
quency. It can be clearly seen that at lower frequency Wo ¼ 0.8,
wall temperature is high because of its higher residence time in
the heated zone during the ‘off-cycle’. Wall temperature distri-
bution approximately becomes axially constant due to dominance
of diffusion in the fluid. As the uniform heat flux is applied at
heated wall, therefore it is expected that fluid bulk mean tem-
perature will also be approximately axially constant. On the other
hand, during the ‘on-cycle’, when fluid flow starts in the channel,
convection dominates and wall temperature gradually decreases
with the establishment of convective flow and takes the axially
increasing trend as observed in steady uniform heat flux case.

Similarly, axial variation of wall temperature and IR thermo-
gram is presented as shown above in Fig. 5, during the complete



Fig. 5. (a) Axial variation of wall temperature (b) IR thermogram at various time in-
stants of a complete cycle for Wo ¼ 3.4.

Fig. 6. (a) Axial variation of wall temperature for steady and pulsating flow for
Wo ¼ 0.8, 3.4 and 5.9 (b) Corresponding axial variation of time averaged Nusselt
number for steady and pulsating flow.
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cycle for Wo ¼ 3.4. The contrast between Fig. 4(b, c) and Fig. 5(a) is
worth noting. Here, it is observed that effect of diffusion is not
significant because the stop-over time between the ‘off-cycle’ and
‘on-cycle’ is very less as compared to the earlier case of Wo ¼ 0.8. It
is clear from Table 1 that convective time scale is higher than the
imposed time scale, i.e., the fluid particle that enters in the heated
zone cannot cross it completely in one cycle of imposed fluctuation.
Fluid, which is under convection during the ‘on-cycle’, resides in
the heated zone, i.e., fluid particle does not completely come out of
the heated zone during the ‘on-cycle’. Therefore, the effect of
diffusion is insignificant for the higher frequencies. It means that
the flow at higher imposed flow frequencies tends to behave more
closely like a steady flow situation. Qualitatively, similar results (as
for Wo ¼ 3.4) are obtained for the higher operating frequency
(Wo ¼ 5.9) also.

Next, to get the overall picture of imposed pulsations on wall
temperature for the same time averaged flow rate and amplitude
ratio, axial distribution of time-averaged wall temperatures is
plotted for different frequencies in Fig. 6(a). It is observed that for
Wo¼ 0.8, time-averagedwall temperature is higher than the steady
flow. Isothermalization of wall temperature is also clearly visible
here. This is mainly due to the dominance of transverse diffusional
heat transfer (no convective heat transfer) during the ‘off-cycle’,
which cannot be completely recovered by the convective flow
during ‘on-cycle’. Unlike the case ofWo¼ 0.8, axial variation of time
averaged wall temperature is similar to the steady-state tempera-
ture profile forWo ¼ 3.4 and 5.9, i.e., convection is dominant. In the
laminar internal convective flows with uniform wall heating case,
transverse exchange of energy largely depends on near wall
transverse diffusion while convection is dominant in the axial di-
rection. Therefore, pulsating flows can only enhance heat transfer
in systems where transverse exchange of heat is somehow
augmented (For example, turbulent flows or fluids with lower
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Prandtl number are better candidates for getting augmented heat
transfer with pulsating flows-this fact is corroborated by the liter-
ature [30]). Hence, it is seen that, no significant effect of imposed
pulsations is observed on the temperature profile for the present
experiment.

Finally, all the above analysis will be concluded by estimating
the enhancement/deterioration of the time-averaged Nu due to
application of flow pulsations. In Fig. 6(b), axial variation of time
averaged Nusselt number is shown for steady-state and pulsating
flow at all the frequencies. It is observed that time averaged Nusselt
number for Wo ¼ 0.8 is lower than the steady-state value. On the
other hand, forWo ¼ 3.4 and 5.9, Nu shows marginal enhancement
over corresponding steady-state value, as expected.

