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a b s t r a c t

In the present work, an experimental investigation of heat transfer enhancement parameters of the oscil-
lating flow heat exchanger using Kurzweg’s and Nishio’s correlations is carried out. An oscillatory axial
movement of fluid is established within the flow tube using piston cylinder mechanism. The experiments
are carried out for seven different frequencies, five tidal displacements and four heat fluxes. It is observed
that at a constant tidal displacement (S), experimental effective thermal conductivity (keff) increases pro-
gressively with frequency (f) up to a maximum and then decreases. The frequency corresponding to peak
keff is an optimum frequency. In addition to this, it is also observed that with increase in S, the point of
peak keff is shifted towards lower frequency. A similar trend is observed for axial heat flux (qa) and con-
vective heat transfer coefficient (h). Based on the dimensional analysis and experimental data, an empir-
ical correlation is obtained for experimental effective thermal diffusivity (aeff) as a function of the
Womersley number (Wo) and the transition number (b). Finally the result shows that, in the oscillating
flow heat exchanger, f, S, Prandtl number (Pr) of fluid, fluid thermal properties to wall thermal properties,
and the ratio of length of cooling tube in heat sink (Lc) to S are primary influencing parameters.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Fluid flow and heat transfer in circular tubes, ducts and chan-
nels is easy to analyze and well established. However, analysis of
heat transfer and fluid flow in oscillating flow is complex in nature
due to the presence of more stringent time and spatial resolution
present within the cycle. In oscillating flow, the flow condition
changes cyclically. This results in near wall velocity overshoot,
where maximum velocity no longer occurs at the center of the
channel. This velocity profile has a significant influence on the heat
transfer characteristics. Researchers have demonstrated that the
oscillating flow heat exchanger has potential to transport heat at
the rate higher than that in a conventional heat pipe. It is capable
of removing heat from a concentrated heat source and spread it
over a large area which is far away from the heat source. In oscil-
lating flow heat exchanger, diffusion of heat in axial direction takes
place by the combined effect of time dependent transverse conduc-
tion coupled with the axial convective heat transfer. However, it is

independent of how oscillations are generated. Since the fluid used
in this type of heat exchanger is not constrained to the saturation
temperature, unlike in case of heat pipe, the flexibility for selection
of a working substance for various applications is greatly
increased. This type of heat transfer method finds applications in
the removal of heat from radioactive fluid without net mass trans-
fer, in processes where, the natural convection process is not pre-
sent and also in cooling of high heat flux generating electronic
gadgets.

Heat transfer phenomena due to oscillating flow are naturally
complex and least understood. Significant studies have been
reported on heat transfer in oscillating flow in the past by various
researchers. Kurzweg and co-workers [1–6] examined enhanced
heat conduction through sinusoidal oscillatory flow in a circular
tube connecting the two reservoirs which were maintained at dif-
ferent temperatures. They observed that the heat transfer enhance-
ment is proportional to the square of the oscillation amplitude and
is a function of tube radius, frequency, Prandtl number and on flow
behavior. Compared to molecular conduction the enhanced axial
diffusion is significantly higher in magnitude because of the high
value of thermal diffusivity. This higher value of thermal diffusivity
corresponds to the point at which thermal diffusion time equals to
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half period of oscillation (p/x) and is represented as Wo2Pr = p.
Where, Womersley number (Wo) is defined as the ratio of oscillat-
ing inertia force to the viscous force. In this condition, there is
enough time for heat to flow in either direction between core to
wall before the temperature reverses. Heat flow as high as
1010 W/m2 may possibly be reached, provided turbulence and vis-
cous heating does not become a problem at high values of tidal dis-
placement and frequencies needed to get this. They experimentally
studied the onset of turbulence in the oscillating flow of water in a
small diameter tube. It is observed that as Wo decreases, the value
of transition number (b), rises above 2000. It is also found that,
with decreasing Wo, flow becomes stable.

