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. Annexure 1

Effect of different base fluids viz. water, EG/water (60:40), PG/water(60:40)
on the pressure drop of nanofluids through straight tubes and helical coilswas
studied. ;

Various metal oxide nanoparticles like AlLO;, CuO and MgO with primary
particle size less than 50 nm was considered for measuring pressure drop of
nanofluids.

Various geometries of test section, i.e., straight tubes & helical coils having
different inside diameters, coil diameters and pitch were used for pressure drop
measurement so as to cover a wide range of Reynolds number.

Effect of varying particle volume concentration of nanoparticles in the range 0-
2.5 vol.% on pressure drop of nanofluids through straight tubes and helical
coils was elucidated.

Comparison of experimental data with the predicted values determined from
the various models available in literature was done.
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Annexure 2

Synthesis and characterization of metal and non-metal oxide hascd.nanoﬂuids with

different particle volume concentrations in the temperature range of 10 10 40°C has
been carried out. Distilled water and aqueous ethylene glveol (in 60:40 weight
ratio) were used as the base fluids. 1102, g0, and Al,O3 n;'rrmpal‘licles were used
for the preparation of nanofluids. TiO, nanofluid was p1‘t~1.arcd using water as
base fluid 0 the concentration range of 0.3-2.5 vol.%. The thermophysical
properties of TiO;-water nanofluid were determined in the temperature range of
10-40"C. The flow characteristics of TiO-water nanofluid through straight
horizontal tube Were then nvestigated for 0.3-1.5 vol.%. The offect of percentage
volume fraction of suspended nanoparticles and Reynolcs number on fanning
friction factor has been studied. For NRe < 1000, there was a fairly good
agreement petween the friction factor predicted using the cond entional correlation
(f= (16/NRe)) and the experimenta\ly measured value of friction factor. However,
for NRe> 1000, deviation from the Newtonian behavior has been observed. With

increasing Reyno\ds number, the divergence becomes significant and 18 believed 1o

be a function of percentage volume fraction of TiO; in the nanofluid. € orrelations
for predicting the fanning friction factor for TiO-water panpofluids as @ function of
particle volume concentration have been developed for laminar as well as turbulent
flow regions. These correlations predict the present expert! nental data well within
=10%. SiO2 nanofluid was prepared using 60:40 ethylene glycol-water as the base
Muid with concentration 1, 1.5 and 2 vol.%o. The prcpm'ed SiOs nanofluid was then
characterized in terms of themwphysica\ propcrlic:‘a in the temperawre range 10 10
40"C.

The 1‘1}'dr0dynamic characteristics for the laminar Aow of 60:40 (¥ w) EG-W
based ALO3 nanofluids through straight tube and helical ceils Were -:\;perimentall}-'
investigated. Three straight tubes with different inside diameters and 4 helical coils
with different combinations of curvature catio and piteh ratio were used as the
cxpel’\menla‘. test section. Four different volume concentrations (0.6. 0.9, 1.2 and
1.5 vol.%) of alumina nanofluid were prepared. pure ethylene glyeol (Rankem
make, 99.0 Yo assay) was used for the preparation of base fluid. Glycol [ watel
mixture was prepared by the addition of distilled water in small quantities 10 the
pure glycol along with mechanical otirring. The alumina nanoparticles with an

average size of 55 nm were procured from Nanoshel. The two step method was
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owed for the preparation of nanofluids. The amount of nanoparticles required
for the preparation of nanofluid was calculated and was slowly added to the base
fuid along with magnetic stirring. The fluid was then homogenized and
ultrasonicated. The nanofluid was made stable by pH adjustment. The highest
concentration was diluted to prepare the lower concentrations. The prepared
nanofluids were observed to be stable for seven days. The density of base fluid was
measured at 20, 25, 30, 35°C using Anton Paar, DMA 48 density meter with an
accuracy of £0.6 %. The viscosity of base fluid was measured at 20-35°C using
Ubbelohde viscometer with an accuracy of £1.3 %. After the measurement of
density and viscosity of base fluid. the transport properties of alumina nanofluid
were measured for all the particle volume concentratiors at all the working
temperatures. The straight tube and helical coil setup were then calibrated using
base fluid over a wide range of Reynolds number. After establishing the reliability
of the experimental setup, the pressure drop measurements were carried out for
alumina nanofluid through straight tube and helical coils for all the concentrations
under the laminar flow regime. Friction tactor of nanofluids was found to be
that of the base fluid for both the straight tubes 2 well as helical coils.