Next, we compare our heat transfer results with some
comprehensive contemporary studies reported in the literature.
The non-conclusive nature of the reported literature about heat
transfer augmentation by pulsatile flows has been discussed earlier.
Hemida et al. [20] explicitly concluded that no enhancement in the
Nusselt number is possible by imposed flow pulsations, either in
fully developed flow or in thermally developing region. On the
other hand, Brereton and Jiang [31] show that enhancement and
deterioration in mean Nusselt number is conditional, depending on
the flow parameters, as well as the type of the externally applied
pulsating waveform. The results of Hemida et al. [20] and Brereton
and Jiang [31], with the respective flow conditions, are shown in
Fig. 7; for the latter case, the two waveforms resulting in
Fig. 7. (a) Waveform used in Ref. [31] (b) Waveforms used in the present work (c) Deviation
from literature are also plotted along with the present experimental data; Present experimen
amplitude ratio z 0.5, thermally developed) [31]; Hemida et al. (Pr z 5, amplitude ratio z
enhancement and deterioration respectively, is also shown along-
side. The results from the present study are also shown here for a
range ofWo (detailed results and analysis of only three frequencies,
Wo ¼ 0.8, 3.4 and 5.9 were reported earlier, however, several tests
at other Wo were also conducted; this figure provides compre-
hensive data).

The order of magnitude of enhancement obtained in the present
study is comparable to that of Brereton and Jiang [31]. The quali-
tative nature of the waveform from which Brereton and Jiang [31]
got enhancement is also similar to the present waveform. Howev-
er, in contrast to the thermally developed flow of Brereton and Jiang
[31], the present experiments report thermally developing flow.
Below Wo ~1.5, a deterioration in Nu was observed in the present
experiments. From a time-scaling perspective, it is logical to as-
sume that the diffusional and thermal time scale (represented by
the Prandtl number) must interact with the other relevant time
scales which affect the local as well as global time and space
averaged Nu. Unfortunately, a large experimental database of the
explicit effect of Pr on Nu is not available for pulsatile flows,
although analytical/numerical studies of Hemida et al. [20] and
Brereton and Jiang [31] do provide some broad hints. Logical
extension of Fig. 7 ought to include a power law relation between
(Wo$Pr) and Nu. However, this relationshipmay eventually turn out
to be so complex and elusive that Brereton and Jiang [31] conclude
by noting that modeling the Nu as power-law function of Pr is
pointless in transient flows.
of mean relative Nu from steady-state value for different Wo; For comparison, results
t (Pr z 5.5, amplitude ratio z 0.92, thermally developing); Brereton and Jiang (Pr z 7,
0.4, thermally developing) [20].
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4. Summary and conclusions

In this paper, effect of imposed pulsations on laminar thermally
developing single-phase flow and heat transfer in a square mini-
channel is studied. Frequency is the only variable, while ampli-
tude of flow pulsations and average flow Reynolds number are
kept constant. When single-phase flow is perturbed with exter-
nally imposed oscillations at lower frequency of Wo ¼ 0.8
(f ¼ 0.05 Hz), when the diffusional time scale is comparable with
the time scale of imposed fluctuations, convection becomes
insignificant and heat transfer deteriorates. However, for convec-
tion dominant pulsating flow (Wo ¼ 3.4 and 5.9) only marginal
enhancement, having practically no significance for engineering
applications, is observed. In fact, at very low frequency of the flow
pulsation, time averaged heat transfer gets deteriorated. In
essence, during pulsatile flows studied in the present work,
average heat transfer coefficient is related to average flow rate. In
contrast to steady flows where the entire physics of convective
heat transfer can be effectively scaled with Re and Pr, in pulsatile
flows, the relationship of Nu with Pr and Wo is much more
complicated. Universal formulation with simple power law type
correlations seem to be elusive due to complex interplay of
thermo-physical properties and the associated time scales.
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