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The flow and heat transfer characteristics in the corrugated tube mainly depend on flow
parameters and geometric configurations of the tube, such as corrugated cross-section,
corrugated angle, corrugated arrangement, corrugated pitch and depth, pulsating flow
frequency, coolant types, and Reynolds number. This paper presents the pulsating
thermal characteristics of ferrofluid flowing in the fluted tube using the de-ionized water
and 0.015% by volume as working fluid flowing in the test section. Eulerian two-phase
turbulence model validation has been performed in both steady and pulsating flow. The
finite volume approach discretizes the Eulerian two-phase model. Numerical results
indicate that the longitudinal and transverse secondary flows are induced differently via
the pulsating flow. The heat transfer characteristics of pulsating fluid flow are
significantly larger than that of continuous fluid flow. A higher pulsating frequency
induces a heat transfer enhancement. However, pulsating flow increases pressure due
to more flow complexity and rough augmentation. Due to the disturbed fluid flow and
higher swirling motion, the heat transfer augmentation increases and corresponds with

the published results.

1. INTRODUCTION

Heat exchanger technology has been interested in growing
in the various thermal systems and is the major component of
household applications, including heating and air conditioning
systems. Energy consumption control is required for many
systems. As more than 90% of thermal energy in thermal
systems transits within heat exchangers, their optimization has
become mandatory. The common heat transfer performance
improvement is the fluid velocity manipulating inside the
system or inserts in the case of turbulent generators. Passive
techniques focus on the flow characteristics inside tubes and
the modified tube surface with different configurations and
sometimes combined roughness and surface extension. In
contrast, the active methods concentrate on the modified
mixing level. The tube’s surface vibration significantly affects
the heat transfer enhancement. Fluid vibration can be
extensively investigated in both air and liquid as coolant, and
most of the previous studies had been performed by Naphon
et al. [1-12]. They studied the thermal performance
improvement of the relevant devices with different methods:
Passive, active, and combined methods. However, the thermal
conductivity modification of coolant has significant effects on
the thermal performance of the helical tubes [13-15], the
helically coiled tuber [16], the corrugated tube [17], and a
spirally corrugated tube [18]. Next, Wang et al. [19]
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considered the grooved pitch on the thermal performance via
nanofluid as a coolant. Besides, magnetic field and nanofluid
on the thermal cooling efficiency [20] and xanthan gum [21]
as coolants have been investigated. Next, the thermal
distribution and flow behaviors flowing through the
corrugated tube have been analyzed via the finite element
method [22-23]. Some works focus on the flow and thermal
distributions for the thermal system with corrugated channels.
The temperature and flow behaviors of working in the channel
with different geometrical dimensions have been investigated
[24-28]. Besides, different flow configurations have been
studied [29-34]. Some papers recently considered the porous
fin configuration's effect on the fluted tubes' performance [35-
38]. Hojati et al. [39] studied the heat transfer in the inclined
groove tube and entropy generation in the spirally corrugated
pipes [40] using refrigerant as a working fluid.

Besides, many works considered the pulsating fluid flow
behaviors of the various thermal devices. Yang et al. [41]
investigated the inlet vapor quality of an evaporator's two-
phase flow pattern of R134a. Some works presented the
transient fluid flow in the ribbed channels [42], in a manifold
microchannel heat sink [43], and a rectangular channel [44].
Next, Bizhaem et al. [45] investigated the pulsating thermal
improvement in the coiled tube, pulsating flow FC-72 heat
transfer enhancement [46], and the heat transfer behaviors in
the engine [47]. Xu et al. [48] considered the pulsating GOPs-


https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.090512&domain=pdf

water flowing in a microchannel and a ribbed channel [49].
Kurtulmu and Sahin [50] presented the fluid and temperature
distributions in the sinusoidal channel. Next, Davletshin et al.
[51] studied the heat transfer of steady and pulsating air
flowing through a spanwise rib. Recently, Hoang et al. [52]
applied the LES method under pulsating inlet conditions to
consider flow characteristics in a channel embedded with V-
sharp. Next, Mucci et al. [53] numerically investigated
pulsating flow behaviors inside the heat pipes. For the
experimental study, the most transient nanofluid flowing
through in the various flow channel configurations are
analyzed [54-60].

