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Abstract In the past two decades, enhancement of heat
transfer characteristics of original fluid using nanofluids
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P Nanoparticle
nf  Nanofluid
f Base fluid

1 Introduction

Heat exchangers are devices that transfer thermal energy
between two or more fluids at different temperatures. Heat
exchangers are used in a wide variety of applications such
as manufacturing industry, environmental engineering, air-
conditioning, refrigeration, power production and space
applications [1]. Thermal performance of heat exchangers
can be significantly improved by numerous enhancement
techniques which are classified into two general categories;
passive techniques and active techniques [2, 3]. From the
heat transfer enhancement point of view, a large quantity of
research effort has been directed to heat transfer and flow
characteristics in coiled tubes. Coiled tubes such as helical
and spiral coils are used widely in variety of heat exchang-
ers such as storage tanks, chemical reactors, agitated ves-
sels, food processing, dairy, refrigeration and air condition-
ing. Generation of secondary flow due to centrifugal force,
cross-sectional mixing enhancement and heat-mass transfer
coefficients improvement are reasons for using these geom-
etries. A review by Naphon and Wongwises [4] revealed
that the most studies on heat transfer and flow character-
istics in the coiled tubes have been devoted to helical-coil
tubes whereas there are few studies for spiral-coil tubes.
Using the nanoparticles under pulsating flow is a new idea
for fluid flow mechanisms and heat transfer enhancement.
Moreover, the pulsating flow has an advantage to prevent
sedimentation of nanoparticles in the base fluid. Kubair
and Kuloor [5] studied on heat transfer to Newtonian fluids
in the coiled pipes in laminar flow. The experiments were
based on two spirals that were enclosed in a steam chamber
using glycerol solutions. They recommended a correlation
for the Nusselt number as a function of Graetz number and
average radius of curvature. Wijeysundera et al. [6] investi-
gated effect of the various design parameters on effective-
ness of a spiral coil heat exchanger. Naphon and Suwagrai
[7] investigated effects of curvature ratios on heat transfer
and flow developments in the horizontal spirally coiled
tubes. Three spirally coiled tubes with different curvature
ratios were selected and the experiments were performed
under constant wall temperature condition. They also simu-
lated the turbulent flow and heat transfer characteristics by
using the k — ¢ standard turbulence model. They reported
that the average heat transfer coefficient increases with
decreasing the curvature ratio.

