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ABSTRACT 
Disturbing the flow with a particular pulsating frequency 

alters the thermal and hydrodynamic boundary layer thus 
affecting the inter-particle momentum and energy exchange. 
Due to this enhanced mixing, augmentation in the heat transfer 
is expected. Obviously, the parameters like pulsating frequency 
vis-à-vis viscous time scales and the imposed pulsating 
amplitude will play an important role in the enhancement of the 
heat transfer. Several numerical heat transfer and fluid flow 
studies on pulsating flows have been reported in the literature 
but the conclusions are not coherent. Lack of experimental 
study in hydrodynamics as well as in heat transfer of laminar 
pulsating flows attracts to revisit this problem especially, in 
mini-channels. Technological developments in measurement 
and instrumentation have enabled to experimentally investigate 
the thermo-hydrodynamic study of laminar pulsating flows in 
mini-channels as an augmentation technique for heat transfer. 
In this work, we have undertaken the experimental 
measurements of heat transfer of single-phase laminar pulsating 
flow in square mini-channel of cross-section 3 mm × 3 mm. 
The study is done at two different pulsating frequency 0.05Hz 
and 1Hz (Womersley number, Wo = 0.8 and 3.4 respectively). 
These two values are chosen because velocity profile exhibits 
different characteristic for Wo > 1(annular effect, i.e., peak 
velocity near the wall) and Wo < 1(conventional parabolic 
profile). The heat transfer study has been done in a square 
channel of made on polycarbonate sheet with one side heating. 
Heater (made of SS, 70 microns thin strip, negligible thermal 
inertia) itself is one of the walls of the square channel making 
constant heat flux thermal condition and its instantaneous 
temperature is measured by using pre-calibrated InfraRed 
camera. Fluid bulk mean temperature has been determined by 
energy balance and one K-type thermocouple is also placed in 
the fluid at the outlet cross-section. By using these temporal 
data, space averaged instantaneous Nusselt number has been 

obtained. 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 of same 
time-averaged flow Reynolds number. It is found that the 
change in species transport is either marginal or highly limited 
and is primarily occurring in the developing length of the 
channel/ plate. Enhancement of species transport due to such 
periodic pulsatile internal flows, over and above the non-
pulsatile regular flow conditions, is questionable, and at best, 
rather limited. 

INTRODUCTION  
The fluid flow and heat transfer in pulsating flows are 

encountered in many engineering fields ranging from industrial 
application in heat exchangers, electronic cooling system, pulse 
tube dry cooling systems etc., to biological applications of 
arterial blood flow. The effect of pulsations on the heat transfer 
is an interesting problem to researchers due to its wide 
occurrences in many real time situations as mentioned earlier. 
The fluctuations are sometime inherent in the flow (flow over 
tube bundles where vortex shedding from the leading tube 
induces fluctuations for subsequent tubes) or it can be 
superimposed externally on the steady flow (Pulse jet cooling). 
Now-a-days cooling requirements are significantly increasing 
due to the miniaturization of the engineering devices. MEMS 
and Bio-fluidic systems are also gaining popularity. 

Several researchers have been working towards finding the 
insight of the pulsatile flows from early decades of last century. 
In 1929, Richardson and Tyler [1] measured the velocity profile 
of the pulsating flow in tube of different cross sections and 
sizes and found the “annular effect”. They observed that the 
maximum velocity occurs near the wall and not at the center of 
the pipe. Womersley [2] obtained the drag in pulsating pipe 
flow due to pressure gradient. In 1956, Uchida [3] obtained an 
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analytical solution of the velocity profile for the pulsating flow 
in a tube and confirmed the “annular effect”. In this solution, 
phase lag between velocity and pressure gradient was also 
observed and it was found that lag increases with frequency 
and asymptotically reaches to 90° after a threshold frequency.  

