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Abstract

Boiling is an essential process for many industrial applications such as refrigeration,
distillation, chemical processes. The efficiencies of these applications are dependent on
effectiveness of the heat transfer processes. This study presents the experimental data analysis
for pool boiling performance of 0.10~0.20% (wt%) of Multiwall Carbon Nanotubes
(MWCNTSs)/water nanofluid on smooth and straight, square and circular grooved surfaces.
According to experimental results, the highest enhancement in boiling heat transfer coefficient
is observed in configuration S4 consisting of 30mm deep circular groove inclined at 45° angle
and 33% higher than the base fluid on the smooth surface. Based on this investigation, the
paper indicates that the inclination of the circular groove has the potential to enhance
significantly pool boiling heat transfer process. Furthermore, the paper justifies that the
effectiveness enhancement analysis of the nanofluids under a range of concentrations and
geometrical configurations of heat transfer surfaces is still essential and desirable.
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Nomenclatures

A area of boiling surface (m?)

C heat capacity (J/kg K)

D diameter (mm)

L distance between thermocouple and surface and heater length (mm)
h convection heat transfer coefficient (W/m? K)
k thermal conductivity (W/m K)

q" heat flux (W/m?)

q rate of heat transfer (W)

T temperature (K)

k thermal conductivity (W/m K)

n number of surfaces

X position of thermocouple (mm)

U uncertainty -

\ voltage (V)

I current (A)

AT  temperature difference (K)

Ra Roughness value (mp)

Greek symbols

u viscosity (kg/m s)

p density (kg/m®)

© volume concentration
A difference

Subscripts

f fluid

I liquid




p particle

sat saturation

w water

1. Introduction

Boiling heat transfer is involved in many engineering applications associated with high heat
fluxes. So many researchers looked into the enhancement of boiling heat transfer by using
Nano-technology in the past decades. In the past three decades, most of the investigators
worked on pool boiling using Al>203 nanoparticles Kwark et al. [2010] & Ham et al. [2014] &
Karimipour [2015].

Nucleate pool boiling of AlOs based aqueous nanofluid on flat plate heater has been
studied experimentally by Shahmorad et al. [2013]. Their investigation showed after boiling of
nanofluid the surface roughness increases or decreases depending on initial condition of heater
surface and they reported changes in boiling surface topology during different regions of
boiling, wettability and thermal resistance of heater surface owing to nanoparticles deposition
caused to variations in nanofluids boiling performance.

Also, others investigators examined CuO as nanoparticles for pool boiling. Some experimental
studies were conducted by Mirziei M [2017] & EI-Khouly et al. [2021] on pool boiling heat
transfer with a range of CuO nanoparticles concentrations. CuO has similar issues as those of
Al>O3 nanoparticles, the results indicate the rise in Nusselt number Dadjoo et al. [2017] &

Arenales et al. [2020].

Sarafraz et al. [2020] investigated the heat transfer coefficient (HTC) of FesO4 aqueous nano-
suspension at various mass concentrations of 0.05% 0.2%. The potential role of operating
parameters including heat flux perpendicular to the surface, concentration of the nanoparticle,

strength of magnetic field (MF), zeta potential and concentration of a specific surfactant on




HTC, critical heat flux (CHF) and transient fouling resistance of the surface was identified.
Results showed that MF can lower the fouling resistance providing that the nano suspension is

stable. It was shown that in this case, the HTC value was also promoted.

Xu et al. [2021] studied, bubble growth on the boiling surfaces and pool boiling heat transfer
characteristics of semi modified pillar arrays are experimentally investigated at atmospheric
pressure, deionized water, aqueous isopropanol and n-heptanol solutions with concentrations
were used as the working liquids. The experimental results show that contact angles of
isopropanol and n-heptanol solutions on copper plate are changed considerably by silver-

deposition.