On the other hand, the performance of heat exchang-
ers can also be improved by the other heat trans-
fer enhancement techniques. As an active technique,
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pulsation in fluid flow is another method of heat transfer
enhancement. Widespread studies have been allocated to
pulsating flows and their associated heat transfer prob-
lems over the past decades [8—21]. Martinelli et al. [8]
initiated the work on heat transfer characteristics of pul-
sating flow in 1943. They conducted the experiments on
pulsating turbulent flow heat transfer in a vertical tube
under uniform wall temperature boundary condition.
The results showed that heat transfer reduces for pul-
satile flow compared to steady flow at Reynolds num-
bers >4500 and increases at Reynolds number less than
that. Havemann and Rao [9] performed a study on the
heat transfer of pulsating turbulent flow in a horizon-
tal pipe heated by steam. Reynolds number was ranged
from 5000 to 35,000 while pulsation frequency was var-
ied from 5 to 33 Hz. They reported that changes were
negative below certain frequency and positive above
it. Lemlich [10] investigated the effect of pulsation on
heat transfer in a double pipe heat exchanger. Pulsating
flow was produced by steady flow pump with a solenoid
valve. The overall heat transfer coefficient of pulsat-
ing flow was approximately 80 % greater than the cor-
responding steady flow at Reynolds number of 2000
and pulsation frequency of 1.5 Hz. In another experi-
ment carried out by Mamayev et al. [11] where air was
passed through a vertical tube under constant wall heat
flux condition. They reported that the maximum rela-
tive heat transfer coefficient was about 44 % at pulsa-
tion frequency of 12 Hz. Liao et al. [12] investigated an
experiment to study the heat transfer in pulsating turbu-
lent flow in a tube. Reynolds number was ranged from
3400 to 27,000 while pulsation frequencies were varied
from 0.074 to 0.38 Hz. They found that the heat trans-
fer coefficient without flow reversal was reduced about
20 %, but there was a 25 % increase in the heat transfer
coefficient with flow reversal. Al-Haddad and Al-Binally
[13] investigated experimentally heat transfer coefficient
of air flowing through a heated circular tube in pulsat-
ing flow. Their results indicated that the heat transfer
coefficient was increased by pulsation at high Reynolds
number. Genin et al. [14] reported heat transfer char-
acteristic of water flowing in a tube which was heated
electrically in pulsating flow condition. In general, the
effect of pulsating flow on the heat transfer coefficient
was insignificant, in the range of investigated frequen-
cies. Habib et al. [15] evaluated heat transfer character-
istics of air in pulsating turbulent flow in a pipe. A rotat-
ing ball valve driven by a variable speed electric motor
was used to impose flow pulsation while the pulsating
mechanism located downstream of the tested pipe. They
carried out their studies at a wide range of variables,
Reynolds number of 8462-48,540 with the pulsation
frequencies of 1-29.5 Hz. Their experimental results
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showed about 50 % augmentation of mean Nusselt num-
ber at pulsation frequency between 13.9 and 29.5 Hz
while Reynolds number of about 15,000 was consid-
ered. The results also showed that mean Nusselt num-
ber reduced at Reynolds number of more than 21,000
and this trend can be intensified by the increase of pul-
sation frequency. Simon et al. [16] studied heat transfer
characteristics of pulsating laminar flow in curved tubes,
employing a perturbation analysis. They evaluated their
studies for a wide range of excitation parameters and
Prandtl numbers. They reported that augmentation of
time averaged Nusselt number is obvious at high Prandtl
numbers, high excitation relative amplitudes, and low
excitation frequencies. Based on the other research,
Rabadi et al. [17] studied effects of pulsatile flow upon
heat transfer characteristics in curved tubes under axi-
ally uniform heat flux boundary conditions with periph-
erally uniform wall temperature. The conflicting results
were reported compared with the above-stated perturba-
tion analysis. Chung and Hyun [18] solved numerically
the time dependent incompressible Navier—Stokes equa-
tions over a range of Reynolds number, pulsation ampli-
tude and frequency. They studied heat transfer and flow
characteristics in a strongly curved pipe while the curva-
ture ratio was considered small in the above-stated lit-
erature. They stated that the effect of pulsation on time
and space-averaged Nusselt numbers was negative when
the Womersley number was small while the change was
insignificant at moderate and high Womersley number.
Guo et al. [19] investigated heat transfer in fully devel-
oped pulsating turbulent flow in a helically coiled tube,
experimentally. They reported that the secondary flow in
helical coils with pulsating flow becomes so complicated
that occur more than two circulations in a cross-section
with the appearance of secondary flow reversal. Effect of
pulsation on the heat transfer coefficient of air in a pipe,
was studied experimentally by Zohir et al. [20]. They
evaluated the Heat transfer characteristics under differ-
ent conditions of Reynolds number, pulsation frequency,
pulsation location and tube diameter for both laminar
and turbulent pulsating pipe flows. They stated that the
effect of pulsation on the heat transfer coefficient will
improve the heat transfer if the pulsator valve becomes
very closer to the entrance of the tested section. They
obtained that the relative mean Nusselt number of down-
stream pulsation has better results than the upstream pul-
sation, at Reynolds number of 1366 and 1643. They also
reported that, more improvement in heat transfer rate
was obtained for a larger tube diameter at a Reynolds
number range of 8000-12,000 with 1-10 Hz pulsation
frequency. Zohir [21] investigated heat transfer charac-
teristics of pulsating turbulent water flow in a double-
pipe heat exchanger. The experiments were conducted

for both parallel and counter flows with upstream pul-
sation of different amplitudes. The result showed maxi-
mum increase of about 8 times in Nusselt number for the
parallel flow and nearly 10 times for counter one.

In contrast, the conventional heat transfer fluids play an
unpleasant role in heat transfer process because of their
poor thermal properties. According to the heat transfer
enhancement techniques [2, 3], based on the higher ther-
mal conductivity of solids than liquids, additives such as
solid particles can improve the thermal properties of the
heat transfer fluids and therefore it would increase the
efficiency of heat exchangers. The early research, sus-
pension containing millimeter- and micrometer-sized
particles was faced with the problem of poor suspen-
sion stability, due to the large size and high density of
the particles. Addition of nanoscale solid particles to the
conventional heat transfer fluids, to improve the thermal
properties and the stability of a suspension, was proposed
by Choi and Eastman [22]. In recent years, a great deal
of research attention has been devoted to development of
nanofluids for the engineering applications of heat trans-
fer. An extensive review of the enhancement of forced
convection heat transfer with nanofluids was provided by
Kaka¢ and Pramuanjaroenkij [23]. Introduction of pul-
sation into nanofluids flow is a new idea in case of heat
transfer enhancement techniques. Rahgoshay et al. [24]
investigated pulsating flow of nanofluids through a pipe
with isothermal walls, numerically. The results showed
that by increasing both frequency and amplitude, a slight
enhancement of Nusselt number obtained while more rate
of heat transfer was observed by increasing Reynolds
number and particles volume concentration. To evaluate
effect of flow pulsation and nanoparticles on convection
heat transfer over a wavy channel, Jafari et al. [25] car-
ried out a study based on numerical simulation using the
lattice Boltzmann method. The results indicated that the
heat transfer rate increases using oscillating velocity and
adding nanoparticles. Recently, Zhang et al. [26] investi-
gated effect of vibration on forced convection heat trans-
fer for SiO,/water nanofluid. The results showed that the
heat transfer coefficient can be enhanced by imposing a
transverse vibration on the heat-transfer surface as well as
adding nanoparticles. The results also indicated that using
combination of two heat transfer enhancement methods,
heat transfer performance is much better than that with
either method alone.