As outlined above, many papers have concentrated on the
flow and heat transfer characteristics in corrugated tubes with
different types of nanofluid. Almost works have been
performed based on the experiment with continuous flow,
while the pulsating heat transfer and flow behaviors flowing
the corrugated tubes are still limited. The experiment cannot
be analyzed and/or predict the flow behaviors near the
boundary layer zone of the corrugated tube, which results in
the heat transfer enhancement, while the computational study
can be performed to find better the heat transfer and flow
behaviors. The previous works [54-60] experimentally studied
the pulsating heat transfer characteristics using nanofluid
flowing in the spirally coiled tube [54, 55], in the corrugated
tubes [56], in the micro-fin tube [57], and in the fluted tube [58,
59]. While the flow and heat transfer characteristics of
nanofluid flowing in the fluted tube for the continuous flow
are predicted by Siricharoenpanitch et al. [60] and compared
with the measured results [58, 59]. However, they do not
consider the flow behavior for the pulsing flow. Therefore, the
current work is continuously performed from those studies
[54-60] in which the numerical analysis of pulsating ferrofluid
flows in the fluted tube. As the results from the previous work
[5] show, the Eulerian two-phase turbulent modeling gives the
highest accuracy compared to the measured data. Therefore,
the two-phase model is used to evaluate the temperature
behaviors of ferrofluid with different pulsating flow
frequencies flowing through the fluted tube, which the
obtained are validated with the experimental results [59, 60].

2. MATHEMATICAL MODELING
2.1 Defining the model

The physical models in this study are shown in Figure 1.
The tube's length is 60.00 and 10.70 mm for the tube diameter,
and the details of the system are shown in Table 1. The
nanofluid is a homogeneous mixture with 0.015% by volume
concentration. The constant power input at the outer wall of
the corrugated tube is kept constant at 136 W. In order to
simplify the numerical model process, some assumptions are
listed as follows: (1) The nanofluid is a homogeneous mixture,
(2) The steady flow of the incompressible fluid is considered,
(3) There are no interaction or phase changes in the nanofluid,
(4) The viscous dissipation term is excluded, (5) The
thermophysical characteristics are temperature independent,
and the pressure at the tube outlet opens to the atmosphere.

2.2 Main governing equations

Mathematical models are performed with ferrofluid as
coolant flowing into the fluted tube with different details
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(Table 1 and Figure 1). The governing equations are presented
as a separate phase [61, 62]. Flow and heat transfer behaviors
of each phase (Eulerian two-phase flow model) are described
using the following equations:
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Figure 1. Test section configuration in the present analysis

Table 1. Details of the test sections

Helical Helical

Tubes Coolants depth (mm) _pitch (mm) Symbols
Smooth Water 0 #1
Smooth  Ferrofluid 0 0 #2

Fluted o ofiuid 05 10 #3

tube

Fluted o ofiuid 1.0 10 #4

tube

Flued o ofluid 15 10 45

tube

Flued o ofluid 05 20 46

tube

Fluted o ofiuid 1.0 20 47

tube

Fluted o ofiuid 15 20 48

tube

Flued o ofiuid 05 30 #9

tube

Flued o ofiuid 1.0 30 #10

tube

Fluted o ofiuid 15 30 #11

tube

Due to the small size of the nanoparticles and the very lean
nanofluid concentration for this study, the lift force is excluded.
The importance of the different terms (drag, virtual mass, and
particle-particle interaction force) in the momentum equation
is discussed and considered in the work [63]. Drag force
interaction of nanofluid (the base fluid and the nanoparticles)
is only considered and can be determined from the following
equations:
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The Eulerian model used in this study with the mentioned
above assumption is presented as follows;
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Table 2 shows the properties of the Fe;O4nanoparticles. The
published correlations [64-67] are used in the calculated
ferrofluid (Fe;Os/water nanofluid) properties as follows;

tnf = (1+2.5¢ )14y (19)
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Figure 2. (a) Grid configuration for the numerical analysis
and (b) selected reference positions to illustrate the results

Table 2. Thermophysical properties of water, Fes04 (25°C)

Properties Fe304
Density, p (kg/m?) 5180
Thermal conductivity, k (W/m°C)  80.4
Viscosity, u (mPa S) -
Specific heat, €, (J/kg.K) 670
Purity, (%) >99.9
Average diameter, (nm) 23

2.3 Boundary conditions

The boundary condition values of the system for the
calculation processes are listed as follows:

Inlet: The sinusoidal function sets the inlet velocity
magnitude under pulsating flow conditions.