The coefficient of heat transfer for the behavior of TiO2 nanoparticles in pure water has been
recently studied by Salimpour et al. [2015] & Mahmoudi et al. [2017]. In a pool boiling regime,
heat is transferred by two distinct mechanisms. Firstly, bubbles are generated at nucleation
cavities. Secondly, by convection from wall heat is transferred into the bulk liquid. In the first
mechanism, the surface condition is important whereas in second mechanism the effect of

nanoparticles in our case MWCNTS is important.

Different shapes of cavity for HTC have been investigated by Kathiravan et al. [2011]. The test
results exhibited that the addition of carbon nanotubes increased boiling heat transfer
coefficients of the base fluids. it was found that 0.5% of CNT concentration gives the highest
enhancement of 1.7 compared with water.

Experiments were conducted by with bare silicon and fully coated CNT surface at 0°, 30°, 60°,
120°, 150° and 180° by Ho et al.( 2014). Results showed that at constant surface orientation of

90°, both the fully coated CNT surface and the interlaced patterned CNT surface enhanced the

average heat transfer coefficient by 42%.



Amiri et al. (2014) investigated the effects of carbon nanotubes structures and different
functional groups were studied on the pool boiling heat transfer coefficients (HTC) and critical
heat fluxes (CHF).

Different orientation of surfaces for HTC have been investigated by Sarafraz & Hormozi
[2016] and it has been found nanoparticle deposition causes changes in surface roughness. The
experimental heat transfer coefficients were also validated by comparing to the well-known

correlations and available data in the literature.

The influences of covalent and non-covalent functionalization on the pool boiling heat transfer
performance of MWNTSs nanofluids were experimentally investigated by Xing et al. [2016]

under different weight concentrations.

Neto et al. [2017] found CHF can be enhanced by complete wettability through using
nanoparticles. Boiling curves, critical heat fluxes and heat transfer coefficients were obtained

and compared to reference data for water.

The effect of size of the nanoparticles in pool boiling has been investigated by Shoghl et al.
[2017]. Their results showed show that the overall effect of ZnO and Al>O3 nanoparticles is the

deterioration of heat transfer while the addition of CNTSs results in improving heat transfer.

Fan et al. [2017] showed by using high concentration of nanofluids surface roughness can be
increased. The findings of this work suggested an active approach to optimization of quenching

performance of CNT-based nanofluids.

It was observed by Thakur et al. [2021] by using a 0.005 vol% of MWCNT in water, critical
heat flux can be enhanced to 2.14 W/m?2. This recorded critical heat flux enhancement is

62.12% more than the critical heat flux required for the water.

Extensive studies have recently been made by using different surfaces, in order to increase rate
of heat transfer especially for V shaped groove by Qu et al. [2012] studied the effect of the
smooth and rib surfaces under an electric field. They showed that V grooves can enhance the

heat transfer coefficient surface at an angle 60°.



Das et al. [2007] showed the channels inclined in pool boiling surface at an angle 60°
experimentally with the horizontal give higher rate of heat transfer. Das et al. [2009] reported
pool boiling from different smooth surfaces for circular, rectangular shape.

By looking at some published papers related to pool boiling such as, Qu et al. [2012] &
Quan et al. [2015] & Sarafraz et al. [2016], it is obvious, grooved surfaces are more commonly
preferred choices in the mainstream due to their good thermal performance, but also a low
manufacturing cost is considered a merit.

Although a few numbers of grooved surfaces have been introduced for the enhancement
of rate of heat transfer in pool boiling, the review of literature made it clear that the mechanism
of boiling in groove surfaces with nanofluid especially MWCNTSs has not been investigated. In
other words, there is no study that has qualitatively described the use of MWCNTSs and the
boiling behavior detailing the characterizations of smooth and groove surfaces.

Few studies showed a clear and systematic investigation of thermal performance on pool

boiling with nanofluids, and it is no unified and quantitative conclusion about the effects of
MCWNTSs in groove and smooth surfaces. CNT are the promising materials due to their desired
thermal properties such as high thermal conductivity compares to Al.O3, TiO2 and CuO, so the
purpose of this investigation is to introduce a novel type of grooved surface under pool boiling
whilst using MWCNTSs. In this study, a novel circular grooved type of boiling heat transfer
surface has been designed, constructed and tested. This paper investigates the thermal

performances of six distinct surfaces with different concentrations of MWCNTSs.

