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ABSTRACT

This article presents an experimental study on pressure drop and enhancement of
heat transfer of nanofluids flow in coil heat exchanger of solar energy system. In this
study the method using to enhancement of heat transfer and pressure drop, by used
the spiral coiled tube heat exchange in solar energy system and the nanofluids instead
of the distilled water. The weight concentrations of nanoparticles used are ranging
from (15 — 35 wt %). Two types of nanoparticles used in this article cupper (Cu
(30nm)) and titanium Oxide (TiO, (50nm)) as well as the distilled water. The effects
of different parameters such as nanofluid temperature, concentration, type of
nanoparticle and flow Reynolds number, on pressure drop and heat transfer
coefficient of the flow are studied. The results indicated that an increase in heat
transfer coefficient of 55.45 % for Cu + Dw and 40.2 % for TiO, + Dw at
concentration of 35 wt % compared with base fluid. The pressure drop and heat
transfer coefficient is increased by using nanofluids (Cu, TiO, — Dw ) instead of the
distilled water. As well as the results indicated that by using heat exchanger with
helically coiled tube and shell, the heat transfer performance is improved moreover
the pressure drop enhancement due to the curvature of the coil tube. The maximum
increase of 44.32% (Cu + Dw) and 34.42% (TiO,+ Dw) in Nusselt number ratio for a
range of Reynolds numbers between 200 — 800. This article decided that the
nanofluid behaviors are close to typical Newtonian fluids through the relationship
between shear rate and viscosity. Furthermore to performance index are used to
present the corresponding heat transfer technique and flow. The size and type
nanoparticles play an important role in enhancement of heat transfer rate.
Keywords: Nanofluids, Solar energy system, coil tube heat exchange, performance
index
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INTRODUCTION

he elimination of thermal load is a great concern in many industries such as

transportation and electronics, power plants, production and chemical

processes. In order to meet the growing need for cooling surfaces of the high
heat flux, different methods for Enhanced heat transfers have been proposed. these
methods most are based on vibration of heated surface, structure variation, suction of
fluid and applying magnetic fields which are the literature review was good [1,2].
Nevertheless, applying these methods of enhanced heat transfer is no longer feasible
requirement of cooling in future generation systems microelectronic, where it is
would result in undesirable cooling system low efficiency and size of heat
exchangers. To avoid this problem, enhanced thermo — fluidic properties with
nanofluids it has been suggested since the last decade. Nanofluid is a uniform
dispersion of nanometer sized particles inside base fluid which was first devised by
Choi [3]. The nanofluid have excellent properties such as long time stability,
enhanced thermal conductivity, and a few penalty in pressure drop increasing and
tube wall erosion have motivated many researchers to study on flow behavior and
thermal of nanofluids. The mainly focused in these studies on phase change behavior,
tribological properties, effective thermal conductivity, flow and convective heat
transfer of nanofluids. The experimental and theoretical studies have wide range done
on effective thermal conductivity of nanofluids within last decade. The effect of
different parameters in many studies,such as particle concentration, particle size,
mixture temperature and Brownian motion on thermal conductivity of nanofluids was
investigated. The results indicated that thermal conductivity of nanofluid increasing
with the nanoparticles concentration and mixture temperature [4 —7]. As well it was
shown that enhancement of larger in thermal conductivity is attributed to the finer
particle size [6-8]. Most of recent studies are focused on convective heat transfer
behavior of nanofluids in turbulent and laminar flows due to the enhanced thermal
properties of nanofluids. Roughly all of these works report the enhancement of
nanofluid convective heat transfer. The Many numerical and experimental studies
have considered nanofluid convective heat transfer in turbulent flow [9-12], while
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other studies have investigated the convective heat transfer of nanofluids in laminar
flow. [13 — 16 ] investigated of convective heat transfer of nanofluids in laminar
inside a straight tube with a constant heat flux at the wall, horizontal tube with and
without wire coil inserts at constant heat flux.Results indicated that nanofluids give
substantial enhancement of heat transfer rate compared to base fluid. Also they
noticed claimed that the friction factor for the nanofluids at low volume fraction did
not produce extra penalty in pumping power. Heat transfer characteristics of single —
phase in the helical tubes have been widely studied by researchers both theoretically
and experimentally.[17 — 19] investigated enhancement in the heat transfer rates
between a helically coiled heat exchanger and a straight tube heat exchanger. The
results indicated that the nanofluids for three types indicated a small enhancement in
the heat transfer coefficient at a Reynolds number range of 100 to 500, the transition
from laminar to turbulent flow covers a wide Reynolds number range and the
geometry of the temperature and the heat exchanger of the water bath surrounding the
heat exchanger affected the heat transfer coefficient. The aim of this study is to
investigate experimentally the heat transfer characteristics and flow of spiral tube heat
exchanger for both parallel flow and counter flow configurations by using nanofluids
through solar heating system. As well as to study the effect of nanoparticles
concentration, size of nanoparticles, Reynolds number and nanofluid temperature.

