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Abstract

This paper presents the results of an experimental investigation on the heat transfer characteristics of multi-walled carbon
nanotube aqueous nanofluids inside a countercurrent double-pipe heat exchanger using porous media. Aluminum porous
media (€=67%) were used because of the construction of the medium, with porous plate media at the center of the inner
tube and with three porous plates on the walls of the inner tube. The effects of operating parameters including flow rate
(4600<Re<7600), mass fractions of nanofluids (0.04-0.25 mass%), and inlet temperature of nanofluids (Tin=50 °C) on
the heat transfer coefficient were investigated. The results indicate that imposing the plate porous media increases the heat
transfer coefficient significantly, and the highest increase in the heat transfer coefficient is 35% which is obtained in the test
of the lowest mass fraction (0.04 mass%) with three-plate porous media in the experiment range. As the mass fractions
increased, the value of heat transfer enhancement assisted by porous media gradually decreased. Also the lower range 100
(L h™") of the volume flow rate has a powerful enhancement on the enhancement coefficient, while the higher ranges 300
(L h™") have low influence.

Keywords Heat transfer enhancement - Multi-walled carbon nanotube - Porous media - Double-pipe heat exchanger

List of symbols Greek letters
A Heat transfer area (m?) p Dynamic viscosity (kg m ' s ")
D,d Diameter (m) p Fluid density (kg m>°)
K Thermal conductivity (W m'eoch mass% Mass fraction
Cp Specific heat (J kg™' °C™")
Re Reynolds number Subscripts
T Fluid temperature (°C) w Wall
Ty Wall temperature (°C) c Cold
LMTD Log mean temperature difference (°C) h Hot
U Overall heat transfer coefficient (W m 2 OCfl) i Inlet
h Heat transfer coefficient (W m > °C ') o Outlet
m Volume flow rate (m>s™") in Inter
m Mass flow rate (kg s h out Outer
Nu Nusselt number ip  Inlet of pipe
Pr Prandtl number ave Average
b Bulk
Introduction
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from the solid environment to the fluid, existing methods
such as modifying the fluid dynamics, flow geometry alone
could not handle the rising energy control demand in
existing processes. Accordingly, it is necessary to increase
the efficiency of these applications while optimizing
energy consumption and decreasing operating costs.

Many attempts have been made to increase heat transfer
rates using nanofluids [1-4]. Most of these experiments are
water-based nanofluids in heat exchangers and show an
increased heat transfer coefficient compared to pure water
[5, 6]. Many other investigations employ double-pipe heat
exchangers [7-16]. Ding et al. [17] performed an experi-
mental study on the laminar flow and heat transfer of
nanofluids in a tube, confirming greater heat transfer
coefficient of nanofluids over pure water. The enhancement
also further depends on the flow conditions, nanoparticle’s
volume fraction, and the pH suspension. Sarafraz et al. [18]
investigated the flow and heat transfer of nanofluids inside
a heat exchanger. Forced convection experiments were
performed in laminar and turbulent flow regimes, demon-
strating that nanoparticles can enhance the thermal con-
ductivity by up to 56%. Multi-walled carbon nanotube
(MWCNT) with high thermal conductivity has attracted the
attention of researchers [19-21]. Akhavan-Behabadi et al.
[22] performed an experimental investigation on rheolog-
ical properties and heat transfer characteristics of nanofluid
flow through vertical tubes. They found that the heat
transfer coefficient of nanofluid is higher than heat transfer
coefficient of the base fluid. Their results showed signifi-
cant heat transfer enhancement for nanofluids compared to
base fluids. Huang et al. [23] studied heat transfer char-
acteristics of nanofluids. They demonstrated that the heat
transfer can be improved by using of nanofluids. Diao et al.
[24] investigated the flow and heat transfer of nanofluids in
minichannels. They found that the friction factor and
Nusselt number of nanofluids are higher than friction factor
and Nusselt number of water.

