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Cooling is indispensable for maintaining the desired performance and reliability
over a very huge variety of products like electronic devices, computer, automobiles,
high power laser system etc. Apart from the heat load amplification and heat fluxes
caused by many industrial products, cooling is one of the major technical challenges
encountered by the industries like manufacturing sectors, transportation, microelec-
tronics, etc. Normally water, ethylene glycol and oil are being used as the fluid to
carry away the heat in these devices. The development of nanofluid generally shows
a better heat transfer characteristics than the water. This research work summarizes
the experimental study of the forced convective heat transfer and flow characteristics
of a nanofluid consisting of water and 1% Al,O; (volume concentration) nanoparticle
flowing in a parallel flow, counter flow and shell and tube heat exchanger under lami-
nar flow conditions. The Al,O, nanoparticles of about 50 nm diameter are used in this
work. Three different mass flow rates have been selected and the experiments have
been conducted and their results are reported. This result portrays that the overall heat
transfer coefficient and dimensionless Nusselt number of nanofluid is slightly higher
than that of the base liquid at same mass flow rate at same inlet temperature. From the
experimental result it is clear that the overall heat transfer coefficient of the nanofluid
increases with an increase in the mass flow rate. It shows that whenever mass flow rate
increases, the overall heat transfer coefficient along with Nusselt number eventually
increases irrespective of flow direction. It was also found that during the increase in
mass flow rate LMTD value ultimately decreases irrespective of flow direction.

However, shell and tube heat exchanger provides better heat transfer characteris-
tics than parallel and counter flow heat exchanger due to multi pass flow of nanofluid.
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The overall heat transfer coefficient, Nusselt number and logarithmic mean tempera-
ture difference of the water and Al,0, /water nanofluid are also studied and the results
are plotted graphically.

1. Introduction

Conventional heat transfer fluids, such as mineral oil, synthetic oil, water
and ethylene glycol, play an imperative role in many industrial sectors includ-
ing air conditioning,power generation, transportation, chemical production
and microelectronics. The performance of these fluids is often limited due to
their thermo-physical properties. In lieu with the present industrial demands of
process intensification and device miniaturization, development of high per-
formance heat exchanging fluids is required. Owing to the high thermal con-
ductivity of solid metals, lot of studies have been carried out in the past on the
thermal behavior of suspensions of millimeter or micrometer sized particles,
which showed some augmentation and practical problems such as poor sus-
pension stability which lead to channel clogging which is particularly serious
for the systems using mini and micro channel. As a result it is important to
improve the heat transfer efficiency in telecommunication systems and manu-
facturing applications for the betterment of work efficiency.

2. Literature survey

More than 50% of the total electrical energy is consumed for thermal man-
agement in case of electronic cooling system [1]. Very high heat removal rate
of the order of 2000 W/cm? is required in electronic systems like optical de-
vices, X-rays and laser applications [2]. More than 50% enhancement in heat
transfer is achieved by using this colloidal mixture of nanoparticles with base
fluids. However, researchers in the past decade tested less than 0.3% volume
ratio of nanoparticles with base fluid. It is well known that micro-sized par-
ticles help to improve thermal conductivity and convective heat transfer of
liquids when mixed with base fluids [3]. Meanwhile, the fluid path is disturbed
and high pressure drop occurs due to sedimentation, excessive wear, and clog-
ging due to micro-sized particles. These problems have been overcome, and
improvements in thermal properties are achieved by using nanofluids. In na-
nofluids, the nanoparticles of (1-100 nm) and base fluid mixed thoroughly is
identified by Choi in the year 1995 [4] at the Argonne National Laboratory.
Many researchers focused on analyzing the nature of heat transfer and heat
transfer characteristics of various nanofluids with different particle concen-
tration and flow rates both experimentally and numerically. It was found that
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considerable enhancement in heat transfer characteristics under laminar and
turbulent regime [5-15].