Vin = Vo +Agsin(2zfy -t) (23)
where, A, is the non-dimensional pulsating amplitude. Three
different values are used for the A4, variable in the velocity
equation the inlet of the channel (4,= 0.2-1.0) and f; the
pulsating frequency (10, 20, 30 Hz).

- Outlet: Pyye = Pympi

- Outer wall: q = q;y,

- Inner wall: no-slip condition

- Outer wall: the constant power input = 136W.

Ansys Fluent commercial software is applied to solve all
pulsating flow conditions in the simulation process. The high-
order discretization accuracy has been used to solve the
pressure-velocity coupling problem. It is essential in the
numerical procedure for the boundary layer zone. Therefore, a
non-uniform mesh generates finer mesh for this zone, as
shown in Figure 2 (a). The numerical method is calculated



under uniform heat input (136W) and 10, 20, and 30 Hz
pulsating flow frequencies. The root means square of the
residual parameter is below 107,

2.4 Grid independent test

The grid independence check in the numerical procedure is
performed on the different grid sizes. This method can be done
by changing the number of nodes of the model and simulating
while the other relevant parameters are kept constant. The
number of nodes is changed from coarse mesh to fine mesh
(481,000, 615,000, 670,000), as shown in Figure 3. The
changing of outlet coolant temperature depends on the number
of nodes, and the different outlet temperature obtained from
the grid numbers = 615,000 and 670,000 is less than 1%. This
means that the predicted results are independent regarding the
grid number value higher than 615,000. Therefore, the results
obtained from the grid number = 615,000 is sufficient in the
numerical process. Meanwhile, the computer system used in
the numerical analysis has processor cores = 18 and RAM =
96 GB of memory for the calculation process.

1.81E+05 6.1SE+05 G6.7TE+05 B.19E+05 1.06E+06

Number of element

Figure 3. Grid independent test

3. RESULTS AND DISCUSSION

The two-phase turbulent model is applied to solve ferrofluid
flow in the fluted tubes, as shown in Figure 1. Sinusoidal time-
dependent velocity V;,, =V, + Asin(2nf, - t) and the inlet
uniform temperature are set for the inlet condition, in which
the tube's length and diameter are 60.00 and 10.70 mm,
respectively.  The  sinusoidal  time-dependent flow

characteristics used in the numerical study for pulsating flow
conditions for different pulsating frequencies are shown in
Figure 4.

Fluid flow rate (LPM)
- ]

time (=)

Figure 4. Variation of coolant flow rate for different
pulsating fluency

The results (pulsating flow conditions) are validated by
simulating them under the same conditions as the measured
data from Siricharoenpanitch et al. [59, 60]. The same test
section, coolant flow rate condition, and power input are
selected with the same solver setting. The predicted results are
compared at three different test sections and two different
coolant types, as shown in Table 3. The comparisons are well-
matched with the measured data [59, 60] and give a maximum
error of 6.80% (Table 3). In addition, the measured data [59,
60] have been verified with those from the correlations.
Moreover, they confirm the predicted results [59] for the
continuous flow conditions.

As shown in Table 1, the computational domain is the fluted
tube with a length of 60 mm and 10.70 mm in diameter and
with two coolant types (water and ferrofluid) under constant
power input (136 W). The different positions along the fluted
tubes used in the presented results are shown in Figure 2 (b).

Figure 5 shows the temperature distributions in the plain
tube for water and ferrofluid continuous flow. The temperature
distributions from those are similar. However, the temperature
gradient (the central zone and near the tube wall zone) for
ferrofluid as coolant is less than for water. The thermal
properties of ferrofluid are more significant than that of water.
This results in a higher heat transfer capability. This means
that the temperature gradient for ferrofluid is lower than for
water, as shown in Figure 5. The result trends also correspond
with the measured data from [59, 60].