2. Experimental Apparatus

For this research, an experimental setup consisting of a cylindrical boiling vessel shown
in Figure 1 has been used. In this paper, a coil heater of 1100W with a diameter of 15 mm and

length of 90 mm for initial heating was used during the experiments to provide constant heat



flux. Insulation of the bottom side of the heater by Teflon was achieved to make sure we do
not have heat loss from the bottom of the vessel.

The condenser with diameter of 90mm and height of 320mm was used for cooling of
any vapour which exit also the cooled water with inlet temperature of 18 °C and outlet
temperature of 27°C was circulated through tube with a stainless steel (316) diameter of 3mm
and length of 200mm. Steady state condition was supposed to be reached, when the recorded
temperature difference of each thermocouple became less than 0.5 K/hour. Experiments were

conducted in this chamber using distilled water under atmospheric pressure.

The experimental apparatuses are condenser, Pyrex glass, boiling liquid, test plate, heater,
Variac, as shown in Figure 1. The boiling vessel with 100 mm diameter Pyrex glass with height
of 190 mm, used for this experiment. Aluminium sheets with thermal conductivity of
140 W/m. K has been used in this experimental. The sides of the cylinder are covered with a
Teflon insulation. The Teflon material is Polytetra fluoroethylene. A 12 channels K-type
thermocouple with a sheath length of 200 mm and a diameter of 5 mm was used. One
thermocouple was placed at the bottom of the vessel also one time thermocouples T, Tz and
one time thermocouples T2, T1 are connected to the surface directly and because we have heat
flux (q") so the surface temperature(Ts) could be measured with more accuracy also three
thermocouples were used to measure the liquid to measure the average boiling liquid

temperature in different places.
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Figure. 1 Our experimental set-up: (a) experimental apparatus of test system (b) schematic of
test system.

The surface conditions are important factors in pool boiling. As a result, five different shapes
of groove have been made examine their efficiency in pool boiling with and without nanofluids.
Characterization of shape and geometry for smooth (S0) and grooved surfaces (S1, S2, S3, S4,
S5) showed in Table 1. Figure 2a shows various surfaces including smooth (S0) and grooved
surfaces (S1, S2, S3, S4, S5), Figure 2b schematic of smooth (S0) and grooved surfaces (S1, S2,
S3, S4, S5) Figure 2¢ shows roughness values for smooth (SO) and grooved surfaces (S1, S2,

S3, S4, S5).
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Figure 2. (a) Various surfaces including smooth (S0) and grooved surfaces (S1, S2, S3, S4, S5),

(b) Schematic of smooth (S0) and grooved surfaces (S1, S2, S3, S4, S5).
(c) Roughness values for smooth (S0) and grooved surfaces (S1, S2, S3, S4, S5).
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Table 1. Characterization of geometry for smooth (S0) and grooved surfaces (S1, S2, S3, S4, Sb).

No: Surface area(mm?) Depth (mm) Width (mm) | Inclination (°)
SO 49 - - -

Sl 75 3 2 45

S2 85 3 2 0

S3 90 2 2 45

S4 94 3 2 45

S5 98 4 2 45

3. Preparation of the nanofluids

For preparing the nanofluids, MWCNTs nanoparticles purchased from Merck
Company with a specific density of 2.1 g/cm® and thermal conductivity of 3000 W/m K.
Specification of Multiwall Carbon Nanotubes (MWCNTS) can be seen in Table 2.

Table 2: Specification of Multiwall Carbon Nanotubes (MWCNTS).