Upon considering the heat transfer characteristics of nanofluid using heat
exchanger, Pantzalia M.N. et al. [16] investigated the performance characteris-
tics of 4% volume concentration of CuO/water nanofluid using miniature plate
heat exchanger with modulated surface. It was observed that greater enhance-
ment of thermal conductivity and heat transfers along with more pressure drop.
Pressure drop increases with volume concentration of nanoparticle increase.
Mare T. et al. [17] studied the heat transfer characteristics of alumina mixed
with water and aqueous solution of carbon nanotubes using two plate heat ex-
changers. The result shows that considerable improvement in convective heat
transfer of about 50% for CNT and 42% for Al,O, nanofluid when compared
with water. Kwon et al. [18] tested ZnO and Al,O; nanofluid in plate heat ex-
changer. The Reynold’s number was maintained between 100 and 500 and the
heat exchanger working temperature was within 20°—40°C. It was found that
the heat transfer coefficient increased to 30% at 6% volume concentration of
Al O, nanofluid. Chun B.H. et al. [19] experimented convective heat transfer
coefficient of alumina nanoparticle and transformer oil using double pipe heat
exchanger under laminar flow conditions. The addition of nanoparticle in the
base fluid increases the average heat transfer coefficient. They stated that the
heat transfer characteristics mainly depend on the nanoparticle size, shape and
surface properties. Ulzie Rea et al. [20] found that the heat transfer coefficient
of zirconia-water nanofluid increases up to 2% in the entrance and 3% in the
fully developed region at 1.32% volume concentration. Yulong Ding et al. [21]
found the enhancement of heat transfer around 350% at Re = 800 while using
0.5wt% of CNTs. The enhancement at an axial distance was found to be 110
times of tube diameter. Ahmad Ghozatloo et al. [22] analysed the heat transfer
characteristics of graphene nanofluid in shell and tube heat exchanger. The re-
sult stated that the thermal conductivity at 25°C was increased by 15%, 29.2%
and 12.6% at the concentration of 0.05, 0.075 and 0.1 wt%, respectively. It
was observed that 13.1% increase in convective heat transfer coefficient at 0.1
wt% graphene nanofluids when temperature increased from 25 to 38°C. Rohit
S. et al. [23] studied the performance characteristics of Al,O;-water nanofluid
using concentric tube heat exchanger. The experimental investigation shows
that the overall heat transfer coefficient of Al,O;-water nanofluid was 16%
higher than water.

Recent advances in nanotechnology have allowed development of a new
category of fluids termed as nanofluids. Such fluids are diluted liquid suspen-
sions of nanoparticles with atleast one of their principal dimensions less than
100 nm. They have a bulk solids thermal conductivity of orders higher than
the base fluids. From previous investigations, nanofluids have been found to
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possess enhanced thermo-physical properties such as thermal conductivity,
thermal diffusivity and convective heat transfer coefficients compared to those
of base fluids like oil or water. The potential advantage of properly engineered
nanofluids includes higher thermal conductivities than that of predicted by
currently available macroscopic models. Little penalty have been identified
due to the increase in pressure drop and pipe wall abrasion experienced by
suspensions of millimeter or micrometer particles. A number of experimental
studies have been performed to investigate the transport properties of nanoflu-
ids in past decade. Most of these studies are on the effective thermal conduc-
tivity under macroscopically stationary conditions.

In present days, many researchers are focusing on Al,O, nanofluids due to
ease of manufacturing, preparation and availability factors. Some of the ther-
mal properties of Al,O; and water are compared in Table 1.

Table 1
Thermal properties of water and Al,O,
S.NO Property Water Al O,
L. C,JkgK 4179 765
2. p, kg/m? 997.1 3970
3. k, W/mK 0.605 40
4. a, m%/s 1.45-107 1.31-10°

A heat exchanger may be defined as equipment which transfers the
energy from hot fluid to cold fluid with maximum rate, minimum invest-
ment and running cost. Generally, heat exchangers are classified according
to the flow arrangement and type of construction. The different types of heat
exchangers are parallel flow, counter flow, cross flow and shell and tube heat
exchanger.

