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Available online 29 April 2016 In this paper, swirlingflowboiling of a dilute nanofluid (water and 0.1 vol%Fe3O4) in an annuluswith a twistedfin
on the outside of the inner wall in the presence of transversemagnetic gradient has been numerically investigat-
ed, using a two fluid model and a control volume technique. The results indicate that, in the boiling of swirling
flow, the rate of the heat transfer increases. This phenomenon can be attributed to the effect of centrifugal
force on the liquid phase flow and also reduction of the conductive sub-layer thickness that exists on the heated
wall. The effects of improved surface wettability induced by nanoparticle deposition during the boiling process
are accounted. The results demonstrate that the modified liquid property due to the existence of nanoparticles
in the liquid has a negligible effect on the boiling heat transfer performance with dilute nanofluids while the im-
proved surface wettability plays an important role and leads to reduction of the void fraction and consequently,
an increase of critical heat flux. Applying a transversemagnetic field causes augmentation of the centrifugal force
and results in increased flow turbulence. Furthermore, in the presence of the magnetic field due to magnetic
force, the bubble departure diameter is reduced and bubble detachment occurs faster. Therefore, the critical
heatfluxwill be increased. Swirlingflow boiling in the presence ofmagneticfield is strongly suggested in devices
requiring high heat transfer rates.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Boiling heat transfer is a mode of heat transfer that occurs with a
change in phase from liquid to vapor. Because of the very high heat
transfer rate in boiling, it has been used to cool devices requiring
high heat transfer rates. But this kind of the heat transfer has a
limitation which is known as the critical heat flux. The critical heat
flux condition is known by a sharp reduction of the local heat
transfer coefficient and a sharp increase in surface temperature,
which results from the replacement of liquid by vapor adjacent to
the heat transfer surface.

Many different techniques have been considered for increasing
the rate of heat transfer in forced convection and consequently in-
creasing the critical heat flux. Swirling flow, using nanofluid as
the working fluid and also applying an external magnetic field
have been used in this study for investigating heat transfer
enhancement.

Swirl flows are used in different modern technologies. The use of
flow swirling is mainly aimed at heat transfer enhancement in power-
engineering equipment, chemical technologies, and different industrial
facilities [1]. In the literature, there are many studies that investigated
the hydrothermal behavior of swirling flow and several correlations
have been presented for evaluating the convective heat transfer coeffi-
cient and friction factor [2–4]. Gambill et al. [5,6] were the first to
study the effect of flow swirling on heat transfer and its effect on the
critical heat flux. They reported high CHFs, for water and ethylene gly-
col. Boscary et al. [7] experimentally investigated the CHF of water
subcooled flow in swirl tube. Their experimental results are reasonably
well predicted by a correlation proposed by Celata et al. [8]. Akhavan-
Behabadi et al. [9] reported heat transfer enhancement and pressure
drop characteristics during swirl flow boiling of R-134a. It should be
noted that, in all of these investigations swirling flow is promoted by in-
sertion of a twisted tape in the circular tube.

Nanofluids are colloidal suspensions engineered by dispersing nano-
sized particles in traditional heat transfer fluids such as water and re-
frigerants. Already, there have been significant amount of studies on
the effects of nanofluids on the boiling characteristics. Most of them in-
vestigated critical heat flux. Vafaei et al. [10] experimentally investigat-
ed the CHF of subcooled flow boiling of alumina nanofluid in a
horizontal microchannel. The experiment showed an increase of 51%
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in critical heat flux under very low nanoparticle concentrations (0.1
vol%). It was found in their studies that nanoparticle deposition and a
subsequentmodification of the boiling surface are common features as-
sociated with nanofluids, which should be responsible for the different
boiling behaviors of nanofluids. Kim et al. [11] conducted CHF experi-
ments using water based alumina, zinc oxide and diamond nanofluids.
The results indicated that CHF values of nanofluids were enhanced by
up to 40–50%, always obtained at the highest mass flux.