Siegel and Perlmutter [5] had 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 axial fluctuations. In other 
subsequent studies [6-11], hydrodynamic “annular effect”, 
phase lag and periodic axial fluctuation of temperature and heat 
transfer were confirmed. But Seigel [12] argued that, for forced 
convection in slow laminar flow in a channel, oscillations 
reduced the heat transfer coefficient. Cho and Hyun [13], 
numerically investigated the effect of pulsation in a pipe using 
laminar boundary layer equations. They observed that at the 
fully developed downstream region, Nusselt number may 
increase or decrease depending on the frequency parameter. 
Kim et al. [14] studied the thermally developing but 
hydrodynamically fully developed channel flow and isothermal 
channel wall. They showed that flow pulsations hardly affected 
the thermal behavior. Guo and Sung [15] have observed that for 
small amplitudes, heat transfer gets augmented within a band of 
operating frequency but at higher amplitudes, heat transfer is 
always augmented. Hemida et al. [16] observed that pulsations 
produce little change in heat transfer, this being always 
negative. This small change is limited to the thermally 
developing region only. Yu et al. [17] and Chattopadhyay et al. 
[18] observed no change in time-averaged Nusselt number due 
to pulsations. Mehta and Khandekar [20] presented the 
numerical study of hydrodynamics and heat transfer of 
pulsating flows by applying sinusoidal velocity profile at the 
inlet and it was observed that pulsations hardly effect the heat 
transfer. 

The above literature review 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 over the 
original steady flow. Unfortunately, the literature provides 
diverging answers, i.e (a) pulsations enhance heat transfer [19]; 
(b) it deteriorates the heat transfer [16]; (c) it does not affect the 
heat transfer [5, 17, 18, 20]; (d) it either increases or 
deteriorates the heat transfer depending on imposed parameters 
[14, 15]. The literature also lacks in experimental data. Thus, to 
clarify the present situation, systematic experimental studies are 
required.  
We have therefore attempted to experimentally investigate heat 
transfer with flow pulsations of laminar thermally developing 
flow in a horizontal square mini-channel of cross-section 3 mm 
× 3 mm under constant heat flux condition as shown in Figure 
1. Pulsating frequency values used in the experiments are 0.05 
Hz and 1 Hz while amplitude ratio (A) is fixed at 0.6. Study is 

performed at fixed average Reynolds numbers of 170. The non-
dimensional frequency parameter are the Strouhal number (St) 
and Womersley number (Wo); the former only includes 
geometric and frequency parameter while the latter includes 
transport properties too.  

NOMENCLATURE 
A amplitude ratio (U/Uav) (-) 
Bi Biot number (h.Lc/kw) (-) 
D diameter (m) 
f frequency of pulsation (Hz) 
Fo Fourier number (α.t/Lc

2) (-) 
h heat transfer coefficient (W/m2-K) 
k thermal conductivity (W/m-K) 
L length of domain in axial direction (m)  
Nu Nusselt number (h.Dh/k) 
Pr Prandtl number (υ/α) 
q˝ heat flux (W/m2) 
Re average Reynolds number (Uav.Dh/υ) 
St Strouhal number (f.Dh/Uav) 
t time (s) 
T temperature (K) 
u axial velocity (m/s) 
Wo Womersley number (d.(ω/υ)0.5) =(2π.St.Re)0.5 
z axial length (m) 
Z non-dimensional axial length (z/Re.Pr.Dh) (-) 

GREEK SYMBOLS 
α thermal diffusivity (m2/s) 
υ kinematic viscosity (m2/s) 
ω angular frequency (rad/s) 
θ time period (s) 

SUBSCIPTS 
c characteristic 
f fluid 
h hydraulic, hydrodynamic 
in inlet, instantaneous 
r relative 
s steady state 
t transient/ unsteady component 
ta time averaged 
w wall 
* dimensional quantity 