2.1. Preparation of the Al,O; nanofluid

Preparation of nanofluids is an important stage and nanofluids are pre-
pared in a systematic and careful manner. A nanofluid with uniform particle
dispersion is required and the same is used for measuring the thermo-physical
properties of nanofluids. In this work, water is taken as the base fluid for prep-
aration of Al,0, nanofluids.

2.2. The methodology of mixing of nanoparticles
in the base liquid

In this method, the nanoparticles are directly mixed in the base liquid and
thoroughly mixed by using stirrer. Preparation of nanofluid by this method
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gives poor suspension stability because the nanoparticles settle down due to
gravitation after a few minutes of nanofluid preparation. The rate of settlement
depends on the type of nanoparticles, viscosity and density of the host fluids.
Ultrasonicator was used for the stirring of nanofluids.

The maximum capacity of the ultrasonication in the machine is 1 liter.
Thus 6 times ultrasonicated was done to prepare 6 liters of nanofluid. Ultra-
sonication process was carried out for 45 minutes so that the nanoparticles
were completely dispersed in the water and ensured that they are not sediment-
ed. The weight of the nanoparticles is calculated by the law of mixture.The
calculated weight of the particle is weighted accurately by a 0.1 mg weighing
machine and it is ultrasonicated.

2.3. Experimental setup and data reduction

The experimental setup consisting parallel flow heat exchanger, counter
flow heat exchanger and shell and tube heat exchanger is shown in Fig. 1 and
it is a combined unit which is tested at different flow rates and different tem-
peratures. Figure 2 represents the flow circuits used for the experimental study.
It consists of two flow circuits. One circuit is the hot fluid flow and the other
is the cold fluid flow. The tank on the left side is the hot tank and the tank on
the right side is the cold tank. The hot tank is fitted with a heater inside so as
to heat the water at different temperatures and to supply it to the heat exchang-
ers. The tank on the right side is of normal water to which ice is added so as to
lower the temperature of the cold water.

Fig. 1. Experimental setup
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Fig. 2. Line diagram

Thus, cold water is passed through the heat exchangers, which leads to
an increase in heat transfer between the hot water in the inner tube and the
cold water which surrounds the tube. The heat exchangers shown in this ex-
perimental setup are parallel and counter flow heat exchanger and shell and
tube heat exchanger. The hot fluid flow and cold fluid flow are controlled by
flow meters of 0-1201 ph. The hot tank is provided with a heater and stirrer.
The stirrer helps in maintaining the upper surface temperature and the lower
surface temperature in constant state. The 2 tanks each are of the capacity of
6 liters. This ensures the piping networks have continuous flow of water. At
a time a single heat exchanger is operated, which means flow to the other heat
exchanger is controlled by control valves. The 15 control valves are used in
this setup. The number of tubes used in shell and tube are 5 tubes of inner
diameter 4 mm and of length 600 mm. The inner diameter of the shell in shell
and tube is 76.2 mm and the length is 600 mm. The area of the heat exchang-
ers is all the same. In parallel flow and counter flow heat exchanger the inner
diameter of the outer tube is 80 mm and the length is 571.5 mm. The inner
tube of parallel & counter flow heat exchanger is of diameter 21 mm and of
length 571.5 mm. The heat exchangers are of same area and are tested at same
flow rates with same conditions. The table on which the experimental setup is
fabricated is of size 900x1800 mm. The type of pipe used in the experimental
setup is copper pipe of 19.05 mm inner diameter.

2.4. Testing in the Heat Exchanger

Initially, the experimental setup is verified for any defects by allowing
the water to flow in the heat exchanger. Then, water is used as the fluid to
exchange the heat. The inlet and outlet temperature of the hot and cold fluid
is measured using K type thermocouple and the temperature indicator. The
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overall heat transfer coefficient, Nusselt number and LMTD for water have
been calculated. Then the Al,O, nanofluid is used as the fluid to transfer
the heat. The inlet and outlet temperature of the hot and cold fluid is meas-
ured using the thermocouple and the temperature indicator. The overall heat
transfer coefficient, Nusselt number and LMTD for Al,O; nanofluid have
been calculated.