Although a number of papers are currently available
on the study of convective heat transfer of nanofluids in
curved tubes, investigation on the heat transfer character-
istics of nanofluids in spiral-coil tubes has not received
considerable attention in the open literature. The pur-
pose of the present research is to evaluate different heat
transfer enhancement techniques on the performance of a
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Table 1 Thermo-physical properties of alumina nanoparticles
p (kg/m*)

35 3890 880 40

d, (nm) C, J/kg K) k (W/m K)

horizontal spiral-coil tube (HSC-tube), to achieve higher
thermal efficiency.

2 Details of experimental apparatus
and procedure

2.1 Preparation and properties of nanofluid

Nanoparticles used in this study are Al,O; with average
diameter of 35 nm, from US Research Nanomaterials, Inc.,
Thermo-physical properties of alumina nanoparticles are
shown in Table 1. The nanoparticles with volume concen-
trations of 0.5, 1 and 1.5 % are first diluted in deionized
water and then are stirred by an ultrasonic bath at 160 W
and 42 kHz for 4 h. No surfactant is used to stabilize the
nanoparticles. After 24 h, the pH values of prepared nano-
fluids are between 5 and 6.2 using a digital pH meter
(Metrohm, Model 827). The measured pH values are away
from the isoelectric point of 9.2 for alumina nanoparticles.
It shows that the dispersed nanoparticles were physically
stable in the base fluid [27, 28].

Based on the physical principle of the mixture rule,
calculation of density and heat capacity of the nanofluid
are suggested by Pak and Cho [29] using the following
relations:

Pnf = @pp + (1 — @) pr (D

P(PCp)p + (1 —@)(pCp)
Cp,nf — p/p ” p)f ?)

where the subscripts nf, p and findicate nanofluid, nanopar-
ticle and base fluid, respectively.

Corcione [30] proposed a correlation to estimates effec-
tive thermal conductivity of nanofluid by the following
form:

K 7\ 10 /g 003
Sl A 4.4Re)* Pri-% <> (p> 06 3)
Ky Ty ) \Ky

where T}, is the freezing point of the base liquid and Re,
is the nanoparticle Reynolds number calculated by the fol-
lowing form:

_ orupdy, _ 20,KpT

- - “

Re
Tow o Tugd,
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where Ky and d, are Boltzmann’s constant
(1.38066 x 1072 J/K) and average diameter of nanopar-
ticles, respectively. This equation is ranged from 10 to
150 nm for nanoparticles diameter, 0.2-9 % for volume
concentration and from 294 to 324 K for temperature.

Other correlation of Corcione [30] proposed to estimate
dynamic viscosity of nanofluid given by the following
form:

Knf 1
- -0.3
Ky 1 —34.87 (%) @103 )

where d; is the equivalent diameter of a molecule of base
fluid:

1/3
P
VY TTPFO

B 6 x 0.01801528
716022 x 1023 x 7 x 998.26

1/3
) =385x10710m (6)

where M, N and py, are the molecular weight of the base
fluid, Avogadro number and the mass density of the base
fluid at temperature 293 K, respectively. This equation is
restricted from 25 to 200 nm for nanoparticles diameter,
0.01-7.1 % for volume concentration and from 293 to
333 K for temperature.

2.2 Experimental apparatus

A schematic diagram of experimental apparatus is shown
in Fig. 1. The experimental setup mainly comprises a fluid
supply unit, pulsating mechanism, test section, data acqui-
sition system and cooling unit. The fluid supply unit con-
sists of a storage tank, pump and flow control valve. At a
uniform temperature of 34 °C, cold fluid (nanofluid or base
fluid) is pumped out of the storage tank by the peripheral
electric pump (Lowara, Model PM16). The flow rate is
controlled by the control valve and measured via collecting
the fluid for a period of time by calibrated standard beaker
and stopwatch. The pulsating mechanism includes an AC
electric motor of 1 hp and 1500 rpm, a variable speed
transmission and a rotating ball valve of 1/2 in. A power
inverter is employed to change direct current 12 V to alter-
nating current 220 V and can produce the input power to
the AC electric motor. A coupling mechanism is designated
and constructed as the transmission between the output of
the AC motor and the rotating ball valve. Flow pulsation is
introduced by the ball valve that can be adjusted manually
to rotate with different frequencies. A digital tachometer
(Autonics, Model MP5W) is used for measuring the rota-
tion speed of the electric motor. The pulsator ball valve is
located at the upstream of the test section while the pul-
sation amplitude is kept constant. The test section mainly
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Fig. 1 Schematic diagram of the experimental apparatus. / Storage
tank, 2, pump, 3 flow control valve, 4 pulsator ball valve, 5 coupling
mechanism, 6 AC electric motor, 7 digital tachometer, 8 control unit,
9 hot water reservoir tank, /0 electrical heater, 7/ HSC tube, 12 verti-

Table 2 Dimensions of spiral-coil tube

Parameters Dimensions
Inner diameter of tube (mm) 8.025
Outer diameter of tube (mm) 9.525
Innermost spiral coil radius (mm) 100
Outermost spiral coil radius (mm) 250