Experimental work
Material: cupper (Cu (30 nm)) and Titanium oxide (TiO, (50 nm)) nanoparticles
Nanofluid preparation

The preparation of nanofluid samples are prepared by dispersing pre — weighed
guantities of dry particles of cupper (Cu (30 nm)) and Titanium oxide (TiO, (50 nm))
in base fluid (distilled water). In a typical procedure, the acidity (pH) of each
concentration of nanofluid a mixture was measured (pH = 4.5 — 5). The mixtures
were then subjected to ultrasonic mixing [100 kHz, 300 W at 25 — 30 C° and
Toshiba, England] for two hour to break up any particle aggregates. The nanofluid of
this study was included distilled water and nanoparticles from (US Research
Nanomaterials, Inc). Their properties are shown in table 1, and 2 respectively. The
picture of preparation of nanofluids containing cupper (Cu (30 nm)) and Titanium
oxide (TiO; (50 nm)) is display in Fig .1. Nanofluids prepared with different weight
percent (@ = 15, 20, 25, and 35 wt %).

Table (1) The properties of nanoparticle Table (2) The properties of nano partical
Cu [20] TiO2[20]

Cupper Nano powder Cu, 99%, 30 nm Titanium oxide Nano powder
TiO,, 99%, 50 nm
Purity > 99% Purity >99%
crystal phases Monoclinic crystal phases Monoclinic
APS 30Tm APS 50 nm
SSA 20 - 40 m°/g
2
g(?lﬁ‘r Zo_rgg dm 9 Color white
Morphology Nearly spherical Morphology spherical
True density 8.933 glom’ True density 4.250 g /em®
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Figure(1) Show nanofluids for Cu + Dw, TiO, + Dw and Dw

Experimental setup

The experimental set up consists of the fifteen evacuated tube solar collector,
helically coiled tube heat exchanger, pump, flow meter, two pressure gauges. This
study concentrated on heat exchanger in solar energy system. The experimental of
apparatus used for this study is shown in Fig.(2) and flow diagram of the system as
shown in Fig.(3). The heat exchanger is made of cupper and test section has the
helically coiled tube internal diameter of 13 mm, the external diameter of 16 mm and
shell internal diameter of 370 mm and external diameter 385mm and 1000mm length
test section as shown in Fig.(4). The set — up has helically coiled tube side loop and
shell side loop. The helically coiled tube side loop handles two types of nanofluids
used copper - distilled water, titanium oxide — distilled water. Shell side loop
handles hot water. Shell side loop consist of storage vessel of 60 L capacity with
heater of 4.5 Kw, control valve, pump and thermostat. The helically coiled tube side
loop consists of test section containing shell and spiral tube, pump [Bosch 1046 — AE
], needle valve , flow meter (Dwyer series MMA mini — master flow meter) having a
range of (5 — 20 LPM). Four T — type thermocouples of 0.15 °C accuracy are used to
measure inlet and outlet temperatures of shell and tube side. Eight T- type
thermocouple were placed at equal interval on the outer surface of coiled tube to
measure the wall temperatures. The thermocouples are placed and glued with epoxy
to avoid leakage. The pressure gauges are placed across the helical tube to measure
the pressure drop. The shell is insulated with Acrylic resin coated fiberglass sleeving
to minimize the heat loss from shell to the ambient. The numbers of the total tests
were 200. The nanofluids (Cu +DW, TiO, +DW, at 15%, 20%, 25%, 30%, 35 %,
weight concentration was circulated through the tube side. Shell side pump is
switched on when distilled water reaching to a prescribed temperature. This done by
thermostat attached in distilled water storage system. The flow configuration was
made parallel flow condition. The corresponding temperatures were recorded after
attaining the steady state. The same procedure was done for nanofluid at 15 % weight
concentration. The flow configuration is changed from parallel to counter flow. The
same procedure is followed and the temperatures are recorded. Flow rate on shell side
(5 L/min) and coiled tube pitch are maintained constant throughout the test. The flow
rate on coiled tube side is varied. The flow in coiled tube side is in the range of 5 - 20
/min.
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Figure (2) Set up of the heat exchanger in solar energy system