Details MWCNTSs
Purity 95 % wt (carbon nanotubes)
97 % wt (carbon content)
Average diameter 7nm
Length 10-30 um (TEM)
SSA 110 m?%g (BET)
Color Black
Ash 1.5%wt (TGA)
Electrical conductivity 100 s/cm
Specific surface area 60m?/g

For this study, nanofluid samples were prepared with three MWCNTSs concentrations 0.1%,
0.15% and 0.2% by weight and the samples were sonicated in water for 90 minutes. According
to Sarafraz et al. [2016] sonication and the suitable pH level and using of Gum Arabic can
efficiently crack the agglomeration. Gum Arabic (GA) utilized with a concentration of

0.1% wt to increase the dispersivity. The use of surfactants in our case can reduce the surface
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tension so with the easier separation of bubbles from the boiling surface, heat transfer

coefficient can be increased.

To achieve uniform dispersion and deagglomeration of the MWCNTSs particles in the base

fluid, ultrasonic the 22 kHz ultrasonic device was used for 90 minutes. The preparation steps

are described in Figure 3.

Nanoparticles
(MWCNTs)

Base fluid
(water)

Mixing

Hot plate

Figure 3. Preparation steps of Multiwall Carbon Nanotube (MWCNT) + water.

Ultrasonic mixing for 90 min
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Analyzer

For the best stability, pH of nanofluid was set using buffer solution NaOH and HCL (0.1

millimolar). Table 3 shows the stability process for MWCNTSs. Our results show pH=8.9 is the

most stable for our Nanofluids.

Table 3: The stability process for MWCNTS.

Nanofluid | wt% | Stirring(min) | Sonication(min) | pH setting Stability

MWCNTs | 0.10 90 90 8.2 about 8 hours
0.15 110 110 8.5 about 12 hours
0.20 130 130 8.9 about 15 hours

This also insured the stable suspension of the nanoparticles in base fluids without

sedimentation. To prepare MWCNTs/water, after magnetic stirring for 90 minutes, then the

nanofluid were exposed to an ultrasonic processor with power of 600W. As it can be seen it

leads us to a stable suspension with different concentrations. Also Figure 4 shows size

distribution by volume and it illustrates the size of our multi wall nano carbon tube is around 7

nm.
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Figure 4. Diameter distribution of the Multiwall Carbon Nanotube (MWCNTSs).
The system was stopped after each run for three hours to assume the reproducibility and
repeatability of the recoding. To ensure the results were correct, each experiment was repeated
3 times with the same procedure and exact amount of MWCNTSs + water nanofluid and all of
the conditions were kept almost identical during each experiment.

The exceptional repeatability can be attributed to the fact that nanoparticles’ random motion
under the effect of buoyancy in the base liquid could create uniform nanofluid. The test results
can be well repeated for a uniformly dispersed nanofluid.

The main disadvantage of nanoparticles are that they are unstable. Preparation of stable
nanofluid is critical to measure the thermophysical. The exceptional repeatability can be
attributed to the fact that experimental equipment is a more stable and having good working
environment.

3.1. Data processing

First we can calculate the heat flux by below equation:

IV
q'=— (D)
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In this equation | stands for the current (Amps), V shows the voltage (Volts), A also refers to
the heating surface area (m?) which can be calculated from A = DL and D is the diameter of
the heater vessel so the value of q" can be found. Because the heat conducted inside the heater
IS in one dimension and the heat flux can be obtained from the tested temperatures T1, T, and
Ts which is shown in Figure 5. Thermocouples Ti, T2 and T3 are connected to the surface
directly so the surface temperature(Ts) measured with more accuracy. The authors used this
method in order to reduce the effect of heat loss on heat transfer performance.

T TT

Thermocouples

Boiling surface

e ——
Entry hole for ____'7.*

thermocouples .

(b)

Figure 5. (a) Experimental setup of the surface (b) Boiling surface with three thermocouples embedded
inside it.