The viscosity is calculated by Xuan and Roetzel [11] as follows:

Ay (1.005+0.4970 —0.114997) .

A,

Thermal properties of nanofluid are calculated by Pak and Cho [24] as
follows

py=0p,+(1-9)p,
/’ln/ = (1 + 2'5¢)/Llw Py

(pc,),, =@(pc,),+(1-p)pc,),,

k.,
/:/ =(0.9692¢ +0.9508),

w

where p,.is the density of the fluid, p, is the density of the nanoparticles,
p,, 1s the density of water, u represents viscosity, & stands for thermal con-
ductivity, ¢, represents specific heat and subscripts w and p are the proper-
ties of water and nanoparticles. Here ¢ is the volume concentration of the
nanofluid.

The overall heat transfer coefficient is calculated using the formula

Q0 =UAAT, (1)
where AT, = Logarithmic Mean Temperature Difference (LMTD) in (K),

U = Overall Heat Transfer Coefficient (W/m?°K), Q = Heat Transfer rate (W).
The heat transfer rate is calculated by the formula

0=m,C,AT, (2)
where m,, = mass flow rate of the hot fluid, C= specific heat of the hot fluid,

AT = temperature difference between inlet and outlet of the hot fluid. The Nus-
selt number is calculated from the correlation
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0.6682 Re,, Pr
Nu =3.66 + L 3)

0.67 >
1+0.04 (f Re, Pr)

AT, = Logarithmic Mean Temperature Difference (LMTD) is calculated from
the relation,
AT, ={(T,-t)— (T, —t,)}/{In[(T, - ¢t,)/ (T, —t,)]} for parallel flow heat ex-
changer,
AT, ={(T,—t,)—(T,—t,)}/{In[(T, —t,) / (T, —t,)]} for counter flow and shell
and tube heat exchanger. 7', = Hot fluid inlet temperature, 7', = Hot fluid outlet
temperature, ¢, = Cold fluid inlet temperature and ¢, = Cold fluid outlet tem-
perature.

Using the above correlations, the overall heat transfer coefficient, Nus-
selt number and logarithmic mean temperature difference were calculated and
tabulated in Table 2.

Table 2.
Experimental results of Al,O,/water nanofluid
Parallel flow heat exchanger
Water Al Os/water nanofluid
Re U Nu LMTD U Nu LMTD
600 116.17 13.84 13.83 130.72 14.9 16.1
900 125.44 14.63 12.27 144.8 16.5 14.15
1200 141.31 15.66 11.47 164.02 18.3 13.07
Counter flow heat exchanger
Water Al Os/water nanofluid
Re U Nu LMTD U Nu LMTD
600 115.96 13.71 13.75 131.24 14.23 15.74
900 127 14.57 12.45 144.6 15.98 14.15
1200 140.9 15.62 11.37 163.98 17.63 12.9
Shell and tube heat exchanger
Water Al Os/water nanofluid
Re U Nu LMTD U Nu LMTD
600 121.31 11.9 14.5 133.2 12.31 16.29
900 132.82 14.03 13.2 147.5 15.24 14.9
1200 142.02 14.69 11.97 166.4 16.23 13.2
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2.5. Results and discussion

The hot fluid inlet and outlet temperature, the temperature of cold fluid
inlet and outlet at different mass flow rates have been measured using experi-
mentation. Reynolds number (Re) has been calculated based on mass flow rate
and various parameters such as overall heat transfer coefficient (U), Nusselt
number (Nu), and Logarithmic Mean Temperature Difference (LMTD) were
calculated using equations.