The effects of externalmagneticfield on thermomagnetic convection
of ferrofluids, which are special types of nanofluids, have been docu-
mented extensively by many researchers [12–16]. They presented that
magnetizing force affects heat transfer rate and a strong magnetic
field can control of magnetic convection of ferrofluids. For instance,
Aminfar et al. [14–16] investigated the effects of different magnetic
field on single-phase heat transfer characteristics of ferrofluids. Their

results demonstrated the strong magnetic field effects on single-phase
hydro-thermal behavior. Recently, the subject of boiling flow of
ferrofluids under the effects of a magnetic field has been interested.
Aminfar et al. [17] also conducted experimental studies on the effect
of magnetic field on critical heat flux of ferrofluid flow boiling. The
obtained results indicated that applying magnetic field caused an
enhancement in CHF values of both pure water and ferrofluids. They
attributed this phenomenon to changing water properties under the
action of a magnetic field, single-phase convection heat transfer en-
hancement, suppression of nucleate boiling, and stabilization of boiling
flow.

The above-mentioned sparse investigations of flow boiling of the
ferrofluid under the influence of magnetic field are limited to boiling
flow of the ferrofluid in a straight channel. These investigations don't in-
clude studies of the characteristic of swirling flow boiling and effects of
centrifugal force in the presence of amagneticfield. Themain aimof this
paper is to investigate swirling flow boiling of a water based ferrofluid
numerically under the effect of a non-uniform transverse magnetic
field.

1.1. Problem description

In thefirst part of the present study, the influence of centrifugal force
on flow boiling is investigated. For this purpose, flow boiling of the
ferrofluid in a vertical annulus with three different heights of twisted
fins on the outside of the inner wall has been considered and the results
compared with the flow boiling in an annulus without fins and, finally,
the height of the fin that from the aspect of the heat transfer perfor-
mance, is more effective will be selected. These geometries are shown
in Fig. 1 and their dimensions are summarized in Table 1. In the second
part of this work, the effects of magnetic field on swirling flow boiling
are investigated. As seen in Fig. 2, the applied magnetic field results
from a wire of current, which is located parallel with the longitudinal
axis and is also located in the center of the annulus. The working fluid
is a dilute ferrofluid (water and 0.1 vol% Fe3O4) and the properties of
the fluid studied and the particles are presented in Table 2. It should
be noted that after selecting the desired geometry, deposition of nano-
particles have also been considered.

1.2. Governing equations

As already noted, the magnetic field is due to the electric current
flowing through the wire, so the components of the magnetic field are
given by [18]:

Hx x; yð Þ ¼ I
2π

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p ð1Þ

Hy x; yð Þ ¼ −
I
2π

yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p ð2Þ

and the magnitude of the magnetic field intensity, is as follow:

H x; y; zð Þ ¼ H x; yð Þ ¼ I
2π

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p : ð3Þ

The effects of magnetic field on the viscosity and the thermal con-
ductivity of the ferrofluid are considered negligible for this problem.
Also, it is supposed that the flux of nanoparticles in the ferrofluid due
to magnetophoresis and imposed temperature gradient [15] is negligi-
ble. In the present investigation for simulation of multiphase flow, the
Eulerian–Eulerian model, which is known as the two-fluid model, has

Nomenclature

Alv interphase contact area (1/m)
AQ wall fraction influenced by nucleating bubbles
cp specific heat capacity (J/KgK)
db bubble mean diameter (m)
dbW bubble departure diameter (m)
f frequency (1/s)
f D
�!

drag force (N)
f L
!

lift force (N)
f W
�!

wall lubrication force (N)
f TD
�!

turbulent dispersion force (N)
f VM
��!

Virtual mass force (N)
Hlv difference between specific enthalpies (J/Kg)
hC liquid single-phase heat transfer coefficient (W/m2K)
H
!

magnetic field vector (A/m)
Hx magnetic field intensity component in x direction (A/m)
Hy magnetic field intensity component in y direction (A/m)
I Electric intensity(=75 A)
kl liquid thermal conductivity (W/m K)
kB Boltzmann constant (=1.3806503 × 10−23 J/K)
L Langevin function
M Magnetization (A/m)
mp particle magnetic moment (Am2)
Na active nucleation site density(1/m2)
qT total heat flux (W/m2)
qQ quenching heat flux (W/m2)
qC single-phase convection heat flux (W/m2)
qE evaporation heat flux (W/m2)
ri inner radius (m)
ro outer radius (m)
T temperature (K)
u velocity (m/s)

Greek symbols
α void fraction
ρ density (Kg/m3)
μl liquid dynamic viscosity (Kg/m s)
μ0 magnetic permeability in vacuum (=4π×10−7T m/A)
μB Bohr magneton(=9.27×10−24Am2)
ξ Langevin parameter

Subscripts
b bubble
l liquid
m mean
v vapor
p particle
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