1 particle volume fraction. The friction factor of nanoiiuids couC N0t o2 esumated
using standard friction factor correlations available in literature for flow through
straight tubes and coils. Thus, a correlation has been proposed to estimate the
friction factor for laminar flow of alumina nanofluids through straight tubes as a
function of particle volume fraction. This correlation is valid for water as well as
glycol water based alumina nanofluids with 0 <®<1.5%. The coil friction factor
was found to be influenced by both the curvature ratio and coil pitch. The combined
cffect of both these parameters is well quantified in terms of Germano number. A
correlation to estimate the coil friction factor for laminar flow of base fluid as well
as alumina nanofluid has been proposed. This correlation is valid for 0<®=<1.5%
and 0.7< Gn< 12.Both the correlations predict the experimental data well within
+10%.
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Hydrodynamic Studies on MgO Nanofluid Flowing
Through Straight Tubes and Coils
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1. INTRODUCTION

fhe unit operations involving heat transfer have 4
widespread application in various types of indwstries
including automobiles, refining, chemical. manufactdring.
cte. The desirable properties of a heat transfer Aud 1o
achieve high rate of heal wansfer. are high thermal con-
ductivity. specific heat and low viscosity.! Glycol based
mixtures are commonly used heat transter fluids for low
(emperature applications. Ethylene or propylene glyeol
mixed with water in 60:40 weight ratio exhibits low
volatility, lower corrosivity and can substantially lower
the freezing point of the heat wransfer medium.” Further,
propylene glycol has the advantage of being non-toxic
and chemically more stable over ¢thylene glycol as an
antifrecze agent and provides o more stable suspension,
Thermal trunsport properties of these coolants can be tur-
ther improved by the use of additives called nanopar-
ticles with size <100 am and concentration <3 vol.%.
The resultant stable suspensions are called as_uunc:ﬁLm’m_“
Nanofluids have interesting properties such as large spe-
cific surface area. high thermal conductivity, low erosion
and long term stabitity.” ™ Nuanoparticles commonly used
for the synthesis of panofluids can be metals, metal oxides,

Authar 1o whim correspondence should e addressed
Famul eit_gupta @@ yahoo.com
Received: § November 2016

Accepled: 18 December 20106

arban nanotubes, et€. A nanomateria
to be dispersed should be chemically stable material.
Generally, metal oxide nanoparticles have a good stabil
ity in polar liguids. MgO nanoparticles, having inherentl
non-corrosive character. possess d good thermal conduc
tivity of around 484 W/m - K and a density lower tha
that of metal oxides like Alumina, iron oxide, zinc oxids
cupric oxide, 2t The lower density helps in improvin
the stability of nunofiuids and a Jesser amount of MgO

Id o particular volume fraction in compar
son to other metil oxide nunoparticles.! However, additic
of nanoparticles also causes an increase in the density ar
viscosity of the fluid’ I thereby increasing the pumpi!
power required Tor transportation. Thus, the pressure dr
studies need 1 he carried oul 10 estimate the frictior
pressure drop and hence the power required to pump i
nanoftuid. The hierature available on the flow of M
hased nanofluids has been reviewed in the subseque

carbides, mitrdes. <

required 1o yit

section.

i.1. Flow of Nanofluids Through Straight Tubes

A few experimental studies have been reported on flow
MgO based panofluids through straight bes. Merildir
et 4l exper mentally investigated the influence of f
ticle shape and size on fricnon factor characteristics
water-based 4104, 510, and MgO nanofluids in the |
bulent low range with particle coneentration up o 4 VO
flowing inside o long annular tube with saturated st