In recent years, the analysis of the nanofluid flow and
heat transfer in porous media have been considered by
researchers with interests in mechanical applications,
including heat exchangers, boilers, nuclear flasks. Porous
media increase the heat transfer surface area by changing
the fluid regime from laminar to turbulent, increasing fluid
velocity. Recently, Karimipour-Fard et al. [25] studied
numerically the heat transfer enhancement of a heat
exchanger by porous media. Their results showed that by
using porous media, the cooling rate can improved by
approximately 40%. The various works on natural con-
vection can be mentioned like Chamkha et al. [26],
Bourantas et al. [27], Sheremet et al. [28], and Uddin and
Harmand [29]. Research on forced convection of nanoflu-
ids by Armaghani et al. [30], Nasrin et al. [31, 32] and
Kasaeian et al. [33] shows the dependency of nanofluid
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flow in porous media on nanoparticle volume fraction and
nanoparticle type. These parameters can further increase
the Nusselt number value as well an increase in heat
transfer rate. Pavel et al. [34] studied, experimentally and
numerically, the effect of porous media on the heat transfer
rate. They reported that porosity and the porous radius ratio
have a positive effect on the heat transfer rate and have a
negative effect on the pressure drop. Mohamad [35]
investigated the laminar flow in porous media. He showed
that partially filling the channel has better heat transfer and
pressure drop characteristics than fully filled channels, also
with porous media can reduce the thermally developing
length by 50% or more. In another work, Targui and
Kahalerras [36] studied the heat transfer performance in a
heat exchanger with porous structures. The effects of Darcy
number, porous thickness, and thermal conductivity ratio
were considered. According to their results, the highest
average Nusselt number ratio was obtained at low perme-
ability and high thicknesses of the porous media. The
enhancement of heat transfer rate using porous media and
nanofluids simultaneously in a heat exchanger has rarely
been studied and published. This paper examines the heat
transfer of the MWCNT-water nanofluids in a double-pipe
heat exchanger made of PVDF tube. It also includes the
effects of porous media on flow and heat transfer charac-
teristics at various volume flow rates and mass
concentrations.

Experimental
Experimental setup

The schematics of experimental setup used in this inves-
tigation are shown in Fig. 1. This setup consists of a
double-tube countercurrent flow heat exchanger, a heating
unit to heat the working fluid, a temperature measurement
system, two fluid circulation units, and measurement
instruments. To measure the inlet and outlet temperatures
of the working fluid, two RTD thermometers and four
k-type thermocouples are used. The experimental system
was isolated with glass wool insullation to prevent envi-
ronmental heat losses. An electric heater with a thermostat
is used to maintain the temperature of the nanofluid. Two
flowmeters were installed in the pipes carrying nanofluid to
check the flowing rate. Deionized water is the working
fluid for the outer tube and MWCNT-water nanofluid is the
working fluid for inner tube. The stainless steel tanks are
used to store the nanofluid and cold water. For each fluid
circulation, a centrifugal pump was employed to circulate
the fluid inside the system. Table 1 details the accuracy of
instruments. The temperature of nanofluid was set at 35—
50 °C, and volume flow rates of nanofluid were adjusted at
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Fig. 1 Experimental setup

100, 200, 300 (L hfl);, and 300 (L hfl) for the cold water
flow rate. Three sets of experiments were performed to
ensure the repeatability and consistency of results in
presence of porous media.

The components of heat exchanger were constructed of
900 mm length, 84-mm outside-diameter tube and 19-mm
inner tube. The inner tube was of copper composition,
while the outside tube was made of PVDF. Table 2 shows
the specifications of the heat exchanger.

The porous media in this study are open-cell aluminum
plates with é=67% nominal porosity. Figure 2 shows a
schematic of porous media plate used in double-pipe heat
exchanger. The three interrupted-plate designs have a
nominal plate thickness of 0.8 mm and a nominal plate
diameter of 83.5 mm, density of 2770 kg m_3, and thermal
conductivity of 205 (W m~' °C™") At an altitude of 70 mm,

the plates have a cut in the upper part to improve mixing of
exterior fluid flow. As shown in Fig. 3. The spacing of the
inter-plate in the length of heat exchanger tube is divided
into three equal parts (approximately 300 mm) which are
set in the opposite direction (Fig. 3).