Kaviany and co-workers [7–9] mentioned some aspects of
enhanced heat diffusion in the fluid by oscillation and analyzed
the performance of heat exchanger analytically and experimen-
tally. It is observed that, the best condition for largest thermal dif-
fusion is subjected to physical and mechanical constraints. These
constraints include maximum pressure, frequency, channel width,
fluid, channel wall thickness and viscous dissipation. Scotti et al.
[10] described various heat exchanges where an oscillating flow
of primary coolant is used to dissipate an incident heat flux. They
observed that at high frequency, very high effective thermal con-
ductivity is obtained which allows the transfer of heat nearly
isothermally as in a heat pipe. Nishio et al. [11] presented the effect
of physical properties of the working fluid on the heat transfer

enhancement in oscillation induced heat transport. They con-
cluded that the fluids with Pr � 1 are capable of maximizing keff
under optimum condition. With this consideration, water is the
best fluid for such system. Angie et al. [12] observed that keff of
oscillating fluid in a pipe is proportional to the product of the
square root of the oscillation frequency and oscillation amplitude.
Akdag and Feridun [13] proposed correlation for cycle average
Nusselt number for oscillating flow in the vertical annular liquid
column. Walchli et al. [14] in their investigation demonstrated a
numerical modeling approach to predict the performance of a
self-contained, reciprocating liquid cooling system for low form
factor electronic device. The same numerical model is experimen-
tally demonstrated by a self-contained, reciprocating fluid flow
loop.

Mehmet and Mustafa [15] investigated the oscillating flow in
porous media of the steel ball. They observed that the local Nusselt
number increases by frequencies and displacement, whereas,
space average Nusselt number increases by the kinetic Reynolds
number and non-dimensional fluid displacement. Patil and Gawali
[16,17] studied experimentally heat transfer characteristics of
oscillating flow heat exchanger for different frequencies and tidal
displacements. Bagci et al. [18] indicated that, in open cell metal
foam, friction factor for oscillating flow is higher than that in a
steady flow. Wasan et al. [19] developed an experimental appara-
tus and technique to investigate heat transfer in oscillating flow.

Nomenclature

Ac cross-section area of pipe (m2)
Asc pipe outer surface area for cooling region (m2)
a half channel width or d/2 (m)
Cp specific heat at constant pressure (J kg�1 K�1)
d diameter of flow tube (m)
f oscillation frequency (Hz)
h convective heat transfer coefficient (W m�2 K�1)
k thermal conductivity (Wm�1 K�1)
kcu thermal conductivity of copper (Wm�1 K�1)
keff experimental effective thermal conductivity (Wm�1 -

K�1)
keffk theoretical effective thermal conductivity using Kurz-

weg’s correlation (Wm�1 K�1)
keffn theoretical effective thermal conductivity using Nishio’s

correlation (Wm�1 K�1)
Lc length of cooling tube in tube side of shell and tube heat

exchanger (m)
m mass flow rate of shell side cooling water (kg/s)
Pr Prandtl number
P(Wo) ratio of enhanced thermal diffusivity to molecular diffu-

sivity normalized in such way that it is function of Wo
only

Q heat rate (W)
Qout heat output (W)
qa axial heat flux (W/cm2)
Re Reynolds number
r tube radius (m)
S oscillation tidal displacement (m)
T1–T10 temperature at different test points as shown in Fig. 1(a)

(�C or K as stated)
Tc mean temperature of hot water inlet to heat exchanger

(�C or K as stated)
Th mean temperature of copper tube near heater (�C or K as

stated)
Tmcs mean of inlet and outlet temperature of water on shell

side (�C or K as stated)

Ts mean surface temperature of tube of shell and tube heat
exchanger (�C or K as stated)

u velocity component in radial direction (m/s)
Wo Womersley number
Dx distance between heat source and heat sink (m)

Greek symbol
a thermal diffusivity (m2/s)
aeff effective thermal diffusivity (m2/s)
aeffk theoretical effective thermal diffusivity using Kurzweg’s

correlation (m2/s)
aeffkfw theoretical effective thermal diffusivity using Kurzweg’s

correlation by considering thermo physical properties of
fluid and tube wall (m2/s)

aeffn theoretical effective thermal diffusivity using Nishio’s
correlation (m2/s)

af thermal diffusivity of fluid (m2/s)
aw thermal diffusivity of tube wall (m2/s)
b transition number
j constant
m kinematic viscosity (m2/s)
q density of water (kg/m3)
r ratio of thermal diffusivity of fluid to tube wall (af/aw)
s function of r, w, v and Pr (Eq. (14))
v ratio of thermal conductivity of fluid and wall, respec-

tively (kf/kw)
w function of Pr [Pr/(Pr � 1)]
x angular frequency of oscillation (rad/s)

Subscripts
Ex experimental
f fluid
Th theoretical
w wall
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