Table 3. Comparison between the predicted results for pulsating flow with the measured data [60]

Coolant temperature (°C) at x=150 mm

Fluted tube Coolants Measured data Predicted results % Errors
Helical depth=0.5 mm, helical pitch=10 mm Water 21.23 21.55 1.54
Helical depth=1.0 mm, helical pitch=10 mm Water 21.56 21.78 1.02
Helical depth=1.5 mm, helical pitch=10 mm Water 21.87 22.43 2.53
Helical depth=0.5 mm, helical pitch=10 mm  Ferrofluid 23.03 24.65 6.80
Helical depth=0.5 mm, helical pitch=20 mm  Ferrofluid 22.45 23.87 6.13
Helical depth=0.5 mm, helical pitch=30 mm  Ferrofluid 21.89 22.13 1.09
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Figure 5. Temperature distribution in the smooth tube for
(A) water, and (B) ferrofluid
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Figure 6. Temperature distribution of ferrofluid in the
smooth tube and fluted tube with helical pitch=30 mm for
(A) smooth tube, (B) helical depth=0.5 mm, (C) helical
depth=1.0 mm, and (D) helical depth=1.5 mm

Figure 6 shows the temperature distribution of ferrofluid for
continuous flowing inside the tube with different
configurations. A higher tube wall temperature for the plain
tube is obtained compared with the fluted tube. Therefore, the
heat transfer capability is larger than the plain tube. Due to the
swirling flows by the corrugated surface, the mixing level for
the fluted tube is higher than that for the plain tube, which a
higher for increasing helical depth. Therefore, the temperature
difference between the main flow at the central zone and fluid
near the tube wall zone for a fluted tube is less than for a plain
tube, as shown in Figure 6. In addition, decreasing helical pitch
increases the mixing level, resulting in lower temperature
gradients, as shown in Figure 7. Besides, the predicted results
correspond to the measured data [59, 60].

B)

)

Figure 7. Temperature distribution of ferrofluid in the
smooth tube and fluted tube with helical pitch=10 mm for
(A) smooth tube, (B) helical depth=0.5 mm, (C) helical
depth=1.0 mm, and (D) helical depth=1.5 mm
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Figure 8 shows the coolant temperature variation along the
tube length at R=4.5 mm. The larger coolant temperatures are
obtained at a higher distance from the entrance for all cases. It
is seen that the oscillations of the temperature are not found
for the continuous flow condition in the plain tube. However,
the temperature of ferrofluid is more prominent than those of
water. This is caused by higher thermal conductivity values on
the heat transfer enhancement. However, the oscillation
temperature level in the fluted tube is more than in the plain
tube. This may be due to the corrugated ribs significantly
impacting the turbulent mixing level. Moreover, the
streamlines for ferrofluid flowing in the fluted tube with
pulsating flow conditions are more prominent peak oscillation
due to the fluted ribs and pulsating flow and have an effect on
the temperature oscillation peak (Figure 8).

Pulsating ferrofluid flow in fluted tube

5
[N
o

Temperature (°C)

S

Continuous water flow in plain tube
Continuous water flow in fluted tube

~
=
=)

054
0 100

T 00 300 x(mm 400 500 600

Figure 8. Variation of coolant temperature for pulsating flow
frequency=10Hz at R=4.5 mm
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Figure 9. Variation of temperature at x=60 mm, for (A)
water continuous flow in smooth tube, (B) water flow in
smooth tube with pulsating frequency=10 Hz mm, t=0.025s,
(C) ferrofluid flow in smooth tube with pulsating
frequency=10 Hz mm, t=0.025s, and (D) ferrofluid flow in
fluted tube with helical depth=0.5 mm, helical pitch=30 mm
with pulsating frequency=10 Hz, t=0.025s