Nanofluid preparation

For nanofluid preparation, deionized water (DIW) was used
as the base fluid MWCNT (USNANO research Co.) was
used as nanoparticle (see Table 3). Nanofluids were pre-
pared at different mass fractions of 0.04%, 0.17%, 0.25%.
Figure 4 demonstrates the transmission electron micro-
scopy (TEM) image of the MWCNT nanoparticles. Fig-
ure 4 shows the quality of MWCNT, which shows that
there is no impurity in structure of MWCNT. MWCNTs
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Table 1 Details of measuring

. Instrument
instruments

Model Accuracy

Rotameter

RTDs

Thermocouple

Bolt heater

Pump

Thermophysical properties
Viscosity

Thermal conductivity

Glass tube Teflon
PT-100 resistance sensor
Type K 0.1 °C

1200 W, 100 mm x 10 mm (L x D) + 2% of readings®
Centrifugal, stainless steel impeller -

2% of readingsb
0.1 °C

Brookfield
Decagon KD2-Pro

2.5% of readings”
2.5% of readings®

“Based on the calibration process

b .
Based on manufacturer claim

were initially dispersed into the water using 40 kHz and
300 W ultrasonic. The CTAB surfactant was used at only
0.1% of general volume of nanofluids.

Figure 5 shows the effect of surfactant on nanofluid
stability. This figure shows that MWCNTs quickly settled
down without the use of proper dispersant and it was dis-
persed and suspended well in the water with the
CTAB surfactant. At maximum mass concentrations
(mass%=0.25), nanofluids were stable for about 25 days.

Calculation steps
Evaluation of overall heat transfer coefficient

For our purposes here, two mass flow rates are defined; the
mass flow rate for the hot fluid inside the inner tube (i)
and a second mass flow rate for the coolant (ni.). These
mass flow rates exhibited as:

Pn . Pc (1)

Mh = X 3600000 T ™ X 3600000

where my, and mi. are the mass flow rates of the hot and cold
fluids, respectively. p,, and p. indicate hot and cold fluid
densities, respectively. Heat transfer from hot fluid to cold
fluid (Qn) and from the cold fluid to hot fluid (Q.) are
calculated from the following formula [37],

Oh = my X Cp,h (Tin,h - Tout,h)a (2)
QC = th X Cp,c (Tout,c - Tin,c)

where Cpy, is specific heat for hot fluid and C; . is specific
heat for coolant. The average heat transfer rate can be
expressed in the following manner:

Fig. 2 Schematic of the porous media plate used in this work

The convective heat transfer coefficient 4; can be cal-
culated from the following equation:

On

hi =
1 Ais7ip X (Tw -

(4)
Tuven)
where Ajqjp, is the internal surface area of inner tube, T, is
the local surface temperature at the outer wall of the inner
tube and T,ep is average temperature of hot fluid. The
Nusselt number is determined from the following formula:
h; x D
Nllh =——" h (5 )
kn

where kj, is the thermal conductivity of the hot fluid and Dy,
is hydraulic diameter for hot flow. Logarithmic mean
temperature difference is given by:

(Thi — Teo) — (Tho — Tei)
mEE )

(Tho_Tci)

LMTD =

Experimental overall heat transfer coefficient (based on

Oue = Oh + O (3) inner surface area of inner pipe) is evaluated from the
e following equation [38]:
;:Z:eefc:ai:szsggsns of the Material Inner diameter/mm Thickness/mm Length/cm
Inner tube Copper 19 2 87.5
Outer tubes PVDF 84 4 87.5
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Fig. 3 Arrange of porous media
plates: a three plates; b one
plate

Table 3 Specification of MWCNT

Nanomaterial MWCNT
Thermal conductivity/W m™" °C™"! >3000
Outside diameter/nm 5-15
Inside diameter/nm 3-5
Length/um 50

Color Black
Purity/% >95
Density/g cm 2.1

Fig. 4 Scanning electron microscopy of produced MWCNTs
nanoparticles

(@ (b)

Fig. 5 Effect of surfactant on the nanofluid stability: a without
CTAB; b with CTAB

Qavg

U —__=ae 7
PP Agip X LMTD ™

Calculation steps for theoretical evaluation of overall heat
transfer coefficient

Two Reynolds numbers are defined as:

X Vh x D X V. x D
Rethh h h’ Rec:pc c c
Hp He

(3)

where D, is hydraulic diameter of cold Water, V. is
velocity of cold water, V}, is velocity of hot fluid, p. is
dynamic viscosity of cold water, and p, is dynamic vis-
cosity of hot fluid. Density and specific heat of nanofluid
are calculated from the following equations, respectively
[39-42],

ot = (@ X pp) + (1 = @)p,, 9)
X (p,Cpp) + (I — @) X (p,,C

Cpnt = @ (Pp p7p) ( @) x (p p7W) (10)

Pnt
Prandtl number of nanofluid is given by:
C

Pr,p = Kot % Spaf (11)

knf

k, p, Cp and p for water are calculated at average tem-

perature of water. Nusselt number for cold water is given
by [43]:

Nu, — 3,657 4 00677 X (Rec x Pre x %)1'2333 12)
1+ (0.1 x Prc) x (Ree x 2¢)™
where
f = (1.82 x log,yRe. — 1.64)* (13)
Nusselt number for hot fluid is given by [43]:
No, £ x (Rey — 1000) x Pry (14)

= 127« {%}O'SX{(Prh)O'“G—l}

Two heat transfer coefficients will be defined: (1) heat
transfer coefficient for the hot fluid inside the inner tube
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(hy) and (2) heat transfer coefficient for the coolant (k).
They are defined as:

. Nuh X kh
==

~ Nue X ke
=5

h c (15)

Theoretical inner overall heat transfer coefficient is
calculated by using of the following equation [43]:

1
UiA,theo = ( 16)

hl+di,kip/2 < In do ip/2 + dijp/2 x 1
h ip di .ip/2 do,ip/z e

Analysis of the heat transfer characteristics

In this work, thermal conductivity of nanofluids was
measured using a KD2-PRO thermal properties analyzer
device. A Brookfield CAP 2000 viscometer measured the
viscosity of nanofluids. Other thermophysical properties
were estimated using correlations introduced in Eqgs. 9-10
to verifying device results (KD2-PRO thermal properties
analyzer device), thermal conductivity of pure water was
obtained and compared with the results of the standard data
of water.

Figure 6 shows the thermal conductivity ratios of
MWCNTs—water nanofluids versus temperature at different
concentrations. The results show a correlation between
increasing thermal conductivity and increasing temperature
and nanofluid mass concentration. A slightly increase is
observed when the nanoparticles concentration fraction is
increased and a maximum thermal conductivity enhance-
ment was observed in the case of nanofluids containing
mass% 0.25 MWCNTs. Similar trend has been previously
reported in the literature conducted by Syam Sundar et al.
[44]. This enhancement is mainly due to Brownian
motions, inherent high thermal transfer properties and

1.25
@ mass% 0.04
«+ @+ mass% 0.17
120 TEImSeNR £
.--V .....
1.15 R
5
~S
= v
= 1104
..... °
...... @ttt L4
......  TIXRAA <@
P &
1.05 <&
1.00 v ' ! '
30 35 40 4 30 >

7/°C

Fig. 6 Thermal conductivity ratios of MWCNTs—water nanofluids
versus temperature at different concentrations
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increased straightness ratio owing to the ball milling of the
MWCNTs [45].

Figure 7 demonstrates the impact of temperature on the
viscosity ratios (uye/ ) of MWCNT-water nanofluids.
The viscosity of MWCNTs—water nanofluids decrease with
increasing temperature and concentration, with the latter
exerting stronger influence on the viscosity of nanofluids
with different concentrations which may be attributed to
the weakening of intermolecular forces. This observation
corroborates the results of Hosseini et al. [46] and
Aravind et al. [47] who observed that there is decrease in
viscosity when the fluid temperature is increased. However,
temperature has a stronger influence on the viscosity of
nanofluids with different concentrations. The rather mild
increase in the effective viscosity with nanoparticle con-
centration is a significance advantage since the increase in
viscosity could undermine the overall positive impact of

1.40
<=+ mass% 0.04
] -®-- mass%0.17
1.35 -+ mass% 0.25
1.30 4 v
v
v
:f 1.254 ®........ v
= e o
1 120< R
N J
L TP
Lis4 T S
...... ...
Lo T ®
1.05 " y ! '
30 35 40 43 30 >

7/°C

Fig. 7 Relative viscosity of MWCNTs—water nanofluids versus
temperature at different concentrations
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Fig. 8 Comparison between experimental and calculated value of
inner overall heat transfer coefficient
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enhanced conductivity in heat transfer due to the pumping
fluid penalty [46].