J Nanofluids 2017, Vol. 6, No. 3

2169-432X%/2017/6/001/009

doi:10.1166/0n.2017 1341



e T N T

ﬁ*i y  Copyright © 2017 by American Scientific Publishers Journal of Nanofluids
. :_ - Al nghts reserved Vol. 6, pp. 1-9, 2017
4 (www.aspbs.com/jon)

Printed in the LII'1IIE1(‘J_S|31-29& ol Amernica

AMERICAN
SCIENTIFIC
PUBLISHERS
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Through Straight Tubes and Coils
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The laminar flow characteristics of magnesium* oxide based nanofluid (0-0.66 vol.%) flowing through straight
tubes and helical coils with different combinations of coil curvature and pitch ratio have been studied. A propy-
lene glycol/water (PG-W) mixture (60:40 weight ratio) was used as the base fluid. The friction factor of nanofiuid
was found to be higher than that of the base fluid for both, the straight lube as well as helical coil geometry,
which further increased with increase in nanoparticle volume%. In case of flow through straight tubes, observed
pressure drop per unit length was observed to follow the power law correlation with fluid velocity for all con-
centrations of MgO nanofluid. The power law exponent (n) was close to 1 for the base fluid and increased with
ncrease in volume fraction of MgO nanoparticles. Based on the observed data, empirical correlations have
I the friction fa tor for the laminar flow of MgC |1n\f'urd through straight tubes and

n fc ight tubes. predicts the experimental data to within £8%, while

e ¥

INTRODUCTION cirbides. nitrides. carbon nanotubes, ete. A nanomaterial
to be disperscd should be chemically stable material.!

The wnit operauons volving heat wtansler have a
Generally, meral oxide nanoparticles have a good stabil-

widespread application in various types of industries

including automobiles. refining, chemical, manufactuging,
ete. The desirable properties of a heat transfer flwd 1o
achieve high rate of heat transfer, are bigh thermal con-
ductivity, specific heat and low viscosity.' Glycol based
mixtures are commonly used heat transfer fluids for low
temperature applications. Ethylene or propylene glycol
mixed with water in 60:40 weight ratio exhibits low
volatility, lower corrosivity and can substantially lower
the freezing point of the heat transfer medium.* Further,
propylene glycol has the advantage ol being non-toxic
and chemically more stable over cthylene glveol as an
antifreeze agent and provides a more stable suspension. ™
Thermal transport properties of these coolants can be fur-
ther improved by the use of additives called nanopar-
tcles with size <100 nm and concentration <5 vol.%.
The resultant stable suspensions are called as nanofiuids.”
Nanofluids have interesting properties such as farge spe-
cific surface area. high thermal conductivity. low erosion
and long term stability ™" Nunoparticles commonly used
tor the synthesis of nanofluids can be metals, metal oxides,
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ity in polar liquids. MgO nanoparticles, having inherently
non-corrosive character, possess a good thermal conduc-
tivity of around 48 4 W/m-K and a density lower thar
that of metal oxides like alumina, iron oxide, zin¢ oxide
cupric oxide. 2tc. The lower density helps in improving
the stability o' nunofiuids and a lesser amount of MgO is
required to yicld u purticular volume fraction in compari-
son 1o other metal oxide nanoparticles.! However, additior
of nanoparticl s also causes an increase in the density anc
viscosity of the fAuid” ' therehy increasing the pumping
power require:! for transportation. Thus, the pressure drof
studies need 0 he carried out to estimate the frictional
pressure drop and hence the power required to pump the
nanofluid. The literature available on the flow of MgC
hased nanofuids has been reviewed in the subsequen
section.

1.1. Flow of Nauofluids Through Straight Tubes

A few experiiiental studies have been reported on flow of
MeO based nanofluids through straight wbes. Merilidiner
et al.'? experimentally investigated the influence of par
ticle shape and size on friction factor characteristics of
water-based /1 O, 510, and Mg0 nanofluids in the tur
bulent Aow range with particle concentration up to 4 vol %
Howing inside o long annular tube with saturated steam
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the proposed corrélation. The present proposed Eq. (18)
predicts the experimental data well within +5%.