One-dimensional heat conduction for heater can be express as:

"_de )
Q" =k s @

In this equation k is the aluminum thermal conductivity where k=140 W/m. K and x= 12mm.

aT (T3 - Tz)
"=k — =k ———
q I ” (3)
Also we have:
oT T, — T
o T g BT @

0x X

We can find out the heat Flux for Equation 3 and 4 are the same, as the results we have:

T T;— T
_p BT

"—k — = 5
q 0x 2x )
And now by using “Eq. (5)” we can calculate the mean surface temperature (Ts).

n X
Ts=T —q (E) (6)
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And finally we are able to find the heat transfer coefficient from “Eq. (7)”

q

h=——
Ts_Tsat

(7)

All the properties of MWCNTs/water nanofluids were applied with the average temperature of
the MWCNTs/water nanofluids and the thermal conductivity (k), viscosity (u), specific heat
(cp) and density (p) were calculated by the following (Hemmat Esfe et al. 2014):
p=>0—-¢@)pw+ ¢pp (8)
where ¢ denoted the volume fraction of the MWCNTs/water nanofluids, p,, and p,, were the
bulk densities of water and MWCNTSs nanoparticles, respectively . Equation 8 shows that the
addition of nanoparticles to the base fluid increase the thermal conductivity fluid flow.
o (1 =) pwew + ¢pp Cp
p
where c,, and c, were the specific heat of water and MWCNTSs nanopatrticles, respectively.

%)

1 Pw
H=———p, — 10
CEEA: o
where p,,, was the viscosity of water
_ kp + 2k, +2(k, —ky)o an

~kp + 2k, — 2(kp — K)o
Where k,, and k, were the thermal conductivity of water and MWCNTSs nanoparticles,

respectively.

3.2. Uncertainty analysis

Uncertainty in this paper was mainly due to the measured temperatures by 12 channels.
Thermocouples were connected to temperature data logger model BTM-4208SD. In order to
validate the reliability of the experimental device and the data analysis, a boiling experiment is
carried out using DI water. Uncertainty of the measured parameters has been shown in Table

4.
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Table 4: Measured parameters and their uncertainties in this experiment.

Measured quantity Uncertainty
Distance 0.1 mm
Temperature +0.1K
Voltage 1V
Amperage 0.1A
Roughness 0.05 um
Thermal conductivity 0.01 W/m. K

Uncertainties in heat transfer coefficient and heat flux were found to be in a range of 2-6%,
and 2— 5% respectively for all fluids tested. The relative uncertainty can be calculated as shown
below:

q" = f(AT, Ax)

& _ Urs-1, 2 Uxz—x4 2 0.5
ar ((Tg—Tl) +(x3—x1) ) (12)
Ts = f(L.q)
U, » UT T, 2 UL 2

=) (@) (13)
q 1~ lsat
h = f(AL,q)
Un Ug” : Unrg : 0.5
N e ' 14
o () () "

4. Results and Discussion

As demonstrated by Das et al. [2017] & Tian et al. [2019], the effect of surface roughness
by grooving on the film boiling cannot be neglected. The aim of this novel study is to compare
the boiling heat transfer coefficient of six surfaces through using different concentrations of

MWCNTSs with various surfaces.
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Heat transfer coefficient versus temperature differences in pure water for SO, S1, S2,
S3, S4 and S5 which has been shown in Figure 6. Because of using groove surfaces, the heat
transfer coefficient is increased. This is expected because the groove surfaces yield more
heating surfaces area. However, the interesting point is that the surface S4 have better boiling
heat transfer coefficient than surface S5, while heat transfer area of the former is less than the

latter. This can be attributed to the position of the heating surfaces.
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Figure 6. Coefficient of heat transfer of water vs heat flux for SO, S1, S2, S3, S4 and S5.

The use of MWCNTS can reduce the surface temperature and also the wall temperature
reduction not only increases with heat flux enhancement as the result of heat transfer coefficient
but also goes on a rise with increasing nanoparticles concentration Modi et al. [2020]. Figure
7, shows boiling heat transfer coefficient vs heat flux for MWCNTSs with 0. 1% concentration
for SO, S1, S2, S3, S4 and S5. It can be found out from Figure 8 increasing the concentration
of MWCNTSs nanoparticles increases the pool boiling heat transfer coeffient.in the boiling

process over all the heating surfaces.