Length of spiral coil tube (mm) 3450

Pitch of spiral coil tube (mm) 50

Number of coil turns 3

consists of one hot water reservoir tank, three electrical
heaters and one spiral-coil tube. The cylindrical reservoir
tank is made of High-density polyethylene and it is used as
a hot water bath. The hot water reservoir tank is insulated
by two layers of 15 mm-thick polyurethane and 5 mm-thick
galvanized polyurethane to minimize heat loss through its
wall and diminish input power of electrical heaters. Two
2.5 kW electrical heaters and one electrical heater of 4 kW
are installed at the bottom of the reservoir tank. The elec-
trical heater of 4 kW is equipped with a power controller
(Autonics Power Controller Spc1-35) to maintain the ambi-
ent hot water temperature at a constant value. The entrance

10

=117

7

oL

880 mm

1
[

1000 mm

cal isolated tube, /3 RTD temperature sensor, /4 pressure transmitter,
15 analog-to-digital converter, /6 cooling unit, /7 flow rate measur-
ing section, /8 the structure of HSC tube, /9 data acquisition system

length for a laminar pulsating pipe flow to have fully devel-
oped flow can be calculated from [31]:

L/D; = 0.049Re @)

where, D; is the inner diameter of the tested tube. For tur-
bulent flow, based on experimental data, the entrance
length is much shorter than the corresponding ones for
laminar flow. In this study, the experiments are performed
in the turbulent regime. A vertical isolated copper tube with
8.025 mm inner diameter and length of 880 mm is attached
to the entrance of the HSC tube. This length is long enough
to ensure a fully developed flow at the entrance of the HSC
tube. The spiral-coil tube is fabricated by copper alloy,
UNS C12200, and it is immersed in the hot water horizon-
tally. The HSC tube is also clamped by the reservoir tank
wall to prevent vibration, induced by the flow pulsation.
The dimensions of the HSC-tube are shown in Table 2.
Four calibrated RTD temperature sensors of 0.1 °C accu-
racy are submerged in the hot water bath to measure the
ambient temperature. In order to measure the temperature
of the quiescent region accurately, the temperature sensors
are placed in various locations of hot water bath. At the
innermost coil turn of the HSC-tube, the cold fluid enters
and flows along the tube. Two calibrated RTD temperature
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sensors are installed into the flow to measure bulk temper-
atures of working fluid at the inlet and outlet of the HSC
tube. The RTD temperature sensors are connected to a
rotary selector switch and a digital temperature indicator.
Two calibrated piezoresistive pressure transmitters (KEL-
LER, SERIES 21 Y) are used to measure inlet and outlet
pressure of the test section. An analog-to-digital converter
(manufactured by TNM Electronics) with a resolution of
12 b is used as the interface between the pressure transmit-
ters and data accumulation system, to convert transmitter
analog signal to a digital number. Maximum sampling rate
of the converter is 100 kHz that can be reduced to a desired
number. Finally, 3125 samples/s are stored in the data accu-
mulation system and therefore pressure drop measurements
are fairly accurate. The cooling unit comprises a shell and
tube heat exchanger in which cold water is used as cooling
fluid.

2.3 Experimental procedure

Effect of the heat transfer enhancement techniques on the
performance of a HSC tube are evaluated using an experi-
mental procedure. In order to heat the quiescent water in
reservoir tank, the electrical heaters are switched on and
then the ambient temperature is controlled until average
temperature of hot water reached 60 °C. Then, the elec-
trical heaters of 2.5 kW are turned off while the ambient
temperature is maintained at 60 °C by the electrical heater
of 4 kW and the power controller during the experiment
process. Base on the experimental program, the suspen-
sion is stirred by the ultrasonic bath for 1 h and then it is
transferred to the test section immediately, to reduce nano-
particles sedimentation. Also, the pH value of nanofluid is
measured during the experiment process, to ensure the sta-
bility of the nanofluid. For all pulsation frequencies, vol-
ume concentrations of nanoparticles and different cold fluid
flow rates, the temperatures at the inlet and outlet of cold
fluid are recorded, after achieving the steady state. The inlet
and outlet pressure of the test section as a function of time
are stored in the data accumulation system. The repeat-
ability of measurements is observed in the repetitive run.

Table 3 Range of experimental variables

Experimental variables Range

Volume flow rate (I/min) 2.5-5.5
Revolution per minute of the ball valve (rpm) 30-375
Particle volume concentration (%) 0.5-1.5
Reynolds number 8900-21,200
Peclet number 39,600-96,150
Womersly number 11.6-43.3
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The range of experimental variables in the present study is
given in Table 3.

3 Data reduction

The heat transfer rate absorbed by the cold fluid is calcu-
lated by:

0 =mCp(Tpo —

where T,, , and T, ; are the outlet and inlet bulk temperature
of the cold fluid, respectively. The thermo-physical proper-
ties of the cold fluid are evaluated at the mean bulk tem-
perature for each test.