Figure 3 shows the overall heat transfer coefficient (U) of water and Al,0,/
water nanofluid with respect to Reynolds number (Re) which varies from 600
to 1200 in parallel flow heat exchanger. The enhancement in overall heat trans-
fer coefficient at Reynolds number 1200 is found to be 13.84% in parallel flow
heat exchanger when compared with pure water. This is because the nanopar-
ticles increase the thermal conductivity and a large energy exchange process
resulting form the chaotic movement of the nanoparticles.

170 A
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140 -
130 -
120 + == \Vater

110 el Nanofluid
100

160 -

140 -
120 A e Water

=== Nanofluid

100

600 900 1200 600 900 1200

Overall heat transfer coefficient

Overall heat transfer coefficient

Reynolds Number Reynolds Number

Fig. 3. U vs. Re in parallel flow Fig. 4. U vs. Re in counter flow

Figure 4 shows the enhancement in overall heat transfer coefficient is
14.07% in counter flow for same volume concentration of Al,O; nanoparticles
at Reynolds number 1200. It shows that better enhancement in heat trans-
fer is obtainded in counter flow heat exchanger than parallel flow heat ex-
changer. Figure 5 shows 14.65% heat transfer enhancement in shell and tube
heat exchanger at same 1% volume concentration of Al,O; nanoparticles for
Reynolds number 1200. The variation in Nusselt number (Nu) with respect to
Reynolds number is shown in Fig. 6. It is found that the dimensionless Nusselt
number increases with mass flow rate increase.

The average increase in Nusselt number of Al,O,/water nanofluid is 14.4%
in parallel flow heat exchanger when compared with pure water. In counter
flow heat exchanger, the increase of Nusselt number value is 11.4% for same
pipe length and diameter, and it is shown in Fig. 7. The increase in Nusselt
number is 9.4% in shell and tube heat exchanger and it is shown in Fig. 8.
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Figure 9 shows the variation in logarithmic mean temperature difference
(LMTD) with respect to Reynolds number in parallel flow heat exchanger.
There is 12.24% increase in LMTD at Reynolds number 1200 when compared
with water in parallel flow heat exchanger. Variation in logarithmic mean tem-
perature diffeerence (LMTD) with respect to Reynolds number in counter flow
heat exchanger is shown in Fig. 10 and it claims 11.86% when compared with
water. Figure 11 represents an increase of 9.31% LMTD value at Reynolds
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15 - e Nanofluid 16 - sl nanofluid
15 4
a 141 a
= = 14 A
S 13 1 S 13
12 4 12
11 4 11 4
10 T T 1 10 T T 1
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Reynolds Number Reynolds Number

Fig. 9. LMTD vs. Re in parallel flow Fig. 10. LMTD vs. Re in counter flow
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number 1200 is observed in shell and tube heat exchanger when compared
with water. But the LMTD value decreases with Reynolds number increase.
It shows LMTD is inversely proportional to mass flow rate at 1% volume con-
centration. But the maximun ratio between the LMTD of nanofluid and water,
obtained for Reynolds number 600 in parallel flow heat exchanger, is 1.16
and minimum ratio is obtained in shell and tube heat exchanger at Reynolds
number 1200 is 1.10.

17 1~
16 - e ater
15 - === nanofluid
e 14 -
Z 13
12 4
11 4
10 T T
600 900 1200
Reynolds Number

Fig. 11. LMTD vs. Re in shell and tube

Upon calculating heat transfer rate, maximum increase in heat transfer
rate obtained is 22.6% for Reynolds number 1200 in shell and tube heat
exchanger.