17



20

18 4| Xs4 @s5 xs3
16 1| As2 ms1 eso
14 -
g 12
§ 10 -
XX 8
~ Groove
=
6 { surfaces
4 .
2 i
O T T T T T T
0 20 40 60 80 100 120 140

q"'(kW/m?)
Figure 7. Coefficient of heat transfer vs heat flux for MWCNTSs with 0. 1% concentration for
S0, S1, S2, S3, S4 and S5.
Figure 8, shows boiling heat flux us temperature differences for MWCNTSs with 0.15%
concentration for S0, S1, S2, S3, S4 and S5. We can see from the graph groove surfaces with
higher concentration of MWCNTS, higher heat transfer coefficient compared with smooth

surface.
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Figure 8. Coefficient of heat transfer vs heat flux for MWCNTSs with 0.15% concentrations

for SO, S1, S2, S3, S4 and S5.

Figure 9 shows boiling heat transfer coefficient versus heat flux for for MWCNTSs with 0.2%
concentration for SO, S1, S2, S3, S4 and S5. Higher thermal conductivity of a nanofluid (in our
case MWCNTS) has a significant effect on the boiling heat transfer coefficient enhancement.
The presence of nanoparticles causes the collision between the heating surface and the
particles, thereby causing increased turbulence of the solution and, as a result, higher heat

transfer coefficients (Dehghani et al. 2018).

Higher thermal conductivity of a nanofluid (in our case MWCNTS) has a significant effect on
the boiling heat transfer coefficient enhancement. The presence of nanoparticles causes the
collision between the heating surface and the particles, thereby causing increased turbulence

of the solution and, as a result, higher heat transfer coefficients (Dehghani et al. 2018).
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Figure 9. Coefficient of heat transfer vs heat flux for for MWCNTSs with 0.2% concentration

for SO, S1, S2, S3, S4 and S5.

In order to evaluate nanofluid boiling heat transfer coefficient enhancement compare to water
with increasing nanoparticles concentration and heat flux, the heat transfer coefficient ratio of
MWCNTSs + water nanofluid to water is shown in Figure 10. As it can be seen this ratio is
increased with nanoparticles concentration increasing. For example, by increasing nanofluid

concentration from 0.1% to 0.2% at q"=110 kW/m? this ratio increases from 1.16 to 1.42.
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Figure: 10. The ratio of boiling heat transfer coefficient of MWCNTs+ water nanofluid to water

vs heat flux at different nanoparticle concentrations.

This enhancement in the heat transfer coefficient (HTC) value is attributed to the micro-
mechanisms activated in the bulk of the water due to the presence of the Multiwall Carbon

Nanotubes (MWCNTSs)/water nanofluid, which are discussed below:

(a) Brownian motion: The first micro-mechanism is referred to as “Brownian motion”, is
sourced from the random movement and collision of the nanoparticles within the bulk of the
liquid. Such short random movements (length of movement is potentially equivalent to the
mean free path of two particles) increase the probability of the collisions between particles and
between the particles and micro-layers of the base fluid, which in turn facilitates the conduction
heat transfer (due to the collision of the particles) and convective heat transfer (during
migration between the layers of the base fluid). Notably, such movements can also induce

micro-streams of convection, which locally increases the heat transfer coefficient. Such
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movements can create distortion in the thermal boundary layer resulting in the increase in HTC

value of the system.

(b) Thermophoresis effect: The second contributor is the “thermophoresis phenomena” which
is sourced from the temperature difference between two different regions of the bulk of the NS.
Such temperature gradient can stimulate the nanoparticle to mi- grate from a hot region towards
the cold one. In the hot region, due to the conduction and/or convective mechanism, thermal
energy is absorbed by the nanoparticles, which is then delivered to the cold region with the
same mechanisms. Thus, these two contributors can facilitate the heat transfer and augment the
HTC value. A schematic illustration of the mechanisms improving the thermal performance of

the system is shown in Figure 11 (Li et al. 2020 & Yao et al. 2019).

Macroscopic view of the system Macroscopic view of the system
Liquid bulk Liquid bulk
Heat transfer direction Heat transfer direction

Kk

Cold region

¥e Nanoparticles
W (MWCNTS )

. .
Hot region

@ (b)
Figure 11. a) Brownian motion b) Thermophoresis.