The average total heat transfer coefficient is defined as:

o
AAT)m ®)

Tn,i) 8)

U=

where A is the inside heat transfer area of the spiral-coil
tube (wD,L) and AT, is the logarithmic mean temperature
difference, which can be obtained from:

Too — Tm,i) - (Too - Tm,o)
(Too_Tm,i) (10)
ln (Too_Tm,n)

ATy = (

The average temperature of hot water is kept constant at
60 °C and can be obtained from:
T+ D+ T35+ T4

Too = y 1)

where T, T,, T; and T, are the temperatures measured by
the four sensors that are submerged in the quiescent region.

Substituting (8) and (10) into (9) and after some sim-
plifications, the average overall heat transfer coefficient is
determined from the following equation [32]:

_ nC, Too — Thi
b= 5P gy (L2 mi (12)
7DiL  \Too — Tyo

The flow is opened and closed twice for each revolution
of the ball valve, so the frequency of pulsation can be cal-
culated by the following form:

N x2
f= 60

(13)

where N is the revolution per minute of the rotating valve
spindle.

On the other hand, the angular pulsation frequency is
obtained from:

w = 2nf (14)

The Reynolds, Prandtl, Peclet and Womersly numbers
are defined as follows:
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Re =217 (15)
m
v uCy
Pr=—=—2*%
r ” X (16)
VD;C
Pe=Re.pr="""1" (17)
K
Di w
Wo ==, /% (18)
2 v

where V is the average velocity of the mean flow.

In the field of determining flow regime in pulsating
flows, Hershey and Im [33] showed that transition from
laminar to turbulent regime for pulsating flow of water
in rigid tubes takes place at the Reynolds number of
about 1500, that it is <2300 for steady flow. Clamen and
Minton [34] stated that the pulsating flow becomes tur-
bulent when the mean flow Reynolds number approaches
to the critical Reynolds number of the steady pipe flow.
Recently, Trip et al. [35] investigated the transitional
regime of a sinusoidal pulsatile flow in a pipe using
particle image velocimetry. They reported that pulsatile
effects do not play a role in the transition regime, from
laminar to turbulent flow. They also stated that for larger
mean Reynolds numbers, the flow remains turbulent
throughout the cycle. The critical Reynolds number for
the fluid inside of the coil is calculated from the follow-
ing relation [36]:

r 0.5
()| ®

where R, = W and r are the average radius of spi-

ral coil and inner radius of the tube, respectively. In the pre-
sent work, transition occurs at the critical Reynolds number
of about 5916.

Re.r = 2100

4 Uncertainty analysis

The measurements are used for calculating some desired
results of the experiment. Based on method of Kline and
McClintock [37], the uncertainty analysis for the above
experiments are carried out. The maximum uncertainties of
average total heat transfer coefficient at lowest and high-
est flow rate are about 1.33 and 3.34 % for the nanofluid
of 1 % volume concentration. The maximum uncertainties
of Peclet number at lowest and highest flow rate are about
0.78 and 2.51 %. The uncertainty of Womersly number is
0.63 %.

Ap (bar)

t(s)

Fig. 2 Cyclic pressure drop for flow rate of 2.5 I/min (f = 1 Hz)

5 Results and discussion

In this study, 112 runs for different values of the experi-
mental variables are carried out to evaluate the influence
of flow pulsation and nanofluid on the performance of a
HSC-tube.

5.1 Flow considerations

In this research, hydrodynamic principles are performed
to describe fluid flow behavior under different conditions
inside the HSC-tube. The investigated values of cold fluid
flow rates are 2.5, 3.5 and 4.5 I/min. The values of revolu-
tion per minute of the rotating ball valve spindle used in
this study are 30, 48, 75, 118, 190, 235, 300 and 375 rpm.
Therefore, the values of the pulsation frequency using
Eq. (13) are 1, 1.6, 2.5, 3.93, 6.33, 7.83, 10 and 12.5 Hz.

For pulsation frequency of 1 Hz and flow rate of 2.5 I/
min, cyclic pressure drop of the nanofluid of 0.5 % vol-
ume concentration in the test section is shown in Fig. 2.
The cycle can be classified into two time steps: one is time
step A-D, and the other is time step D—A. The first is when
the pulsator ball valve opens and the second is when the
pulsator ball valve closes. When the valve starts to open
the passageway, the cold fluid enters the test section at a
high velocity (A-B). However, because of the low veloc-
ity of the fluid at the downstream of the test section, the
flow rate diminishes (B—C). Then, the valve opens entirely
and the flow rate accelerates again (C-D). In the next time
step, the valve starts to obstruct the fluid flow and the flow
rate decreases (D-E). Afterwards, the fluid lacks sufficient
momentum to overcome the pressure gradient and there-
fore, boundary layer separation occurs (the first zero-pres-
sure drop). Henceforward, the flow reversal occurs until
the flow approaches the second zero- pressure drop (E-F).
Finally, the valve closes the passageway and the fluid flow
stops for short time (F-A).