&=
Control system
\ l . Evacuated tube solar collector
Heat exchalwer Pvc valve
it:!---!!
Hot ® |
water —

Ball valve Induction motor based pumpina svstem

Figure (3) Flow diagram of solar energy system

Figure (4) Test section for heat exchanger

Measurement of Thermal Properties Nanofluid

The properties of the nanofluids (Cu+ Dw) and TiO, +Dw) needed to calculate
the convective heat transfer and the pressure drop are measured. The dynamic
viscosity () is measured using brook field digital viscometer model DV — E. The
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thermal conductivity, specific heat and density are measured by Hot Disk Thermal
Constants Analyzer (6.1), specific heat apparatus (ESD — 201) as well as the
measurement of density was carried out by weighing a sample and volume. The
nanofluids thermal properties dynamic viscosity (i) , thermal conductivity, specific
heat and density are measured with different weight concentrations at (= 15, 20,
25,30 and 35 wt %). The empirical relation used in this study to comparison with the
practical measurements for nanofluid properties. The thermo properties of nanofluid
were calculated at the average bulk temperature of the nanofluid by the following
equations. The volume fraction (®) of the nanoparticles is defined by.

\

p T -3
e=7 v, Mgl ()
vp + Vs 6 P

Density [21].

Pof =@ Pg +L-)pp, .. (2)
Viscosity [21].
Hnf = (1 +2.50 )U Dw ) (3)
Specific heat [21].

Cpnf Pof =CD(pS Cps)+(1_q))(prCpr) ..(4)

Recently Chandrasekar et al.[22] presented an effective thermal conductivity model
(Eq.5)

K C -0.023 1.358 0.126
nf _{ IDnf } {pnf ] {”Dw} ..(5)
kDW Cpr pDW Hnf

Figures (5 — 8) indicated that density, viscosity, specific heat, and thermal
conductivity for the two types of nanofluid (Cu + Dw ) and (TiO, + Dw).

Data processing and validation

The heat transfer for water and nanofluid are estimated from Eqgs.(6) and (7). The
average heat transfer is taken for this analysis. Fouling factor was not taken into
account.

Qs ™o P o Tin ~Tout oy +(©)
Qnf =Mt CPpf Mg (Tin ~Tout )nf (7
_ Qpw *+ (8)

2

The overall heat transfer coefficient, Uo, was calculated from the temperature data
and the heat transfer rate using the following equation [23]:
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. - .. (9)

Where:

A, is the surface area; q is the heat transfer rate; and LMTD is the log mean
temperature difference based on the inlet temperature difference, AT1, and the outlet
temperature difference, AT2.