EXPERIMENTAL DETAILS AND DATA REDUCTION 
The schematic and dimensional detail of experimental 

setup is shown in Figure 1. Constant temperature de-ionized 
and de-gassed water from thermal bath (Make: Julabo® F34 
ME, accuracy ± 0.1 K) is supplied in the square mini-channel. 
An electronic L- series water flow meter (Make: Cole- 
Parmer®) is used to measure the transient flow rate. Time 
response of the flow meter is 20 ms. Solenoid valves V1 and 
V2 (Make: Burkert®) are used to provide the pulsation in the 
flow field. Solenoid valves are operated through electronic  
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timer to achieve different frequency in the flow field. The 
pulsed flow 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 square waveform.  A pre-
calibrated The IR camera used (Make: FLIR®, Model: SC4000; 
Indium Antimonide detector array) has an operational spectral 
band of 3-5 µm, 14 bit signal digitization and a Noise 
Equivalent Temperature Difference of less than 0.02 K at 30°C 
is used to measure the wall temperature. ThermaCAMTM 
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 which give a spatial 
resolution of 330 microns in the axial z-direction and 375 
microns in the transverse y-direction. 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 outlet, 
respectively. These acquisitions are also done at 20 Hz. 

The time averaged Nusselt number is calculated as 
follows: 
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wT  = local wall temperature at any given location along the z-

axis, averaged along the direction of y-axis. 

b
T = local bulk temperature determined by assuming linear 

variation from inlet temperature to outlet thermocouple 
temperature. 
Non-dimensional temperature can be determined as: 
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RESULTS AND DISCUSSION 
In this section, effect of pulsation on the heat transfer is 

presented. The pulsations are generated by using solenoid 
valves hence the flow pattern in the channel follows the square 
waveform as shown in Figure 2. As the thickness of the heated 

wall is 70 microns, Biot number Bi = hLc/kw << 0.004, i.e, 
there is no temperature gradient exist in transverse direction.  

Figure 2 Imposed flow waveform for Wo = 0.8 and 3.4 

Table 1 Time scales for different frequencies 

Time scale (s) Wo = 0.8 Wo = 3.4 

Diffusion in fluid, D2/α 64 64 
Time period, 1/f 20 1 
Convective time, Lh/Uav 1.875 1.875 

Diffusion in solid, Lc
2/α 0.001 0.001 

 

Fourier number Fo = α.t/Lc
2, for both the frequency values 

discussed here are 20000 and 1000 respectively. It means that 
imposed flow disturbance can be successfully captured in the 
thermal field. To validate this, frequency contained in the flow 
is revoked from the wall temperature acquired by IR 
Thermography and fluid thermocouple data. In Figure 3 and 4, 

Figure 1 Schematic and dimensional details of experimental 
set-up 
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FFT of the flow, wall and fluid temperature data has been 
shown  

for both the frequency value. It is clearly observed that thermal 
inertia in the solid wall is negligible to die out the effect of 
flow.  

Figure 4 FFT plots for Wo = 3.4 (frequency = 1 Hz) Figure 3 FFT plots for Wo = 0.8 (frequency = 0.05Hz) 
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Due to transient nature of the flow, different time scales are 
involved which govern the thermal field pattern. These time 
scales are fluid diffusion time scale D2/α, Time period 1/f, 
Convective time scale Lh/Uav and Solid diffusion time scale 
Lc

2/α. The values of these time scales are shown in Table 1 for 
Wo = 0.8 and 3.4. Here, from Table 1, it can be seen that for 
Wo = 0.8 and 3.4, diffusion in fluid and solid is quite fast i.e, 
whatever disturbances imposed in the flow field, is instantly 
diffused in throughout the solid and fluid domain. For Wo = 
3.4, convective time scale is higher than the time period of 
imposed fluctuation i.e., heated zone is not completely renewed 
by fresh fluid particle in up phase while for Wo = 0.8, during 
up phase the fluid flow establishes fully in the heated zone. But 

at the same time, in down phase the fluid stays in the heated 
zone for long period which will increase the wall temperature 
because heat is only transferred by diffusion.  