Figures 3 and 4 shows the cyclic pressure drop of the
nanofluid of 0.5 % volume concentration in the test sec-
tion at different pulsation frequencies for the flow rates of
2.5, 3.5 and 4.5 I/min. For pulsation frequencies of 1.6, 2.5
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Fig. 3 Cyclic pressure drop for 2.5
different flow rates (f =1, 1.6,

@) 5 Lit/min ——— 3.5 Lit/min ===4.5 Lit/min
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2.5 and 3.93 Hz)
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and 3.93 Hz, the flow fluid behavior is similar to the above-
stated analysis as can be seen in Fig. 3. It can be clearly
seen that for a given pulsation frequency, the pressure drop
increases with increment of the flow rate while the flow
behavior does not change. Figure 4 shows that at the high
frequencies, the flow behavior approaches the behavior of a
sinusoidal flow, the same as the ideal behavior of a pulsat-
ing flow. Figure 4 illustrates that at the start of the cycles,
due to the fast rotation of the ball valve at the high frequen-
cies, the intensity of the input flow decreases and also, the
fluid flow does not stop at the end of the cycles, in opposite
of the low frequencies.

The cyclic pressure drop of the nanofluids are rep-
resented in Fig. 5 for different volume concentrations
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t(s)

at pulsation frequency of 1 Hz and flow rate of 2.5 I/
min. Addition of nanoparticles to the base fluid increases
slightly the cyclic pressure drop of the nanofluid compared
with that of the pure water. It is observed that the cyclic
pressure drop of the nanofluid increases through increas-
ing the nanoparticle concentration. For all the experiments,
similar results can be considered.

5.2 Heat transfer results

The heat transfer results of various experiments consider-
ing different values of flow rates, pulsation frequency and
nanoparticles volume concentration are represented and
discussed in this section.
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5.2.1 Heat transfer in steady flow of nanofluid

revealed in Fig. 6. As shown in this figure, the heat trans-
fer coefficient of the nanofluid is higher than that of the

Behavior of average total heat transfer coefficient with  base fluid (water) at a given Peclet number (flow rate). In
respect to Peclet number at different nanoparticle concen-  the same way, it can be clearly seen that the heat transfer
trations for the flow rates of 2.5, 3.5, 4.5 and 5.5 1/min is coefficient of the nanofluid increases with increasing the
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particle volume concentration as well as the Peclet num-
ber. Figure 7 displays that the enhancement of the total heat
transfer coefficients are found to be about 6-14 %, in the
range of investigated experiments. The increases in heat
transfer with pulsation are due to the higher pulse intensity
imparted to the flow through the whole pipe. The pulsa-
tion motion of the fluid results in a pressure gradient being
created in the radial direction, thus affecting the boundary
layer development. The increased rate of heat transfer in
such flows is a consequence of the renewing and reducing
the boundary layer thickness and increased resultant veloc-
ity. Energy transfer by nanoparticles dispersion, thermal
conductivity enhancement, Brownian motion of particles,
particle migration, reduction of boundary layer thickness
and delay in boundary layer development can be the rea-
sons for heat transfer enhancement of nanofluids [29, 38,
39].

Based on the literature survey, combination of two heat
transfer enhancement techniques (utilizing coiled tubes and
addition of nanoparticles to the base fluid) has a high capa-
bility to enhance heat transfer [40—43]. This may be attrib-
uted to reduction of nanoparticles sedimentation rate and
cross-sectional mixing enhancement, due to the secondary
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flow. It should be noted that the nanoparticles volume frac-
tion does not have a direct effect on the secondary flow,
also the cross-sectional distribution of solid nanoparticles
is uniform because of the small size of the nanoparticles
[44-47].

5.2.2 Heat transfer in pulsating flow of base fluid

Figure 8 depicts the variation of relative average total heat
transfer coefficient versus Womersly number for differ-
ent flow rates of the base fluid (deionized water). Rela-
tive average total heat transfer coefficient is defined as the
ratio of the value of average total heat transfer coefficient
for pulsated flow to the corresponding ones for steady
flow at a same flow rate. A maximum enhancement in the
relative heat transfer coefficient of about 11 % is observed
at Wo = 31 for flow rate of 3.5 I/min while a maximum
reduction of about 4 % is obtained at the operating condi-
tions of Wo = 18 and flow rate of 2.5 1/min.

Generally speaking, a pulsating flow may enhance heat
transfer by reducing thermal boundary layer thickness
due to higher turbulence intensity. The heat transfer coef-
ficients of such a flow are affected by several parameters
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such as inlet fluid temperature, boundary condition, Reyn-
olds number, Prandtl number, type of pulsator, location of
pulsator, pulsation frequency, pulsation amplitude, length
to diameter ratio and secondary flow. Having higher veloc-
ity gradient at the tube wall, producing higher velocity at
some moments, pressure gradient reversal during a period,
producing forced circulation in the fluid and promoting the
formation of eddies are the most important mechanisms of
the heat transfer enhancement [10, 14, 48-50].