e (AT , - AT 1) ...(10)
AT ,
In[AT 1]
Q=h.A(Ty-Ty) .. (12)
hd. W)
Nu. =
! I(nf

The inner heat transfer coefficient and overall heat transfer coefficient of coiled
tube are calculated from Eqs.(9) and (11). The Nusselt number is calculated from
Eq.(12). It measures the convective heat transfer in the helical tube. The overall heat
transfer coefficient can be related to the inner and outer heat transfer coefficients by
the following equation [23]:

D.
A In| —
1 A0 0 d

1
U A h “h
0 i 2nKL o}

Where:

Di is the inner diameter of the shell; d is the diameter of the inner spiral tube; K is
the thermal conductivity of the Pyrex wall; and L is the length of the heat exchanger.
The Nusslet number in shell side is determined by the following definition.

"oPh ...(14)
k
nf

..(13)

Nu =
0

Where:
Dy is the hydraulic diameter of shell which is calculated from the following
formula:

_ (Ve = Viupe ) ...(15)
(D + d)(L sheel * L tube )
Similarly to the heat transfer coefficient, The friction factor for laminar flow inside
helical coiled tube can for range of Dean number (De) of (11.6 < De <2000) is
correlated as: [24].

f:{l_{l_(lm j“*” } } ...(16)
f, De
Where:

De = Re (d—j
De

The friction factor for helical coiled tube, f, is determined as [24].

f, = 7'(;144 J/De .. (17)
e

Dy

1625



Augmentation of Heat Transfer for Spiral Coil Heat
Exchanger in Solar Energy Systems By Using
Nano fluids

The pressure drop of nanofluid in coil tubes is evaluated as

Ap = LpVv? ...(18)
D 2

Results and Discussion

The accuracy and the reliability of the experimental system, the heat transfer
coefficients are experimentally measured using distilled water as the working fluid
before the nanofluids of distilled water based Cupper and titanium oxide nanofluids.
The results of the experimental pressure drop and heat transfer coefficient are
compared with results from the Shokouhmand , Salimpour [25] , Salimpour [26],
Seban and Metauchlin [24]. The flow in spiral coiled heat exchangers which are
defined as follows.

NUi =0.112 De0:5L,~ 0.37p,0.72 ...(19)

Nuo=5.48Re pr0-226 ..(20)

The change of experimental values with theoretical values for heat transfer
coefficient as shown in Figure. (9), therefor good agreement between these values in
this figure. Figure. (10) Indicated the change of the theoretical values for pressure
drop along the test section versus measured pressure drop. The experiments are done
at the same condition explained in the heat transfer validation. The deviation of the
experimental data from the theoretical one is within —2.2 % and +3.5 % as a shown
in Fig. (10). Having established confidence in the experimental system, the
characteristics of nanofluids flowing inside the helical tube is investigate
experimentally for laminar flow conditions. As well as the following results, heat
transfer and pressure drop data for each two specific cases are not achieved under
exactly the same Reynolds numbers. This is because the viscosity of distilled water
based nanofluid is so dependent on volume concentration and nanofluid temperature.
The parallel flow versus the counter flow overall heat transfer coefficients are plotted
in Figures. (11 and 12) for two types of nanofluids (Cu + Dw), and (TiO, + Dw).
There is a reasonable agreement between the two values. These figures indicated that
a reasonable agreement between the two values. The overall heat transfer
coefficient for counter flow was 30 — 57 % more than that of parallel flow for
two types of nanofluids (Cu + Dw), and (TiO, + Dw) with 35 wt % weight
concentration. The overall heat Transfer coefficient for counter flow was 8 — 15
% more than that of parallel flow at 15 wt % for two types of nanofluids.