3. Conclusion

The convective heat transfer performance and the flow characteristics
of Al,O; nanofluid flowing in heat exchangers, namely parallel flow, counter
flow and shell and tube heat exchangers, have been experimentally inves-
tigated. Experiments were carried out under laminar flow conditions. The
effect of AL,O; nanoparticle and the Reynolds number on the heat transfer
performance and flow behavior of the nanofluid and water have been com-
pared. It is concluded that for Re = 1200, the ratio of overall heat transfer
coefficient of Al,O,/water nanofluid with that of water is 1.161 for paral-
lel flow, 1.146 for counter flow, 1.171 for shell and tube heat exchangers.
It shows shell and tube exchanger provides more enhancements in heat
transfer coefficient than the other two. The Nusselt number also increases
for the Al,O,/water nanofluid, which in turn will increase the convective heat
transfer coefficient. The shell and tube heat exchanger provides maximum
heat transfer at Reynolds number 1200. In future, different particle volume
concentration for the same particle size can be prepared and mixed with the
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base fluid. The optimum level of volume concentration can be identified by
using suitable optimization technique to avoid sedimentation and clogging
in pipe lines.
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Badanie eksperymentalne charakterystyk przewodzenia ciepta w nanoplynach
w warunkach przeplywu wspolpradowego i przeciwpradowego w plaszczowych
i rurowych wymiennikach ciepta

Streszczenie

Chtodzenie jest niezb¢dne dla wlasciwego funkcjonowania i niezawodnosci roznorodnych pro-
duktow, jak urzadzenia elektroniczne, komputery, samochody, systemy laserowe wielkiej mocy, itp.
W sytuacji wzrostu obcigzenia cieplnego i strumieni ciepla wytwarzanych przez urzadzenia prze-
mystowe, chtodzenie jest jednym z najwazniejszych wyzwan wystepujacych w réznych gateziach
przemystu, transporcie, mikroelektronice, itp. Ptynami, ktoére zwykle sa uzywane do odprowadzania
ciepta z tych urzadzen sa woda, glikol etylenowy i oleje. Nanoptyny, opracowane w ostatnim czasie,
wykazujg generalnie lepsze charakterystyki przewodnictwa cieplnego niz woda. Przedstawiona pra-
ca stanowi podsumowanie badan doswiadczalnych nad wymuszonym, konwekcyjnym odprowadza-
niem ciepta i charakterystykami przeptywu nanoptynu sktadajacego si¢ z wody i czasteczek Al,O,
(w 1% stezeniu objgtosciowym) w warunkach laminarnego przeptywu wspotpradowego i przeciw-
pradowego w plaszczowych i rurowych wymiennikach ciepta. W przedstawionych badaniach uzyto
czastek Al,O; o $rednicy ok. 50 nm. Wybrano trzy roézne predkosci przeptywu masy, opisano wyniki
eksperymentow. Wyniki te wskazuja, ze catkowity wspotczynnik odprowadzania ciepta i bezwy-
miarowa liczba Nusselta nanoptynu sa, przy tej samej predkosci przeptywu masy i temperaturze na
wlocie, nieznacznie wyzsze, niz dla samego ptynu bazowego. Z wynikoéw doswiadczalnych wynika,
ze catkowity wspotczynnik odprowadzania ciepta wzrasta wraz z predkoscig przeptywu masy. Po-
kazano, ze gdy wzrasta predkos¢ przeplywu masy, catkowity wspotczynnik odprowadzania ciepta
wraz z bezwymiarowa liczba Nusselta ostatecznie wzrastaja, niezaleznie od kierunku przeptywu.
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Stwierdzono takze, ze ze wzrostem predkosci przeptywu masy warto§¢ LMTD ($redniej logaryt-
micznej réznicy temperatur) ostatecznie maleje, niezaleznie od kierunku przepltywu.

Niemniej, ptaszczowe i rurowe wymienniki ciepla zapewniaja lepsze charakterystyki odpro-
wadzania ciepta niz wymienniki z przeptywem wspotpradowym i przeciwpradowym, co wynika
z wielostrumieniowego przeptywu nanoptynu. Badano takze catkowity wspolczynnik odprowadza-
nia ciepla, bezwymiarowa liczbe Nusselta i $rednig logarytmiczng réznice¢ temperatur dla wody
i nanoplynu ztoZzonego z wody i Al,0O5, a wyniki przedstawiono w formie graficzne;j.