As mentioned before, based on the flow considerations,
for the pulsation frequencies of 1, 1.6, 2.5 and 3.93 Hz, as
shown in Fig. 3, at the start of these cycles, the cold fluid
enters the test section at a high velocity and this leads to an
increase in the heat transfer coefficient at these moments
of the cycles. In contrast, the fluid flow stops at the end of
the cycles and this leads to a decrease in the heat transfer
coefficient. For the pulsation frequencies of 6.33, 7.83, 10
and 12.5 Hz, as shown in Fig. 4, at the start of these cycles,
the intensity of the input flow decreases and this leads to a
decrease in the heat transfer coefficient at these moments
of the cycles. On the other hand, the fluid flow does not
stop at the end of the cycles and this leads to an increase in
the heat transfer coefficient at the corresponding moments
when compared to that for the low frequencies. Based on
the combination of the above opposite mentioned effects,
the relative average total heat transfer can be enhanced or
reduced, depending on the Womersly number range. As can
be clearly observed from the Fig. 8, the effect of pulsating
flow on the heat transfer coefficient is more significant at
high values of Reynolds number (flow rate), due to higher
turbulence intensity [9, 48, 51, 52]. Finally, the Secondary
flow can be originated from the axial flow and therefore,
it can be stated that intensification of the secondary flow
and increasing temperature and velocity gradients near the
outer wall at some moments of the cycle, radial and lon-
gitudinal mixing enhancement and the occurrence of sec-
ondary flow reversal play more important roles on the heat
transfer improvement [17-19].

5.2.3 Comparison of the two heat transfer enhancement
techniques

In the previous sections, two heat transfer enhancement
techniques (additives for the base fluid including nanopar-
ticles and introduction of pulsation into the base fluid flow)
are separately investigated, to increase the thermal perfor-
mance of the HSC-tube. The comparison between two heat
transfer enhancement techniques shows that under the same
experimental conditions, adding nanoparticles to the base
fluid enhances the average total heat transfer coefficient for
all experiments, however the introduction of pulsation into
the base fluid flow decreases the average total heat transfer
coefficient for the low flow rate, depending on the Womer-
sly number range. For the nanofluids, the maximum incre-
ment in the heat transfer coefficient is observed at the low
flow rates while the effect of pulsating flow on the heat
transfer coefficient is more significant at high values of the
flow rete. In general, the enhancements of the heat transfer
rates for the HSC-tube using the nanofluid is greater than
that using the pulsating flow, under the experimental condi-
tions of this study.

5.2.4 Heat transfer in pulsating flow of nanofluid

In this section, the influence of combination of pulsation
and nanofluid on the heat transfer rate is investigated. From
Figs. 9, 10 and 11 shows the variation of relative average
total heat transfer coefficient versus Womersly number at
different flow rates of the Al,O,/water nanofluid with nano-
particle volume fractions of 0.5, 1 and 1.5 %.

For flow rate of 2.5 1/min, it can be seen from Fig. 9 that
the average total heat transfer coefficient of the nanofluid
of 0.5 % volume concentration increases for pulsating flow
compared to steady flow without pulsation at all Womersly
numbers, especially at the high frequencies. An interest-
ing observation in Fig. 9 is that at any value of Womersly
number, the value of the relative average total heat transfer
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Fig. 9 Relative total heat trans-
fer coefficient versus Womersly
number for different flow rates
(A1,05 0.5 %)

Fig. 10 Relative total heat
transfer coefficient versus Wom-
ersly number for different flow
rates (Al,O5 1 %)

Fig. 11 Relative total heat
transfer coefficient versus Wom-
ersly number for different flow
rates (Al,05 1.5 %)
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coefficient is nearly less than unity at flow rates of 3.5 and

4.5 1/min.

The same trend for the relative average total heat transfer
coefficient of the nanofluid of 1 % volume concentration as
a function of Womersly number can be seen in Fig. 10, for
flow rates of 2.5, 3.5 and 4.5 1/min. For flow rate of 2.5 1/
min, there is a slight decline in the relative heat transfer
coefficient of the nanofluid of 1 % volume concentration
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compared with that of 0.5 % volume concentration, at the
high frequencies. In contrast, there is a small growth in the
relative heat transfer coefficient of the nanofluid of 1 %
volume concentration compared with that of 0.5 % volume
concentration, for flow rates of 3.5 and 4.5 1/min.

According to Figs. 9 and 10, a predictable tendency
for the relative average total heat transfer coefficient
of the nanofluid of 1.5 % volume concentration versus
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Womersly number can be observed in Fig. 11. For flow rate
of 2.5 1/min, the heat transfer coefficient either increases
or decreases over Womersly number values. A maximum
enhancement in the relative heat transfer coefficient of
about 6 % is observed at Wo = 30 while a maximum reduc-
tion of about 2 % is obtained at the operating conditions
of Wo = 15. For flow rate of 3.5 I/min, the heat transfer
coefficient of the nanofluid of 1.5 % volume concentra-
tion as well as that of 0.5 and 1 % volume concentrations
decreases, affected by pulsed flow. For flow rate of 4.5 I/
min, the heat transfer coefficient increases up to 10 % for
pulsating flow compared to steady flow without pulsation at
all pulsation frequencies.