Verification

To ensure the accuracy of the results, the overall heat
transfer coefficient, Uj, of the pure water flow was com-
pared with overall heat transfer coefficient in Eq. 16. Fig-
ure 8 shows the comparison between experimental and
calculated values of inner overall heat transfer coefficient.
As shown in Fig. 8, the results confer the validity of cal-
culated versus experimental data. The uncertainty of the
inner overall heat transfer coefficient measurement is
approximately 6.1%. The results show a positive correla-
tion between the inner overall heat transfer coefficient and
with increasing temperatures. The maximum average
enhancement for U; is 16% for volume flow rate of
200 (L hfl), at temperature of 50 °C.

Results and discussion
Heat transfer of nanofluids

Figure 9 demonstrates the relationships between the Nus-
selt number and the Reynolds number at different mass
concentrations at the temperature of 50 °C. As illustrated,
Nusselt number increases with the increasing Reynolds
number and mass concentration of nanofluid. Moreover,
Nusselt number of the nanofluid at the same Reynolds
number is greater than the Nusselt number base fluid. For
example, this value is 40% for the nanofluid with a con-
centration of 0.25 compared to the base fluid (the Reynolds
number of 7600). This trend has been previously reported
in the literature conducted by Sarafraz [18, 37]. Maximum

60

Water
mass% 0.04
mass% 0.17

mass% 0.25
50 4 T=50°C *

55 1

edeo0n

45 'S

Nu

40 v

e«

35 4

304

25 T T T T T T T
4000 4500 5000 5500 6000 6500 7000 7500 8000
Re

Fig. 9 Nusselt number versus Reynolds number at different mass
concentration at the temperature of 50 °C
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600 . . . . .
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Volume flow rate of inlet pipe, m,/L h-!

Fig. 10 Heat transfer coefficient versus volume flow rate of inlet pipe
at different mass concentration of nanofluids at temperature of 50 °C

variation occurs at Re=7600. The reason of increasing of
Nusselt number with the increasing of mass concentration
of nanoparticles is the increase in the thermal conductivity.
The fluid velocity plays an important role on the heat
transfer, and it is the main cause of give high heat transfer
coefficient. The irregular and random movements of
nanoparticles increase the energy exchange rates in the
fluid with exerting shear stress on the walls and enhancing
the thermal dispersion of the flow [48].

Figure 10 presents the results of experiments for heat
transfer coefficient versus volume flow rate of inlet pipe at
different mass concentration of nanofluids at temperature
of 50 °C. Results demonstrate that, at higher volume flow
rate of inlet pipe, the heat transfer coefficient increases. A
similar trend can be seen for mass concentration, where
increasing the mass concentration leads to an increase in
the heat transfer coefficient. According to the results, with
higher mass concentrations of MWCNT nanoparticles, the
inlet temperature yields a higher heat transfer coefficient.

2600
T 24001 m Water ]
N B mass% 0.04
‘E 2200 4 O mass% 0.17
| mass% 0.25 0
2 20004 T=50°C a
= With one plate porous media
.2 1800 -
3 x
T 1600 -
5 o
B -
8 1400
&
g 1200 = =
% 1000 g
800 - L
600 T T T T T
50 100 150 200 250 300 350

Volume flow rate of inlet pipe, m /L h'!

Fig. 11 Heat transfer coefficient versus volume flow rate of inlet pipe
at different mass concentration of nanofluids under one-plate porous
media
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Fig. 12 Heat transfer coefficient versus volume flow rate of inlet pipe
at different mass concentration of nanofluids under three-plate porous
media

Porous media results

Figures 11 and 12 show the heat transfer coefficient versus
volume flow rate of inlet pipe at different mass concen-
tration of nanofluids under plate porous media conditions.
It illustrates that the trend of variation is roughly the same

2000
18001 =3 Without plate —
[ With one plate o
1600 4 [ With three plates
Fluid : water ]
_ 1400
|
=4 1200
@
£ 1000
z
= 800
600
400 4
200 A
0 T : T T T :
50 100 150 200 250 300 350
m, /L h!
2500
== Without plate
[ With one plate — —
| 1 With three plates
2000 Fluid - mass% 0.17
T
=4 1500 4 el
a9
g
i 1000 A
500
50 100 150 200 250 300 350
m, /L h!

as that shown in Fig. 10. As can be seen in Fig. 11, the
enhancement in the heat transfer coefficient of nanofluid
under one-plate porous media is insignificant.