6. CONCLUSION

The hydrodynamic characteristics for the laminar flow of
0.3 and 0.66 vol.% MgO nanofluid through straight tubes
and coils were investigated. Friction factor of nanofiu-
ids was found to be greater than that of the base fluid
for both the straight tube as well as helical coils. For
each system, observed pressure drop or friction factor
mereased with increase in particle volume fraction. The
percentage enhancement in friction factor in respect of

base fuid. increases with increase in Reynolds number

and also increases with increase in nanoparticle volume%.
Al empirical correlation. Eq. (16) has been proposed
o estimate the friction factor for laminar Aow ol MgO
nanofluids through straight wbes as a function of parti-
cle volume fraction. This correlation is valid or water as
well as propylene glycol-water bused MgO nanofluids with
() = & < 0.66%. The ¢oil friction factor was found 1o be
dependenton curviture ratio and the coil pitch, The com-

neters s well gquantified in
ot T ol Wy s B foor < A AR
4nd 0.7 < Gn < 12. The correlation proposed for straipk

tubes predicts the experimental data to within =8%, while
the correlation proposed for coils predicis the experimental
data to well within +5% .

Acknowledgment: Onc of the authors (Puja Sharma)
acknowledges the financial assistance provided by UGC
(File no. 40-772011 (SR)). DST-PURSE-1] (Ref. no. 79-
SI/RPC) and CSIR (File no. O9/135/(0013)201 5-EMR-1)
m the form of fellowship 1o carry out her research work,
The authors are also thankful (o PURSE-IT and TEQIP-11,
Dr. SSBUICET. PU. Chandigarh for providing grants for
purchase of chemicals,

References and Notes

LS Mimtkandan aned K. § Ripan. RSC Advneys 4, 51830 (2014

P K Nambond, D K. Dis. K M Tangutun. and R 8. Vajjha, Mrer-
wattonal Jowrned of Thermal Seiencos AR, 290 (2009).

3R American Society of Heating and E A=Conditioning, 2005
ASHRAE Handbook Fundamentals—S1 Edition. American Society
ol Heatimg Relrgerating und Arr-Conditionin, Atlanta, Ga (2005).

4 M T Nak, G R Junardhana, K, V. K Reddy. and B, S, Reddy,

VREN Jowraal of Enginevring and Applice Scrences 5. 249 (2010,

Yo Xuan and € Li, Transacttons A ASME. Journal of Hear Tranyfer

125, 150 [2003)

o N Ulundraprabu, (G Sankiraniyanan, S Inivam, and 5. Suresh,
- Nemoffuiely 2, 2|3 (2013)

o

7.

=

16,

17.

8.
19,

20,

28,

29,

. T M Whie

- H. 1. ZAMM-Jowrnal of Applied Mothemeiies and Mook

Sharma et al ! : Hydrodynamic Studias on MgC Nanofluid Flowing Through Straight Tubes and Coils

S. M. 8. Murshed and €. A. N. de Castro; J. Nenofiuids 1, 180
(2012).

v €. H. Li, P Jang, and G. P Peterson, J Nenofliids 2, 20 (2013}

L. S Sundar, E V. Ramang, M. K. Singh, J. Gracio, and A. C. M.
Sousit, L Navofhdds 1 200 (2014).

+ H. Younes, i Christensen, D, Li. H. Hong. and A. A. Ghafen.

A Nanefluiels 4. 107 12015}

M. Yadegari, M Seit | Subbughzadeh. and J. Mollai, £ Nanefiuids

326 (2014).

- A Merilidinen, A Seppilii. K. Siari. J. Seitsonen. J. Ruokolainen,

S, Puisto, N. Rostedr. and T Ala-Nissila, International Journal of
Heat and Me s Transfer 61, 439 (2013) 4

o ML H, Esfe, & Suedodin, and M. Mabimoodi, Experimental Tbrrd‘

and Flutd Seoorce 52,68 (2014).

|
« R Davamnejad and M Jamshidzadeh, Engineering Science and Teck- |

gy, ar Interiationsd Journal 18, 536 (2015).