The change of flow direction does not affect overall heat transfer. Therefore, the
reason is that the tube side primary flow and generation of secondary flow are always
perpendicular to the shell side flow. There is no significant effect of heat transfer on
changing flow condition. The results for the parallel flow configuration were similar
to the counter flow. Heat transfer rates, however, are much higher in the counter flow
configuration, due the increased log mean temperature difference. The changing of
inner Nusselt number versus Dean number for the flow of base oil and the nanofluids
(Cu + Dw and, TiO, + Dw ) with different nanoparticle weight concentrations as
shown Figures. (13 — 16). On comparing the counter flow and parallel flow
configuration, it is found that there is no significant impact on inner Nusselt number
when Cupper and titanium oxide with based distilled water nanofluids are
circulated. This is because whatever be the flow configuration between coiled tube
and shell, the inner heat transfer coefficient is the same. This means that the generation

0.511 0.546
o !
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of secondary flow and centrifugal force did not get negative impact. It is also observed
that the inner Nusselt number increases with particle concentration. This is due to
higher thermal conductivity and inner heat transfer coefficient. In general, higher the
convective heats transfer and higher the thermal conductivity. The addition
nanoparticle of titanium oxide and cupper to the base distilled water has led to an
increase in Nusselt number for flow inside helical tube. In general the addition of
nanoparticles enhances the thermal conductivity of the distilled water. The
enhancement of thermal conductivity would increase the convective heat transfer
coefficient. The chaotic movement of the nanoparticles in flow will disturb the
thermal boundary layer formation on the tube wall surface. The development of the
thermal boundary layer is delayed. Since, higher Nusselt number of nanofluid flow in
a coil tube are obtained at the thermal entrance region, the delay in thermal boundary
layer formation resulted by adding nanoparticles will increase the Nusselt number.
The higher weight concentrations of the nanoparticles for both the thermal
conductivity of the mixtures (Cu, TiO, — base distilled water) and the disturbance
effect of the nanoparticles will increase. Therefore, as it is expected, nanofluids with
higher Nusselt number have generally higher weight concentrations. The ratios of
Nusselt number of nanofluids with 35 wt % to that of base distilled water as a
function of Reynolds number for helical tube as shown in Figures. (17 — 18). The
nanofluids (Cu + Dw and, TiO, + Dw) have better heat transfer performance when
they flow inside helical tube. The results indicated that at nearly the same range of
Reynolds numbers, the highest Nusselt number ratios are obtained for the helical
tube. The maximum increase of 44.32% (Cu + Dw) and 34.42% (TiO,+ Dw) in
Nusselt number ratio for a range of Reynolds humbers between 200 — 800 is obtained
for the coil tube. This case could be due to the intensified chaotic motion of the
nanoparticles inside coil tube. Since, the shear rate near the wall of the coil tube is
high, the non — uniformity of the shear rate across the cross section will increase and
therefore, the nanoparticles are more motivated by the changing of the shear rate.
The measured pressure drop for the flow of distilled water and Cu, TiO, + distilled
water nanofluids with different weight concentration as a function of Reynolds
number along the coil tube is show in Figures. (19 — 22), respectively. The results
indicated that there is a noticeable increase in pressure drop of nanofluid with 15 wt
% nanoparticle concentration compared with the distilled water value. This
enhancement tends to continue for the nanofluids with higher weight concentration.
This is because of the fact that suspending solid nanoparticles in a base fluid
generally increases dynamic viscosity relative to the distilled water. Since, the
viscosity is in direct relation with pressure drop, the higher value of pressure drop
leads to increased amount viscosity. As well as another reason which can be
responsible for pressure drop increasing of nanofluids may be attributed to the
migration and chaotic motion of nanoparticles in the base fluid. This reason indicated
why at higher flow rates, the rate of increase in pressure drop has gone up while at
very low Reynolds numbers, the pressure drops of base fluid and nanofluids are
almost the same. However, the rate of pressure drop increasing achieved for
nanofluids with concentration ranges from 15 wt% - 35 wt % is less than that
obtained when nanofluid with 15 wt% is used instead of base fluid. One reason for
this behavior may be due to the anti — friction properties of Cupper, titanium
nanoparticles. Cupper and titanium nanoparticles are basically spherical. The
spherical shape of nanoparticles may result in rolling effect between the rubbing
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surfaces and the situation of friction is changed from sliding to rolling, thus the
lubricant with nanoparticles achieves a good friction reduction performance.