Figure 12 illustrates that a groove surface has many cavities that can be used to trap vapour,
providing more and large sites for bubble growth. By comparing Fig. 6 and Fig. 9, the
experimental results revealed with 0.2% MWCNTs-water by weight gave the best
enhancement of heat transfer coefficient approximately by 33%.

By using grooved surface especially inclined circular groove at angle of 45° (S4) with
roughness value of Ra= 3um it creates more bubbles and providing more nucleation sites as a
result, higher heat transfer coefficients (see Figure 12). Comparing the surface S3 with
roughness value of Ra= 2.7um and S4 with roughness value of R.= 3um and no trapped vapor

and S5 with roughness value of R.= 2.8um with tunnel with trapped vapor and also due to the
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porous deposition layer formed by the deposition of the nanoparticles, which increases the

thermal resistance of the heat conduction shows surface S4 is the best boiling surface.

Vapor

Tunnel

Figure 12. Schematic of hypothesis for water film structure in pool boiling for grooved
surfaces S3, S4 and S5.
To find out the augmentation factor for all the surfaces below equation can be used (Das et al.,

2009):

q|AT,structured surface

( Zfor alln )/ n (15)

q|AT,plane surface
From Table 5 and Figure 11 it can be found out the surface area of S5 is higher compared to
S4 but augmentation factor of the S5 is lower compared to surface of S4. This indicates that
for enhancement of coefficient of heat transfer release of generated bubble is very important

parameter.
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Table 5. Enhancement factors for different geometry.

No: nD?/4 + Cavity area Augmentation factor
nD? /4

SO 1 0

S1 2.41 5.8

S2 2.64 6.45

S3 2.54 6.85

S4 3.10 8.30

S5 3.25 7.20

5. Conclusions

Review of literature revealed lack of work around the mechanism of boiling on groove surfaces
with nanofluid especially MWCNTSs. This paper showed the heat transfer coefficient
comparison between grooved surfaces and smooth surface under pool boiling in presence of
Multi Wall Carbon Nanotube (MWCNTS) nanoparticles at different concentrations (0.1%,
0.15% and 0.2%) within the base fluid. Based on pool boiling surfaces, a new type of groove
pool boiling surface was designed and constructed, which is consisted of inclined circular
groove. The experimental results exhibited that boiling heat transfer coefficient was about 33%
higher for 0.2% concentration of MWCNTs. The experimental results for six surfaces

arrangement in pool boiling revealed that:

(a) By using grooved surface especially inclined circular groove at angle of 45° (in our case
S4) and using MWCNTS the contact between nanofluid particles and the surface increase,

create more bubbles so higher heat transfer coefficients can be achieved.

(b) Grooved surfaces enhanced the heat transfer coefficient (h) and it was obtained in circular
grooves, which is 33% higher than the base fluid water on the smooth surface. This shows the
release of generated bubble is also important along with the additional surface for bubble
generation for enhancement of boiling heat transfer. This is an important observation and to

the best of the knowledge of the authors this has not been reported earlier.
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(c) For grooved surfaces, the highest increase in heat transfer coefficient (h) was seen in
circular grooves (S4) with higher roughness value compare to S5 with depth of 30mm
consisting of circular groove inclined at angle of 45°.

(d) Comparing surface S3 of short wetted channel and S4 of wetted tunnel with no trapped
vapor and S5 of reentrant tunnel with trapped vapor and also due to the porous deposition layer
formed by the deposition of the nanoparticles, which increases the thermal resistance of the
heat conduction shows surface S4 is the best boiling surface. For case of surface S5
sedimentation of nanoparticles cannot form more nucleation sites as well as acts an insulation
layer on the surface. Here, in addition of thermal resistance of nanolayer, an extra resistance
due to blocked vapor in the cavities, results in more deterioration of heat transfer coefficient.
(e) The enhanced heat transfer of grooved surfaces is not merely related to the increased heat
transfer area, but also the situation of the grooved has a prominent role in the boiling

characteristics.
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