+ R. Gupta, Baiti H. Setia, A Sobiti, und R, K. Wanchoo, J. Nanofie-

idy 2, 200 (201 r

P Sharma, R Gupra, ind R. K. Wanchao, J, Nanofluidy 6, 15 (20078

P Sharma, B Gupta, and R KL Wanchoo, Experimental Thermed

amed Fluiel Seommca B2, 19 (2007),

A. Shaukat, e Dviantics Research 28, 295 (2001).

R. Gupta. R K Wanctioo, and T. R. M. Jafar Al Industrial and

Engineering Chemiviey Research 50, 1150 (2011).

T. Al Pimenta und J. B. L. M Campos. Experimental Thermal and

Fluid Scienee 30, 194 12012
y wal Sociery of London. Senes &

RN E Rl [
v
e R T AT <Y S e
¢ LET (1S R M= 7T
2.5 3.0 Saliporkar sad FOA Hollasd

Engineering 215, 113 (1968).

festzuitschrife fine Angewandie Mathematik und Mechanik 49, 653
(1969)

Bo AL Mujavar and MR, Rao, Indhustrial and Engineering Chen-
sy Process Divign v Develapment 17. 22 (1978).

L Han, ). Ellenberger and 2 1. Hamersma, Chenncal Engineering
Svtence 43, 775 (1988)

3 M. Germiane Jowrnul of Fluid Mechamics 125, 1 (1982).

LM Germane Jowrnal of Fluid Mechanies 203, 289 (1989).

32 B Pak and © 1 Choo Egperimentat Heat Transfer 11,151 (1998).

3T R. M. ) Ali, Flow of Newtonian and Non-Newtonian  flu-
ids through Helical coils [MLE. Thesis]. Chandigarh, India, Panjub
University (200%)

3. P Mishra and 5 N Gupta, ndustrial and Engineering Chemisiry
Process Des e cnid Plevelopment |5, 130 (1979), E

35, V. Kubuirand C B, 8 Varrict, Trans Dt Inst. Cheme Eng. 14, 93
(1961/1962)

6. Y. Mori and W Nukavama, bérmarional Jenernal of Hear and Mass
Tramsfer 10, 37 (1967)

7. R AL Wemhernp, An Experimental [nvestigation of the Pressure
Losy in Flow Through Helical Coils | Thesis (Engineer’s Thesis ).
Pasadena, Culitornia, California lnstitute of Technology (1949).

.M. Santinelly. Experimentul and CFD investigations of single phase
and two phise steam waiter flow in helically coiled tubes [Masters
Thesis], Tl (2012)

3. Z Wi, L. Wine, amd B Sundén. Applied Thermal Engineering
6L, 206 (2001 1)

40, M. FakoorFabdaman, M A Akhavin-Rehabadi. and P. Razi, fnter-

datinal Jorcna! of Themmal Sciences 65, 206 {2013).

J Nanofluids, 6, 1-9. 2017

- ““‘"‘"\_Dd&._" = PE——




f!

||
1
1
l‘

Journal of Nanofluids
Vol. §, pp. 1-10, 2017
(www.aspbs.com/jon)

%‘ Copyright @ 2017 by American Scientific Publishers
"“; All nghts reserved
of

Printed i the United States of America

AMERITAN
SCIENTIFIC
PUBLISHERS

Hydrodynamic Studies on PG-W Based CuO
Nanofluid Flowing Through Straight
Tubes and Coils
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The laminar flow characteristics of copper oxide based nanofluid (0—' vol.%) flowing through straight tubes
and helical coils with different combinations of coil curvature and pitch ratio have been studied. A propylene
glycol/water mixture (60:40 weight ratio) was used as the base fluid. The friction factor of nanofiuid was found
to be higher than that of the base fluid for both the straight tube as= well as helical coil geometry, which
further increased with increase in nanoparticle volume concentration. In case of flow through straight tubes,
observed pressure drop per unit length was observed to follow the power law correlation with fluid velocity
for all concentrations of CuQ/PG-W nanofluid. The power law exponent (n) was close to 1 for the base fiuid
and increased with increase in volume fraction of CuQ nanoparticles. “xperimental correlations to predict the
friction factor for the laminar flow of CuQ nanofluid through straight tubes and helical coils have been proposed.