The nanoparticles rolling effect was also reported by Battez et al. [27] and Wu et al.
[28]. However, for the coill tube, the maximum pressure drop enhancement of 25.42
% (Cu + Dw) and 15.32 % (TiO, + Dw) are achieved when nanofluid with 15 wt %
concentration is used instead of distilled water.

When applying the heat exchanger with coiled tube and shell using nanofluid flow
inside the test sections instead of the base fluid flow, the convective heat transfer
coefficient of enhanced. However, these enhanced heat transfer techniques were both
accompanied with increase in pressure drop which can limit the use of them in
practical applications. Therefore, in order to find the optimum work conditions, a
further study on the overall performance of these techniques should be carried out to
consider pressure drop enhancement besides heat transfer augmentation,
simultaneously. To do so, a new parameter called performance index, (, is defined as
follows:

Nu
nf
{Nu ht bf J ...(10)

¢ T L)
P nf
AP i b

Where, Nu and AP represent Nusselt number and pressure drop of the flow resulted
by applying enhanced heat transfer techniques, respectively. In addition, Nu y ps and
AP 1 o are the Nusselt number and pressure drop of the distilled water flow inside the
coil tube, respectively. Apparently, when the performance index is greater than 1, it
implies that the heat transfer technique is more in the favor of heat transfer
enhancement rather than in the favor of pressure drop increasing. Therefore, the heat
transfer methods with performance indexes greater than 1 would be feasible choices
in practical applications. The performance index is greater than 1 just for nanofluids
with 15, 20, 25, and 35 wt % concentrations as show in Figures (22— 25). The
maximum performance index of 1.5 and 1.32 are obtained for the nanofluids (Cupper
+ distilled water) and (titanium oxide + distilled water) with 35 wt % concentration at
Reynolds number of 790. The all concentration for the coil tube has performance
indexes greater than 1  as show in these figures. It means that for distilled water flow
along the coil tube, the rate of increasing in pressure drop is lower than increasing in
heat transfer coefficient.

Figures. (23, — 26) indicated when applying coil tube is a more effective way to
enhance the convective heat transfer compared to using nanofluids instead of the
distilled water. The high performance index suggests that applying both of the heat
transfer enhancement techniques studied in this article is a good choice in practical
application. The shear stress is plotted against shear rate for Cu, and TiO, + Dw
nanofluids at (®= 15, 20, 25, and 35 wt %) nanoparticle weight concentration as
show in Figures.(27 — 30). The plot data for these types of nanofluid are not
parallel, indicating that the materials are a Newtonian fluid over this range of shear
stress. Therefor these figure indicated the shear stress increases with shear rate, for
Cupper, and titanium oxide base distilled water nanofluids. These figures reveal the
flow curve of the Cu, and TiO, + distilled water nanofluids measured using coil heat
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exchanger. The shear stress of nanofluids increases with concentration of
nanoparticles for both flow counter and parallel flow.

CONCLUSIONS
The main conclusions of the present study are:

The type and size nanoparticles for cupper and titanium oxide play an
important role in enhancement of heat transfer rate.

The shear stress of nanofluids increases with concentration of nanoparticles
for both counter flow and parallel flow.

Nanofluids that contain metal nanoparticles such as Cupper, indicate more
enhancements compared to oxide nanofluids TiO, + distilled water and
compared with base fluid flow as well as the use of nanofluid significant
gives higher Nusselt number than base fluid.

No much effect of changing flow direction on overall heat transfer coefficient
and the nanofluids (Cupper, and titanium oxide — distilled water) behaves as
the Newtonian fluid for (® = 15, 20, 25, and 35 wt %).

The heat transfer characteristic in coil tube is better than distilled water by
using Nano fluids.

The performance index of the nanofluid flow inside the coil tube is greater
than the performance index of the base fluid. The high performance index
suggests that applying both of the heat transfer enhancement techniques
studied in this investigation is a good choice in practical application.

The pressure drop of distilled water flow is lower than the pressure drop of
nanofluids in coil tube.
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