The swirling flow direction and turbulent intensity of
coolant are induced as in the fluted tube, which significantly
affects the fluctuation and mixing levels of two zones (core
and near-wall zones). The fluid oscillation level tends to
increase at a higher distance. This results in a reduced
temperature difference between the main fluid flow and the
fluid near the fluted wall, as shown in Figures 9-10.
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Figure 10. Variation of temperature at x=60 mm, for (A)
water continuous flow in smooth tube, (B) water flow in
smooth tube with pulsating frequency=10 Hz mm, t=0.10s,
(C) ferrofluid flow in smooth tube with pulsating
frequency=10 Hz mm, t=0.10s, and (D) ferrofluid flow in
fluted tube with helical depth=0.5 mm, helical pitch=30 mm
with pulsating frequency=10 Hz, t=0.10s
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Figure 11. Temperature distribution along the corrugated
tube for pulsating flow frequency = 30Hz at 1.0s
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Figure 12. Temperature distribution, velocity vector and path
line at x=600 mm and t= 1.0s for pulsating frequency (A)
OHz, (B) 10Hz, (C) 20Hz, and (D) 30Hz
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Figure 13. Average temperature at x=600 mm and t= 1.0s for
different flow frequency

The parameter distributions flowing in the corrugated tubes
at various positions for pulsating flow frequency=30Hz at 1.0s
are shown in Figure 11. At the inlet port, the velocity profile
looks similar to the velocity peak in the straight tube, in which
the maximum velocity occurs at the central zone of the tube.
Figure 11 also shows the temperature profile variation flowing
through the corrugated tube at different positions. It is found
that the temperature of coolant increases with increasing
distance from the inlet port.

Figure 12 shows the temperature distribution, velocity
vector, and path line at x=600 mm and t= 1.0s for pulsating
frequency (A) OHz, (B) 10Hz, (C) 20Hz, and (D) 30Hz. As
expected, the cooling capacity of the coolant depends on its
flow rate and frequency. In corrugated tubes, the corrugation
acts like artificial roughness. The helical corrugation and
pulsating flow cause an extra decrease in the boundary layer
zone by creating chaotic mixing and secondary flow.
Therefore, flowing in the corrugated tube with pulsating flow
conditions yields an increase in the heat transfer rate. In
addition, due to the higher turbulent intensity and higher
nanoparticle mixing, the heat transfer rate is significantly
greater than it is for continuous flow conditions. Higher
pulsating flow frequency gives higher turbulent intensity and
higher nanoparticle mixing. Therefore, an average coolant
temperature increases with increasing flow frequency, as
shown in Figure 13, and corresponds with the experimental
results [59, 60].

4. CONCLUSIONS

Pulsating forced convection of ferrofluids flowing through
the fluted tube has been investigated. This study is done for
different tube configurations and three pulsating frequencies
(10, 20, 30Hz) under constant heat flux. When changes in
different tube configurations (helical depth and helical pitch)
are examined, it is found that the turbulent intensity of the
central core flow and the fluid near the fluted surface is
increased, which significantly affects the mixing level and
more heat transfer. Within a period of pulsating, the change of
flow behavior is intimately associated with the acceleration or
deceleration of each phase. Everything occurs as if the
pulsating is a turbulent generator modulating in time and
favoring heat transfer and pressure loss. The increase in
pulsating flow frequency increases the streamline oscillation,



especially in the fluid near the fluted surface, which results in
amore significant mixing level and heat transfer enhancement.
In addition, the modification of the working fluid properties
and flow behaviors are achieved, and the heat transfer
capabilities of the ferrofluids are better than water. The results
from this study are used to develop a knowledge base that can
be used to a design and to develope the heat transfer devices
for higher thermal performance and and consequence decrease
energy consumption of the system.
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NOMENCLATURE
C, specific heat, [kJ kg! °C™!]
d diameter, [m]
F force, [N]
Ferrofluid Fes;Os/water nanofluid
k thermal conductivity, [kW m™ °C!]
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pressure, [kPa]
heat flux, [kW m]
radius, [mm]
temperature, [°C]
velocity, [m s7']

NIRRT

Greek symbols

@ nanofluids concentration, [%]
P density, [kg m]

M viscosity, [kg m™'s]
Subscripts

d drag force

cd drag coefficient

/ liquid

nf nanofluids

p particles

Vm virtual mass

w water