Pulsation in nanofluids is a new idea for enhancement
of heat transfer. Furthermore, the pulsating flow has an
advantage to prevent sedimentation of nanoparticles in the
base fluid. Results show that the heat transfer performance
increases significantly with increase in nanoparticle volume
fraction and with the amplitude of pulsation while the pul-
sation frequencies have a slight effect. In the pulsating flow
conditions the combined effect of pulsation and nanopar-
ticles is favorable for the increasing the average total heat
transfer coefficient when compared to the steady flow case.

Nevertheless, the average total heat transfer coefficient of
the nanofluid decreases for pulsating flow compared to
steady flow at some of the experiments, performed in this
study. A possible reason for this trend might be because of
an inappropriate distribution of the nanoparticles over the
HSC-tube cross-section and hence a higher viscosity at the
wall which leads to an increase in the boundary layer thick-
ness and the corresponding thermal resistance. It must be
stated that, the proposed mechanism is a hypothesis and
further studies are needed to find out more details. Also, it
is apparent from the figures that the relative average total
heat transfer coefficient of the nanofluid is strongly affected
by flow rate, i.e., at the flow rate of 3.5 1/min, the relative
heat transfer coefficient of the nanofluid is not sensitive to
the nanoparticles concentration and is constantly less than
unity.

5.2.5 Introduction of pulsation into fluid flow to enhance
heat transfer

From Figs. 12, 13 and 14 shows the variation of the average

total heat transfer coefficient of the working fluid (both the
nanofluid and the base fluid) with pulsating flow compared
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with that of the base fluid with steady flow, under different
experimental conditions. Therefore, relative average total
heat transfer coefficient is defined as the ratio of the value
of average total heat transfer coefficient of the working
fluid for pulsated flow to the corresponding ones for steady
flow of the base fluid, at a same flow rate.

For flow rate of 2.5 I/min, it is clear from Fig. 12 that
in the pulsating flow, application of the nanofluid instead
of the base fluid increases the heat transfer coefficient sig-
nificantly. According to this figure, contrary to the high
frequencies, the relative heat transfer coefficient of the
nanofluid increases with increasing the particle volume
concentration at the low frequencies. The relative heat
transfer coefficients increase up to 16, 13 and 20 % at
Wo = 39, 42 and 29 and for the nanofluid with nanoparticle
volume fractions of 0.5, 1 and 1.5 %, respectively. While
a maximum enhancement of about 3 % is obtained at the
operating conditions of Wo = 31 and 43 for the base fluid.

For flow rate of 3.5 I/min, the results indicate that, the
relative heat transfer coefficient of the nanofluids does not
increase when compared to that of the results obtained
using the base fluid as can be seen from Fig. 13. For the
nanofluid of 0.5 % volume concentration, it is possible that
the relative heat transfer coefficient decreases at the low
range of the pulsation frequencies. A maximum enhance-
ment in the relative heat transfer coefficient of about 14 %
is observed at Wo = 18 for the nanofluid with nanoparticle
volume fraction 1.5 % while a maximum increase of about
11 % is obtained at the operating conditions of Wo = 31 for
the base fluid.

According to Fig. 14, for flow rate of 4.5 1/min, at the
low range of the pulsation frequencies, application of
the nanofluid instead of the base fluid increases the rela-
tive heat transfer coefficient significantly when compared
to that for the high frequencies. The relative heat transfer
coefficients increase up to 10, 18 and 23 % at Wo = 19 and
for the nanofluid with nanoparticle volume fractions of 0.5,
1 and 1.5 %, respectively. While a maximum enhancement
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of about 11 % is obtained at the operating condition of
Wo = 31 for the base fluid.

As an overall trend, it is obvious from the figures that
the beneficial effect of increasing the concentration of nan-
oparticles on the heat transfer is more effective at the low
range of the pulsation frequencies, for a given flow rate.

6 Conclusion

This research has provided an experimental investigation of
the effects of pulsation on the heat transfer and flow char-
acteristics of Al,Os/water nanofluid under turbulent flow
conditions in a spiral-coil tube. The experiments are per-
formed in a quiescent region of uniform temperature. The
effects of flow rate, pulsation frequency and nanoparticles
volume concentration are investigated. The addition of
nanoparticles to the base fluid and introduction of pulsation
into the base fluid flow can increase the performance of a
HSC-tube, to achieve higher thermal efficiency. The heat
transfer of the base fluid flow increases by using nanofluid
or introduction of pulsation into the base fluid flow. Pulsa-
tion can increase or decrease the heat transfer rates of the
nanofluid flows according to the pulsation frequency, flow
rate and nanofluid concentration. It must be stated that, the
temperature of the inlet fluid is constant at 34 °C for all the
experiments. Besides, the inside heat transfer area of the
HSC-tube (D,L) is 0.087 m. It might be expected that, bet-
ter results can be obtained with decreasing the temperature
of the inlet fluid and/or increasing the inside heat transfer
area of the HSC-tube, in the studied range of this research.
The overall heat transfer coefficient of the base fluid flow
increases by using nanofluid or pulsation up to 14 %. The
combination of the nanofluid and the pulsation into the
fluid flow can increase significantly the overall heat transfer
coefficient up to 23 %. Pulsation in the nanofluid flows is
more effective to achieve higher thermal efficiency.
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