The correlation proposed for straight tubes predicts the experimental data to within +4%, while the correlation
sreposed for coils predicts the experimental data to within +6%. The proposed correlation for straight tubes
predicts the available experimental data of other investigators with an accuracy of £10%.

KEYWORDS: Nanofluid, Copper Oxide, Propylene Glycol, Helical Ceil, Hydrodynamics.

1. INTRODUCTION -

e unit operations involving heat transfer have a widle-
spread apphication in various types of’ industries mcluding
automobiles, refining, chemical, manufacturing. etc. The
desirable properties ol a heat transfer fuid to achieve high
rate of heat transfer are high thermal conductivity, specific
heat and low viscosity. " Glyeol hased mixtures are com-
monly used heat transfer fluids for low temperature appli-
cations. Ethylene or propylene glycol mixed with water
in 60:40 weight ratio exhibits low volatility. lower corro-
sivity and can substannally reduce the freezing point of
the heat transfer medium.” Further. propylene glycol has
the advantages of being non-toxic and chemically more
stuble over ethylene glyeol as an antifreeze agent and pro-
vides a4 more stable suspension.™* The transport proper-
nes of these coolants can be further improved by the vse
of additives called nanoparticles with size <100 nm and
volume concentration <5 vol %. The resultant stable sus-
pensions are called as nanofluids.” Nanofluids can enhance
heat transter rate as compared 1o that of the base Huid
as they possess o high theomal conductivity. Nunoparticles
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Rewenved: 8 August 2016
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commonly use:! (a1 the synthesis of nanofluids can be met-
als, metal oxides. carbides, nitrides. carbon nanotubes, etc.
A nanomaterial 1o be disperseit should be chemically sta-
ble material.! Generally, metal oxide nanoparticles have a
good stability ' polar liquids. Copper oxide nanoparticles
are easily avail ible. possess a good thermal conductivity of
around 76.5 Wim K° und are used as additives in various
types of indusitial oils for removal of heat from high heat
flux surfaces. 4150, due 1o their spherical shape they exhibit
anti-friction and anti-wear characteristics” ® and can signif-
icuntly improve (he heat transfer rate.” However. addition
of nanoparticles also causes an increase in the density and
viscosity ol the Huid thereby mcreasing the pumping power
required to pup the fuid. Nanofluids have the potential
for commereiz! appheation only when the cost of increased
pumping power is lesser as compared to the heat trans-
fer enhancement. Thus. the pressure drop studies need to
be carried out 1o estimate the frictional pressure drop and
hence the power required to pump the nanofluid. The lit-
erature availablc on the flow ol CuO based nanofluids has
heen reviewed 11 the subsequent section.

1.1. Flow of ~anofluids Through Straight Tubes
Vajjha et al.' aumencally studied the laminar fow of
0-6 vol.% CiU dispersions in 60:40 EG/W through the
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of particle volume ‘fraction. This correlation is valid for
water. base oil as well as propylene glycol-water based
Cu0 nanofluids with 0 < ¢ = 1%. The coil friction fac-
tor was found to be dependent on curvature ratio and the
¢oil pitch. The combined elfect of hoth these parameters
is well quantified in terms of Germano number, Gi. An
experimental correlation. Eq. (18) has been proposed to
estimate the coil friction factor for laminar flow of base
fluid as well as CuO nanofluid. This correlation is valid tor
0<d=1%and 0.7 < Un < 12. The correlation proposed
for straight tubes predicts the experimental data to within
4£4% . while the correlation proposed for coils predicts the
experimental data to within £6%. The proposed cerrela-
tion. Eg. (16) predicts the available experimental data al’
other investigatoes'™ 153 with an accuracy of £10%.
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