Figure 12 shows the heat transfer coefficient versus
volume flow rate at different mass concentration of
nanofluids under the three-plate porous media. The
enhancement in the heat transfer coefficient of nanofluid is
approximately 10%, 19% and 16% for 0.04 mass%,
0.17 mass%, and 0.25 mass% in volume flow rate of 100
(L h™") compared to that of the absence of porosity,
respectively. This is while the higher ranges have a slight
influence on the heat transfer coefficient. At volume flow
rate of 300 (L h™ '), the enhancement in the heat transfer
coefficient approximately 1%, 3%, and 4% for 0.04 mass%,
0.17 mass%, and 0.25 mass%, respectively. This is because
the heat transfer enhancement is dependent on the velocity
of fluid flow more than any other factor. As can be seen, the
heat transfer coefficient under three-plate porous media is
enhanced in comparison to the one-plate porous media. It is
evident that the application of porous media leads to the
augmentation and enhancement of the mean heat transfer
coefficient.

To better understand the effect of nanofluid and porous
media on heat transfer performance, the ratio of the heat

2500
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[ With one plate
i [ With three plates J—
2000 Fll‘lid : rr‘n’ass% 5.04
N ]
o 1500 =
g
z
~= 1000 -
500 A
0 ; ; T T T .
50 100 150 200 250 300 350
-1
m, /L h
3000
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2500 + [ With three plates I
Fluid: mass% 0.25
- 2000
—~ —
o — —
g 1500
B
~=
1000
500 4
0

50 100 150 200 250 300 350
m, /L h~!

Fig. 13 Heat transfer coefficient versus volume flow rate under different conditions
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transfer coefficient of nanofluid to heat transfer coefficient
of pure water versus volume flow rate is plotted in Fig. 13.
The experimental data of the heat transfer coefficient are
reported for 0.04 mass%, 0.17 mass%, and 0.25 mass% In
the absence of porosity the maximum heat transfer
enhancement is obtained for nanofluid with 0.25 mass%
fraction at 300 (L h™"). This graph shows that the positive
correlation between volume flow rate and heat transfer
coefficient, as the volume flow rate increases the value of
enhancement in the heat transfer coefficient gradually
increases. According to the experimental data, the heat
transfer coefficient values are clearly increased in porosity
conditions, although this amount is too small for one plate
but quite obvious for the three-plate situation. The greatest
enhancement occurs for water fluid under three porous
plate conditions, at approximately 35%. Also, the amount
of enhancement decreases with increasing nanofluid con-
centration. This is due to the fact that with increasing the
nanofluid concentration, the dynamic viscosity of nanofluid
is increased which leads to increase in vibration damping.
For high mass concentrations, increasing the fluid viscosity
diminishes the vibration effects. The amount of heat
transfer enhancement decreases slightly with increasing
volume flow rate because the flow rate is the most effective
factor on heat transfer enhancement which reduce the plate
effects.

Conclusions

An experimental study was conducted to investigate the
performance of double-tube counterflow heat exchanger
under porous media conditions. The performance of heat
exchanger was tested with MWCNTs—water nanofluid,
with a focus on the influence of the volume flow rate and
concentration of nanoparticles. The porous medium made
of aluminum plate, employed throughout this experiment,
with a large contact surface with the fluid and high thermal
conductivity, enhanced the heat transfer. The enhancement
coefficient increases dramatically with a porous tube sur-
face. But the increase is observed to be dependent on the
position of the characterization of flow intensity the lower
range 100 (L h™") of the volume flow rate demonstrated a
greater impact on the enhancement coefficient; while the
higher ranges 300 (L h™") exhibited low influences. Using a
single plate did not yield a significant impact the heat
transfer coefficient, but using three plates had the highest
heat transfer coefficient (up to 35%). And finally, there was
a negative correlation between mass fractions and porous
media enhancements, as the mass fractions increased, the
value of porous media enhancement (on the heat transfer
enhancement assisted by porous media) gradually
decreased.
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