Figure 5 Instantaneous wall and fluid temperature for Wo 
0.8 and 3.4 

Figure 6 Wall temperature at various instants of a complete 
cycle for Wo = 0.8 and 3.4 
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Figure 5 shows the instantaneous wall and fluid temperature at 
outlet for Wo = 0.8 and 3.4. It can be clearly seen that for Wo = 
0.8 wall temperature is higher because of its higher residence 
time in the heated zone in the down phase. Figure 6 (a) and (b) 
shows the axial variation of wall temperature during up and 
down phase for Wo = 0.8 respectively. It has been noticed that 
initially when flow starts during the up phase, axial temperature 
is very high and as flow progresses it quickly comes down. 
The wall temperature profile is qualitatively similar as 
convective flow for constant heat flux condition. On the 
contrary, during the down phase wall temperature becomes 
approximately constant for throughout the channel length and it 
increase with the time. This is due to the diffusion in the 
stationary fluid in the heated zone. Figure 6 (c) shows the axial 
variation of wall temperature for Wo = 3.4 for a complete 
cycle. Here, axial temperature distribution is qualitatively 
similar as internal convective flows. It does not exhibit the 
axially constant temperature pattern during the down phase 

because of the comparable convective and diffusion time 
scales.  

To get the overall picture of pulsation on wall and fluid 
temperature, axial distribution of time-averaged temperatures is 
plotted in the Figure 7 (a) and (b) for Wo = 0.8 and 3.4 
respectively. Figure 7 (a) shows the time averaged axial 
temperature profile of pulsating and steady flow for Wo = 0.8. 
It is observed here that wall temperature is higher in the case of 
pulsating flow than the steady flow. It is also interesting to note 
that pulsating flow axial temperature profile is moving towards 
constant temperature like the case, when heat is axially 
conducted in solid from high temperature to low temperature. 
This is mainly due to the dominance of diffusion in the down 
phase which cannot be completely recovered by the convective 
up phase. In this case, the axial variation of the fluid 
temperature will not be linear. Unlike the previous case, for Wo 
= 3.4, axial variation of time averaged wall temperature is 
similar as steady state temperature profile. It can be seen from 
Figure 7 (b) that pulsations hardly effect the heat transfer 
process. 

Finally all the above analysis will be concluded by 
enhancement/deterioration of the time averaged Nusselt 
number due to application of pulsation over a steady flow. In 
Figure 8, axial variation of time averaged Nusselt number is 
shown for both the frequency. For comparison, corresponding 
steady state Nusselt number is also plotted.  

As has been noted earlier that for Wo = 0.8, the fluid 
temperature will be nonlinear, thus it cannot be evaluated by 
the energy balance as done in pure internal convective flow. 
But due to unavailability of any other method to find out the 
fluid bulk temperature, here, Nusselt number has been 
calculated by assuming linear variation. This will incorporate 
the large error quantitatively as well as qualitatively. 
Quantitatively, this assumption will over predict the time 
averaged Nusselt number for Wo = 0.8. But for Wo = 3.4, 

Figure 7 Comparison of axial variation of pulsating and 
steady state wall temperature for Wo = 0.8 and 3.4 

Figure 8 Axial variation of time averaged Nusselt 
number 
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linear variation of the fluid temperature will be valid. In Figure 
8, it is observed that time averaged Nusselt number for Wo = 
0.8 is lower than the steady state value, as value is over 
predicted, in reality the heat transfer coefficient is smaller than 
what is shown here. On the other hand, for Wo = 3.4, Nusselt 
number shows slight enhancement (at most 10%) over steady 
state value. This marginal change in the Nusselt number is 
within the experimental uncertainty band i.e., it can be 
concluded that pulsations does not affect the heat transfer over 
steady state continuous flow. 

SUMMARY AND CONCLUSIONS  
In this paper effect of imposed pulsations on laminar 

thermally developing flow heat transfer in a square channel is 
studied. Frequency is the only variable, while amplitude and 
average Reynolds number are kept constant. It is found that, 
frequency does not have any significant effect on the heat 
transfer within the range tested in this present work. In fact, at 
very low frequency heat transfer is deteriorated. 
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